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Methods	and	Applications,	the	stated	intent	of	the	book	was	to	be	a	source	of	practical	information	for	engineers	and	contractors	who	must	contend	with	groundwater	on	construction	projects.	However,	current	practice	includes	many	methods	besides	straightforward	dewatering.	The	content	and	new	title,	Construction	Dewatering	and	Groundwater
Control,	of	this	third	edition	reflect	this.	When	the	second	edition	of	Construction	Dewatering	appeared	a	dozen	years	ago	it	was	noted	in	the	Preface	that	the	manner	in	which	water	moves	in	the	ground	and	the	effect	water	has	on	the	ground	had	changed	little	in	the	decade	since	the	first	edition	of	the	book	had	been	published.	But	there	had	been
significant	changes	in	the	manner	in	which	engineers	and	geologists	analyzed	groundwater	problems	and	in	the	equipment	and	methods	they	used	to	control	groundwater.	There	had	also	been	changes	in	the	condition	of	the	earth’s	great	groundwater	resource.	In	many	areas	of	the	world	the	water	resource	had	been	depleted,	which	is	of	concern	to
those	seeking	groundwater	supplies.	Where	groundwater	has	been	depleted,	authorities	regulate	its	pumping,	and	this	is	of	concern	to	dewatering	engineers	as	well.	Where	there	are	restrictions	on	pumping	water,	the	proposed	method	of	groundwater	control	for	construction	may	need	to	be	modified,	at	incremental	cost	that	can	be	considerable.	Of
even	more	concern	to	both	water	supply	and	dewatering	engineers	is	the	widespread	contamination	of	groundwater	that	has	occurred.	Some	of	the	contamination	has	been	due	to	overpumping,	which	has	resulted	in	saltwater	intrusion,	or	in	the	migration	of	other	natural	contaminants	such	as	hydrogen	sulfide	into	once	potable	and	productive
aquifers.	Much	of	the	contamination,	however,	has	resulted	from	careless	disposal	by	mankind	of	human,	industrial,	and	agricultural	wastes	into	the	ground.	The	same	statements	described	above	that	were	made	in	the	second	edition	in	1992	are	appropriate	to	this	third	edition	as	well.	In	the	past	dozen	years,	the	fundamentals	of	understanding
groundwater	hydrology	have	not	changed;	it	is	the	methods	of	analyzing	groundwater	conditions	and	the	means	to	solve	groundwater	problems	that	have	improved.	These	improvements	are	much	welcomed,	because	the	depletion	and	contamination	situations	have	deteriorated	further.	When	I	entered	the	groundwater	field	fifty-odd	years	ago,	our
main	concern	with	contamination	was	human	sewage,	with	its	coliform	bacteria	and	other	organisms	that	could	spread	infectious	disease.	But	mankind	with	its	ingenuity	was	creating	sophisticated	synthetic	chemicals.	The	development	accelerated	during	and	after	the	Second	World	War.	In	addition	to	weapons	and	their	wastes,	there	appeared
solvents,	fertilizers,	and	pesticides.	These	beneficial	products	performed	their	intended	purpose	well,	and	their	use	became	widespread.	It	was	not	until	much	later	that	we	learned	that	even	traces	of	these	synthetic	chemicals	in	our	drinking	water	were	carcinogenic.	A	tragic	episode	in	Woburn,	Massachusetts	terribly	dramatized	the	problem.	A
number	of	children	in	one	neighborhood,	some	of	them	infants,	contracted	leukemia	and	died.	After	lengthy	investigation,	it	appeared	that	wastes	from	a	chemical	plant	and	a	tannery	had	leached	into	the	ground	and	had	contaminated	the	common	water	supply	well	serving	their	neighborhood.	The	incident	became	the	subject	of	a	best-selling	book
and	a	motion	picture.	xiii	xiv	PREFACE	TO	THE	THIRD	EDITION	Fortunately,	regulating	authorities	have	mounted	efforts	to	prevent	continuing	groundwater	contamination.	Unfortunately,	the	efforts	to	prevent	new	contamination	have	not	been	entirely	successful,	and	the	existing	contamination	continues	to	spread.	Techniques	have	been	developed
for	dealing	with	contaminated	groundwater	at	a	construction	site.	When	properly	applied	these	techniques	not	only	prevent	further	degradation	of	the	environment,	but	some,	like	the	pump	and	treat	method	described	in	Chapter	14,	leave	the	site	in	better	condition	than	before	dewatering	started.	Techniques	that	have	proven	effective	under
contaminated	conditions	are	addressed	in	this	third	edition.	I	have	had	the	good	fortune	to	enlist	as	co-authors	three	men	who	are	at	the	cutting	edge	of	modern	dewatering	technology.	Some	of	the	innovations	they	have	been	responsible	for	have	astounded	me.	They	have	been	gentle	in	demonstrating	to	me	that	some	of	the	views	that	were	held	ten
and	twenty	years	ago	have	been	supplanted	by	better	ones.	But	they	have	not	been	too	stubborn	to	listen	to	the	voice	of	experience,	even	when	the	voice	comments	that	one	of	their	innovations	might	be	misguided.	In	Construction	Dewatering	and	Groundwater	Control,	the	four	co-authors	have	sought	to	retain	those	fundamentals	in	analysis	and
execution	that	have	stood	the	test	of	time	as	well	as	to	update	the	reader	on	current	methodology	and	practice.	We	hope	that	the	theory	modified	by	experience,	and	the	practice	growing	out	of	up-todate	experience	presented	within	these	pages	will	be	useful	to	practitioners	in	the	field.	J.	Patrick	Powers	Marco	Island,	Florida	About	the	Authors	This
third	edition	offers	the	reader	two	unique	perspectives:	the	pioneering	experience	of	J.	Patrick	Powers,	an	internationally	recognized	expert	and	consummate	dewatering	engineer	who	has	participated	in	some	of	the	most	challenging	and	rewarding	projects	on	record,	and	the	cutting	edge	expertise	of	practicing	engineers	Arthur	Corwin,	Paul
Schmall,	and	Walter	Kaeck.	J.	Patrick	Powers,	P.E.	entered	the	construction	dewatering	field	immediately	after	graduating	from	Rensselaer	Polytechnic	Institute.	During	the	next	40	years,	he	worked	as	a	field	engineer,	superintendent,	and	project	manager	in	all	50	of	the	United	States	and	eight	other	countries.	He	was	Chief	Engineer	of	Moretrench
for	16	years	and	subsequently	joined	Mueser	Rutledge	Consulting	Engineers’	New	York	office	where	he	continues	to	act	as	a	consultant.	A	frequent	author	and	lectruer	during	his	distinguished	career,	Mr.	Powers’	contribution	to	the	advancement	of	dewatering	technology	was	recognized	by	the	Construction	Institute	of	the	American	Society	of	Civil
Engineers	with	the	2007	Roebling	Award.	Arthur	B.	Corwin,	P.E.	graduated	from	the	Polytechnic	University	of	New	York	in	1979.	During	his	long	and	distinguished	career	with	Moretrench,	he	has	been	instrumental	in	the	design	and	implementation	of	a	number	of	milestone	projects,	including	Lock	and	Dam	26,	still	the	largest	dewatering	project
undertaken	in	the	United	States,	ground	freezing	to	enable	a	massive	tunnel	jacking	operation	for	Boston’s	renowned	Big	Dig	project,	and	emergency	response	dewatering	to	facilitate	stabilization	of	the	damaged	World	Trade	Center	foundations.	As	President	and	Chief	Operating	Officer,	Mr.	Corwin	provides	the	dynamic	leadership	that	has	placed
Moretrench	in	the	forefront	of	the	industry.	Paul	C.	Schmall,	P.E.	joined	Moretrench	as	a	project	engineer	upon	graduating	from	Bucknell	University	in	1988.	He	became	Chief	Engineer	in	1995	and	Vice	President	in	2002.	Mr.	Schmall	has	responsibility	for	the	company’s	complex	groundwater	control	projects	involving	dewatering,	grouting,	ground
freezing,	or	artificial	recharge.	He	has	extensive	experience	with	aquifer	pumping	tests,	fouling	of	dewatering	systems,	and	the	forensic	investigation	and	remediation	of	geotechnical	‘‘failures’’	related	to	groundwater.	Mr.	Schmall	is	active	in	industryrelated	societies	and	institutes,	advancing	the	practice	through	the	presentation	of	technical	papers
and	serving	as	instructor	for	short	courses.	Walter	E.	Kaeck,	P.E.	joined	Mueser	Rutledge	Consulting	Engineers	in	1987	following	graduation	from	The	Cooper	Union,	advancing	to	become	a	Senior	Associate	in	2005.	He	received	a	Master’s	degree	in	geotechnical	engineering	from	Cornell	University	in	1991.	Mr.	Kaeck	is	a	practicing	geotechnical
engineer	who,	in	association	with	Mr.	Powers	for	the	past	15	years,	has	worked	extensively	in	the	analysis	and	evaluation	of	dewatering	and	alternative	groundwater	control	methods	for	complex	building	and	tunneling	projects	in	various	stages	of	design	and	construction	throughout	much	of	the	United	States.	xv	Acknowledgements	The	four	co-
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desired	is	achieved.	The	authors	of	this	third	edition	were	fortunate	to	have	a	number	of	specialists	in	fields	related	to	construction	dewatering	who	contributed	their	knowledge	and	experience	to	the	chapters	indicated.	Jeffrey	Evans	of	Bucknell	University	contributed	significantly	to	updating	Chapter	8,	while	Nicholas	Lagos	contributed	to	Chapters
13	and	14.	John	Schnieders	of	Water	Systems	Engineering	made	a	major	contribution	to	Chapter	13,	and	David	Pyne	of	ASR	Systems	provided	his	comments.	Robert	Kunzel,	president	of	Groundwater	Treatment	and	Technology	Inc.,	made	significant	contributions	to	Chapter	14	based	on	his	years	of	experience	collecting,	treating	and	disposing	of
contaminants	and	treated	water.	Peter	Deming,	David	Good,	Ketan	Trivedi	and	Ray	Poleto	of	MRCE	contributed	to	Chapter	21.	James	Doesburg	and	Daniel	Ombalski	of	Directed	Technologies	Drilling	were	very	helpful	in	compiling	information	on	directionally	drilled	wells	for	Chapter	20.	Chapter	22	includes	contributions	from	James	Warner,	author	of
Practical	Handbook	of	Grouting:	Soil,	Rock	and	Structures,	Trent	Dreese	and	David	Wilson	of	Gannett	Fleming,	Scott	Anderson	of	DeNeef,	Frank	Pepe	of	Parsons	Brinckerhoff,	Raymond	Henn	of	Lyman	Henn,	David	Dorsch	of	David	Dorsch	CPC,	Consulting,	and	Frederick	Sherrill	of	Surecrete.	David	Abbott	of	Jason	Consultants	provided	the	framework
for	the	tunneling	methods	described	in	Chapter	23.	Niels	Kofoed	and	Paul	Madsen	of	Kiewit	recounted	their	experiences	with	Project	Moses.	Carl	Neagoy	of	Herrenknecht	gave	input	to	the	figures	and	Victor	Romero	of	Jacobs	Associates	provided	discussion	on	the	New	Austrian	Tunneling	Method.	For	Chapter	25	David	Pyne	gave	the	final	review	and
comment.	Peter	Jackson	and	Lars	Erichsen	of	COWI	provided	input	based	on	their	experience	on	the	Copenhagen	Metro	project.	Hannes	Lagger	of	Arup	put	the	chapter	author	in	touch	with	COWI.	Eric	Eisold	of	Bradshaw	Construction	recounted	his	recharge	experience	in	Atlanta,	GA.	Steven	Szafranowski	of	Bayshore	Electric	contributed	to	Chapter
26.	Henry	Christensen,	Jr.	contributed	to	Chapter	29.	Mr.	Christensen	is	experienced	in	construction	law,	and	has	been	involved	in	a	number	of	dewatering	disputes.	The	authors	extend	their	sincere	thanks	and	appreciation	to	all	of	these	individuals.	PART	ONE	Theory	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and
Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	CHAPTER	1	Groundwater	in	Construction	he	impact	of	groundwater	on	an	underground	construction	project	can	be	enormous.	Water	affects	the	design	of	the	structure,	the	construction
procedures,	and	the	overall	project	cost.	We	have	seen	water	problems	of	unexpected	severity	cause	major	delays,	often	requiring	drastic	re-designs.	A	high	proportion	of	the	claims	and	litigation	in	construction	contracting	arises	from	groundwater	issues.	There	have	been	cases	where	entire	projects	were	abandoned	because	of	water,	despite
substantial	investment	in	already	completed	construction.	The	concurrent	trends	of	population	growth	and	population	concentration	have	sent	land	values	soaring,	creating	a	demand	for	the	development	of	sites	that	were	previously	considered	unsuitable;	often	groundwater,	as	it	affects	construction	and	long-term	maintenance	of	a	facility,	must	be
addressed	early	in	the	planning	stages.	There	is	need	for	professionalism	in	addressing	groundwater	concerns.	We	must	understand	the	patterns	of	groundwater	movement	at	the	individual	site	and	appreciate	water’s	effect	on	the	particular	soils	involved,	for	those	are	the	two	factors	in	the	groundwater	equation:	how	water	moves	in	the	soil	and	what
water	does	to	the	soil.	To	the	degree	we	understand	these	factors,	our	efforts	to	deal	with	groundwater	will	be	more	likely	to	succeed.	Fortunately,	we	have	many	more	tools	and	methods	today	than	once	were	available	for	the	control	of	groundwater;	the	ways	in	which	we	analyze	groundwater	problems,	and	how	we	select	and	apply	the	available	tools
to	solve	them,	have	been	much	improved.	Engineers	and	contractors	confronted	with	groundwater	problems	can	be	much	better	equipped	to	solve	them	than	were	their	predecessors	of	just	a	few	years	ago.	Their	chances	of	finding	effective	solutions	will	be	enhanced	if	they	are	up	to	date	in	their	understanding	of	groundwater	phenomena,	of	the	ways
to	identify	and	analyze	site-specific	situations,	and	the	tools	available	to	control	them.	T	1.1	GROUNDWATER	IN	THE	HYDROLOGIC	CYCLE	The	supply	of	water	on	the	earth,	although	very	large,	is	nonetheless	finite.	The	bulk	of	this	supply	is	in	constant	motion.	Under	the	right	conditions,	water	vapor	condenses	in	the	atmosphere	and	falls	on	the
surface	of	the	earth	as	precipitation	in	the	form	of	rain	or	snow.	Some	of	it	becomes	locked	for	long	periods	in	the	polar	ice	caps,	although	it	remains	in	motion,	creeping	slowly	in	the	glaciers	toward	a	warmer	climate	where	it	melts.	Of	the	precipitation	falling	in	more	temperate	zones,	some	portion	runs	off	directly	from	the	land,	forming	surface
streams	in	motion	toward	the	sea.	Another	portion	is	absorbed	into	the	ground.	Of	this	infiltration,	some	portion	never	gets	deeper	than	the	upper	soil	horizon,	the	zone	of	aeration.	Some	of	the	water	is	re-evaporated	directly	to	the	atmosphere;	some	quantity	is	absorbed	by	plant	roots	and,	in	the	process	of	contributing	to	the	life	cycle	of	the
vegetation,	this	water	is	returned	to	the	atmosphere	through	evapotranspiration.	Finally,	the	portion	remaining	after	runoff,	evaporation,	and	evapotranspiration	percolates	downward	to	the	water	table	and	becomes	what	we	define	as	groundwater.	In	Chapter	2	we	will	see	how	the	meteorological	and	geological	conditions	that	determine	groundwater
patterns	and	their	effect	on	landform	changes	over	geologic	ages.	Many	scientists	believe	that	today	we	are	in	a	warming	trend,	caused	at	least	in	part,	perhaps,	by	the	great	quantity	of	fossil	fuels	being	consumed.	Some	think	the	polar	ice	caps	are	diminishing;	if	that	continues	the	sea	levels	can	be	expected	to	rise,	with	enormous	impact	on
mankind’s	activities,	including	groundwater	control.	Only	a	fraction	of	the	precipitation	falling	on	a	given	unit	area	of	the	earth’s	surface	eventually	becomes	groundwater.	Nevertheless,	when	we	consider	the	enormous	areas	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,
Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	3	4	THEORY	involved	it	is	not	surprising	that	the	total	volume	of	groundwater	stored	within	the	earth	is	very	large.	A	common	unit	of	water	volume	is	the	acre-foot,	the	quantity	of	water	necessary	to	cover	one	acre	to	a	depth	of	one	foot.	It	equals
about	43,500	ft3	(1233	m3).	It	is	estimated	that	the	total	quantity	of	water	on	the	earth,	including	the	seas,	is	in	the	quadrillions	(1015)	of	acre-feet.	The	total	freshwater	is	estimated	at	33	trillion	(1012)	acre-feet.	This	freshwater	is	distributed	approximately	as	follows:	75%	is	locked	in	the	polar	ice	caps,	nearly	25%	exists	as	groundwater,	and	less
than	1%	is	in	the	rivers,	lakes,	and	atmosphere.	As	we	have	said,	a	significant	portion	of	this	great	terrestrial	resource	is	in	motion.	Figure	1.1	is	a	simplified	illustration	of	the	hydrologic	cycle.	Some	study	of	it	is	helpful	in	understanding	patterns	of	water	movement.	The	runoff	coefficient,	that	fraction	of	precipitation	that	moves	directly	across	the
land	surface	to	the	nearest	stream,	is	a	function	of	the	slope	of	the	terrain,	the	texture	of	the	surface	soils,	the	land	use,	and	other	factors.	The	rate	of	evaporation	and	evapotranspiration	depends	on	soil	texture,	the	type	and	density	of	vegetation,	atmospheric	conditions,	and	the	like.	The	soil	beneath	the	surface	has	an	effect.	Sandy,	free-draining
soils	permit	fairly	rapid	downward	percolation	of	water.	Clays	and	silts	of	low	hydraulic	conductivity	tend	to	hold	water	near	the	surface	in	marshy	areas	so	that	a	higher	fraction	is	returned	directly	to	the	atmosphere.	There	is	a	constant	interchange	between	surface	and	ground	waters.	An	effluent	stream	(Fig.	1.2a)	drains	the	ground.	Through
springs	and	seepages	along	its	banks	and	in	its	bottom,	groundwater	reappears	as	surface	water.	It	is	this	effect	that	supports	the	flow	of	perennial	streams	during	long	periods	of	low	precipitation.	An	influent	stream	(Fig.	1.2b),	whose	water	surface	is	higher	than	the	groundwater	level,	tends	to	recharge	the	ground.	The	same	river	can	be	both
influent	and	effluent	at	different	times	and	places.	The	Mississippi	River	in	late	summer	at	Saint	Paul,	Minnesota	is	usually	draining	the	ground.	But	in	early	spring,	with	snow	melt	and	heavy	rains,	the	swollen	river	rises	above	the	groundwater	level	and	the	flow	recharges	the	ground.	At	New	Orleans,	Louisiana,	further	downstream,	the	Mississippi	is
retained	within	levees	and	essentially	recharges	the	ground	all	year.	Groundwater	itself	is	constantly	in	motion.	The	velocity	is	low	in	comparison	to	surface	streams.	Surface	water	velocities	are	measured	in	feet	or	meters	per	second—	Figure	1.1	The	hydrologic	cycle.	A	part	of	the	precipitation	falling	on	the	surface	runs	off	toward	the	farm	pond	or
the	river,	where	some	is	evaporated	and	returned	to	the	atmosphere.	Of	that	part	filtering	into	the	ground,	some	is	removed	by	the	vegetation	as	evapotranspiration.	Some	part	seeps	down	through	the	zone	of	aeration	to	the	water	table.	Below	the	water	table	the	water	moves	slowly	toward	the	stream,	where	it	reappears	as	surface	water	via	springs
in	the	streambed.	Water	in	a	confined	aquifer	can	exist	at	pressures	as	high	as	its	source,	hence	the	flowing	well.	Water	trapped	above	the	upper	clay	layer	can	become	perched,	and	reappear	as	a	small	seep	along	the	riverbank.	GROUNDWATER	IN	CONSTRUCTION	5	Figure	1.2	(a)	Effluent	stream.	Normally	groundwater	flows	toward	the	stream,
which	is	acting	as	a	drain.	However,	if	a	dewatering	system	is	operated	as	shown	at	left,	the	flow	is	reversed.	(b)	Influent	stream.	The	water	in	the	stream,	with	its	surface	above	the	groundwater	table,	flows	toward	the	ground.	groundwater	in	feet	or	centimeters	per	day.	Pumping,	however,	changes	normal	groundwater	flow	patterns;	velocities
increase	sharply,	sometimes	approaching	several	feet	per	minute	in	the	immediate	vicinity	of	wells.	Below	the	water	table	we	say	the	soil	pores	are	essentially	saturated	with	water.	A	more	precise	definition	of	the	water	table	is	difficult.	Above	the	water	table,	soil	moisture	exists	as	disconnected	droplets	and	capillary	films,	while	a	substantial	portion
of	the	voids	are	filled	with	air.	Below	the	water	table,	the	water	body	is	essentially	continuous,	except	for	an	occasional	bubble	of	air.	Obviously,	the	transition	from	one	to	the	other	is	not	an	abrupt	plane,	but	a	gradual	zone.	An	observation	well	placed	in	the	soil	will	indicate	a	‘‘water	level,’’	sometimes	referred	to	as	the	phreatic	surface.	In	uniform
aquifers	the	phreatic	surface	is	a	reasonable	definition	of	the	water	table,	provided	that	we	understand	its	position	can	be	modified	by	the	effective	size	of	the	soil	pores,	by	internal	stresses	in	the	soil,	by	the	pattern	of	movement	of	groundwater	particularly	during	periods	of	change,	by	the	atmospheric	pressure,	and	by	the	chemical	and	physical
characteristics	of	the	water	itself.	So,	much	can	be	said	for	uniform	aquifers.	In	the	stratified	soils	that	nature	normally	presents	us	with,	the	indicated	phreatic	surface	in	an	observation	well	can	be	an	average	of	several	water	tables	and	may	have	no	physical	significance.	So	we	can	see	that	the	water	table	is	far	from	a	simple	concept;	its
measurement,	and	the	evaluation	of	its	significance	to	a	construction	project,	can	be	complex.	Refer	to	Chapter	8	for	a	fuller	treatment	of	water	table	measurement.	An	aquifer	is	a	zone	of	soil	or	rock	through	which	groundwater	moves.	A	confined	aquifer	is	a	permeable	zone	between	two	aquicludes,	which	are	confining	beds	of	clay,	silt,	or	other
impermeable	materials.	The	development	of	a	confined	aquifer	is	illustrated	in	Fig.	1.1.	Water	that	infiltrates	the	soil	in	the	uplands	gradually	moves	downward,	eventually	becoming	trapped	beneath	an	upper	confining	bed	of	clay.	Depending	on	the	elevation	of	the	water	source,	and	the	hydraulic	conductivity	and	rate	of	flow	in	the	aquifer,	the
pressure	in	confined	aquifers	can	rise	to	consid-	erable	height.	Sometimes	the	head	rises	above	ground	surface	so	that	artesian,	or	flowing,	wells	can	be	constructed	in	the	aquifer.	The	pressure	in	a	confined	aquifer	will	vary	considerably	depending	on	the	rate	of	replenishment,	the	rate	of	discharge,	and	other	factors,	but	the	quantity	of	water	stored
in	the	aquifer	changes	only	slightly.	In	a	water	table	aquifer	there	is	no	upper	confining	bed.	The	water	table	rises	and	falls	with	changing	flow	conditions	in	the	aquifer.	The	amount	of	water	stored	in	the	aquifer	changes	radically	with	water	table	movements.	This	storage	effect	is	of	great	significance	to	construction	dewatering.	A	perched	water	table
occurs	when	an	impermeable	layer	of	clay	or	silt	blocks	water	seeping	downward	and	saturates	the	sand	above	it,	as	shown	in	Fig.	1.1,	and	water	remains	trapped	above	the	perching	layer.	The	sand	below	the	clay	is	not	saturated,	so	that	the	perched	water	is	disconnected	from	the	main	ground	water	body.	Perched	water	is	typically	of	limited
quantity,	replenished	or	recharged	very	slowly.	When	encountered	in	an	excavation,	perched	water	will	typically	drain	off	very	quickly,	with	limited	continuous	flow	or	bleeding,	unless	a	source	of	recharge,	such	as	a	leaking	utility,	is	present.	To	summarize,	we	must	conceive	of	groundwater	as	being	in	slow	but	constant	motion;	there	is	movement	of
water	within	aquifers	and	interchange	of	water	between	aquifers.	There	are	continuing	additions	to	the	groundwater	body	by	infiltration	from	the	ground	surface	and	by	recharge	from	lakes	and	influent	streams.	There	are	continuing	subtractions	of	groundwater	by	evaporation	and	evapotranspiration,	by	seepage	into	effluent	streams,	and	by	pumping
from	wells.	Patterns	of	groundwater	movement	change	from	time	to	time	with	changes	in	climate	and	with	natural	changes	in	topography	due	to	erosion	and	deposition.	And,	of	course,	mankind’s	activities	have	been	modifying	the	groundwater	situation	for	millennia.	Land	drainage	projects	lower	the	water	table,	dams	and	surface	reservoirs
encourage	infiltration,	and	when	a	river	is	confined	within	levees	infiltration	is	reduced.	With	man’s	wells	for	water	supply	and	irrigation,	6	THEORY	enormous	quantities	are	withdrawn	from	the	groundwater	reservoirs.	When	mankind	converts	the	land	surface	from	woodland	to	farm,	the	recharge	by	infiltration	is	reduced.	When	the	farmland
becomes	covered	with	paved	streets	and	buildings,	recharge	is	reduced	to	very	small	levels.	Our	activities	in	construction	dewatering	usually	cause	only	temporary	modification	in	groundwater	patterns.	But	the	structures	created	can	make	permanent	changes.	1.2	ORIGINS	OF	DEWATERING	Human	efforts	to	control	water	predate	recorded	history.
Amid	the	ruins	of	the	great	civilizations	of	Babylon	and	Egypt,	we	find	evidence	of	large	aqueducts	and	even	water	tunnels.	Many	of	the	works	were	intended	to	supply	water,	but	there	were	also	land	drainage	projects	to	convert	fetid	marshes	into	arable	land.	Indeed,	the	construction	of	the	water	supply	works	must	have	entailed	some	form	of	what
we	call	dewatering.	The	biblical	well	of	Jacob	required	excavation	below	the	water	table,	and	presumably	some	means	to	control	the	water	during	digging	was	developed.	The	ancient	waterworks	depended	on	gravity	for	transportation	where	possible.	Lifting	water,	when	unavoidable,	was	done	manually	with	buckets	until	mechanical	devices	were
gradually	developed	(Fig.	1.3).	The	Dutch	polders	are	great	stretches	of	fertile	land	below	sea	level	protected	by	dikes.	The	inhabitants	of	the	Rhine	delta	have	struggled	with	the	North	Sea	for	many	centuries;	the	early	dikes	predate	the	Romans.	When	water	is	resisted	by	a	dike,	seepage	through	the	dike	and	rain	falling	inside	its	protection	must	be
pumped	away.	There	is	evidence	that	in	what	is	now	the	Netherlands	the	work	was	Figure	1.3	An	early	pumping	device:	the	shadoof	of	the	Middle	East.	done	first	by	slaves,	and	later	by	animals	on	wooden	treadmills.	Then	people	learned	to	harness	the	wind	with	devices	so	successful	that	picturesque	windmills	dot	the	countryside	to	this	day,
although	few	are	still	in	dewatering	service	behind	the	dikes.	The	search	for	gold,	silver,	and	precious	stones,	and	for	useful	materials	such	as	copper	and	iron,	sent	people	burrowing	into	the	earth,	and	into	direct	conflict	with	groundwater.	By	the	eighteenth	century,	with	the	dawn	of	the	Industrial	Revolution,	the	demand	for	coal	was	justifying
elaborate	efforts	to	recover	it.	The	British	coal	mines	pushed	deeper	and	into	more	difficult	water	conditions.	Endless	rope	conveyors	powered	by	horses	on	treadmills	removed	water	in	buckets.	In	the	1770s,	James	Watt	set	in	motion	a	train	of	events	that	was	to	result	in	our	modern	pumping	systems.	Many	of	Watt’s	early	steam	engines	were	used	in
mine	dewatering.	They	were	clumsy	devices	by	modern	standards;	the	cylinder	was	made	of	wooden	staves	and	the	piston	was	wood	with	canvas	packing.	Steam	in	the	cylinder	was	condensed	by	water	injection.	Vacuum	moved	the	piston	and	a	wooden	linkage	transmitted	the	power	to	the	bucket	conveyor.	Watt’s	economic	studies	convinced	owners
that	the	cost	of	the	engine,	plus	the	cost	of	the	coal	it	consumed	and	the	men	who	tended	it,	was	less	than	buying	and	feeding	horses.	Naturally,	Watt	rated	each	engine	by	the	number	of	horses	it	replaced.	The	term	horsepower	persists	to	this	day	in	both	the	English	and	metric	systems.	1.3	DEVELOPMENT	OF	MODERN	DEWATERING
TECHNOLOGY	The	practical	inventions	of	Watt	and	his	contemporaries	came	about	because	of	a	fundamental	change	in	man’s	con-	GROUNDWATER	cept	of	the	physical	sciences.	Ancient	beliefs	were	challenged,	as	exemplified	by	Galileo	and	da	Vinci	in	the	Renaissance,	and	Descartes	and	Newton	in	the	Age	of	Enlightenment.	No	longer	were	natural
phenomena	to	be	accepted	as	mysterious	and	unknowable,	but	questioned,	observed,	and	studied	until	the	laws	governing	natural	forces	could	be	understood.	When	the	philosophers	and	scientists	had	made	progress	in	the	understanding	of	natural	laws,	the	engineers	and	technologists	of	the	Industrial	Revolution	made	use	of	those	laws	to	meet	the
needs	of	a	burgeoning	civilization.	While	the	scientists	were	making	discoveries	in	mechanics,	chemistry,	physics,	and	electricity,	and	the	engineers	were	achieving	great	progress	in	construction,	manufacturing,	transportation,	and	communication,	the	understanding	of	groundwater	remained	dim.	Well	into	the	twentieth	century,	our	laws	reflected
the	common	belief	that	underground	seepage	was	‘‘unknowable,’’	and	the	courts	refused	to	intervene	in	groundwater	disputes.	As	recently	as	1997,	a	book	was	published	purporting	to	be	a	serious	treatment	on	‘‘dowsing’’	or	‘‘water	witching.’’	Clever	people	still	collect	fees	for	locating	underground	streams	by	the	manipulation	of	forked	sticks,	brass
rods,	or	pendulums.	Explanations	for	the	sluggish	progress	in	understanding	hydrology	come	readily	to	mind.	In	the	simplest	aquifer	situations,	the	mathematics	of	groundwater	flow	are	complex.	And	most	natural	aquifers	are	far	from	simple,	as	will	be	seen	in	Chapter	5.	Observation	of	groundwater	levels	is	difficult,	expensive,	and	often	confusing.
Orderly	patterns	are	not	easy	to	discern.	We	cannot	‘‘see’’	the	groundwater	moving	until	it	emerges	into	a	stream	or	an	excavation.	And,	so,	the	subject	remained	generally	shrouded	in	mystery	although	some	progress	was	being	made.	Darcy	stated	his	law	of	fluid	flow	through	porous	media	in	1856.	But	this	science	of	hydrology	did	not	reach	maturity
until	determined	people,	faced	with	problems	of	major	economic	significance,	demanded	a	reasonable	explanation	for	the	observations	they	were	making.	Robert	Stephenson,	the	great	British	bridge	and	railroad	builder,	drew	some	strikingly	pertinent	conclusions	during	his	work	on	the	Kilsby	Tunnel	of	the	London	and	Birmingham	Railway	in	the
1830s.	Stephenson’s	tunnel	encountered	quicksand,	and	after	some	false	starts	he	succeeded	in	stabilizing	the	sand	with	a	series	of	13,	enginedriven	wells	pumping	1800	gpm	(6800	L/min).	Stephenson	made	careful	observations	of	the	groundwater	level	in	shafts,	in	boreholes,	and	in	the	tunnel	face	itself.	He	concluded	that	there	was	a	slope	to	the
groundwater	table	created	by	his	pumping	and	the	slope	was	related	to	the	resistance	of	the	sand	to	water	flow.	The	Kilsby	tunnel	was	a	very	early	application	of	predrainage,	that	process	of	removing	water	from	the	soil	by	wells,	wellpoints,	or	other	devices	in	advance	of	the	excavation.	No	doubt	there	were	earlier	applications.	But	in	his	work,
Stephenson	made	observations	in	an	effort	to	understand	the	process	more	clearly.	His	conclusions	seem	overly	IN	CONSTRUCTION	7	simplistic	but	they	are	quite	in	agreement	with	modern	hydrologic	concepts.	Predrainage	with	wells	continued	to	be	applied	in	the	nineteenth	century,	especially	in	Europe.	But	wells	are	normally	successful	only	in
favorable	aquifer	situations	and	no	doubt	there	were	many	failures.	It	would	be	decades	before	wells	with	submersible	electric	pumps	would	be	utilized	for	dewatering	work.	At	the	end	of	the	century,	wellpoints	began	to	appear.	These	small-diameter	wells,	driven	into	the	ground	and	connected	to	a	common	suction	manifold,	were	suitable	for
shallower	aquifers	where	conventional	wells	had	difficulty	functioning.	Wellpoints	were	used	successfully	in	clean,	fine	to	medium	sands	in	Gary,	Indiana,	in	1901,	and	in	similar	soils	in	Atlantic	City,	New	Jersey,	in	succeeding	years.	In	1925,	Thomas	Moore,	a	builder	of	trench	machines,	encountered	difficult	water	conditions	on	a	sewer	project	in
Hackensack,	New	Jersey.	The	soil	was	a	very	fine	silty	sand	to	sandy	silt	and	driven	wellpoints	clogged	up	immediately.	Moore	introduced	several	innovative	concepts:	he	used	wellpoints	with	high	infiltration	area,	he	jetted	the	wellpoints	into	position,	thus	providing	a	large	hole	with	clean	sides,	and	he	backfilled	the	hole	around	the	wellpoint	with
selected	filter	sand.	The	fine-grained	soils	were	effectively	stabilized.	Moore’s	success	in	New	Jersey	demonstrated	that	predrainage	under	very	difficult	conditions	was	practical,	and	dewatering	techniques	began	to	develop	rapidly	(Fig.	1.4).	Self-jetting	wellpoints	with	ball	valves	and	rugged	screens	capable	of	repeated	installation	were	introduced.
The	original	wellpoint	pumps	were	diaphragm	or	piston-type	positive	displacement	units.	These	were	replaced	with	highercapacity	centrifugal	pumps,	continuously	primed	by	positive	displacement	vacuum	pumps.	Installation	methods	began	to	include	holepunchers,	casings,	higher-pressure	jetting	pumps,	and	air	compressors.	As	the	equipment
improved,	engineers	and	contractors	attempted	bigger	and	deeper	excavations,	under	increasingly	difficult	conditions.	Much	experimentation	was	done	at	the	jobsite,	on	projects	already	under	way.	But	it	was	soon	recognized	that	the	art	of	dewatering	had	to	be	reduced	to	a	more	scientific	basis	if	predictable	success	was	to	be	assured.	By	the	end	of
the	1930s,	engineers	in	the	growing	dewatering	industry,	like	Thomas	C.	Gill	and	Byron	Prugh,	were	recording	and	analyzing	their	observations.	The	pioneers	in	soil	mechanics—Terzaghi,	Arthur	and	Leo	Casagrande,	Taylor,	Peck,	and	others—were	proposing	theories	and	conducting	laboratory	investigations.	As	early	as	the	1920s,	Meinzer	was
organizing	relationships	that	could	be	used	to	understand	groundwater	flow.	In	the	1950s,	impelled	by	the	growing	economic	significance	of	groundwater	for	water	supply	and	irrigation,	hydrologists	like	Muskat,	Theis,	Jacob,	Hantush,	and	others	were	developing	practical	techniques	for	aquifer	testing	and	analysis.	These	methods	were	later	adapted
to	the	solution	of	dewatering	problems.	Some	dewatering	problems	defied	solution	by	analytic	techniques	until	powerful	personal	com-	8	THEORY	Figure	1.4	An	early	wellpoint	system	(c.	1928).	Courtesy	Moretrench.	Figure	1.5	In	1930,	Moretrench	demonstrated	the	use	of	wellpoints	at	the	Road	Show	in	Atlantic	City,	New	Jersey,	lowering	the	water
table	next	to	the	Boardwalk	by	22	ft	(6.7	m).	Courtesy	Moretrench.	puters	and	software	appeared	in	the	1980s.	Now	approximate	numerical	solutions	are	available.	New	equipment	and	techniques	for	deep	well	construction,	developed	for	oil	exploration	and	for	water	supply	wells,	made	wells	a	more	practical	tool	for	dewatering.	Improved	well
screens	and	better	understanding	of	gravel	pack	criteria	made	wells	more	efficient	and	suitable	for	less	favorable	soils.	Improved	drilling	methods,	such	as	the	rotary,	the	reverse	rotary,	the	down-the-hole	drill,	and	the	bucket	auger,	became	available.	The	submersible	electric	motor,	first	developed	for	military	use	in	Russia	in	1915	and	used	in	the
dewatering	of	the	Berlin	subway	in	the	1920s,	is	the	most	popular	device	for	dewatering	well	service	today.	As	will	be	seen	in	Chapter	18,	today’s	improved	well	equipment	and	well	construction	techniques,	together	with	better	methods	of	aquifer	analysis,	make	possible	the	dewatering	of	many	projects	with	wells	where	the	method	would	have	been
unsuccessful	only	a	few	decades	ago.	The	ejector	system	(sometimes	referred	to	as	an	eductor	system)	for	dewatering	was	adapted	from	the	domestic	jet	GROUNDWATER	IN	CONSTRUCTION	9	Figure	1.6	A	multi-stage	system	of	suction	wells	maintained	a	dry	subgrade	up	to	86	ft.	(26.2	m)	below	the	Mississippi	River,	pumping	up	to	100,000	gpm
(37,850	L	/	min).	Courtesy	Moretrench.	pump	in	the	late	1950s.	As	discussed	in	Chapter	20,	it	is	a	most	effective	tool	in	certain	job	situations.	Coincident	with	improvements	in	dewatering	technology	and	equipment,	other	methods	of	groundwater	control	have	been	developed.	Grouting	with	cement,	bentonite	cement,	or	sophisticated	permeation
grouts	using	better	techniques	such	as	tube	a`	manchette	pipes	can,	with	careful	quality	control,	be	used	to	cut	off	groundwater.	Cast-inplace	slurry	walls,	jet	grouting,	and	ground	freezing	have	been	used	successfully	to	both	cut	off	groundwater	and	support	the	sides	of	an	excavation.	Slurry	trenches	can	cut	off	water	flow.	Electro-osmosis	can
reduce	the	moisture	content	of,	and	strengthen,	fine-grained	silts	and	clays.	Sand	drains	and	wick	drains	have	proven	useful	in	relieving	pore	pressure	in	fine-grained	compressible	soils	during	consolidation.	Each	of	these	methods	has	had	some	degree	of	success	in	the	specific	job	conditions	to	which	they	are	suited.	With	the	advances	that	have	been
achieved	in	the	more	than	80	years	since	Thomas	Moore	first	jetted	his	wellpoints	to	control	quicksand	in	New	Jersey,	much	of	the	mystery	that	once	enshrouded	groundwater	has	dissipated.	But	con-	struction	dewatering	has	not	yet	been	reduced	to	an	exact	science.	It	is	doubtful	that	it	will	ever	be.	The	soil	materials,	the	sources	of	water,	and	the
demands	of	the	project	are	too	variable	to	be	precisely	analyzed.	Any	conclusions	we	base	on	theory	must	always	be	tempered	by	judgment	and	experience.	The	successful	practitioner	in	dewatering	will	be	the	person	who	understands	the	theory	and	respects	it,	but	who	refuses	to	let	theory	overrule	judgment.	When	theoretical	conclusions	coincide
with	judgment,	the	dewatering	engineer	can	proceed	with	the	program	with	confidence.	When	there	is	disagreement,	caution	should	be	used	until	the	discrepancy	is	understood.	With	appropriate	regard	to	both	theory	and	practical	judgment,	effective	dewatering	can	be	accomplished	under	almost	any	field	conditions	(Fig.	1.6).	However,	because	of
the	uncertainties	of	the	underground,	any	proposed	dewatering	program	must	be	flexible,	with	provisions	for	modification	if	unexpected	conditions	are	encountered.	In	the	experience	of	the	authors	of	this	book,	it	is	atypical	that	a	dewatering	system,	installed	as	it	is	designed,	is	successful	without	any	modification.	Flexibility	is	a	key	element	in
success.	CHAPTER	2	The	Geology	of	Soils	n	understanding	of	geology	is	of	great	importance	to	the	dewatering	engineer.	In	succeeding	chapters	we	will	see	how	samples	recovered	from	test	borings	using	accepted	procedures	can	enable	us	to	learn	much	about	how	the	ground	might	behave.	Knowledgeable	observation	and	manipulation	of	the
samples,	followed	by	laboratory	tests	where	appropriate,	help	us	predict	not	only	the	behavior	of	the	soil	but	how	we	might	control	groundwater	so	that	the	behavior	of	the	soil	in	and	around	an	excavation	will	be	acceptable	for	our	purposes.	Other	chapters	will	show	us	how	to	predict	the	movement	of	water	within	the	soil	and	how	we	might	manage
that	movement.	We	will	discuss	how	to	plan	a	geotechnical	investigation	to	attempt	to	get	the	clearest	possible	picture	of	the	soil	and	water	conditions.	But	even	with	the	best-planned	geotechnical	investigation,	we	must	acknowledge	that	we	are	sampling	a	minute	fraction	of	the	total	body	of	soil	that	might	affect	the	work.	This	is	where	an
understanding	of	geology	can	be	most	useful.	If	we	recognize	the	geologic	forces	that	created	the	soil	deposits,	the	value	of	our	judgmental	interpolations,	both	vertically	and	horizontally	between	the	samples	we	have	observed,	will	be	enhanced.	If	we	understand	the	forces	that	formed	the	land	we	can	see,	and	especially	the	land	beneath	our	feet	that
we	cannot	see,	our	dewatering	designs	will	be	improved.	This	chapter	briefly	summarizes	some	geologic	principles	that	are	of	particular	interest	to	dewatering	specialists.	But	understanding	how	the	ground	will	behave	can	be	improved	by	further	reading	in	geology.	We	recommend	to	our	readers	the	following	works	for	more	complete	coverage.
Press	and	Siever	[2-1]	is	a	broad	overview	of	the	geologic	discipline.	It	is	not	written	specifically	for	geologists,	so	others	can	comprehend	it	more	readily.	Driscoll	[2-2],	Fetter	[2-3],	and	Freeze	and	Cherry	[2-4]	are	useful	because	they	emphasize	the	impact	of	geology	on	groundwater	occurence.	A	10	Leggett	[2-5]	and	Krynine	and	Judd	[2-6]	are	also
recommended.	Some	geologic	processes	are	going	on	in	our	own	time;	rivers	erode	their	headwaters	and	deposit	their	deltas	as	we	watch	and	then	adjust	our	topographic	maps	accordingly.	Barrier	islands	along	our	coasts	can	change	dramatically	in	a	few	stormy	hours.	Skilled	geologists	observing	these	phenomena	can	be	of	great	help	to	us	in
predicting	how	the	soils	comprising	these	landforms	will	behave.	We	are	well	advised	to	make	use	of	this	knowledge.	We	must	caution	the	reader,	however,	that	with	some	exceptions,	such	as	those	mentioned,	geologists	cannot	see	the	processes	they	are	describing;	many	of	their	conclusions	are	inferred.	Those	conclusions	must	be	used	with
judgment,	after	comparing	them	with	field	data.	For	example,	one	investigator	we	have	read	describes	the	plutonic	rocks	under	northwestern	North	America	as	having	a	limited	number	of	fissures	which	are	small	in	dimension.	Therefore,	the	hydraulic	conductivity	and	specific	yields	of	the	rocks	are	low.	Another	investigator	tells	us	that	the	basalt
under	the	Snake	River	valley	in	Idaho	contains	some	of	the	most	prolific	aquifers	ever	encountered.	Both	geologists	can	be	correct;	one	is	speaking	regionally,	the	other	of	a	specific	local	area.	It	behooves	the	dewatering	engineer	to	know	the	context	in	which	the	geology	is	discussed	and	the	specific	condition	that	exists	at	the	site.	Geologists
differentiate	formations	and	describe	soil	conditions	based	on	geologic	origin—how	and	when	the	soils	were	deposited.	Engineers,	on	the	other	hand,	separate	soil	strata	and	describe	soil	conditions	based	on	soil	classification	and	engineering	characteristics.	While	there	is	purpose	in	providing	detailed	geologic	descriptions—including	the	era	of
deposition	and	so	forth—in	the	geotechnical	report,	this	information	is	often	of	limited	value	to	the	practicing	geotechnical	or	dewatering	engineer.	When	possible,	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John
Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	THE	GEOLOGY	therefore,	these	often	lengthy	terms	will	be	avoided;	a	lake	deposit,	for	example,	will	be	called	that,	rather	than	‘‘lacustrine.’’	2.1	GEOLOGIC	TIME	FRAME	The	geologic	forces	that	have	formed	and	re-formed	the	earth	with	which	the	dewatering	engineer	must	be	concerned	have	been
proceeding	for	a	very	long	time,	measured	in	millions	of	years.	Table	2.1	is	a	generally	accepted	list	of	geologic	time	divisions	that	have	been	identified,	together	with	their	estimated	duration.	In	the	authors’	experience,	construction	dewatering	projects	are	more	frequent	in	deposits	formed	during	the	Recent,	Pleistocene,	or	Cretaceous	epochs.	But
this	pattern	is	not	universal.	A	major	drydock	project	in	the	late	1970s	took	place	in	shelly	sandstone	of	the	Pliocene	age.	2.2	FORMATION	OF	SOILS	Soil	formation	begins	with	the	breakdown	of	massive	rock	by	weathering	and	erosion.	The	processes	are	many.	Rock	can	split	from	internal	stresses	or	be	split	by	tectonic	movements	of	the	earth.	Rock
surfaces	exposed	to	the	atmosphere,	or	rock	close	to	the	earth’s	hot	core,	can	crack	under	thermal	expansion	and	contraction.	At	the	surface,	water	seeps	into	the	joints	and	in	cold	climates	freezes	there,	forcing	the	joint	to	open	further.	Water	flowing	over	the	rock	surface	erodes	it,	assisted	by	the	cutting	action	of	sands	and	gravels	moving	with	the
water.	The	massive	ice	sheets	we	call	glaciers	override	the	rock,	crushing,	grinding,	tearing,	and	plucking.	Windborne	sands	cut	and	abrade.	Natural	acids	and	alkalis	cause	chemical	disintegration.	All	these	processes	are	very	slow	in	human	terms,	but	for	geologic	events	there	has	been	ample	time.	When	the	rock	has	disintegrated	into	fine	particles,
it	may	remain	in	place;	we	call	such	material	residual	soil.	More	frequently,	however,	the	soil	particles	are	transported	by	water,	ice,	or	wind	and	deposited	in	another	location.	The	Table	2.1	Geologic	Time	Divisions	Period	Epoch	Quaternary	Holocene	(Recent)	Pleistocene	Tertiary	Pliocene	Miocene	Oligocene	Eocene	Paleocene	Cretaceous	Late
Cretaceous	Early	Cretaceous	Time	(millions	of	years)	0.01	1.6	5.3	23.7	36.6	57.8	66.4	97.5	144.0	OF	SOILS	11	processes	of	transportation	and	deposition	make	further	modifications.	Large	particles	break	into	smaller	ones	as	a	result	of	being	dragged	and	tumbled	along;	angular	particles	that	originally	fractured	along	crystalline	planes	become
rounded	and	smooth.	In	the	transportation	process,	soils	may	be	sorted	into	different	sizes,	with	sands	and	gravels	deposited	in	one	area	and	silts	and	clays	in	another.	Such	soils	are	called	uniform.	Well-graded	soils	on	the	other	hand	contain	a	mixture	of	sizes,	because	they	have	not	been	waterborne	far	enough	to	complete	the	sorting.	Well-graded
soils	can	range	from	clean	sands	and	gravels	with	moderate	to	high	porosity	and	hydraulic	conductivity,	to	glacial	tills	with	very	low	hydraulic	conductivity.	Soils	once	deposited	may	be	scoured	away	and	redeposited	in	a	new	location,	undergoing	further	change	in	grading,	grain	size,	and	shape.	Under	certain	conditions,	soil	deposits	can	become
sedimentary	rock.	With	proper	moisture	and	the	necessary	overburden	pressure,	well-graded	soil	with	clay	can	become	hardpan;	under	compaction	and	with	cementation,	clay	becomes	shale;	with	cementing	agents,	sand	and	silt	become	sandstone	and	siltstone;	by	a	complex	biological	and	chemical	process,	limestone	forms.	After	soils	or	sedimentary
rocks	have	formed,	tectonic	movement	of	the	earth’s	crust	can	shift	them.	Sedimentary	rocks	can	be	converted	back	to	soil	by	weathering.	Under	the	necessary	conditions	of	temperature	and	pressure,	sedimentary	rock	can	become	metamorphic	rock;	limestone,	for	example,	can	become	marble.	2.3	MINERAL	COMPOSITION	OF	SOILS	The	mineral
composition	of	most	granular	soils	we	encounter	is	some	form	of	silica.	This	hard,	durable,	chemically	inert	mineral	is	best	able	to	survive	the	processes	of	weathering	and	transportation.	In	many	soils,	softer	or	more	soluble	grains	have	been	eroded	or	leached	away.	However,	we	should	not	assume	that	all	granular	soils	are	silica.	Oolites,	a	carbonate



particulate	material	that	may	be	encountered	in	Florida,	for	example,	is	subject	to	erosion	and	solutioning	during	lengthy	pumping	periods.	Soft	coral	limestone	will	sometimes	erode	quite	rapidly.	Volcanic	soil	particles	may	be	vesicular;	the	grains	themselves	are	porous,	and	low	in	specific	gravity.	Such	soils	are	more	sensitive	to	seepage	pressures
than	silica	soils	of	equivalent	particle	size.	The	clay	minerals—kaolinites,	montmorillonites,	and	illites—have	a	molecular	structure	that	results	in	the	platelike	particle	arrangement	and	distinctive	properties	of	clays.	Clay	properties	are	discussed	at	length	in	Chapter	3.	Clay	minerals	can	be	a	fascinating	study	[2-7].	Organic	constituents	can	markedly
alter	soil	properties.	Peat	is	saturated,	partly	decomposed	wood	and	other	vegetation	that	may	retain	a	cellular	structure.	When	such	a	material	is	dewatered,	the	loss	of	buoyancy	may	cause	the	weakened	cells	to	collapse	when	loaded,	causing	sudden	and	dramatic	settlements.	Organic	silts	and	silty	clays	in	estuaries	are	sometimes	quite
compressible.	Organic	materials	can	af-	12	THEORY	fect	the	quality	of	groundwater	by	releasing	hydrogen	sulfide	or	other	natural	contaminants.	2.4	RIVERS	The	river	is	a	conduit,	moving	water	to	the	sea.	In	the	process	it	is	both	a	constructive	and	a	destructive	force	on	the	land.	On	balance,	the	river	erodes	material	in	its	headwaters,	where	the
velocity	is	rapid,	and	creates	deposits	in	its	delta,	where	it	debouches	at	lower	velocity	into	the	sea.	But	the	processes	of	erosion	and	deposition	take	place	throughout	its	length.	Alluvial	deposits	are	the	soils	formed	by	rivers.	The	science	of	river	sedimentation	is	quite	complex.	The	fundamental	relationship	is	Stokes’	law,	which	tells	us	that	the
particle	size	transported	is	a	function	of	the	water	velocity.	Hence	the	sorting	action	of	rivers:	as	the	water	velocity	lessens,	particles	of	gradually	diminishing	size	drop	out	of	suspension,	drag	along	the	bottom	for	a	distance,	and	come	to	rest.	Along	the	Mississippi	River,	we	expect	to	find	alluvial	sands	and	gravels	in	Minnesota	and	clays	and	silts	in
Louisiana.	There	is	such	a	pattern,	but	there	are	variations	throughout	the	valley.	We	find	clays	in	Minnesota	and	sands	in	New	Orleans.	The	basic	velocity	is	determined	by	the	fall	of	the	river	bed	sometimes	expressed	in	feet	per	mile	(meters	per	kilometer).	The	fall	is	not	uniform;	consider	the	Niagara	River,	which	flows	at	reasonable	velocity	until	it
tumbles	over	a	167-ft	(51-m)	cliff.	So,	the	base	velocity	varies	and	the	actual	velocity	at	any	point	along	the	river,	and	across	it,	is	affected	by	the	width,	shape,	and	meanderings	of	the	channel.	In	an	oxbow,	for	example,	eddy	currents	generated	on	the	outside	of	the	curve	as	the	river	changes	direction	create	deposits	of	coarse	particles.	In	extreme
cases,	these	deposits	are	what	we	call	openwork	gravels	(gravel	with	little	or	no	sand),	the	most	permeable	of	natural	soils.	The	velocity	also	varies	with	the	seasons	as	flow	rate	rises	and	falls	in	response	to	precipitation.	High	transient	velocities	occur	in	periods	of	heavy	rainfall	as	the	river	level	rises,	until	the	increased	volume	can	dissipate.
Previously	deposited	soils	are	scoured	out	and	transported	further	downstream.	Figure	2.1	illustrates	one	type	of	river	valley	in	plan	and	cross	section.	The	flood	plain	is	the	flat,	low-lying	land	through	which	the	channel	meanders.	Tributaries	cross	the	flood	plain,	feeding	the	channel.	Terraces	are	remnants	of	an	ancient	flood	plain,	most	of	which	has
been	scoured	away	in	some	later	event.	During	periods	of	high	flow,	the	river	may	rise	enough	to	cause	inundation	of	the	flood	plain.	During	major	floods,	the	inundating	water	may	gouge	out	a	new	channel.	When	the	flood	recedes,	the	old	channel	becomes	a	quiet	backwater	that	gradually	fills	with	fine	sediments	and	becomes	invisible	from	the
surface.	The	original	bed	of	the	old	channel	remains	beneath	the	fine	sediments,	however,	and	if	the	original	bed	material	is	clean	sand	and	gravel	it	may	continue	to	be	the	major	conduit	for	groundwater	flow	down	the	valley.	Such	buried	channels	are	quite	common	in	alluvial	deposits,	and	are	probably	one	basis	for	belief	in	‘‘underground	streams’’
in	both	ancient	and	contemporary	folklore.	Note	in	the	plan	view,	Fig.	2.1a,	the	treelike	pattern	of	the	surface	streams.	The	main	channel	is	the	trunk,	its	major	tributaries	the	limbs,	and	the	minor	tributaries	seem	like	branches	and	foliage.	This	is	called	a	dendritic	pattern.	It	is	quite	common	for	buried	channels	to	have	a	similar	shape.	There	can	be
channels	of	clean	sand	and	gravel,	fed	by	lesser	tributary	veins.	One	such	underground	system,	inferred	from	drilling	and	pumping	observations	of	a	river	valley	in	Colorado,	is	shown	by	the	dashed	lines	in	Fig.	2.1a.	Well	A,	located	in	the	main	buried	channel,	will	also	receive	water	from	tributary	channels,	and	through	the	tributaries.	Well	A	has
access	to	water	stored	in	the	siltier	soils	surrounding	the	clean	sand	veins.	Well	B,	in	a	tributary,	is	not	so	favorably	located	and	will	have	considerably	less	capacity.	The	impact	of	such	an	underground	channel	system	on	dewatering	operations	is	discussed	in	Chapter	7.	Figure	2.1	illustrates	a	situation	along	a	brief	stretch	of	river.	If	we	consider	the
entire	profile,	from	headwaters	in	the	mountains	to	the	mouth,	we	usually	see	certain	patterns	in	deposition.	Superficial	deposits	tend	to	be	coarse	and	clean	upriver,	with	silts	and	clays	in	the	delta.	Deep	deposits	at	the	delta	may,	however,	be	clean	and	coarse	because	of	the	situation	early	in	the	life	of	the	river.	It	was	common	at	that	time	for	clean
sands	to	be	carried	further	downstream.	As	the	delta	gradually	builds	up,	the	fall	of	the	river	is	reduced,	the	velocity	grows	less,	and	the	sands	do	not	carry	so	far.	The	Mississippi	delta	is	an	excellent	example	of	this	situation.	A	very	large	deposit	of	clean	sand	exists	in	the	delta	at	a	depth	of	some	hundreds	of	feet	(100	m),	and	is	as	much	as	1000	ft
(300	m)	in	thickness.	It	forms	a	major	aquifer	for	municipal	and	industrial	water	supplies	and	for	irrigation.	When	a	river	overflows	its	banks	and	inundates	the	flood	plain,	its	velocity	decreases	and	fine-grained	soils	are	deposited.	These	‘‘river	bank’’	deposits	obstruct	vertical	recharge	during	subsequent	inundations	and	can	affect	dewatering	in	the
flood	plain.	It	is	typical	for	alluvial	deposits	to	be	stratified:	clean	coarse	materials	are	deposited	during	periods	of	high	velocity	flow	and	finer,	siltier	materials	deposited	during	periods	of	low	velocity.	Sometimes	the	strata	are	quite	thin,	perhaps	a	few	inches	(10	cm).	During	a	geotechnical	investigation,	careful	observation	is	necessary	when	the	split
spoon	sample	is	opened,	otherwise	the	stratification	may	be	missed.	When	we	excavate	in	alluvium,	we	are	cutting	through	the	geologic	history	of	the	river	that	formed	the	deposits.	The	better	the	understanding	of	the	mechanisms	of	river	deposition,	the	more	accurate	will	be	the	predictions	of	dewatering	behavior.	2.5	LAKES	When	a	rapidly	running
stream	debouches	into	the	quiet	waters	of	a	lake,	its	suddenly	diminished	velocity	results	in	THE	GEOLOGY	OF	SOILS	13	Figure	2.1	(Top)	Plan	of	a	common	type	river	valley.	(Bottom)	Section	through	river	valley.	the	deposition	of	its	sediments.	Lakes	begin	when	a	stream	is	dammed	by	landslides,	or	by	upheavals	of	the	earth.	Depressions	in	the
surface	of	a	river	valley	caused	by	tectonic	earth	movements	can	result	in	lakes.	The	lake	is	a	transient	phenomenon.	It	begins	to	die	as	soon	as	it	is	born,	filling	gradually	with	sediments	eroded	from	its	watershed.	Organic	and	inorganic	nutrients	borne	by	the	feeding	streams	create	an	environment	suitable	for	the	fascinating	ecosystem	of	a	mature
lake:	algae	and	higher	plant	life,	plankton,	fish,	reptiles,	insects,	birds,	and	animals.	At	the	entrances,	deltas	form	of	coarse,	clean	sands.	Further	down	the	lake	the	finer	sediments	are	deposited.	In	mature	lakes,	the	debris	from	all	the	biological	activity	becomes	organic	constituents	in	the	resulting	soils,	markedly	affecting	their	properties.	During
periods	of	heavy	flow,	extremely	fine	sediments	are	flushed	through	the	outlet	and	the	soils	deposited	are	somewhat	cleaner;	when	flow	dimin-	ishes	the	soils	are	finer.	In	cold	climates,	when	the	surface	of	the	lake	freezes,	water	motion	virtually	stops	and	the	very	finest	particles	settle	to	the	bottom.	These	variations	create	a	varved	structure,	with
very	thin	lenses	(varves)	of	fine	sand	alternating	with	layers	of	silt	or	silt	and	clay.	The	varved	structure	of	lake	clay	has	a	significant	effect	on	its	properties.	The	horizontal	hydraulic	conductivity	along	the	clean	sand	varves	is	much	higher	than	the	vertical	hydraulic	conductivity	through	the	silt	and	clay	layers.	Such	a	structure,	if	it	is	identified	during
the	geotechnical	investigation,	can	be	used	to	advantage	during	dewatering.	The	presence	of	the	sand	varves	accelerates	drainage,	improving	the	effectiveness	and	reducing	the	necessary	time	of	dewatering.	Given	time,	a	lake	will	fill	entirely	and	become	a	marsh.	The	marsh	may	later	be	covered	with	river	or	sheet	sediments	and	disappear	entirely
until	it	becomes	a	problem	to	be	solved	by	some	later	construction	engineer.	14	THEORY	2.6	ESTUARIES	When	a	river	reaches	the	sea,	its	velocity	slows	and	its	sediments	are	deposited.	There	are	some	similarities	between	a	lake	and	an	estuary,	but	many	significant	differences.	In	an	estuary,	the	river	encounters	tidal	currents;	near	the	mouth	the
flow	reverses	completely	four	times	a	day.	The	tidal	effect	can	also	extend	many	miles	upstream,	causing	variable	levels	and	velocities.	The	wave	action	and	storm	currents	can	be	violent	in	an	estuary	and	constant	shifts	in	deposition	are	common.	Salt	water	has	an	effect	on	the	deposition	of	clays	and	organic	silts.	The	electro-chemical	action
flocculates	the	clays,	causing	soft,	compressible	deposits,	sometimes	of	considerable	depth.	Foundations	in	such	deposits	can	suffer	severely	from	these	conditions.	Dewatering	above	or	below	a	compressible	silt	or	clay	can	cause	ground	settlement	which	may	cause	damage	to	adjacent	structures	unless	appropriate	measure	are	taken,	as	discussed	in
Chapter	3.	Biologic	activity	in	an	estuary	is	different	from	that	in	a	freshwater	lake.	We	encounter	buried	tidal	marsh	deposits,	sometimes	called	meadow	mat	because	of	the	stringy	remnants	of	vegetation	that	hold	the	material	together.	Groundwater	pumped	from	estuarine	areas	can	contain	gases,	such	as	methane	(marsh	gas),	free	carbon	dioxide
(CO2),	and	hydrogen	sulfide	(H2S)	with	its	easily	recognizable	smell	of	rotten	eggs.	Methane,	being	explosive,	can	be	hazardous,	particularly	in	confined	spaces	such	as	tunnels.	Free	carbon	dioxide	is	corrosive.	Sulfides	can	be	toxic,	are	highly	corrosive	to	dewatering	equipment,	create	an	obnoxious	nuisance	from	the	odor	at	the	discharge,	and	can	be
destructive	to	fish.	2.7	BEACHES	The	nature	of	a	given	shoreline	is	determined	by	a	series	of	factors,	including	the	composition	of	the	soil	or	rock	behind	the	high-water	mark	which	is	usually	providing	the	material	of	which	the	beach	is	formed.	The	formative	mechanisms	include	runoff	from	the	land,	wave	action	and	energy,	especially	during	storms,
abrasion,	transportation	and	redeposition	by	wind,	and	the	littoral	currents	in	the	sea	parallel	to	the	beach.	Wharves,	sea	walls,	intakes,	outfalls,	and	other	structures	along	the	beach	can	be	built	by	marine	construction	methods,	but	some	degree	of	groundwater	control	is	frequently	required.	The	problems	can	vary	from	quite	simple	to	extremely
complex,	depending	on	the	nature	of	the	beach	deposit.	In	the	clean,	fine,	sand	beaches	that	predominate	along	the	mid-Atlantic	coast	of	the	United	States,	dewatering	for	structures	to	modest	depth	is	routine.	But	on	the	rocky	coasts	of	Maine	installation	problems	can	be	severe.	In	sections	of	Florida,	the	Caribbean	Islands,	Hawaii,	and	the	Middle
East,	coral	formations	can	cause	difficult	installation	and	high	volumes	to	be	pumped.	Impermeable	layers	of	clay	or	meadow	mat	can	complicate	procedures	in	any	beach	construction.	Some	weakly	cemented	sandstones	in	or	near	subtropical	beaches	have	a	porosity	and	hydraulic	conductivity	much	higher	than	would	be	expected	from	the	grain	size
distribution.	The	phenomenon	has	been	observed	in	Florida,	Hawaii,	Mexico,	and	Alexandria,	Egypt.	On	the	Alexandria	project,	a	controlled	study	revealed	that	the	density	of	the	sandstone	was	significantly	lower	than	the	density	of	the	same	sand	grains	when	disaggregated	and	measured	in	a	very	loose	state.	The	in	situ	sandstone	had	a	higher
porosity	and	pore	size	and	a	higher	hydraulic	conductivity.	2.8	WIND	DEPOSITS	The	familiar	sand	dune	found	behind	ocean	beaches	is	one	type	of	Aeolian,	or	wind-deposited,	soil.	Dune	sands	tend	to	be	clean	and	very	uniform	because	of	the	sorting	action	of	the	wind	and	they	are	usually	rounded	in	grain	shape.	These	characteristics	result	in
moderately	high	hydraulic	conductivity,	despite	the	relatively	fine	grain	size.	Because	of	the	combination	of	moderately	high	hydraulic	conductivity	and	fine,	rounded	grains,	dune	sands	are	sensitive	to	seepage	pressure.	Natural	‘‘quicksand’’	occurs	readily	with	such	materials,	although	a	quick	condition	can	occur	in	any	granular	soil.	Loess	is	wind-
deposited	silt.	It	is	usually	of	glacial	origin,	the	result	of	fierce	windstorms	coming	off	the	ice	sheet.	It	can	occur	in	massive	beds	many	tens	of	feet	in	thickness.	Its	properties	are	complex,	and	construction	problems	in	it	can	be	severe	[2-6,	2-7].	Aeolian	soils	are,	by	definition,	surface	deposits.	But	the	earth’s	surface	changes,	so	it	is	not	uncommon	to
encounter	wind-deposited	soils	below	the	water	table,	sometimes	at	considerable	depth.	Because	of	their	sensitivity	to	seepage	pressures,	aeolian	soils	and	dune	sands	in	particular	can	rarely	be	dewatered	by	open	pumping;	predrainage	with	wells	or	wellpoints	is	usually	essential	to	successful	excavation.	2.9	GLACIERS—THE	PLEISTOCENE	EPOCH
Between	three	million	and	10,000	years	ago,	the	earth,	or	at	least	its	northern	hemisphere,	was	from	time	to	time	much	colder	than	it	is	today.	This	climatic	vagary	had	enormous	effect	on	formation	of	some	of	the	soils	with	which	the	dewatering	engineers	must	be	concerned.*	The	delicate	balance	of	the	hydrologic	cycle	was	upset;	a	greater
percentage	of	precipitation	fell	as	snow	or	ice	and	once	on	the	earth’s	surface	remained	longer	in	the	solid	state.	Huge	masses	of	ice	accumulated	in	the	polar	region.	*	This	discussion	of	glaciation	is	limited	to	the	northern	hemisphere,	with	emphasis	on	North	America,	where	the	authors	have	more	experience.	THE	GEOLOGY	As	the	weight	increased,
the	ice	began	to	squeeze	out	and	flow	southward	in	broad	sheets	we	call	the	continental	glaciers.	The	glaciers	spread	over	the	plains,	filled	in	the	valleys,	and	pressed	against	the	mountainsides;	sometimes	the	mountains	and	ridges	themselves	were	overtopped.	As	the	face	reached	a	warmer	climate,	the	rate	of	melting	increased;	when	melting	rate
equaled	the	rate	of	ice	movement,	the	glacier	was	stationary.	In	colder	periods	the	face	advanced,	in	warmer	periods	it	retreated.	Geologists	have	found	evidence	of	four	major	glacial	advances	over	three	million	years.	The	last	advance,	called	the	Wisconsin,	drew	to	a	close	about	10,000	years	ago.	Conditions	during	the	Pleistocene	epoch	defy
imagination.	The	mass	of	ice,	up	to	many	thousands	of	feet	(or	meters)	thick,	crept	slowly	southward,	grinding	and	tearing	at	the	surface.	The	crust	of	the	earth	sagged	under	the	weight,	creating	folds,	faults,	and	large	depressions.	Soils	that	survived	under	the	ice	became	overconsolidated,	with	densities	sometimes	approaching	that	of	concrete.
Great	quantities	of	soil	and	rock	were	picked	up	by	the	glaciers	and	carried	along,	to	be	modified	and	re-deposited	further	south.	It	is	helpful	to	understand	these	processes—the	effect	on	surviving	soils	in	glaciated	areas	and	the	myriad	forms	in	which	soils	transported	by	glaciers	have	been	redeposited.	Pre-Pleistocene	soils	in	glaciated	areas	tend	to
be	dense	to	very	dense	from	the	weight	of	ice	bearing	down	on	them.	The	degree	of	consolidation	depends	on	many	factors:	the	moisture	content	of	the	soil	at	the	time,	the	thickness	of	the	ice,	and	the	shape	and	size	distribution	of	the	grains.	Material	transported	and	deposited	by	the	glaciers	varies	greatly,	depending	on	the	source	materials	and	how
they	were	deposited.	Glacial	till	is	material	that	has	been	deposited	by	the	ice	itself.	Without	the	sorting	effect	of	water	or	wind,	till	tends	to	be	very	well	graded,	often	containing	all	particle	sizes	from	boulders	and	cobbles	down	to	the	finest	silts	and	clays.	Sometimes	such	materials	have	been	termed	‘‘boulder	clay.’’	Some	tills	are	gap	graded,	with
gravel	and	cobbles	in	a	matrix	of	silt	or	clay,	the	intermediate	sizes	missing.	If	the	till	is	deposited	and	then	overridden	by	a	subsequent	advance,	it	can	become	extremely	compact.	Glacial	till	is	among	the	densest	soil	encountered.	Glacial	outwash	is	material	that	has	been	transported	by	melt	water	and	sorted	into	relatively	uniform	deposits.	Outwash
can	range	from	clean	sand	and	gravel	to	fine	silts	and	clays.	Its	distinguishing	characteristic	is	the	uniformity	of	an	individual	deposit	or	a	layer	within	the	deposit.	Layering	is	not	uncommon	in	outwash,	since	changes	in	Pleistocene	weather	caused	increase	or	decrease	in	the	velocity	of	the	melt	water.	Outwash	sands	and	gravels	can	be	extremely
permeable.	Geologists	have	deduced	that	Pleistocene	rivers	carrying	the	melt	water	to	the	sea	during	warm	periods	were	very	large	in	comparison	to	even	our	greatest	rivers	of	today.	Indeed,	before	the	phenomenon	of	glaciation	was	better	understood,	some	early	investigators	attributed	the	coarse	outwash	de-	OF	SOILS	15	posits	they	observed	to
the	biblical	flood.	The	terms	‘‘diluvian’’	and	‘‘antediluvian,’’	meaning	during	Noah’s	deluge	or	before	it,	appear	frequently	in	nineteenth-century	geologic	literature.	Outwash	and	till	can	occur	in	many	ways,	depending	on	the	glacial	action	at	the	time	of	deposition	and	subsequent	to	it.	It	is	common,	for	example,	for	the	ice	to	have	plowed	out	a	valley
down	to	bedrock,	or	perhaps	to	a	firm	cretaceous	soil,	and	then	put	down	a	till	deposit.	Later	when	the	glacier	recedes,	melt	water	will	deposit	outwash	on	top	of	the	till.	We	might,	therefore,	expect	outwash	above	till,	but	we	cannot	rely	on	such	a	universal	pattern.	On	a	project	in	New	York	City,	the	character	of	the	dewatering	problem	was
completely	different	from	that	expected	because	a	major	aquifer	of	glacial	outwash	existed	under	the	till	through	which	the	tunnel	was	being	driven.	Till	is	normally	cohesive	and	resistant	to	erosion,	but	the	torrential	flows	from	a	rapidly	receding	glacier	occasionally	scoured	channels,	which	subsequently	filled	with	outwash.	Such	a	channel	in	till	can
have	a	major	impact	on	construction	operations,	particularly	if	its	existence	is	unexpected.	Ice	contact	deposits,	materials	dumped	at	or	near	the	ice	face,	may	contain	zones	and	layers	of	both	outwash	and	till.	Geologists	have	further	subdivided	various	types	of	glacial	deposits	and	it	is	helpful	to	understand	their	significance.	Terminal	moraine	is	a
ridge	of	soil	pushed	in	front	of	the	ice	before	its	final	retreat.	Terminal	moraine	is	till-like	in	character,	although	it	can	be	interfingered	with	channels	and	layers	of	permeable	outwash.	Ground	moraine	is	a	relatively	thin	cap	of	till	deposited	during	the	final	retreat.	It	can	reduce	surface	infiltration	to	aquifers	of	outwash	beneath	it.	An	esker	is	a	ridge
of	alluvium	deposited	by	a	stream	flowing	in	a	tunnel	through	the	ice.	A	kame	is	a	conical	hill	that	forms	where	the	stream	escapes	through	the	ice	face.	Eskers	and	kames	are	frequently	surface	features	but	they	can	become	buried	channels	or	zones	of	very	permeable	soil.	Another	form	of	kame	occurs	at	the	edges	of	valleys,	where	reflection	of	the
sun’s	rays	off	the	ridges	caused	the	glacier	to	melt	more	rapidly	at	the	sides	than	in	the	center.	Transient	lakes	or	pools	formed	along	the	sides,	and	streams	entering	off	the	ice	or	from	the	ridges	deposited	materials	that	can	be	sorted	or	unsorted,	depending	on	the	distance	transported.	A	drumlin	is	a	smooth,	streamlined	hill	composed	of	till.	A	kettle
is	a	depression	formed	by	the	melting	of	a	detached,	stationary	mass	of	ice.	An	erratic	is	a	large	isolated	boulder—for	example,	in	an	otherwise	uniform	deposit	of	outwash	sand	and	gravel.	One	possible	explanation	is	that	the	boulder	was	embedded	in	an	ice	floe	that	broke	off	from	the	glacier	in	a	period	of	rapid	melting	and	floated	downstream.	After
the	ice	floe	ran	aground	and	melted,	the	boulder	gradually	became	buried	in	outwash,	to	be	discovered	eventually	by	a	startled	excavation	contractor.	Glacial	lakes	can	form,	as	the	Great	Lakes	did,	in	depressions	created	by	the	gouging	action	of	the	ice	or	by	its	sheer	weight.	Glacial	lakes	can	also	form	when	the	advancing	ice	dams	the	channel	of	a
northward	flowing	river,	such	16	THEORY	as	the	ancient	lakes	in	and	around	New	York	City.	Glacial	lake	deposits	have	characteristics	similar	to	other	lake	deposits,	as	described	in	Section	2.5.	We	find	deltas	of	clean	sands	and	gravels,	and	thick	deposits	of	fine	grained	soils,	with	the	varved	structure	often	pronounced.	The	Pleistocene	epoch	was
probably	characterized	by	fierce	storms.	In	cold	periods	of	low	melting,	the	land	surface	south	of	the	glaciers	became	quite	dry,	and	fine-grained	soils	were	picked	up	by	the	turbulent	winds	and	re-deposited	as	loess.	The	authors	have	seen	medium	to	large	size	beds	of	very	uniform	dune	sand	within	or	at	the	edges	of	glacial	outwash	deposits,
suggesting	aeolian	deposition	on	some	ancient	beach.	From	the	discussion	above	it	is	apparent	that	glacial	deposits	are	extremely	variable,	containing	dense	impermeable	till,	clean	outwash	sands	and	gravels,	clays	that	range	from	stiff	and	overconsolidated	to	relatively	soft	and	varved,	and	uniform	wind-deposited	dune	sands	and	loess.	Occasionally,
glacial	deposits	are	very	extensive,	such	as	the	great	outwash	plain	that	forms	the	south	shore	of	Long	Island,	New	York.	More	commonly,	the	glacial	materials	change	within	very	short	distances.	Soils	of	Pleistocene	age,	even	when	deposited	far	south	of	the	active	glaciers,	have	nonetheless	been	affected	by	them.	So	much	of	the	earth’s	waters	had
accumulated	in	the	great	ice	sheets	that	the	sea	level	was	at	various	times	as	much	as	several	hundred	feet	lower	than	it	is	today.	The	mouths	of	the	rivers	were	far	out	on	the	continental	shelf	compared	to	their	present	positions.	This	situation,	combined	with	the	greater	flow	in	the	rivers	during	periods	of	rapid	melting,	affected	the	properties	of	the
deeper	soils	beneath	our	coastal	plains.	Figure	2.2	(a)	Joint	system	in	rocks.	(b)	Rock	with	joints	enlarged	by	solution	action.	Figure	2.3	(a)	Fault	acting	as	a	conduit	for	water	flow	(arrows	indicate	paths	of	water).	(b)	Fault	acting	as	a	dam	impeding	water	flow.	Note	that	pressure	on	the	left	is	higher	than	on	the	right.	If	a	tunnel	approached	from	the
right,	a	sudden	inrush	of	water	might	occur	when	the	fault	was	breached.	In	Section	2.11	we	discuss	the	formation	of	coral	and	other	limestone	deposits	that	are	created	by	biologic	activity	along	ocean	beaches.	During	the	Pleistocene	era	the	beach	levels	were,	of	course,	much	lower	and	the	coral	was	formed	at	lower	elevations.	The	authors	have
encountered	deep	limestone	and	coral	deposits	of	Pleistocene	age	on	the	coasts	of	Hawaii,	Florida,	and	Spain	that	significantly	affected	dewatering.	2.10	ROCK	We	have	seen	how	bedrock	provides	the	raw	material	from	which,	by	the	processes	of	weathering,	transportation,	and	deposition,	soils	are	formed.	The	bedrock	itself	can	be	of	significance	to
dewatering.	Most	rock	is	low	in	hydraulic	conductivity.	However,	all	rock	is	jointed	and	fissured	to	some	extent	(Fig.	2.2),	and	water	can	move	through	the	fissures,	sometimes	quite	readily.	Such	rock	has	the	characteristic	called	secondary	permeability.	The	transmissivity	of	the	rock	depends	on	the	number,	size,	and	degree	of	interconnection	of	the
fissures.	If	the	rock	is	relatively	soluble,	the	fissures	can	be	enlarged	from	solution	activity.	A	fault	is	a	vertical	shift	between	adjacent	blocks	of	rock.	A	fault	is	sometimes	a	conduit	for	water,	but	under	other	conditions	it	can	develop	into	a	dam	in	the	path	of	groundwater	flow.	Figure	2.3	illustrates	two	of	the	variations	that	have	been	encountered.
When	excavation	takes	place	in	rock,	the	water	flowing	in	through	the	fissures	does	not	usually	create	an	unstable	ground	condition	but	presents	only	the	problem	of	pumping	it	away.	But	there	are	certain	geologic	situations	where	THE	GEOLOGY	water-bearing	rock	can	present	serious	problems.	The	upper	zone	of	rock	immediately	under	the	soil
mantle	is	frequently	the	most	weathered.	Sometimes	this	zone	is	a	very	permeable	aquifer,	more	permeable	than	the	soil	above	it.	If	so,	experience	shows	that	dewatering	wells	or	wellpoints	must	penetrate	the	weathered	rock	or	the	soil	above	can	be	dewatered	only	with	great	difficulty.	Drilling	into	the	rock	can	be	costly,	particularly	since	the
weathered	zone	may	be	more	difficult	to	drill	than	sound	rock.	Some	rock	has	large	fissures,	but	they	are	partly	filled	with	sand,	clay,	or	chemical	precipitates.	Water	flow	through	rock	is	concentrated,	and	velocities	can	be	much	higher	than	are	normal	in	soils.	If	the	material	filling	the	joints	is	soft	or	chemically	soluble,	such	as	gypsum,	then	the
concentrated	flows	may	open	up	cavities.	Prolonged	pumping	time	results	in	steadily	increasing	water	volume.	In	some	cases,	the	foundation	properties	of	the	rock	can	be	impaired.	In	sedimentary	rocks,	such	as	sandstones	and	some	siltstones,	there	may	be	uncemented	or	weakly	cemented	zones	and	layers	which	are	usually	more	permeable	than	the
main	body	of	rock.	Flow	tends	to	be	concentrated	in	the	uncemented	zones,	eroding	the	sand	and	undermining	the	sound	material.	This	has	been	particularly	troublesome	in	the	St.	Peter’s	sandstone	near	Minneapolis,	Minnesota	and	in	the	Saugus	formation	north	of	Los	Angeles,	California.	Some	rocks	are	so	highly	permeable	that	the	large	volume	of
water	to	be	pumped	becomes	a	major	problem.	Basalt	is	an	igneous	rock	with	a	high	coefficient	of	thermal	expansion.	When	it	cools	as	it	solidifies,	the	network	of	shrinkage	cracks	can	develop	into	a	major	aquifer.	Basalt,	scoria,	and	other	deposits	from	some	recent	volcanoes—such	as	are	found	on	the	island	of	Oahu,	Hawaii,	Tenerife	in	the	Canary
Islands,	and	Iceland—can	be	extremely	porous.	Scoria	is	a	porous	rock	that	formed	as	a	slag	on	top	of	the	lava	flow.	Sometimes	successive	eruptions	cause	a	‘‘sandwich’’	of	very	high	hydraulic	conductivity.	The	scoria	may	also	roll	under	the	molten	basalt	during	rapid	downhill	flow.	A	lava	tube	can	form	when	molten	rock	continues	to	flow	within	a
partially	solidified	mass;	on	Oahu,	lava	tubes	exist	within	which	one	can	walk	upright.	Sedimentary	rocks,	by	their	nature,	contain	bedding	layers	frequently	with	quite	variable	hydraulic	conductivity—	for	example,	sandstones	alternating	with	claystones.	If	such	a	condition	exists	below	subgrade	of	a	deep	excavation,	it	may	be	necessary	to	install	deep
wells	to	relieve	pressure	in	the	more	permeable	layers.	The	water	volume	pumped	may	be	quite	small,	but	without	the	pumping	the	unrelieved	pressure	in	permeable	beds	may	heave	and	crack	the	overlying	material,	impairing	the	foundation	properties	of	the	rock.	At	the	time	of	formation,	the	bedding	layers	of	sedimentary	rock	are	usually	horizontal,
or	approximately	so.	Subsequent	tectonic	movements	may	fold	or	tilt	the	rock.	The	Coastal	Range	of	California	is	an	extreme	example	of	rocks	that	have	been	heaved	up	a	considerable	distance	from	their	level	at	the	time	of	deposition.	We	can	find	bedding	planes	in	the	area	that	are	horizontal	or	vertical	or	anywhere	OF	SOILS	17	Figure	2.4	Inclined
bedding	plane.	in	between.	An	inclined	bedding	layer	is	a	plane	of	weakness,	subject	to	sliding	on	the	updip	slope	of	an	excavation	or	highway	cut	(Fig.	2.4).	Water	can	aggravate	the	situation	in	two	ways.	Flow	through	a	permeable	layer	can	lubricate	the	adjacent	surfaces.	Worse,	if	pressure	builds	up	in	the	permeable	layer	it	reduces	the	effective
weight	of	the	overlying	mass	on	which	the	stability	of	the	slope	depends.	Slopes	of	sedimentary	rock	have	been	stabilized	by	dewatering	with	horizontal	drains	or	with	vertical	wells.	2.11	LIMESTONE	AND	CORAL	Limestone	presents	such	special	problems	to	dewatering	that	it	demands	a	separate	discussion.	Its	principal	constituent	is	calcite	(calcium
carbonate),	a	mineral	that	in	geologic	terms	is	soluble	in	water.	In	its	various	forms,	limestone	is	abundant	in	nature;	it	occurs	in	massive	beds,	thin	layers,	and	delicate	coral	skeletons;	it	is	the	hardness	in	water	and	the	cementing	agent	in	many	sandstones.	The	common	mechanism	for	limestone	deposition	begins	with	shellfish.	Over	geologic	ages,
the	shells	accumulate	and	gradually	dissolve	until	the	water	becomes	supersaturated	with	calcium	carbonate,	which	then	precipitates	out	to	form	the	limestone.	The	chemical	processes	of	precipitation	and	solution	are	reversible,	depending	on	the	concentration	of	carbonates	in	the	water,	pH,	temperature,	and	other	factors.	For	example,	the	great
limestone	caverns	at	Luray,	Virginia	were	created	and	are	still	being	enlarged	by	solution	action.	But	the	stalactites	and	stalagmites	we	see	in	the	caverns	are	forming	from	calcite	precipitation.	Thus,	the	mineral	is	both	dissolving	and	precipitating	in	the	same	place	at	the	same	time.	Many	factors	affect	solutionization.	Water	that	has	recently
infiltrated	the	ground	is	slightly	acidic	from	dissolved	carbon	dioxide	and	solution	is	relatively	rapid.	As	the	concentration	of	carbonates	in	the	water	increases,	the	pH	rises	and	solution	slows.	Thus,	the	volume	of	water	flow	is	significant.	Temperature	has	a	pronounced	effect,	as	does	the	presence	of	minerals	other	than	calcite	in	the	limestone.
Dolomite,	a	rock	containing	magnesium	as	well	as	calcium	carbonate,	is	more	resistant	to	solution	action	than	limestone	but	still	susceptible	to	the	same	process.	In	massive	limestone	beds,	the	solutionization	tends	to	be	concentrated	in	the	upper	zones.	Weathered	limestone	18	THEORY	can	be	a	source	of	recharge	to	the	soil	above.	Sometimes	a
cavern	forms	and	then	collapses,	causing	a	sinkhole	in	the	overlying	soil	at	the	surface.	However,	badly	solutionized	limestone	has	also	been	encountered	at	considerable	depth.	Karst	topography	is	a	term	used	to	describe	an	area	that	has	experienced	considerable	solutionization	near	the	surface,	resulting	in	sinkholes	and	hidden	caverns.	The
transmissivity	of	the	solutionized	limestone	can	be	very	high	and	dewatering	in	such	areas	can	be	difficult	because	of	the	large	volume	of	water	that	may	need	to	be	pumped.	Dewatering	in	karstic	terrain	can	increase	the	sinkhole	activity.	Groundwater	movement	will	increase	the	solutioning	of	the	rock	and	lowering	of	the	water	table	will	increase	the
effective	stress	near	the	rock	surface	that	promotes	sinkhole	formation.	Dewatering	required	for	quarrying	and	phosphate	strip	mining	in	the	southeastern	United	States	has	been	linked	to	sinkhole	activity.	If	joints	and	solution	cavities	in	limestone	have	been	significantly	enlarged	by	solution	action,	they	may	later	fill	up	with	sand,	clay,	re-
precipitated	calcite,	or	gypsum	(calcium	sulfate).	If	the	joints	are	only	partly	filled,	so	that	the	overall	transmissivity	of	the	rock	is	high,	it	may	be	dangerous	to	pump	large	volumes	to	dewater	the	limestone	because	the	concentrated	velocities	can	erode	sands	and	soft	clays	or	dissolve	gypsum	that	partially	fill	the	matrix	of	the	rock.	Grout	can	be
injected	into	the	fissures	before	attempting	to	dewater.	However,	grout	typically	will	not	displace	the	soil	infilling	and	erosion	of	the	infill	material	may	still	occur	following	grouting.	The	same	can	occur	in	coralline	deposits.	Hydrogen	sulfide	can	occur	in	limestone	formations,	sometimes	in	heavy	concentrations.	Even	low	concentrations	of	the	gas	can
be	toxic.	When	sulfide	is	present,	the	dewatering	system	must	be	built	of	special	materials	to	resist	corrosion,	and	special	arrangements	may	be	necessary	to	treat	the	discharge	to	prevent	hazard	or	nuisance	from	the	odor,	and	to	protect	humans	and	animal	and	aquatic	life.	Contaminated	groundwater,	and	its	treatment,	is	discussed	in	Chapter	14,
and	work	in	corrosive	groundwater	conditions	is	discussed	in	Chapter	13.	Coral,	the	fascinating	skeletal	remains	of	invertebrates	that	delight	scuba	divers,	can	present	difficult	problems	to	the	dewatering	engineer.	The	skeletal	structure	makes	the	formation	extremely	porous.	Normally,	the	voids	and	caverns	become	filled	with	sand	or	clay,	but	not
always.	It	is	common	for	the	original	skeleton	to	be	modified	by	solution	and	re-precipitation	into	coralline	limestone	(Fig.	2.5).	The	Figure	2.5	Coral	limestone.	limestone	often	forms	as	a	hard,	relatively	impermeable	cap	over	essentially	unmodified	coral.	Under	the	supporting	cap,	the	voids	and	caverns	remain	as	sand	fills	in	above.	A	number	of
projects	in	Florida,	Hawaii,	and	elsewhere	have	had	this	pattern:	dewatering	problems	were	modest	until	the	hard	limestone	cap	was	penetrated,	perhaps	by	pile	driving	or	even	drilling	of	wells	or	deep	foundations.	Then	large,	unmanageable	flows	were	encountered.	If	the	voids	in	the	coral	are	filled	with	sand,	open	pumping	is	dangerous.	The	sand	is
eroded	and	pumped	away,	the	coral	skeleton	supports	the	open	caverns,	and	the	transmissivity	of	the	mass	rises	dramatically.	On	a	project	some	years	ago	in	Miami,	Florida,	erosion	of	sand	opened	up	cavities	in	the	coral	to	such	an	extent	that	eels	swam	through	the	formation	into	the	excavation	from	an	adjacent	river.	It	was	necessary	to	inject
cement	grout	to	reduce	the	hydraulic	conductivity	to	reasonable	levels	before	dewatering	was	reinitiated.	On	a	pump	station	in	Honolulu,	Hawaii,	open	pumping	at	10,000	gpm	(40,000	L/min)	failed	by	only	a	few	feet	to	achieve	the	necessary	drawdown	of	30	ft	(10	m).	More	pumps	were	ordered	from	the	mainland	but,	as	pumping	continued,	the	sand
within	the	coral	voids	was	eroded	to	the	extent	that	it	eventually	required	pumping	at	the	rate	of	30,000	gpm	(120,000	L/min)	to	dewater	the	project.	This	condition	occurs	repeatedly	in	coralline	geology.	Shelly	sandstone,	when	it	is	rich	in	carbonates,	can	be	subject	to	solution	action	and	develop	voids	and	very	high	hydraulic	conductivity.	On	two
projects	on	the	Atlantic	coast	of	Spain,	ostionera,	a	shelly	sandstone	of	Pliocene	age,	proved	to	be	so	riddled	with	interconnected	voids	that	its	transmissivity	was	equivalent	to	a	bed	of	openwork	gravel	50	ft	(15	m)	thick	(Fig.	2.6).	Dewatering	problems	in	limestone,	coral	and	shelly	sandstone	can	range	from	minor	to	very	severe.	Where	the	rock	is
soil-like,	it	is	difficult	to	evaluate	the	situation	by	test	drilling	alone	and	the	Unified	and	Burmister	soil	classification	systems	do	not	adequately	convey	the	hydrogeologic	properties.	Cavernous	structures	that	may	create	severe	problems	may	not	be	identifiable	in	the	cores.	Poor	recovery	indicates	the	possibility	of	a	severe	problem,	but	does	not
confirm	it.	Also,	the	problems	in	these	formations	tend	to	be	concentrated	in	relatively	small	areas;	unless	a	large	number	of	borings	are	made,	the	problem	may	be	missed.	In	situ	hydraulic	conductivity	tests	must	be	performed	in	such	conditions	to	adequately	convey	the	water-bearing	properties	of	such	soil/rock.	A	pumping	test	(Chapter	9)	can	be
most	useful	in	evaluating	the	extent	of	the	problem.	Packer	tests	THE	GEOLOGY	OF	SOILS	19	Figure	2.6	Ostionera.	(Chapter	3)	can	also	be	helpful	in	evaluating	the	variability	in	the	character	and	hydraulic	conductivity	of	such	rocks,	both	horizontally	and	vertically.	Individual	packer	tests	are	relatively	economical	and	typically	allow	testing	at
multiple	locations	for	the	equivalent	cost	of	a	full-scale	pumping	test	at	one	location.	2.12	TECTONIC	MOVEMENTS	The	crust	of	the	earth	is	an	elastic	material	that	yields	under	stress.	The	theories	of	crustal	motion	are	beyond	the	scope	of	this	book,	but	it	is	important	for	us	to	have	some	understanding	of	these	movements	so	that	we	can	gauge	their
effects	on	the	problems	we	must	face.	Under	the	weight	of	a	mountain	range,	the	earth	sags	into	synclinal	folds.	Beneath	adjacent	valleys,	the	material	may	push	up	into	anticlines	(Fig.	2.7).	As	the	mountain	range	weathers	and	erodes	and	the	valley	fills,	the	shift	of	weight	can	cause	adjustments.	The	folding	of	subsurface	materials	can	progress
slowly	over	geologic	ages,	or	internal	stress	can	build	up	gradually	in	semi-rigid	materials	until	it	is	released	in	the	violent	shocks	we	call	earthquakes.	During	these	events,	faults	can	develop	(Fig.	2.3).	The	dewatering	engineer	need	not	understand	the	complex	mechanics	of	folding	and	faulting,	but	must	be	prepared	to	deal	with	the	results.	The	soil
and	rock	layers	encountered	may	have	shifted	up,	down,	or	sideways	after	their	deposition.	The	effects	are	most	pronounced	in	areas	of	recent	tectonic	activity	such	as	California,	Hawaii,	and	Alaska,	but	folding	and	faulting	has	been	going	on	for	millions	of	years.	It	has	caused	concern	on	construction	projects	in	the	Michigan	basin,	in	the	Appalachian
Mountains	in	Pennsylvania	Figure	2.7	Anticlines	and	synclines.	and	West	Virginia,	in	the	Rocky	Mountains	in	Idaho	and	Colorado,	in	the	Arkansas	valley,	and	elsewhere.	We	can	gain	helpful	information	about	tectonic	activity	in	a	given	area	from	local	geologic	studies.	Where	such	movement	has	occurred,	we	should	expect	the	possibility	of	layers	that
have	been	folded,	faulted,	tilted,	or	otherwise	shifted	from	their	original	orientation.	2.13	MAN-MADE	GROUND	Mankind’s	activities	were	changing	the	ground	surface	and	the	soil	beneath	it	well	before	any	historical	record.	Archaeological	sites	have	been	reported	where	the	excavations	were	carried	out	successively	through	the	relics	of	three	or
four	civilizations,	each	of	which	are	estimated	to	have	lasted	20	THEORY	Figure	2.8	During	excavation	following	mass	ground	freezing	for	tunnel	jacking	on	the	Central	Artery	/	Tunnel	project	in	Boston,	Massachusetts,	openwork,	brick-	and	rubble-filled	ground	was	exposed	within	the	frozen	ground	matrix.	Case	History:	Geologic	Understanding	Can
Help	Soil	borings	taken	along	the	alignment	of	a	2000-ft	(600-m)	long	sewer	revealed	mixed	face	conditions,	with	uniform	fine	sand	overlaying	hard	rock.	The	rock	surface	undulated	considerably,	as	shown	on	the	profile	in	Fig.	2.9.	The	groundwater	table	was	as	much	as	40	ft	(12	m)	above	the	rock	surface.	The	sand	was	expected	to	be	highly	unstable
unless	dewatered.	However,	the	groundwater	table	was	beyond	the	reach	of	wellpoints	that	could	be	installed	economically	on	close	centers.	(Chapter	19).	Dewatering	to	provide	a	stable	face	would	therefore	require	deep	wells	(Chapter	18)	or	ejectors	(Chapter	20)	on	very	close	spacing,	at	considerable	expense.	In	light	of	this,	alternative	approaches
to	dewatering	were	initially	evaluated.	These	included	the	use	of	an	earth	pressure	balance	machine	(Section	23.6)	and	compressed	air	tunneling	(Section	23.7).	However,	an	EPBM	was	not	an	option,	since	blasting	of	the	rock	in	some	areas	would	be	required.	Compressed	air	was	technically	viable,	but	the	cost	was	prohibitive.	(a)	Figure	2.9	(a)
Mixed-face	sewer	tunnel	in	profile.	(b)	Mixed-face	sewer	tunnel	in	section.	(b)	THE	GEOLOGY	OF	SOILS	21	The	general	contractor	called	in	a	dewatering	specialist	who	observed	from	the	topography	that	the	alignment	was	at	the	foot	of	a	bluff	at	the	edge	of	a	broad	floodplain.	An	additional	boring	was	drilled	closer	to	the	center	of	the	floodplain,
which	revealed	that	the	rock	there	was	much	deeper	and	the	alluvium	above	it	was	more	permeable	than	the	fine	sand	along	the	bluff.	A	seismic	survey	determined	that	the	sewer	alignment	was,	in	fact,	following	along	a	buried	rock	promontory;	the	rock	surface	was	a	series	of	sloping	ridges	the	alignment	was	traversing.	The	Fig.	2.9	profile	shows
the	inferred	buried	surface	of	the	rock	based	on	the	borings,	the	seismic	data	and	pumping	observations.	Guided	by	an	appreciation	of	the	geology	involved,	and	investigation	of	the	actual	site	conditions,	the	dewatering	designer	placed	the	dewatering	devices	on	a	line	300	ft	(90	m)	from	the	tunnel	alignment,	out	in	the	deep	portion	of	the	rock	valley.
A	system	of	only	8	deep	wells	on	250-ft	(76-m)	centers	lowered	the	water	table	along	the	well	line	below	tunnel	invert	and	effectively	drained	the	fine	sand	above	the	rock	at	the	tunnel	alignment.	The	tunnel	was	subsequently	driven	without	water	infiltration	problems	and	at	considerably	less	cost	than	if	it	had	been	attempted	by	closely-spaced	wells
or	ejectors	along	the	tunnel	alignment.	centuries.	In	those	millennia	long	past,	our	predecessors	in	the	construction	industry	drained	swamps,	dug	canals,	built	dikes	against	flood,	and	built	ramparts	against	their	enemies.	The	pace	of	man-made	change	has	accelerated	dramatically	since	the	Industrial	Revolution	began	to	make	power	equipment
available.	In	the	past	100⫹	years,	as	our	geotechnical	understanding	increased,	the	quality	of	the	earthwork	improved.	But	even	today,	mankind’s	activity	sometimes	has	unexpected	results.	Experience	demonstrates	that	performance	of	man-made	ground	can	be	more	difficult	to	predict	than	natural	soils.	This	has	been	particularly	true	in	dewatering.
Man-made	ground	is	spacially	and	behaviorally	more	erratic	than	that	formed	by	natural	geologic	forces.	Unexpected	sources	of	water	can	result	in	project	cost	overruns	and	schedule	delays.	Water	in	unanticipated	quantities	can	follow	along	an	old	buried	drain	or	originate	from	gravel	sumps	and	ditches	built	to	dewater	some	previous	excavation	at
the	site.	Seacoast	and	lakefront	cities	have	been	extending	their	useful	land	out	into	the	adjacent	waters	for	centuries.	Fill	materials	have	been	whatever	was	at	hand	or	could	be	transported	economically.	A	common	procedure	was	to	build	jetties	out	into	the	water	with	bouldery	fill.	When	the	need	for	land	increased,	fill	was	placed	between	the
jetties.	The	fill	might	be	soil,	but	the	jetty	remained,	usually	buried,	and	provided	a	highcapacity	conduit	for	troublesome	water	for	future	contractors	to	confront.	A	variation	on	the	jetty	scheme	was	common	in	New	York	harbor:	timber	cribs	were	floated	into	the	desired	position,	and	then	filled	with	boulders	until	they	sank.	Difficulties	with	water
control	and	excavation	in	such	ground	can	be	severe.	Fills	pushed	out	over	soft	underwater	deposits	off	such	cities	as	San	Francisco,	on	its	famous	bay,	and	Milwaukee,	on	Lake	Michigan,	can	settle,	and	may	settle	more	if	dewatering	is	carried	out	carelessly.	Methods	of	evaluating	potential	problems	in	man-made	ground	are	discussed	in	Chapter	11.
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York,	NY.	CHAPTER	3	Soils	and	Water	n	the	previous	chapter	we	reviewed	some	of	the	geologic	mechanisms	by	which	soils	are	formed.	Now	we	will	take	a	closer	look	at	the	soils	themselves,	with	emphasis	on	properties	significant	to	dewatering.	In	addition	to	understanding	the	significance	of	soil	properties	to	groundwater	flow	and	drainage,	we
must	also	understand	the	effect	of	groundwater	flow	on	the	natural	properties	of	soils.	The	movement	of	groundwater	exerts	seepage	pressures	and	forces	on	soils	and	the	structures	built	upon	them.	When	properly	performed,	dewatering	by	reducing	groundwater	pressures	and	gradients	can	improve	the	strength	and	stability	of	soils	and	reduce	the
loads	applied	to	structures.	Dewatering	is	therefore	considered	a	method	of	ground	improvement.	However,	where	groundwater	is	not	adequately	controlled,	seepage	pressures	and	forces	act	to	reduce	the	natural	strength	and	stability	of	soils	with	debilitating,	sometimes	catastrophic,	effect	on	the	load-carrying	capacity	of	soils	and	the	structures
they	support.	Some	knowledge	of	geotechnical	engineering	is	assumed.	Readers	who	are	unfamiliar	with	the	subject	are	encouraged	to	do	supplementary	reading.	For	a	general	overview,	Holtz	and	Kovacs	[3-1]	and	Fang	[3-2]	are	valuable.	For	more	detailed	technical	treatment	of	the	subject,	Terzaghi,	Peck,	and	Mesri	[3-3]	and	Lambe	and	Whitman
[3-4]	are	recommended.	The	fundamental	soil/water	relationships	described	in	this	chapter	form	the	basis	of	understanding	the	practical	solutions	of	actual	problems	described	subsequently.	The	reader	will	find	cross	references	between	the	fundamentals	and	the	specific	job	problems.	The	mathematical	solutions	to	some	soil/water	problems	fall	into
the	sphere	of	geotechnical	engineering	rather	than	dewatering.	In	such	cases,	this	book	does	not	discuss	the	solutions	but	refers	instead	to	the	available	texts	in	geotechnical	engineering	that	do	so.	I	22	3.1	SOIL	STRUCTURE	Soil	is	a	system	of	particles	of	solid	matter	with	voids	or	pores	between	them.	Below	the	water	table,	the	pores	are	essentially
filled	or	saturated	with	water.	Above	the	water	table,	the	pores	contain	some	moisture,	plus	air	or	other	gases	(Section	1.1).	The	manner	in	which	the	soil	behaves	in	a	construction	situation	is	determined	by	the	size,	distribution	and	shape	of	the	particles,	the	water	content,	the	relative	density,	the	hydraulic	conductivity,	the	plasticity	and	cohesion,
and	other	factors.	To	predict	the	performance	of	a	soil,	we	must	understand	these	factors	and	be	able	to	evaluate	them	quantitatively	by	inspection	of	samples	or	laboratory	or	field	tests.	Soils	are	basically	divided	into	three	major	groups,	identified	primarily	on	the	basis	of	particle	size	and	changes	in	consistency	and	volume	when	interacting	with
water.	Coarse-grained	soils	such	as	sands	and	gravels	contain	particles	that	are	visible	to	the	naked	eye	(larger	than	about	0.003	in.	[0.075	mm])	and	are	generally	described	as	cohesionless,	with	engineering	behavior	primarily	influenced	by	the	composition	of	particle	sizes,	particle	shape,	and	relative	density.	Fine-grained	soils	include	silts	and	clays
containing	particles	that	are	not	visible	to	the	naked	eye.	Clays	are	cohesive	soils,	with	engineering	behavior	more	influenced	by	plasticity	and	cohesion.	Silts	may	be	either	cohesionless	or	cohesive.	Soils	containing	high	natural	organic	content	comprise	the	third	major	group.	Organic	soils	can	be	of	extremely	low	strength	and	high	compressibility,
depending	on	organic	content	and	composition,	and	geologic	history.	3.2	GRADATION	OF	SOILS	The	particle	size	distribution	or	gradation	of	a	soil	has	a	major	effect	on	its	mechanical	and	hydraulic	properties.	We	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.
Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	SOILS	call	a	soil	poorly-graded,	or	uniform,	when	it	contains	a	narrow	distribution	of	sizes—for	example,	all	medium	sand.	A	well-graded	soil	has	a	wide	range	of	sizes,	such	as	gravel,	sand,	silt,	and	clay,	with	the	voids	between	larger	particles	filled	by	the
smaller	particles.	Gradation	of	coarse-grained	soils	is	studied	directly	by	means	of	mechanical	grain	size	analysis	[3-5].	An	oven-dried	sample	of	soil	is	shaken	through	a	series	of	standard	sieves	with	progressively	smaller	openings	and	the	portion	retained	on	each	sieve	is	weighed.	The	total	percentage	passing	each	sieve	is	then	calculated	and	the
data	are	plotted	on	a	semilogarithmic	graph	(Fig.	3.1)	of	grain	size	versus	percent	finer	by	weight.	The	size	of	the	particles	is	shown	both	by	standard	sieve	(top	scale)	and	millimeter	dimension	(bottom	scale).	AND	WATER	23	In	this	book	we	will	use	the	Unified	Soil	Classification	System	(USCS)	shown	at	the	bottom	of	Fig.	3.1	to	delineate	the	various
ranges	in	particle	size.	The	USCS	was	first	established	by	Casagrande	[3-6]	and	since	implemented	by	ASTM	[3-7,	3-8]	and	has	proven	satisfactory	for	dewatering	work.	The	percentage	of	fines	in	a	soil	(i.e.,	finer	than	a	No.	200	sieve)	has	a	significant	bearing	on	its	behavior.	The	grain	size	of	soils	finer	than	the	No.	200	sieve	(0.074	mm)	can	be
indirectly	studied	by	hydrometer	analysis	[3-5],	a	sedimentation	process	where	the	rate	of	settlement	of	a	soil	in	water	is	measured	as	an	indication	of	particle	size.	Also	of	particular	significance	is	the	D10	size	of	a	soil	(i.e.,	the	soil	particle	size	where	90%	of	the	soil	is	coarser,	10%	finer).	Figure	3.1	(a)	Uniform	soils	and	well-graded	soils.	Sample	1:
Well-graded	fine	to	coarse	sand	and	gravel,	little	silt	(SW);	Cu		10.	Sample	2:	Uniform	fine	to	coarse	sand,	trace	silt	(SP);	Cu		3.5.	(b)	Gap-graded	soil.	(c)	Very	uniform	wind-deposited	dune	sand.	(d)	Glacial	till.	24	THEORY	The	D10	is	often	referred	to	as	the	effective	particle	size	and	is	utilized	in	many	empirical	methods	to	characterize	the	soil	as	a
whole,	particularly	with	regard	to	hydraulic	conductivity.	The	mechanical	analyses	of	some	representative	soils	are	also	shown	in	Fig.	3.1.	Figure	3.1a	shows	two	medium	sands	with	the	same	50%	size	(D50).	Sample	1	is	a	well-graded	mixture	of	gravel,	sand,	and	a	little	silt.	Sample	2	is	a	quite	uniform	fine	sand	with	some	medium	sand	but	only	traces
of	silt,	coarse	sand,	and	gravel.	Sample	1	will	be	less	permeable	and	more	stable	than	sample	2	if	factors	other	than	gradation	are	the	same.	Figure	3.1b	shows	a	‘‘gap-graded’’	soil;	it	has	a	coarse	fraction	and	a	fine	fraction,	but	the	intermediate	sizes	are	missing.	The	uniformity	coefficient	(Cu)	is	useful	in	describing	a	soil.	It	is	defined	as	the	ratio	of
the	D60	size	of	the	soil	(the	particle	size	in	mm	where	60%	of	the	soil	particles	are	finer	than)	to	the	D10	size:	Cu		D60	D10	0.5		10	0.05	Sample	2:	Cu		0.35		3.5	0.1	Soils	such	as	beach	sands	having	Cu	less	than	3	are	considered	uniform,	whereas	soils	such	as	glacial	tills	containing	a	wide	range	of	sizes	from	boulders	to	clay	may	have	Cu	of	25	or
greater.	Soils	with	lower	Cu	generally	have	higher	hydraulic	conductivity	but	are	less	stable	in	the	presence	of	moving	groundwater.	The	coefficient	of	curvature	(Cc)	is	another	measure	of	the	shape	of	the	grain	size	curve	that	is	used	to	differentiate	the	degree	of	sorting	of	a	soil.	Cc	is	defined	as	the	ratio	of	the	square	of	the	D30	size	to	the	product	of
the	D10	and	D60	sizes.	Cc		(D30)2	D60		D10	•	Coarse	gravel	and	other	particles	larger	than	the	inside	(3.1)	The	uniformity	coefficients	of	the	two	soils	in	Fig.	3.1a,	for	example,	are	Sample	1:	Cu		3.1b	might	have	been	formed	by	two	simultaneous	processes,	a	rapidly	running	tributary	entering	a	main	stream	channel	and	mixing	sediments,	for
example.	Of	the	two	soils	in	Fig.	3.1a,	we	might	suspect	that	both	are	alluvial	materials,	but	the	sorting	action	of	the	river	was	more	complete	on	the	poorly	graded	sample	2.	Mechanical	analysis	is	typically	performed	on	all	or	a	portion	of	an	18-in.	(450-mm)	long	sample	taken	from	a	standard	2-in.	(50-mm)	diameter	split	spoon	sampler.	To	make	valid
interpretations	of	grain	size	curves,	it	is	necessary	to	consider	distortions	that	may	be	inherent	in	the	sampling	process	or	that	may	have	occurred	through	accident	or	bad	technique.	Some	of	the	distorting	factors	that	we	have	experienced	include	the	following:	(3.2)	Well-graded	soils	(GW	and	SW)	have	long	grain	size	curves	spanning	a	wide	range	of
sizes	with	a	constant	or	gently	varying	slope.	Cc	for	well-graded	soils	ranges	from	1	to	3.	Uniformly-graded	soils	(GP	and	SP)	are	steeply	sloping	curves	spanning	a	narrow	range	of	sizes.	Very	high	or	very	low	values	indicate	an	irregular	grain	size	curve	and	poorly	graded	soil.	We	can	learn	much	about	the	properties	of	the	soil,	and	perhaps	deduce
something	of	its	geologic	history,	from	study	of	the	grain	size	analysis.	The	very	uniform	fine	material	in	Fig.	3.1c	is	probably	wind-deposited	dune	sand.	The	very	well-graded	mixture	of	cobbles,	gravel,	sand,	and	clay	in	Fig.	3.1d	is	typical	of	a	glacial	till.	The	gap-graded	soil	in	Fig.	•	•	•	diameter	of	the	sampler	are	not	retrieved.	Their	presence	can	be
inferred	by	intermittently	high	blow	counts,	when	the	gravel	is	broken	or	pushed	to	one	side	as	the	sampler	is	driven.	When	sampling	below	the	water	table,	the	finer	fractions	may	be	washed	out	of	the	bottom	as	the	sampler	is	withdrawn,	leaving	only	the	coarse	materials.	If	the	driller	has	logged	a	low	recovery,	say	6	in.	(150	mm)	from	the	18	in.	(450
mm)	drive,	and	the	sample	is	coarse	sand	and	gravel	with	no	fines,	washout	should	be	suspected.	Hydraulic	conductivity	deduced	from	grain	size	distribution	(Section	3.7)	of	a	washed	out	sample	may	be	grossly	overestimated.	Split	spoons	have	ball	valves	intended	to	prevent	backflow	of	water	and	wash	out	of	fines,	so	washing	out	of	samples	is
minimized.	Heave	of	the	bottom	or	collapse	of	the	sides	of	the	borehole	during	drilling	can	result	in	disturbed	samples.	Well-graded	alluvial	sands	and	gravels,	with	Cu	greater	than	4.0,	tend	to	be	stratified	into	lenses	of	coarser,	cleaner	materials	separated	by	lenses	of	finer,	siltier	materials.	Such	lenses	may	be	only	a	few	inches	in	thickness,	but	can
have	a	major	impact	on	the	effective	hydraulic	conductivity.	Horizontal	hydraulic	conductivity	can	be	much	higher	than	indicated	by	the	average	grain	size	distribution	of	the	18-in.	(450-mm)	sample.	It	is	recommended	practice	to	have	an	engineer	or	geologist	present	during	drilling	where	lenticular	soils	are	suspected	in	order	to	examine	the	sample
when	the	spoon	is	first	opened	and	observe	the	lenticular	structure.	The	thickness	of	the	lenses	is	estimated,	with	appropriate	descriptions.	The	coarser	and	finer	fractions	can	be	segregated	when	removed	from	the	sampler.	The	reliability	of	properties	deduced	from	grain	size	analyses	will	be	enhanced.	Figure	3.2a	illustrates	a	thin	layer	of	clay
within	a	sand	deposit,	a	commonly	encountered	feature,	which	sharply	changes	the	water	flow	characteristics	of	the	aquifer.	Figure	3.2b	illustrates	thin	layers	of	openwork	gravel	only	a	few	SOILS	(a)	(b)	Figure	3.2	(a)	Clay	lens	in	a	sand	deposit.	(b)	Openwork	gravel	in	a	sand	deposit.	AND	WATER	25	26	THEORY	inches	thick	within	a	sand	deposit,	a
particularly	treacherous	condition	if	undetected	in	a	geotechnical	investigation.	3.3	POROSITY,	VOID	RATIO,	AND	WATER	CONTENT	3.4	RELATIVE	DENSITY,	SPECIFIC	GRAVITY,	AND	UNIT	WEIGHT	The	porosity	n	of	a	soil	is	defined	as	the	percentage	of	the	total	soil	volume	that	is	voids:	Vv		100	Vv	⫹	Vs	n	(3.3)	where	Vv	is	the	volume	of	voids	and
Vs	is	the	volume	of	solids.	Porosity	of	soils	depends	on	the	range	in	particle	size	and	the	shape	of	the	soil	particles,	but	not	on	their	size.	Fine-grained	soils	such	as	silts	and	clays	are	generally	better	sorted	and	have	the	highest	porosities.	The	void	ratio	e	is	the	ratio	of	the	volume	of	voids	to	the	volume	of	solids.	e	Vv	Vs	(3.4)	Porosity	is	a	useful	concept
in	dewatering	for	understanding	both	the	hydraulic	conductivity	of	the	soil	and	its	ability	to	store	water.	The	void	ratio	is	more	convenient	for	geotechnical	engineers	dealing	with	settlement	problems.	The	two	are	directly	related,	of	course,	and	by	knowing	one	the	other	can	be	calculated:	n	e		100	1⫹e	(3.5)	The	water	content	w	of	a	soil	is	determined
by	weighing	a	sample	before	and	after	it	is	oven	dried.	It	is	expressed	as	a	percentage	of	the	dry	weight	of	solids:	w	Wt	⫺	Ws		100	Ws	ular	soils	until	their	specific	yield,	described	in	Section	3.4,	has	been	reached;	it	also	affects	the	rate	at	which	contaminants	move	through	the	soil.	(3.6)	where	Wt	is	the	total	weight	of	the	wet	sample	and	Ws	is	the
solids	weight	after	drying.	When	saturated,	a	very	porous	soil	can	have	a	water	content	greater	than	100%.	With	saturated	soils	of	low	hydraulic	conductivity	such	as	clays	and	silts,	the	laboratory	water	content	can	be	indicative	of	the	porosity.	Not	so	with	permeable	soils;	during	the	sampling	process	and	in	transportation,	a	sample	of	permeable	sand
from	below	the	water	table	will	lose	much	of	its	water.	Hence,	low	water	content	may	indicate	a	freedraining	soil,	rather	than	low	porosity.	The	porosity	of	a	soil	as	described	above	is	the	percentage	of	the	total	volume	of	soil	occupied	by	pores.	The	effective	porosity	can	be	described	as	the	percentage	of	a	typical	cross-sectional	area	of	the	soil	that	is
available	for	the	movement	of	water.	The	effective	porosity	is	lower,	sometimes	much	lower,	than	the	total	porosity	because	of	the	static	water	adhering	to	the	soil	grains	through	capillary	surface	tension	(Section	3.5).	Effective	porosity	is	of	interest	during	analyses	by	dewatering	engineers	in	two	situations:	it	determines	the	time	it	takes	for	gravity
drainage	of	gran-	Theoretically,	a	granular	soil	can	exist	in	any	state	between	the	loosest	possible	orientation	of	its	grains	(Fig.	3.3a)	to	the	most	dense	possible	nesting	(Fig.	3.3b).	The	very	loose	orientation	of	Fig.	3.3a	might	be	produced	in	the	laboratory	by	causing	the	soil	particles	to	fall	slowly	a	short	distance	through	water.	The	very	dense
configuration	of	Fig.	3.3b	might	be	produced	by	lengthy	tamping	under	optimum	conditions	of	moisture.	Most	natural	soils	exist	somewhere	between	these	extremes,	depending	on	how	the	soils	were	deposited	and	the	subsequent	stress	history	of	the	deposit.	For	any	granular	soil	there	is	a	maximum	density	that	can	be	achieved.	Graded	soils,	for
example,	can	be	compacted	to	a	greater	density	than	uniform	soils.	Angular	grains	will	compact	more	than	rounded	grains.	The	concept	of	relative	density	is	an	attempt	to	define	the	actual	condition	of	a	particular	soil	in	relation	to	the	maximum	and	minimum	densities	at	which	it	could	exist.	Thus,	a	soil	at	50%	relative	density	is	halfway	between	its
theoretically	loosest	and	densest	state.	Relative	density	is	not	a	simple	concept	because	of	the	difficulty	in	establishing,	for	any	soil,	its	limiting	densities.	Various	test	methods	have	been	developed	[3-9].	The	relative	density	of	a	natural	soil	has	a	significant	effect	on	its	mechanical	and	hydraulic	properties.	However,	the	cohesionless	nature	of	coarse-
grained	soil	makes	it	difficult	to	obtain	a	sample	whose	density	has	not	been	altered	from	its	in	situ	state	by	the	sampling	process,	especially	at	depth.	Therefore,	the	relative	density	of	coarse-grained	soils	is	typically	obtained	by	correlation	with	its	resistance	to	penetration,	as	determined	by	such	field	tests	as	the	Standard	Penetration	Test	(SPT)	N-
Value	(Table	3.1)	or	Cone	Pen-	Figure	3.3	(a)	Loose	soils.	(b)	Dense	soils.	SOILS	Table	3.1	Soil	Characteristics	from	SPT	Blow	Counts	(ASTM	D1586)a	Granular	soils	AND	WATER	27	tlement	as	a	result	of	nearby	dewatering	and	uplift	from	artesian	pressure.	Cohesive	soils	0–10	Loose	0–4	Soft	10–30	Medium	dense	4–8	Medium	stiff	30–50	Dense	8–15
Stiff	Over	50	Very	dense	15–30	Very	stiff	3.5	CAPILLARITY	AND	UNSATURATED	FLOW	a	N-value	in	blows	per	foot	of	a	140-lb.	(63.5-kg)	hammer	falling	30	in.	(760	mm)	on	a	standard	split	spoon	sampler.	etrometer	Test	(CPT)	(Chapter	11).	Increasing	relative	density	generally	indicates	increasing	soil	strength	and	decreasing	compressibility	and
hydraulic	conductivity.	The	dry	unit	weight	of	soil	D	is	determined	by	weighing	an	oven-dried	sample	of	known	volume	[3-9,	3-10].	The	dry	unit	weight	D	depends	on	the	porosity	of	the	soil	and	the	specific	gravity	of	the	solid	particles.	The	minerals	comprising	most	soils	do	not	vary	greatly	in	specific	gravity;	thus,	porosity	is	usually	the	major
determinant	of	unit	weight.	Soils	formed	from	coral	limestone	or	porous	volcanic	rocks	are	an	exception;	the	solids	in	these	soils	have	lower	specific	gravity	than	materials	more	commonly	encountered,	such	as	silica.	Porosity	itself	is	dependent	on	gradation,	grain	shape,	and	relative	density.	In	natural	granular	soils	we	encounter	dry	unit	weights
ranging	from	loose,	uniform	sands	at	90	pcf	(14.1	kN/m3)	to	dense,	well-graded	glacial	tills	at	130	pcf	(20.4	kN/m3).	Table	3.2	shows	the	range	of	unit	weight	encountered	in	nature.	Natural	soils	do	not	exist	in	the	fully	dry	condition;	some	moisture	is	trapped	in	the	pores.	If	the	pores	are	completely	filled	with	water	we	say	the	soil	is	at	its	saturated
unit	weight	sat,	which	is	greater	than	the	dry	unit	weight	by	the	added	weight	of	water	(nw)	in	the	pores:	sat		D	⫹	wn	(3.7)	When	a	soil	exists	below	the	water	table,	its	weight	is	less	because	of	the	buoyant	effect	created	by	the	displacement	of	water	by	the	solid	particles.	The	condition	is	described	as	the	submerged	unit	weight	subm.	This	is	a
complicated	concept	that	varies	in	its	effect	with	the	type	of	soil.	In	freedraining	granular	soils	we	can	say	that	the	water	in	the	pores	is	weightless	below	the	water	table,	and	subm	is	equal	to	the	dry	weight	less	the	buoyant	effect.	For	free-draining	soils	subm		D	⫺	(1	⫺	n)w	(3.8)	In	the	case	of	impermeable	soils,	particularly	clays,	it	is	preferable	to
use	the	natural	unit	weight,	nat	since	the	relationship	between	porosity	and	moisture	content	is	not	as	definite	as	with	free-draining	soils.	For	clays	and	other	impermeable	soils,	a	reasonable	approximation	is	subm		nat	⫺	w	(3.9)	The	concepts	of	saturated	unit	weight	and	submerged	unit	weight	are	important	in	two	dewatering	problems:	set-
Capillarity,	which	is	a	function	of	the	pore	size	of	the	soil	and	the	surface	tension	of	the	water,	is	of	significance	to	the	dewatering	engineer	who	is	attempting	to	estimate	the	time	for	a	granular	soil	to	reach	its	specific	yield,	or	who	is	working	with	consolidation	of	fine-grained	soils,	such	as	silty	and	clayey	sands,	silts	and	clays,	as	described	in	Section
3.15	and	3.16.	In	dewatering,	as	the	water	table	declines	air	begins	displacing	the	water	in	the	soil	pores.	The	hydraulic	conductivity	of	unsaturated	soils	is	therefore	lower	than	that	of	saturated	soils,	since	a	significant	part	of	the	effective	porosity	is	blocked	by	air	(Fig.	3.4).	3.6	SPECIFIC	YIELD	AND	SPECIFIC	RETENTION	In	an	unconfined	(water
table)	aquifer,	the	soil	pores	below	the	water	table	are	saturated	(Fig.	3.4a).	When	the	water	table	is	lowered,	the	water	in	the	pores	will	begin	to	drain	by	gravity.	The	rate	at	which	the	‘‘stored’’	water	is	released	is	a	function	of	the	hydraulic	conductivity	(Section	3.7),	which	is	determined	by	many	factors.	The	amount	of	water	that	will	eventually
drain	by	gravity	from	a	unit	soil	volume	is	called	specific	yield.	Table	3.3	lists	the	range	of	specific	yield	measured	in	various	soils.	Not	all	the	stored	water	will	drain	by	gravity;	a	significant	portion	will	be	retained	in	the	pores,	adhering	to	the	soil	grains	by	surface	tension	(Fig.	3.4b).	In	a	clean	coarse	sand	with	a	porosity	of,	say,	30%,	two-thirds	of	the
pore	water	may	be	expected	to	drain,	so	the	specific	yield	is	20%.	The	amount	of	water	remaining	in	the	pores	after	gravity	drainage	is	called	specific	retention.	The	sum	of	specific	yield	and	specific	retention	equals	the	porosity.	The	specific	yield	decreases	with	decreasing	grain	size	as	gravity	drainage	is	increasingly	resisted	by	capillary	tension.
Compared	to	the	clean	coarse	sand	considered	above,	the	specific	yield	of	fine	sands	may	only	approach	10%	or	lower.	Such	soils	drain	slowly	by	gravity	drainage,	with	important	consequences	on	dewatering	(Section	3.14).	With	clays,	the	specific	yield	can	approach	zero.	Figure	3.5	illustrates	the	relationship	between	porosity,	specific	retention	and
specific	yield	for	various	soils.	As	discussed	in	Chapters	4,	6,	and	9,	the	specific	yield	of	a	water	table	aquifer	has	a	major	influence	on	the	analysis	of	aquifer	parameters	by	pumping	tests	and	on	the	design	of	dewatering	systems.	With	confined	aquifers	we	use	the	parameter	‘‘storage	coefficient,’’	which	bears	some	resemblance	to	specific	yield	but	is
quite	different.	A	confined	aquifer	by	definition	remains	saturated	during	pumping.	But	some	water	is	‘‘released’’	from	storage	when	the	head	is	reduced.	Water	is	to	some	degree	compressible,	and	a	sand	aquifer	is	not	a	rigid	structure.	Expansion	of	the	water	and	compaction	of	the	28	—	0.84	—	0.05	2.0	2.0	—	100	2.0	250	250	0.05	0.01	—	—	Uniform
granular	soil	Equal	spheres	(theoretical)	Standard	Ottawa	sand	Clean,	uniform	sand	Uniform,	inorganic	silt	Well-graded	granular	soil	Silty	sand	Clean,	fine	to	coarse	sand	Micaceous	sand	Silty	sand	and	gravel	Silty	or	sandy	clay	Gap-graded	silty	clay	with	gravel	or	larger	Well-graded	gravel,	sand,	silt,	and	clay	Clay	(30–50%	⬍	2		size)	Colloidal	clay
(over	50%	⬍	2		size)	Organic	silt	Organic	clay	(30–50%	⬍	2		size)	—	—	0.5		10	A˚	0.001	0.001	0.001	0.005	0.05	—	0.005	—	0.59	—	0.005	Dmin	—	—	—	0.001	0.002	—	0.003	0.02	0.09	—	0.02	—	0.67	—	0.012	Approx.	D10	(mm)	Note.	w		62.4	lb	/	ft3		1	gm	/	cm3		0.983	T	/	m3		9.80	kN	/	m3	(at	STP	conditions).	Source.	After	Hough	[3-11].	Dmax
Approximate	size	range	(mm)	Soil	type	Table	3.2	Typical	Properties	of	Soils	—	—	—	—	25–1000	—	10–30	5–10	4–6	—	15–300	1.0	1.1	1.2	to	2.0	1.2	to	2.0	Uniformity	coefficient	Cu	4.40	3.00	12.00	2.40	0.70	1.00	1.80	0.90	0.95	1.20	0.85	0.92	0.80	1.00	1.10	(loose)	emax	emin	0.70	0.55	0.60	0.50	0.13	0.20	0.25	0.30	0.20	0.40	0.14	0.35	0.50	0.40	0.40
(dense)	Void	ratio	81	75	92	71	41	50	64	47	49	55	46	47.6	44	50	52	(loose)	nmax	41	34	37	33	11	17	20	23	17	29	12	26.0	33	29	29	(dense)	nmin	Porosity	(%)	0.48	0.64	0.21	0.80	1.60	1.35	0.96	1.39	1.36	1.22	1.43	—	1.47	1.33	1.28	(loose)	Min.	1.60	1.76	1.70	1.79	2.37	2.24	2.16	2.04	2.21	1.92	2.34	—	1.76	1.89	1.89	(dense)	Max.	Dry,	dry	/	w	1.30	1.39
1.14	1.51	2.00	1.84	1.60	1.41	1.38	1.23	1.44	—	1.49	1.35	1.30	(loose)	Min.	2.00	2.10	2.05	2.13	2.50	2.42	2.36	2.28	2.37	2.21	2.48	—	2.10	2.18	2.18	(dense)	Max.	Saturated,	sat	/	w	Normalized	unit	weight	SOILS	AND	WATER	29	Figure	3.4	(a)	Saturated	soil.	(b)	Capillary	water.	Figure	3.5	Relationship	between	porosity,	specific	retention,	and	specific
yields	for	various	soils.	Table	3.3	Specific	Yield	of	Various	Soils,	in	Percentage	of	Dewatered	Volume	Soil	Maximum	Minimum	Average	Clay	5	0	2	Silt	19	3	8	Sandy	clay	12	3	7	Fine	sand	28	10	21	Medium	sand	32	15	26	Coarse	sand	35	20	27	Gravelly	sand	35	20	25	Fine	gravel	35	21	25	Medium	gravel	26	13	23	Coarse	gravel	26	12	22	Source.	After
Johnson	[3-12].	aquifer	therefore	result	in	a	small	release	of	water	from	storage	when	the	head	is	reduced	by	pumping.	The	storage	coefficient	of	a	clean	sand	confined	aquifer	can	be	10⫺3,	whereas	the	specific	yield	of	a	clean	sand	water	table	aquifer	may	be	10⫺1,	or	two	orders	of	magnitude	greater.	3.7	HYDRAULIC	CONDUCTIVITY	Hydraulic
conductivity*	of	the	soil	is	a	major	factor	in	dewatering	problems.	We	can	define	it	as	the	ease	with	which	*	Nearly	all	engineers	and	geologists	who	deal	with	groundwater	now	use	the	term	‘‘hydraulic	conductivity’’	for	the	K	in	Eq.	3.10.	The	term	‘‘permeability’’	is	reserved	for	those	properties	of	the	soil	or	rock	alone	that	determine	the	flow	through	it
of	any	fluid,	whether	water,	oil,	gas,	or	contaminants.	In	this	third	edition	of	Construction	Dewatering	and	Groundwater	Control	the	authors	have	adopted	the	generally	accepted	terminology,	and	will	use	the	term	hydraulic	conductivity	where	groundwater	is	the	fluid	in	motion.	30	THEORY	water	moves	through	the	soil,	or,	more	precisely,	by	Darcy’s
law	(Fig.	3.6).	Q		KA	where	Q	K	A	h					h	L	(3.10)	quantity	of	water	flow	hydraulic	conductivity	of	the	soil	cross-sectional	area	head	loss	due	to	friction	in	distance	L	The	term	h	/L	is	called	the	hydraulic	gradient	and	is	a	useful	concept	in	dewatering.	It	is	an	important	indication	of	groundwater	flow	conditions.	As	discussed	in	Chapter	1,	the	water	table
is	not	a	flat	surface,	but	slopes	downward	in	the	direction	of	groundwater	flow.	The	hydraulic	gradient	is	then,	for	one	thing,	a	measure	of	the	slope	of	the	water	table	or	the	head	in	a	confined	aquifer.	It	is	involved	in	the	solution	of	many	dewatering	problems.	It	must	be	noted	that	Darcy’s	law	presumes	laminar	flow	where,	as	shown	in	Eq.	3.10,	Q	is
directly	proportional	to	h.	Most	dewatering	problems	involve	laminar	flow	through	porous	media,	and	Darcy’s	law	applies.	However,	there	are	a	few	dewatering	situations	where	turbulent	flow	can	occur.	If	there	is	turbulence,	Q	is	approximately	a	function	of	the	square	root	of	h,	and	Darcy’s	law	will	introduce	error.	Turbulent	flow	can	be	encountered
near	the	wellscreens	of	high-capacity	wells	and	in	fissured	rocks,	particularly	if	the	fissures	have	been	solutionized.	Different	analysis	methods	must	be	used	to	achieve	reliable	predictions	of	performance	under	turbulent	flow	conditions	in	porous	media.	Cedergren	[3-13]	and	Fetter	[3-14]	provide	guidance	on	the	subject.	There	are	many	different
units	of	hydraulic	conductivity	in	use.	The	hydrologists’	Meinzer	unit	of	gallons	per	day	per	square	foot	is	perhaps	easiest	to	conceive.	For	example,	when	we	say	a	medium	sand	has	a	hydraulic	conductivity	of	600	gpd/ft2	we	mean	that	600	gallons	of	water	will	pass	through	a	square	foot	of	the	soil	each	day,	under	a	unit	hydraulic	gradient	(1	unit
vertical	loss	of	head	for	each	unit	of	horizontal	distance).	In	this	book	the	hydraulic	conductivity	unit	used	will	be	gpd/ft2	in	the	U.S.	system	and	m/sec	in	the	metric	system.	Approximate	conversion	from	gpd/ft2	to	m/sec	is	readily	memorized.	We	divide	by	2		106.*	Conversion	factors	for	various	units	of	hydraulic	conductivity	are	given	in	Table	3.4.	In
Section	4.2,	the	discussion	entitled	‘‘Unit	Systems	for	Dewatering	Analysis’’	provides	additional	help	in	maneuvering	between	the	U.S.	and	metric	systems.	The	hydraulic	conductivity	depends	essentially	on	the	size	of	the	soil	pores	and	the	total	porosity	of	the	soil.	From	basic	fluid	mechanics	we	can	readily	understand	that	the	smaller	the	pore	size	the
smaller	the	hydraulic	radius	and	the	greater	the	friction	encountered	by	the	water	moving	in	the	pores.	Soil	characteristics	that	tend	toward	smaller	pores	and	lower	porosities	indicate	lower	hydraulic	conductivity.	For	example,	well-graded	soils	have	smaller	pores	than	uniform	soils	because	the	finer	particles	form	a	matrix	filling	the	space	around
the	larger	particles.	In	Fig.	3.1a,	wellgraded	sample	1	has	a	hydraulic	conductivity	an	order	of	magnitude	less	than	the	uniform	sample	2	at	normal	relative	density,	although	they	have	identical	D50	sizes.	This	has	misled	many	engineers	who	automatically	expect	high	values	of	hydraulic	conductivity	when	they	see	gravel	in	the	soil.	The	presence	of
gravel-size	particles	within	a	sandy	soil	actually	reduces	the	hydraulic	conductivity	below	that	of	a	uniform	sand	of	the	same	D50	size.	Dense	soils	are	less	permeable	than	loose	soils,	since	densification	reduces	both	pore	size	and	total	porosity.	Capillary	forces	affect	hydraulic	conductivity	in	all	soils.	The	finer	the	soil	and	the	smaller	the	size	of	its
pores,	the	greater	the	capillary	effect.	Some	clays,	for	example,	have	very	high	porosity,	greater	than	50%,	but	their	hydraulic	conductivity	is	negligible.	Table	3.5	gives	the	range	of	hydraulic	conductivities	we	encounter	in	natural	soils.	The	very	low	hydraulic	conductivities	of	2	gpd/ft2	(10⫺6	m/sec)	or	less	that	are	indicated	for	silts	and	clays	are,	of
course,	quite	common.	They	are,	Table	3.4	Conversion	Factors	for	Units	of	Hydraulic	Conductivity	Unit	Gallons	per	day	per	square	foot	4.69		10⫺7	Feet	per	minute	5.08		10⫺3	Feet	per	day	3.53		10⫺6	Centimeters	per	second	Meters	per	day	Figure	3.6	Darcy’s	law.	To	convert	to	m	/	sec	multiply	by	1		10⫺2	1.15		10⫺5	*	To	be	precise,	we	should	divide
by	2.13		106.	But	such	precision	is	counterproductive	in	dewatering,	where	the	problem	is	to	keep	a	great	many	complex	factors	in	proper	perspective.	Over-scrupulous	attention	to	precision	simply	is	unwarranted.	SOILS	AND	WATER	31	Table	3.5	Range	of	Hydraulic	Conductivity	of	Natural	Soils	Hydraulic	conductivity	range	gpd	/	ft2	(m	/	sec)	Soil
type	Permeability	description	Openwork	gravel	(GP)	20,000	(1		10⫺2)	or	higher	Very	high	Uniform	gravel	(GP)	4000	to	20,000	(2		10⫺3	to	1		10⫺2)	High	Well-graded	gravel	(GW)	1000	to	6000	(5		10⫺4	to	3		10⫺3)	Moderate	to	high	Moderate	to	high	Uniform	sand	(SP)	100	to	4000	(5		10	Well-graded	sand	(SW)	20	to	2000	(1		10⫺5	to	1		10⫺3)	Silty
sand	(SM)	20	to	100	(1		10⫺5	to	5		10⫺5)	Low	Clayey	sand	(SC)	2	to	20	(1		10⫺6	to	1		10⫺5)	Low	to	very	low	Silt	(ML)	1	to	2	(5		10⫺7	to	1		10⫺6)	Very	low	Clay	(CL)	2		10⫺4	to	0.2	(1		10⫺10	to	1		10⫺7)	Very	low	to	practically	impermeable	⫺5	however,	of	significance	only	for	problems	involving	consolidation	and	stabilization,	or	when	analyzing	the
migration	of	contaminant	plumes.	The	very	high	hydraulic	conductivities	shown	for	openwork	gravels	can	yield	enormous	water	quantities,	but	fortunately	their	occurrence	is	rare.	We	can	say	that	the	great	majority	of	dewatering	problems	concern	soils	in	the	range	of	20	to	20,000	gpd/ft2	(10⫺5	to	10⫺2	m/sec).	At	three	orders	of	magnitude,	the
range	is	quite	enough.	Hydraulic	conductivity	of	soil	samples	can	be	measured	in	the	laboratory	by	permeameters	[3-15].	Hydraulic	conductivity	of	granular	soils	can	be	estimated	from	grain	size	analysis	curves	by	empirical	methods.	Hazen	[3-16]	relates	hydraulic	conductivity	(K)	to	the	D10	size	of	the	soil	from	grain	size	curves,	in	millimeters:	K		2
(100	D10)2	gpd	/	ft2	(U.S.)	(3.11)	K		(0.1	D10)	m	/	sec	(metric)	(3.12)	2	The	results	obtained	from	the	Hazen	relationship	can	be	reasonable	approximations	if	the	samples	are	representative,	but	not	always.	There	are	inherent	limitations	in	Hazen	in	that	the	uniformity	and	density	of	the	soils	are	not	considered.	Hazen	performed	his	experiments	using
very	uniform	sands	with	Cu	less	than	5	and	D10	between	0.1	and	3	mm.	He	used	such	sands	to	develop	slow	sand	water	filters,	which	was	his	field	of	interest.	A	well-graded	soil	will	have	a	lower	hydraulic	conductivity	than	a	uniform	soil	of	the	same	D10.	A	dense	soil	will	have	a	lower	hydraulic	conductivity	than	a	loose	one	of	the	same	grain	size
distribution.	By	a	combination	of	laboratory	and	field	investigation,	Byron	Prugh	developed	an	empirical	correlation	for	estimating	hydraulic	conductivity	based	on	grain	size	analysis	and	in	situ	density.	Figure	3.7	shows	the	results	of	Prugh’s	work.	From	a	mechanical	analysis	such	as	that	illustrated	in	Fig.	3.1a,	the	D50	and	Cu	of	the	sample	are
determined.	The	in	situ	density	is	estimated	from	SPT	N-values	(Table	3.1).	Either	Fig.	3.7a,	b,	or	c	is	selected	as	representative	of	the	density,	and	the	hydraulic	conductivity	estimated.	to	2		10	)	⫺3	Low	to	moderate	The	estimated	hydraulic	conductivities	shown	in	Fig.	3.7	have,	in	the	authors’	experience,	given	good	results	if	the	samples	selected	for



analysis	are	representative,	as	discussed	in	Section	3.2.	If	we	use	Hazen	(Eq.	3.11)	to	estimate	the	hydraulic	conductivity	of	a	medium	sand	with	D10		0.4	mm,	the	answer	is	3200	gpd/ft2	(1.5		10⫺3	m/sec).	With	Prugh’s	method	(Fig.	3.7c),	such	a	sand	would	have	to	be	very	loose	and	extremely	uniform	to	have	such	high	hydraulic	conductivity.	When
estimating	hydraulic	conductivity	from	grain	size	distribution,	we	must	recognize	the	following	limitation	of	the	method.	The	major	determining	factor	of	K	is	the	effective	pore	size	of	the	soil.	To	the	extent	that	grain	size	is	representative	of	pore	size,	the	various	methods	can	give	reliable	estimates.	When	the	actual	in	situ	hydraulic	conductivity	turns
out	to	be	significantly	different	from	the	estimates,	we	have	found	that	some	factor	besides	grain	size	is	affecting	pore	size.	From	experience	these	factors	can	be	of	interest:	•	Density	and	uniformity.	The	Prugh	method	(Fig.	3.7)	•	adjusts	for	these	factors.	Where	a	soil	is	very	loose,	very	dense,	or	very	uniform,	Prugh	is	preferred.	Stratification.	Many
soils	are	layered,	with	seams	of	very	clean	or	very	silty	sand	a	few	inches	or	less	in	thickness.	The	typical	18-in.	(450-mm)	sample	is	mixed	during	the	grain	size	analysis,	and	the	stratification	is	not	reflected	in	the	curve.	Horizontal	and	vertical	hydraulic	conductivity	may	vary	greatly	from	the	average	value	estimated.	Figure	3.2a	is	a	photograph	of	a
clay	layer	within	a	sand	deposit	that	significantly	affects	the	overall	hydraulic	conductivity	of	the	deposit.	Figure	3.8a	shows	a	log	of	two	samples	taken	through	a	stratified	desposit.	The	individual	layers	shown	have	been	segregated	and	each	subjected	to	grain	size	analysis.	Fig	3.8b	shows,	for	each	18-in.	(450-mm)	sample,	the	grain	size	analysis
curve	of	each	layer	within	the	sample	and	of	the	composite	sample	after	it	was	mixed.	The	risks	of	estimating	32	THEORY	Figure	3.7	(a)	Hydraulic	conductivity	estimates	for	dense	soils.	Courtesy	Moretrench.	Figure	3.7	(b)	Hydraulic	conductivity	estimates	for	soils	with	50%	relative	density.	Courtesy	Moretrench.	SOILS	AND	WATER	33	Figure	3.7	(c)
Hydraulic	conductivity	estimates	for	loose	soils.	Courtesy	Moretrench.	•	hydraulic	conductivity	from	grain	size	analysis	are	apparent.	Cementation.	Some	sands,	particularly	in	subtropical	areas,	are	weakly	cemented.	In	some	cases	that	the	authors	have	experienced,	the	cementation	apparently	took	place	while	the	sand	was	in	a	very	loose	state.	The
effective	pore	size	in	situ	may	be	significantly	larger	than	that	indicated	by	grain	size.	The	ASTM	sampling	procedures	disaggregate	the	structure,	or	the	friable	surviving	fragments	may	be	deliberately	disaggregated	in	the	laboratory	before	sieving.	On	a	project	in	the	Middle	East	where	K	turned	out	to	be	much	higher	than	estimated	from	grain	size
curves,	a	sample	was	recovered	from	the	excavation	with	the	structure	of	the	weakly	cemented	sand	carefully	preserved.	After	determining	the	in	situ	dry	unit	weight,	the	sample	was	disaggregated	and	sieved.	The	sand,	even	in	a	loose	state,	had	a	significantly	higher	D	than	the	original	undisturbed	sample.	Where	weak	cementation	is	suggested	by
moderate	to	high	or	erratic	blow	counts	and	friable	fragments	appear	in	the	sample,	K	estimates	based	on	grain	size	should	be	evaluated	with	caution.	Where	the	cemented	sand	may	possess	a	structure	that	can	support	voids	(Section	2.10)	the	true	K	may	be	higher	by	an	order	of	magnitude	or	more.	Another	difficulty	with	hydraulic	conductivities
from	laboratory	permeameter	tests,	or	from	estimates	based	on	mechanical	analysis,	is	that	only	samples	are	examined.	In	the	stratified	variable	soils	with	which	we	deal,	the	hydraulic	conductivity	of	various	zones	and	layers	may	vary	by	several	orders	of	magnitude.	Even	if	a	large	number	of	samples	are	tested,	the	use	of	hydraulic	conductivity	data
from	them	must	be	tempered	with	judgment.	Most	deposited	soils	are	stratified	to	some	degree	into	layers	of	higher	and	lower	hydraulic	conductivity.	Except	in	regions	of	intense	tectonic	movement,	the	strata	are	essentially	horizontal	in	orientation.	Thus,	we	expect	most	soils	to	be	anisotropic	and	their	horizontal	hydraulic	conductivity	to	be
significantly	higher	than	their	vertical	hydraulic	conductivity.	To	take	an	extreme	example	(Fig.	3.8a),	if	a	layer	of	silt	with	K		0.2	gpd/ft2	(10⫺7	m/sec)	is	sandwiched	between	two	layers	of	sand	with	K		600	gpd/ft2	(3		10⫺4	m/sec),	the	horizontal	hydraulic	conductivity	will	be	essentially	that	of	the	sand,	and	the	vertical	hydraulic	conductivity	will	be
only	somewhat	greater	than	the	silt.	The	anisotropy	can	be	of	great	significance	in	dewatering,	and	test	procedures	that	fail	to	consider	it	can	result	in	gross	errors.	Typical	permeameter	tests	performed	in	the	laboratory	[3-15]	measure	the	vertical	hydraulic	conductivity	of	the	sample,	and	should	be	used	with	judgment.	The	hydraulic	conductivities
given	in	Table	3.5	are	for	water	at	standard	conditions.	Changes	in	the	viscosity	of	water	caused	by	a	temperature	change	of	10	or	15⬚F	(5	to	7⬚C)	cause	significant	modification	of	hydraulic	conductivity	34	THEORY	Figure	3.8	Hydraulic	conductivity	based	on	grain	size	in	stratified	soils.	in	fine-grained	soils.	When	the	surface	tension	of	water	is
decreased	by	the	presence	of	detergents,	hydraulic	conductivity	is	markedly	increased.	This	effect	is	of	significance	when	we	attempt	to	return	water	to	the	ground	by	artificial	recharge	(Chapter	25).	To	summarize,	values	of	hydraulic	conductivity	of	samples	can	be	estimated	in	the	laboratory	or	from	grain	size	curves	provided	that	the	samples	are
representative.	There	is	an	inherent	limitation	in	that	we	are	estimating	K	for	discrete	samples	rather	than	for	the	entire	soil	mass.	Hydraulic	conductivity	of	discrete	horizons	can	also	be	esti-	mated	from	borehole	tests,	the	slug	test	giving	more	consistent	results,	as	described	in	Chapter	11.	Again	there	is	the	limitation	of	individual	horizons.	The
pumping	test	(Chapter	9)	is	the	preferred	method	for	determining	the	effective	hydraulic	conductivity	of	the	soil	mass,	and	some	of	the	other	factors	that	may	have	a	bearing	on	the	ease	of	dewatering.	The	methods	described	in	this	chapter	for	estimating	K	are	most	useful	when	used	in	conjunction	with	a	pumping	test.	Once	a	pumping	test	has
revealed	the	overall	conditions,	the	methods	herein	are	valuable	to	evaluate	variations	SOILS	within	the	soil	mass.	When	values	from	grain	size	curves,	borehole	tests,	and	pumping	tests	begin	to	converge,	or	when	the	reasons	for	divergence	are	understood,	the	designer	can	move	forward	with	some	degree	of	confidence.	Soil	particles	finer	than	the
200	mesh	are	called	silts	or	clays,	or	more	generally	fines.	Silt	is	a	granular	material,	with	particles	similar	in	composition	to	sands	except	smaller	in	size.	A	true	silt	has	no	cohesion	and	it	reacts	to	stress	in	a	manner	similar	to	fine	sand.	It	is	generally	accepted	that	grains	down	to	0.0002	in.	(0.005	mm)	in	size	are	silts	and	finer	particles	are	clays.	The
significance	of	this	distinction	is	that	below	0.0002	in.	(0.005	mm)	the	weight	of	the	individual	particles	becomes	so	small	in	relation	to	surface	tension	of	water	and	other	molecular	forces	acting	on	the	particle	that	the	soil	mass	no	longer	acts	as	a	granular	material.	However,	the	differences	between	silt	and	clay	are	much	more	complex	than	the
matter	of	grain	size.	A	true	clay	is	a	system	of	flat	sheets	or	platelets	that	orient	themselves	in	a	lattice	structure	totally	unlike	a	granular	soil.	These	flat	particles	and	their	distinctive	orientation	give	clay	its	properties	of	cohesion	and	plasticity	that	are	of	major	importance	in	geotechnical	engineering.	The	microstructure	of	clay	can	be	a	fascinating
subject	[3-3].	But	in	this	book	we	are	concerned	more	with	how	silts	and	clays	react	in	a	dewatering	situation	than	why.	The	properties	depend	on	the	nature	of	the	clay	minerals	in	the	soil,	the	manner	in	which	they	have	come	together,	and	the	subsequent	stress	history	of	the	deposit.	Most	fine-grained	soils	are	mixtures	of	sand,	silt,	and	clay.	The
proportions	of	these	materials	in	the	soil	affect	its	properties.	We	can	make	certain	qualitative	statements	about	such	soils.	A	loose	silty	sand	or	sandy	silt,	for	example,	will	have	low	cohesion	and	we	expect	it	to	be	highly	unstable	in	an	excavation	below	the	water	table.	We	expect	a	stiff	sandy	clay	to	be	quite	stable.	We	need	methods	for	describing
these	properties	quantitatively;	simple	index	tests	such	as	Atterberg	limits	are	available,	as	well	as	more	sophisticated	tests,	to	evaluate	specific	soil	properties	such	as	shear	strength,	compressive	strength,	and	soil	compressibility.	Atterberg	was	concerned	with	the	properties	of	clay	for	the	production	of	ceramics.	In	1911	he	described	a	set	of
rudimentary	tests	for	evaluating	clay	properties.	His	tests	have	remained	an	excellent	tool	for	geotechnical	engineers	to	the	present	day	[3-17,	3-18].	If	the	moisture	content	of	a	dry	clay	is	gradually	increased,	at	some	point	it	will	become	plastic.	If	the	moisture	is	further	increased,	the	clay	will	eventually	become	liquid.	Atterberg’s	tests	evaluate,	for
any	clay,	the	moisture	content	at	which	these	changes	occur.	The	plastic	limit	Pw	is	the	lowest	water	content	at	which	the	clay	can	be	rolled	into	a	string	about	–18	in.	(3	mm)	in	diameter	without	crumbling.	In	the	test	of	liquid	limit	Lw	a	small	pat	of	clay	is	grooved	WATER	35	Table	3.6	Strength	of	Clays	Consistency	3.8	PLASTICITY	AND	COHESION
OF	SILTS	AND	CLAYS	AND	Field	identification	Unconfined	compressive	strength	tons	/	ft2	(kN	/	m2)	Very	soft	Easily	penetrated	several	inches	by	fist	Less	than	0.25	(Less	than	24)	Soft	Easily	penetrated	several	inches	by	thumb	0.25–0.5	(24–48)	Medium	Can	be	penetrated	several	inches	by	thumb	with	moderate	effort	0.5–1.0	(48–96)	Stiff	Readily
indented	by	thumb,	but	penetrated	only	with	great	effort	1.0–2.0	(96–192)	Very	stiff	Readily	indented	by	thumbnail	2.0–4.0	(192–383)	Hard	Indented	with	difficulty	by	thumbnail	Over	4.0	(Over	383)	Source.	After	Peck,	Hanson,	and	Thornburn	[3-19].	in	a	prescribed	way	and	placed	in	a	dish	that	is	subjected	to	impact.	The	water	content	at	which	the
clay	flows	together,	closing	the	groove,	is	the	liquid	limit.	At	water	contents	between	the	plastic	and	liquid	limits,	the	clay	is	said	to	be	in	a	plastic	state	and	the	difference	between	the	two	values	is	called	the	plasticity	index	Iw.	Clays	with	a	plasticity	index	less	than	4	are	said	to	have	low	plasticity.	If	we	know	the	Atterberg	limits	for	a	cohesive	soil	and
we	know	the	natural	moisture	content,	we	can	tell	a	good	deal	about	its	geologic	history	and	performance.	A	soil	whose	natural	water	content	is	at	or	near	the	liquid	limit	is	expected	to	be	normally	consolidated	(Section	3.16),	possess	relatively	low	strength,	and	have	high	compressibility.	A	soil	whose	natural	moisture	content	is	at	or	near	the	plastic
limit	is	expected	to	be	heavily	overconsolidated	and	of	comparably	higher	strength	and	much	lower	compressibility.	The	moisture	content	of	fine-grained	soils	can	be	successfully	reduced,	with	accompanying	improvement	in	strength,	by	vacuum	predrainage,	electro-osmosis,	and	wick	or	sand	drains	with	surcharge	(Section	3.14).	The	compressive
strength	of	cohesive	soils	can	be	determined	in	various	ways	in	the	laboratory	[3-20].	Strengths	range	from	0.25	tons/ft2	(25	kN/m2)	for	a	very	soft	clay	to	over	4	tons/ft2	(400	kN/m2)	for	hard	clays.	Table	3.6	shows	the	normal	range	of	consistency	of	clays.	The	pocket	penetrometer	or	torvane	is	a	convenient	method	for	quick	field	evaluation	of	the
shear	strength	of	clays.	3.9	UNIFIED	SOIL	CLASSIFICATION	SYSTEM	(ASTM	D-2487)	A	number	of	systems	have	been	used	from	time	to	time	to	classify	soils.	The	Unified	Soils	Classification	System	(USCS)	is	the	most	widely	used	(Table	3.7)	system	of	soil	36	THEORY	Table	3.7	Unified	Soil	Classification	System	classification	for	civil	engineering
purposes.	The	USCS	is	clear	and	simple.	When	its	classifications	are	correctly	applied,	they	give	a	generally	useful	representation	of	the	soil	properties	of	concern	to	dewatering.	The	USCS	divides	soils	into	three	major	divisions:	coarse-grained	soils,	fine-grained	soils,	and	highly	organic	soils.	The	division	between	coarse-	and	fine-grained	soils	is	the
No.	200	sieve	(0.075	mm).	Coarse-grained	soils	such	as	gravels	and	sands	have	50%	or	more	material	larger	than	the	No.	200	sieve.	Fine-grained	soils	such	as	silts	and	clays	have	50%	or	more	material	smaller	than	the	No.	200	sieve.	Highly	organic	soils	such	as	peats	are	identified	by	color,	odor	and	spongy	feel.	Within	these	major	divisions,	soils	are
further	classified	into	15	basic	groups	depending	on	grain	size,	gradation,	plasticity	and	compressibility.	Each	group	has	a	distinct	two-letter	Group	Symbol.	Table	3.8	defines	the	basic	USCS	terminology	and	divisions	in	particle	size	between	the	various	soil	fractions.	A	detailed	description	of	the	soil	written	in	simple	and	well	defined	technical	terms
(Section	3.10)	should	always	accompany	the	USCS	Group	Symbol	such	as	to	convey	sufficient	meaning	to	those	who	must	design	and	work	the	with	soils	and	may	not	have	the	advantage	of	examining	the	soils	first	hand.	The	USCS	was	first	established	by	Casagrande	and	since	adopted	by	ASTM	[3-7],	[3-8].	ASTM	D-2487	and	D2488	are	largely	based
on	revisions	to	the	USCS	made	by	the	US	Bureau	of	Reclamation.	The	most	notable	revision	is	the	assignment	of	both	a	distinct	Group	Symbol	and	Group	Name	such	as	SP—Poorly	graded	sand,	SM—Silty	sand	or	CH—Fat	clay.	The	group	name	should	not	be	con-	SOILS	AND	WATER	37	Table	3.7	(Continued	)	sidered	a	sufficient	substitute	for	a
properly	written	description	of	the	soil	as	discussed	in	Section	3.10.	Classification	is	based	only	on	the	material	finer	than	3	in.	(75	mm)	and	the	amount	of	oversized	material	(cobbles	and	boulders)	is	estimated	by	volume	and	noted	in	the	sample	description.	In	the	laboratory,	classification	is	based	on	the	results	of	grain	size	analyses	and	Atterberg
limits.	In	the	field,	classification	is	based	on	visual	examination	of	the	coarse-grained	sizes	and	simple	qualitative	tests	(Table	3.7	and	Section	3.11)	to	judge	the	type	and	fraction	of	finegrained	soil.	Coarse-Grained	Soils	Coarse-grained	soils	are	classified	as	G	(gravel)	or	S	(sand)	on	the	basis	of	whether	50%	of	the	coarse	fraction	(material	retained	on
the	No.	200	sieve)	is	larger	or	smaller	than	the	No.	4	sieve	(4.75	mm).	Clean	sands	and	gravels	with	less	than	5%	fines	(percent	passing	the	No.	200	sieve)	are	further	classified	as	P	(poorly	graded)	or	W	(well	graded).	Well	graded	soils	have	a	uniformity	coefficient	Cu	greater	than	4	(for	gravels)	and	6	(for	sands),	and	a	coefficient	of	curvature	Cc
between	1	and	3.	Thus	a	clean	coarse-grained	soil	is	classified	as:	GP	GW	SP	Poorly	graded	gravel,	high	to	very	high	hydraulic	conductivity	Well	graded	gravel,	moderate	to	high	hydraulic	conductivity	Poorly	graded	sand,	moderate	to	high	hydraulic	conductivity	38	THEORY	Table	3.7	(Continued	)	SW	Well	graded	sand,	moderate	hydraulic	conductivity
Coarse-grained	soils	with	more	than	12%	fines	are	again	classified	as	G	or	S,	but	are	further	described	as	to	whether	their	fine	fraction	is	M	(silt	with	little	or	no	plasticity)	or	C	(plastic	clay).	Soils	with	plastic	fines	tend	to	be	lower	in	hydraulic	conductivity,	and	the	plastic	fines	lend	cohesion	to	the	soil	structure,	making	it	more	stable	in	moving	water.
Thus:	GM	SM	GC,	SC	Gravel	with	more	than	12%	nonplastic	fines	or	fines	with	low	plasticity	Sand	with	more	than	12%	nonplastic	fines	or	fines	with	low	plasticity	Gravel	or	sand	with	more	than	12%	plastic	fines	Gravels	and	sands	that	are	classified	as	GM	or	SM	are	typ-	ically	described	as	‘‘dirty’’	as	opposed	to	clean	sands	and	gravels	that	have	less
than	5%	fines.	These	soils	are	typically	low	to	moderate	in	hydraulic	conductivity	and	have	poor	stability.	In	comparison,	gravel	and	sands	classified	as	GC	or	SC	generally	have	low	to	very	low	hydraulic	conductivity	and	moderate	to	good	stability.	Coarse-grained	soils	with	between	5	and	12%	fines	are	classified	as	borderline	and	are	described	by	dual
symbols	such	as	GP–GM	or	SP–SM.	Dual	symbols	can	also	be	used	to	describe	soils	with	approximately	equal	parts	(45	to	55%)	coarse-	and	fine-grained	fractions,	such	as	SM—ML	or	SC—CL.	Fine-Grained	Soils	Fine-grained	soils	are	classified	as	M	(silt),	C	(clay),	or	O	(organic	silt	or	clay).	The	soils	are	further	classified	as	to	L	(low	plasticity),	or	H
(high	plasticity),	with	the	distinction	based	on	Atterberg	limits.	SOILS	AND	WATER	39	Table	3.8	USCS	Definitions	of	Particle	Size,	Size	Ranges,	and	Symbols	Soil	fraction	or	component	Symbol	Boulders	None	Greater	than	12	in.	(300	mm)	Cobbles	None	3	in.	(75	mm)	to	12	in.	(300	mm)	(1)	Coarse-grained	soils:	Gravel	G	Size	range	3	in.	(75	mm)	to	No.
4	sieve	(4.75	mm)	Coarse	3	in.	(75	mm)	to	–34	in.	(19mm)	Fine	–34	in.	(19	mm)	to	No.	4	sieve	(4.75	mm)	Sand	S	No.	4	sieve	(4.75	mm)	to	No.	200	sieve	(0.075	mm)	Coarse	No.	4	sieve	(4.75	mm)	to	No.	10	sieve	(2.0	mm)	Medium	No.	10	sieve	(2.0	mm)	to	No.	40	sieve	(0.425	mm)	Fine	No.	40	sieve	(0.425	mm)	to	No.	200	sieve	(0.075	mm)	(2)	Fine-
grained	soils:	Fines	Silt	Less	than	No.	200	sieve	(0.075	mm)	M	No	specific	grain	size—use	Atterberg	limits	Clay	C	No	specific	grain	size—use	Atterberg	limits	Organic	Silts	&	O	No	specific	grain	size	Pt	No	specific	grain	size	Clays	(3)	Peat:	Gradation	Symbols	Liquid	Limit	Symbols	Well	graded,	W	High	Liquid	Limit,	H	Poorly	graded,	P	Low	Liquid	Limit,
L	After	Holtz	and	Kovacs	[3-1]	ML,	CL,	OL	MH,	CH,	OH	Inorganic	or	organic	silts	and	clays	of	low	plasticity	(and	liquid	limit	less	than	50)	Inorganic	or	organic	silts	and	clays	of	high	plasticity	(and	liquid	limit	greater	than	50)	Fine-grained	soils	can	also	have	dual	symbols.	Silts	and	clays	with	a	plasticity	index	between	4	and	7	and	falling	within	the
cross	hatched	area	shown	on	the	Plasticity	Chart	of	Table	3.7	are	classified	as	CL-ML	with	behavior	intermediate	between	a	silt	and	clay.	Borderline	classifications	such	as	CL-OL	or	CL-CH	are	also	used	for	fine-grained	soils	whose	limits	plot	close	to	the	A-line	or	near	a	liquid	limit	of	50.	The	properties	of	fine-grained	soils	cannot	be	predicted	from	the
USCS	description	alone,	since	we	must	know	not	only	the	Atterberg	limits,	but	also	the	actual	water	content	of	the	soil.	For	example,	a	clay	with	high	‘‘plasticity’’	on	the	basis	of	Atterberg	tests	can	exist	in	a	most	unstable	condition	if	its	in	situ	water	content	is	at	or	above	the	liquid	limit.	In	contrast,	a	clay	whose	water	content	is	near	the	plastic	limit
is	expected	to	be	heavily	preconsolidated	and	posess	high	strength	and	low	compressibility.	Highly	Organic	Soils	Peat	is	a	material	with	unique	properties	demanding	special	consideration.	In	the	unified	system,	it	is	classified	as	‘‘Pt.’’	It	is	wood	or	other	vegetation	in	the	process	of	decomposition.	Its	properties	vary	widely.	Peat	that	retains	much	of
the	cellular	structure	of	the	wood	but	has	begun	the	process	of	decomposition	may	be	very	low	in	dry	weight,	for	example	10	pcf	(1.6	kN/m3).	Such	a	material	can	be	low	in	compressive	strength	and	highly	compressible.	Its	hydraulic	conductivity	can	be	high,	and	if	it	is	loaded	by	dewatering,	it	can	consolidate	in	a	few	days.	Peats	in	a	more	advanced
state	of	decomposition	act	more	like	silts	or	clays.	If	preconsolidated	(Section	3.16)	they	may	not	compress	significantly	under	load.	If	they	are	compressible,	the	time	for	consolidation	under	the	increased	load	caused	by	dewatering	may	be	many	months.	3.10	SOIL	DESCRIPTIONS	Many	of	the	design	decisions	we	must	make	in	dewatering	are	based
on	descriptions	of	soils	rather	than	extensive	laboratory	analysis	or	field	testing.	Although	the	Group	Symbols	in	the	USCS	are	simple	and	convenient	and	correlate	broadly	with	soil	behavior,	they	do	not	completely	describe	a	soil.	For	this	reason,	a	detailed	written	description	must	accompany	the	USCS	Group	Symbol.	There	is	some	variation	in	the
terms	used	by	engineers	and	technicians	to	describe	soils	on	the	basis	of	visual	examination.	A	widely	used	pattern,	developed	by	Burmister	[3-21],	is	as	follows:	Gran-	40	THEORY	ular	soils	are	described	on	the	basis	of	grain	size	distribution	and	density.	Color	is	also	given,	and	the	presence	of	distinctive	components	such	as	wood,	organic	debris,
mica,	and	so	on.	Normally	the	soil	is	classified	by	its	principal	size	component.	Sand	is	classified	as	fine,	medium,	or	coarse.	Other	components,	for	example,	silt	or	gravel	in	a	sand,	are	described	by	the	following	scale:	Trace	Little	Some	And	Less	than	10%	10–20%	20–35%	35–50%	Thus,	Brown	coarse	to	fine	sand,	some	gravel,	trace	silt	Gray	coarse
sand	and	gravel,	little	medium	to	fine	sand	The	density	can	be	estimated	from	the	blow	count	(Nvalue)	of	the	Standard	Penetration	Test	(SPT)	[3-22].	The	words	‘‘dense’’	and	‘‘compact’’	are	used	interchangeably.	A	generally	accepted	scale	is	given	in	Table	3.1.	Cobbles	or	boulders	should	be	mentioned	where	observed.	In	test	borings	their	existence
can	only	be	inferred	from	difficult	drilling	and	sampling	unless	cores	are	recovered.	When	describing	soil	from	test	pits	or	outcrops,	the	size	and	frequency	of	boulders	should	be	reported.	Fine	soils	are	described	according	to	stiffness	and	classified	as	silt	or	clay	by	visual	examination	of	their	plasticity.	Stiffness	can	be	estimated	from	SPT	N-values
(Table	3.1)	or	by	manual	tests	(Table	3.6).	The	stiffness	of	cohesive	soils	can	be	estimated	in	the	field	with	devices	such	as	the	pocket	penetrometer	and	Torvane.	The	presence	of	sand	and	organic	materials	in	the	soil	that	could	affect	a	soil’s	compressibility	or	drainage	should	be	noted.	Soils	with	properties	intermediate	between	cohesionless	silt	and
cohesive	clay	may	be	described	in	a	combined	form,	such	as	clayey	silt	or	silty	clay,	depending	on	the	judgment	of	the	engineer.	Thus,	Red	medium	stiff	silty	clay,	trace	fine	sand	The	reliability	of	a	soil	description	is	a	function	of	the	skill	and	attention	of	the	person	making	it.	Where	practical,	the	dewatering	engineer	should	make	a	personal
examination	of	the	samples	or	test	pits,	using	visual	and	manual	identification	techniques	given	in	Section	3.11.	3.11	VISUAL	AND	MANUAL	CLASSIFICATION	OF	SOILS	The	fundamental	problem	facing	the	dewatering	engineer	is	to	predict	the	performance	of	soils	based	on	the	available	information,	including	personal	field	observations.	How	much
water	will	the	soil	yield?	What	is	the	best	means	to	drain	it?	How	will	the	soil	react	in	the	presence	of	water	in	the	excavation?	Successful	predictions	develop	out	of	patient,	skilled	observations.	The	two	most	significant	performance	characteristics	are	hydraulic	conductivity	and	stability.	Our	observations	must	be	aimed	at	evaluating	these
characteristics.	Sands	and	Gravels	Sands	and	gravels	are	first	examined	to	see	if	they	contain	significant	quantities	of	fines.	Clean	sands	and	gravels	drain	readily	and	are	dewatered	without	difficulty	unless	they	yield	so	great	a	quantity	of	water	that	sheer	volume	is	a	problem.	Silty	and	clayey	sands	can	be	difficult	to	dewater,	requiring	wellpoints	or
wells	on	very	close	centers.	To	facilitate	the	examination	for	percentage	fines,	particles	larger	than	–18	in.	(3	mm)	should	be	removed.	Clean	Sands	and	Gravels	(GP,	SP,	GW,	SW).	Clean	sands	can	be	identified	as	follows:	•	A	fresh	sample	drains	quickly	from	the	saturated	to	the	moist	condition.	•	A	moist	sample	rubbed	between	the	fingers	will	cause	•
little	staining	of	the	skin.	A	dry	sample	exists	as	individual	grains,	not	in	chunks.	If	the	dry	sample	is	dropped	into	a	pan	it	will	show	little	or	no	dust.	If	it	is	submerged,	only	slight	discoloration	of	the	water	will	result.	Once	we	have	determined	the	sand	is	clean,	we	must	make	some	estimate	of	its	hydraulic	conductivity,	since	the	quantity	of	water	is	a
function	of	this	property	among	other	factors.	Hydraulic	conductivity	depends	on	grain	size	distribution	and	density.	If	a	sand	is	very	dense,	the	fact	may	sometimes	be	apparent	when	the	sample	is	first	removed.	To	distinguish	between	loose	and	moderately	dense	materials,	SPT	N-values	are	a	guide	(Table	3.1).	To	become	proficient	in	distinguishing
coarse,	medium,	and	fine	sand,	the	engineer	should	perform	a	few	sieve	analyses.	Complete	laboratory	equipment	is	not	necessary;	a	partial	set	of	4-in.	(100-mm)	sieves,	including	the	#4,	#10,	#40,	and	#200	sizes,	will	suffice.	The	sample	is	dried	and	shaken	through	the	sieves	by	hand,	and	the	relative	quantities	can	be	gauged	by	volume.	The	main
purpose	is	to	gain	visual	familiarity	with	the	relative	size	of	coarse,	medium	and	fine	sand	particles.	Hydraulic	conductivity	of	clean	sands	is	judged	as	follows:	coarse	sands	have	high	to	very	high	hydraulic	conductivity,	medium	sands	moderate	to	high,	and	fine	sands	low	to	moderate.	In	mixtures	of	various	sizes,	the	overall	hydraulic	conductivity
tends	to	follow	the	finer	size	where	20	or	30%	of	it	is	present.	Where	clean	coarse	sands	exist,	they	represent	the	potential	for	very	high	volumes	of	groundwater	flow,	and	a	pumping	test	should	be	considered.	Silty	and	Clayey	Sands	(GM,	SM,	GC,	SC).	Sands	containing	more	than	12%	fines	do	not	yield	high	volumes	of	water.	They	should	be	examined
to	estimate	the	SOILS	percentage	of	fines	(which	determines	the	difficulty	in	draining	them)	and	the	plasticity	of	the	fines	(which	affects	the	cohesion	of	the	soil,	and	its	stability	in	moving	water).	The	percentage	of	fines	can	be	roughly	estimated	by	rubbing	a	moist	sample	between	the	fingers.	If	the	soil	feels	very	gritty,	and	there	is	only	a	stain	on	the
fingers,	the	percentage	is	probably	less	than	10%.	If	the	soil	feels	relatively	smooth,	and	a	thick	smear	of	fine	material	appears	on	the	fingers,	the	fines	probably	exceed	20%.	A	more	accurate	estimate	can	be	made	with	an	ordinary	graduated	cylinder	(Fig.	3.9).	A	sample	of	about	one-third	the	cylinder	volume	is	placed	in	water,	the	cylinder	is	shaken
vigorously	until	all	particles	are	in	suspension,	and	then	it	is	set	down.	Coarse	particles	rapidly	settle	at	the	bottom,	then	medium	particles,	and	so	on.	In	a	few	moments	the	water	AND	WATER	41	above	the	sample	begins	to	clear	as	the	silts	and	clays	settle	at	the	top.	Particles	finer	than	the	200	sieve	are	readily	distinguishable,	since	they	appear	to
the	unaided	eye	as	an	amorphous	mass	rather	than	individual	grains.	The	thickness	of	the	band	of	fines	can	be	read	off	the	cylinder	scale,	giving	an	approximation	of	the	percentage	of	fines	by	volume.	Soils	with	more	than	15	or	20%	fines	are	often	difficult	to	drain,	and	may	require	special	procedures.	An	estimate	can	also	be	made	by	observing	the
rate	at	which	the	soil	settles	after	shaking.	A	soil	particle	about	0.0004	in.	(0.01	mm)	in	size	will	settle	3	in.	(75	mm)	in	about	10	sec;	a	particle	about	0.002	in.	(0.05	mm)	in	size	will	settle	3	in.	(75	mm)	in	about	30	sec.	Therefore,	if	after	about	30	sec	the	top	3	in.	(75	mm)	of	water	is	not	substantially	clear,	the	soil	is	considered	to	be	dirty.	The	plasticity
of	a	silty	or	clayey	sand	can	be	gauged	by	rolling	a	moist	sample	between	the	fingers	into	a	thread,	in	the	manner	of	Atterberg’s	plastic	limit	test.	Sands	with	nonplastic	fines	will	crumble	before	they	can	be	rolled	out.	Some	practice	is	needed	in	bringing	the	sample	to	its	characteristic	moisture	content	by	adding	water	or	squeezing	it	out.	If	a	thread
down	to	–18	in.	(3	mm)	in	diameter	can	be	rolled	before	the	sample	crumbles,	the	soil	is	considered	to	be	a	clayey	sand	and	relatively	cohesive.	Clayey	sands	are	more	stable	when	wet	and	erode	less	in	moving	water	than	do	noncohesive	silty	sands.	Silty	sands,	because	of	their	instability,	require	better	groundwater	control	to	ensure	workable
conditions	in	an	excavation.	Silts	and	Clays	(ML,	CL,	OL)	When	dealing	with	silts	and	clays,	the	dewatering	engineer	is	concerned	with	their	cohesion	and	its	effect	on	their	ability	to	resist	erosion	by	moving	water,	and	must	also	be	concerned	if	the	natural	water	content	of	the	material	(whether	silt	or	clay)	is	so	high	that	the	material	may	be	unstable
in	the	slopes	or	bottom	of	an	excavation	or	in	a	tunnel	face.	To	test	the	cohesion,	a	moist	sample	of	the	material	is	rolled	out	into	a	thread.	Nonplastic	silt	will	crumble	before	the	thread	reaches	–18	in.	(3	mm)	in	diameter.	Such	materials	can	erode	rapidly	in	moving	water.	If,	on	the	other	hand,	the	material	holds	together	well	when	rolled	out	to	a
diameter	of	–18	in.	(3	mm)	or	smaller,	its	cohesion	is	at	least	reasonably	good	and	it	will	probably	be	resistant	to	erosion.	Silts	and	clays	with	very	high	natural	water	content,	at	or	above	the	liquid	limit,	can	be	unstable	in	an	excavation,	and	represent	a	danger	of	settlement	when	groundwater	levels	are	lowered	under	surrounding	structures.	Such
materials	may	or	may	not	be	‘‘plastic’’	at	their	characteristic	water	content.	At	their	natural	water	content	they	have	properties	of	softness	and	weakness	that	are	readily	identified.	A	fresh	sample	can	be	roughly	evaluated	on	the	following	scale:	Very	soft	Figure	3.9	Estimating	percentage	of	fines.	Courtesy	Moretrench.	Soft	Easily	penetrated	several
inches	(centimeters)	by	fist	Easily	penetrated	several	inches	(centimeters)	by	thumb	42	THEORY	Medium	Can	be	penetrated	several	inches	(centimeters)	by	thumb	with	moderate	effort	Any	soil	exhibiting	these	characteristics	represents	potential	stability	or	settlement	problems.	A	thorough	geotechnical	evaluation	is	warranted.	It	must	be
remembered	that	the	above	tests	are	made	on	individual	samples	that	represent	layers	and	zones	in	the	total	soil	mass.	The	fundamental	situation	cannot	be	evaluated	unless	each	layer	is	considered	in	relation	to	the	total	mass.	A	few	examples	will	illustrate	this	important	concept.	If	a	clean	sand	layer	is	to	be	dewatered	so	that	excavation	can
proceed	through	it	and	into	a	silty	clay	beneath,	we	know	that	not	all	the	water	can	be	removed,	and	some	water	will	flow	over	the	clay	into	the	excavation.	The	cohesion	of	the	silty	clay	is	a	significant	factor.	Does	the	clay	have	enough	plasticity	to	resist	erosion	by	the	residual	seepage	flowing	at	the	base	of	the	clean	sand?	(See	Fig.	6.10.)	When	a	soft
silty	clay	with	very	high	natural	water	content	represents	a	stability	problem	in	an	excavation,	the	presence	of	clean	silt	or	sand	varves	within	the	clay	becomes	significant.	If	such	varves	do	exist,	the	moisture	content	of	the	clay	can	be	reduced	much	more	readily	than	without	them.	Fresh	samples	must	be	examined	carefully	for	the	presence	or
absence	of	varves.	If	a	layer	of	clean	coarse	sand	and	gravel	is	identified	in	the	borings	it	may	or	may	not	be	a	problem.	Such	a	layer	a	few	feet	(1–2	m)	thick	below	the	bottom	of	the	excavation	can	act	as	an	underdrain	and	actually	simplify	dewatering.	On	the	other	hand,	if	the	coarse	sand	is	40	or	50	ft	(12–15	m)	thick,	the	quantity	of	water	to	be
pumped	may	be	very	large.	It	is	apparent	that	after	each	layer	has	been	studied	the	entire	lithography	must	be	assembled	before	a	clear	picture	of	the	problem	emerges.	Cross	sections	of	the	proposed	excavation	with	soil	strata	shown	are	essential	to	dewatering	design.	Perimeter	profiles,	fence	diagrams,	contours,	and	isopachs	can	be	useful.	3.12
SEEPAGE	FORCES	AND	SOIL	STRESS	Terzaghi’s	concept	of	effective	stress	is	essential	to	understanding	the	interaction	between	soil	and	water	[3-3].	In	Fig.	3.10,	a	container	has	been	filled	with	granular	soil	to	some	height	Z	above	plane	a–a.	In	addition	the	container	has	been	filled	with	water	to	a	height	H1	above	the	soil	surface.	The	total
pressure	p	acting	vertically	on	plane	a–a	has	two	components	resulting	from	the	weight	of	water	and	the	weight	of	soil.	The	porewater	pressure	pw	is	equal	to	the	total	piezometric	head	times	the	unit	weight	of	water.	The	porewater	pressure	pw	is	a	neutral	pressure,	acting	in	all	directions	on	the	solids	and	on	the	water	with	equal	intensity.	In	the
static	condition	shown	it	does	not	have	a	measurable	Figure	3.10	Concept	of	effective	stress.	influence	on	the	void	ratio,	shearing	resistance	or	other	mechanical	properties	of	the	soil:	pw		(H1	⫹	Z)w	(3.13)	The	total	pressure	p	acting	on	plane	a–a	is	the	sum	of	the	submerged	weight	of	the	soil	plus	the	porewater	pressure	pw.	In	Fig.	3.10,	p		(H1	⫹	Z)w
⫹	Zsubm	(3.14)	where	subm	is	the	submerged	weight	of	the	soil.	The	effective	stress		is	defined	as	the	difference	between	the	total	pressure	p	and	the	porewater	pressure	pw.	All	mechanical	properties	of	soils	such	as	shear	strength	and	compressibility	are	directly	controlled	by	the	effective	stress:			p	⫺	pw	(3.15)	Changes	in	porewater	pressure	occur
under	various	conditions	of	seepage	and	have	a	major	effect	on	effective	stress	.	Since	the	shear	strength	of	granular	soils	is	related	to	the	effective	stress,	these	changes	can	have	major	impact	on	conditions	in	an	excavation.	Quicksand	is	a	condition	that	develops	when	upward	flow	of	water	through	a	soil	reduces	the	effective	stress		to	zero.	Consider
the	laboratory	apparatus	of	Fig.	3.11,	in	which	a	container	filled	with	sand	is	flooded	with	water	and	connected	to	a	movable	reservoir.	If	the	water	levels	in	the	reservoir	and	the	container	are	the	same	(Fig.	3.11a),	there	will	be	no	flow,	and	the	effective	stress		will	have	some	value,	increasing	with	depth	in	the	sample.	If	the	reservoir	is	raised	(Fig.
3.11b),	a	flow	upward	through	the	sand	will	take	place.	Because	of	frictional	resistance	to	flow,	a	head	loss	h	develops,	causing	an	increase	in	porewater	pressure	and	a	corresponding	decrease	in	effective	stress	between	the	soil	grains.	If	we	divide	the	head	loss	h,	by	the	length	L	of	the	sample,	we	recognize	the	hydraulic	gradient	of	Darcy’s	law.	The
upward	flow	of	water	produces	a	frictional	drag	force	or	seepage	pressure	that	tends	to	lift	the	soil	grains.	When	the	vertical	gradient	h	/L	approaches	the	critical	gradient	ic,	the	effective	stress	between	the	soil	grains	will	be-	SOILS	AND	WATER	43	Figure	3.11	Seepage	pressures.	(a)	At	rest.	(b)	Upward	flow	and	quick	conditions.	(c)	Downward	flow.
come	zero	and	the	soil	will	become	quick,	losing	its	strength	completely.	There	will	be	an	increase	in	volume	⌬1,	and	the	weight	G	will	sink	to	the	bottom	of	the	container.	A	quick	condition	can	develop	in	any	granular	soil.	It	is	more	common	in	fine	sands	and	silty	sands	where	the	combination	of	flow	and	hydraulic	conductivity	necessary	to	form	the
critical	gradient	is	most	likely	to	occur.	But	even	gravels	have	become	quick	under	steep	gradients.	Quicksand	can	have	disastrous	consequences.	The	literature	is	filled	with	cases	of	cofferdam	collapse,	levee	failure,	and	damage	to	existing	structures	caused	by	this	condition.	If	quick	conditions	develop	in	the	excavation	for	a	new	structure,	reduction
in	effective	stress	can	loosen	the	underlying	soil,	reducing	its	foundation	properties.	Subsequent	settlement	of	the	structure	can	result.	A	quick	condition	develops	when	the	hydraulic	gradient	h/L	approaches	a	critical	value	ic	ic		T	⫺	w	w	ular	backfill.	Puddling	is	out	of	favor	among	geotechnical	engineers	today	because	it	is	effective	only	with	certain
soils,	the	compaction	achieved	is	very	small,	and	it	is	difficult	to	control.	Piping	channels	are	preferential	paths	of	high	hydraulic	conductivity	through	which	water	flows	more	readily	than	through	the	general	soil	mass.	Piping	usually	results	from	permitting	gradients	to	exceed	the	critical	value.	The	channels	can	develop	gradually	as	fines	are
progressively	leached	from	the	soil	and	the	hydraulic	conductivity	increases.	Piping	can	also	occur	with	sudden	violence	if	pressures	have	been	allowed	to	build	up	to	dangerous	levels.	One	meaning	of	the	term	‘‘blow,’’	as	applied	to	cofferdams	and	other	excavations,	is	the	sudden	opening	of	a	piping	channel.	Mass	movements	of	soils	can	occur,
sheeting	may	collapse,	or	slopes	can	cave	in.	It	is	axiomatic	that	once	piping	channels	are	established,	dewatering	the	excavation	becomes	substantially	more	difficult.	(3.16)	where	T	is	the	total	unit	weight	of	the	soil	and	water.	At	this	value	the	effective	stress	becomes	zero.	If	we	cause	a	flow	downward	through	soil	(Fig.	3.11c),	there	will	be	a
decrease	in	porewater	pressure	and	a	corresponding	increase	in	effective	stress.	If	the	soil	was	loose	before	the	downward	flow,	a	slight	decrease	in	volume	⌬2	may	result	as	the	seepage	forces	imparted	by	friction	between	the	water	and	the	soil	grains	drag	the	particles	down	and	increase	the	effective	stress	in	the	soil.	This	was	the	basis	for	the	old
method	of	‘‘puddling’’	to	consolidate	gran-	3.13	GRAVITY	DRAINAGE	OF	GRANULAR	SOILS	Sands,	gravels,	and	some	silty	sands	can	be	effectively	drained	by	gravity.	When	pumping	begins	from	wells	or	wellpoints,	groundwater	will	flow	by	gravity	toward	the	lowered	groundwater	table.	The	groundwater	table	as	observed	in	piezometers	can	be
lowered	quite	quickly.	It	is	not	unusual	for	declines	of	10	to	20	ft	(3	to	6	m)	to	occur	in	a	few	hours.	However,	in	the	early	period	of	pumping,	the	soil	between	the	original	water	table	and	its	new	lowered	level	44	THEORY	remains	at	or	near	saturation	(Fig.	3.4).	Water	stored	in	the	soil	pores	is	released	slowly	and	replaced	by	air.	In	gravels,	drainage
can	occur	in	minutes;	in	sands,	hours	or	days.	In	silty	sands,	drainage	may	take	weeks	or	months.	This	slow	release	from	storage	has	a	significant	impact	on	both	hydrology	and	soil	stability	in	dewatering	situations.	If	a	clean,	granular	soil	with	an	average	porosity	of	30%	exists	below	the	water	table,	its	pores	are	saturated,	and	it	contains	30%	water
by	volume.	If	the	water	table	is	lowered	the	soil	will	eventually	yield	up	to	two-thirds	of	its	pore	water,	equivalent	to	20%	of	its	total	volume.	As	discussed	in	Section	3.6,	the	remaining	water	is	retained	by	surface	tension	in	the	pores.	Using	the	hydrologist’s	terminology,	we	say	the	storage	coefficient	Cs	of	the	soil	is	0.2.	In	a	water	table	aquifer,	the
storage	coefficient	is	equal	to	the	specific	yield	when	gravity	drainage	is	complete.	Its	effect	on	pumping	calculations	is	discussed	in	Chapters	4,	5,	and	6.	Because	the	release	of	water	from	storage	is	delayed,	it	provides	a	source	of	temporary	recharge	to	the	saturated	zone	below	the	newly	lowered	water	table.	For	this	reason,	prolonged	pumping
substantially	improves	conditions	in	certain	project	situations,	even	if	the	water	table	does	not	continue	to	decline.	The	significance	of	this	factor	is	shown	in	Fig.	6.10.	As	drainage	of	the	stored	water	continues,	the	capillary	surface	tension	retaining	moisture	in	the	pores	pulls	the	soil	grains	together.	The	resulting	frictional	resistance	acts	as	a	bond	of
sorts	between	the	soil	grains	called	apparent	cohesion.	We	can	observe	this	effect	on	the	beach	at	ebb	tide.	All	of	us	prefer	the	firm	footing	of	the	damp	sand	below	the	high	water	mark	to	sinking	into	the	dry	material	higher	on	the	beach.	In	sewer	construction	we	can	see	the	moist	soil	in	a	fresh	excavation	holding	firmly	in	the	slopes	until	evaporation
in	the	air	and	sunlight	destroys	the	capillary	bond,	and	dry	sand	sloughs	to	the	bottom	of	the	cut.	A	more	dramatic	example	can	occur	in	tunneling.	A	superintendent	battling	dry	running	sand	will	yearn	for	a	little	moisture	to	give	the	sand	‘‘body’’	to	improve	stand-up	time	and	stability	of	the	soil.	3.14	DRAINAGE	OF	FINE-GRAINED	SOILS:	PORE
PRESSURE	CONTROL	The	removal	of	water	from	fine-grained	soils	such	as	silts,	clays,	and	silty	fine	sands	is	quite	different	from	the	drainage	of	granular	materials.	A	discussion	of	the	differences	will	be	helpful.	In	granular	materials	it	is	our	purpose	to	control	the	seepage	toward	the	excavation	from	various	sources,	including	water	stored	within
the	radius	of	influence	of	our	pumping.	The	volume	we	must	pump	can	range	from	a	few	hundred	gpm	(L/min)	to	many	thousand.	If	the	effective	grain	size	D10	of	the	soil	is	less	than	about	0.002	in.	(0.05	mm),	gravity	drainage	is	not	very	effective	because	the	soil	will	remain	saturated	with	water	retained	in	the	pores	by	capillary	surface	tension,	even
at	negative	pore	pressure.	In	fine	materials,	our	purpose	is	to	reduce	the	pore	water	pressure,	with	an	accompanying	increase	in	effective	stress,	so	that	the	strength	is	increased	sufficiently	for	us	to	work	with	the	soil.	The	primary	mechanism	of	drainage	is	consolidation	rather	than	replacement	of	water	by	air	as	occurs	with	gravity	drainage.	The
fine-grained	soils	remain	saturated,	with	the	volume	of	voids	and	water	content	of	the	soil	decreasing	in	an	amount	equal	to	that	of	the	water	expelled.	The	process	is	better	described	as	stabilization	or	pore	pressure	control	rather	than	dewatering.	If	the	silt	or	clay	is	already	at	low	water	content,	its	strength	is	probably	such	that	no	further	treatment
is	required,	or	possible.	Because	silts	and	clays	are	so	low	in	hydraulic	conductivity,	drainage	problems	in	them	have	special	characteristics.	The	quantity	of	water	to	be	removed	is	quite	small,	tens	of	gpm	(L/min)	or	less.	Since	the	water	moves	through	the	soil	with	difficulty,	steep	gradients	form	that	require	very	close	spacing	of	collection	points,	and
prolonged	pumping	time	is	beneficial.	Gravity	drainage	alone	is	usually	not	effective.	Acceleration	of	water	movement—by	vacuum,	surcharge,	or	electro-osmosis—is	advisable,	as	described	below.	Remarkable	improvement	in	the	stability	of	cohesionless	silt	has	been	achieved	on	a	number	of	projects	by	vacuum	dewatering	with	wellpoints	(Chapter
19)	or	ejectors	(Chapter	20).	Such	materials	are	sensitive	to	very	low	seepage	pressures,	and	failures	of	slopes	and	subgrade	are	common.	When	unstable	the	silt	can	act	as	a	liquid	with	high	specific	gravity;	lateral	loads	on	sheet	piling	can	be	large,	and	bracing	failures	have	occurred.	The	mechanism	by	which	the	silts	are	stabilized	is	not	fully
understood.	In	one	instance	during	dewatering	of	flyash	with	wellpoints,	samples	indicated	that	the	net	reduction	in	water	content	was	very	small	[3-23]	yet	the	stability	of	the	material	was	significantly	improved.	The	flyash	was	similar	in	grain	size	distribution,	and	in	other	characteristics,	to	a	cohesionless	silt.	There	are	data	indicating	that	the
vacuum	drainage	may	create	a	negative	pore	pressure,	which	can	be	measured	with	a	tensiometer.	This	is	a	device	developed	by	agronomists	to	measure	soil	suction	as	a	means	of	controlling	irrigation.	A	saturated	soil	has	zero	soil	suction;	as	moisture	is	removed,	suction	up	to	several	atmospheres	(bars)	can	develop.	It	appears	that	this	negative
pressure	contributes	to	the	stabilization	of	fine-grained	soils	treated	with	vacuum.	In	silty	fine	sands	and	silts	the	phenomenon	of	‘‘pumping’’	can	occur	when	heavy	excavating	machinery	brings	up	puddles	of	free	water	even	though	piezometers	indicate	that	the	groundwater	table	has	been	lowered	well	below	subgrade.	The	cause	is	residual	high
moisture	content,	near	saturation,	of	the	poorly	draining	soil.	When	the	soil	compresses	under	the	dynamic	load	of	the	machinery,	there	is	a	build-up	of	pore	pressure	that	relieves	itself	to	the	surface.	Such	behavior	makes	near-saturated,	fine-grained	soils	particularly	susceptible	to	disturbance	by	the	movement	of	construction	personnel	and
equipment.	SOILS	AND	WATER	45	Figure	3.12	General	applicability	of	dewatering	methods.	Courtesy	Moretrench.	The	structure	of	the	deposit	is	significant.	Varved	material	with	partings	of	clean	fine	sand	or	coarse	silt	sometimes	drains	quite	readily	because	of	the	water	paths	offered	by	the	varves.	The	presence	of	fissures	in	clays	can	sometimes
have	similar	effect.	A	layer	of	sand	50	ft	(15.25	m)	or	more	below	the	bottom	of	an	excavation	in	silt	can	affect	the	conditions.	Even	fine	sand	may	have	a	hydraulic	conductivity	50	or	100	times	that	of	the	silt;	it	offers	a	source	of	water	that	can	create	critical	gradients	in	the	silt.	If	the	wellpoint	screens	are	extended	down	into	the	sand	it	becomes	an
asset,	a	natural	drainage	blanket	or	underdrain	that,	when	pressure	relieved,	contributes	to	the	stabilization.	The	results	achieved	by	effective	pore	pressure	reduction	in	soft	silts	and	clays	can	be	remarkable.	We	have	seen	a	number	of	excavations	in	soft	materials	that	could	not	be	controlled	even	with	heavily-braced	steel	sheeting.	After	pumping
enhanced	with	vacuum	reduced	pore	water	pressure,	open	cuts	were	made	with	slopes	of	1⬊1	or	steeper.	Methods	for	pore	pressure	reduction	in	fine	soils	include	the	following:	•	Vacuum	wellpoints	that	are	installed	in	a	sand	column	and	sealed	from	the	ground	surface	so	that	vacuum	is	applied	to	the	soil.	The	vacuum	accelerates	the	movement	of
pore	water	to	the	wellpoint,	which	would	be	too	slow	under	gravity	alone.	There	is	evidence	that	in	varved	soils	the	vacuum	effect	extends	out	along	the	varves,	creating	a	surcharge	which	further	accelerates	•	•	pore	pressure	reduction.	Ejector	vacuum	wellpoints	are	particularly	effective,	since	higher	vacuums	can	be	applied	at	deep	levels.	Vertical
drains	[3-24],	with	or	without	surcharge,	are	normally	considered	a	consolidation	tool.	However,	the	method	requires	the	drainage	of	pore	water	and	in	that	sense	it	is	a	drainage	tool.	We	have	seen	excavations	made	without	difficulty	in	materials	consolidated	by	surcharge	with	sand	or	wick	drains.	Prior	to	consolidation,	excavation	would	have	been
impossible	without	extraordinary	measures.	Electro-osmosis	[3-25]	has	been	effective	in	stabilizing	soft	silts	and	clays	by	the	reduction	of	moisture	content,	using	dc	current	to	accelerate	water	movement.	The	cost	is	rather	high,	and	the	method	has	not	gained	wide	acceptance	as	a	practical	tool	for	construction	problems.	Its	most	frequent	use	is	in
the	permanent	improvement	of	foundation	properties	or	slope	stability	of	soils.	Figure	3.12	is	a	simplified	presentation	of	general	grain	size	limits	where	various	methods	of	groundwater	control	have	been	applied.	The	curves	were	originally	constructed	by	Prugh.	He	plotted	results	of	grain	size	analyses	of	actual	samples	from	projects	which	were
dewatered	by	the	various	methods.	The	limits	were	then	sketched	out	in	more	or	less	arbitrary	fashion.	It	must	be	pointed	out	that	the	grain	size	analysis	of	a	sample	gives	no	indication	of	whether	a	varved	structure	exists	in	the	soil,	a	vital	factor	in	the	dewatering	46	THEORY	Figure	3.13	Dewatering	under	a	compressible	layer.	of	fine	soils.	Figure
3.12	should	be	considered	only	as	a	general	guide.	3.15	SETTLEMENT	AS	A	RESULT	OF	DEWATERING	Dewatering	for	construction	purposes	has	occasionally	resulted	in	settlement	of	the	surrounding	area,	sometimes	with	damage	to	existing	structures.	Considering	the	thousands	of	dewatering	projects	carried	out	each	year,	the	incidence	of
damaging	settlement	is	quite	low.	But	the	potential	implications,	particularly	with	regard	to	third-party	claims,	are	such	that	the	matter	should	always	receive	due	consideration.	An	ASCE	manual	[3-26]	on	the	side	effects	of	dewatering	discusses	settlement,	how	its	potential	can	be	evaluated,	and	measures	to	prevent	it.	Dewatering	can	result	in
settlement	in	several	ways:	•	By	removing	fines	from	the	soil	through	improperly	con-	•	•	structed	wells,	wellpoints	or	other	dewatering	devices.	Continuous	removal	of	fines	leads	to	a	loosening	of	the	soil	and	possibly	piping	and	formation	of	subsurface	erosion	channels.	Subsequent	compaction	of	the	loosened	soil	or	collapse	of	such	erosion	channels
can	cause	ground	movements	and	settlement	of	surrounding	structures.	By	open	pumping	from	excavations	where	the	method	is	unsuitable,	resulting	in	boils	and	piping	in	the	excavation	bottom,	or	in	loss	of	ground	from	slopes,	during	lagging,	or	from	a	tunnel	face.	When	boiling	occurs	in	the	bottom	of	an	excavation,	the	strength	of	the	underlying
soil	may	be	impaired	and	future	settlement	of	the	structure	may	result.	From	consolidation	of	compressible	silts	and	clays,	or	loose	sands	due	to	an	increase	in	effective	stress.	The	resulting	change	in	stress	squeezes	pore	water	from	the	voids	of	the	soil	and	causes	the	soil	grains	to	rearrange	and	come	into	a	denser	configuration,	with	a	consequent
decrease	in	volume	and	ground	settlement.	Structures	supported	above	such	deposits	will	consequently	settle.	For	structures	supported	on	piles,	this	consolidation	settlement	can	produce	a	drag	force	or	negative	skin	friction	on	the	piles	as	the	ground	around	the	pile	moves	downward	relative	to	the	pile.	The	first	two	causes	can	be	readily	controlled.
Wells	and	wellpoints	should	be	constructed	properly	so	they	do	not	continuously	pump	fines,	using	the	design	and	completion	procedures	discussed	in	Chapters	18	and	19.	Open	pumping	should	be	carried	out	properly,	and	if	the	site	conditions	are	such	that	it	results	in	boils,	piping,	loss	of	ground,	or	slope	failures,	the	open	pumping	should	be
stopped	and	an	alternative	dewatering	method	substituted.	Chapters	16	and	17	discuss	conditions	where	open	pumping	is	hazardous.	Properly	written	and	followed	specifications	will	normally	prevent	situations	whereby	poor	dewatering	procedures	might	cause	settlement.	But	if	compressible	silts,	clays,	peats,	or	other	weak	soils	exist	in	the	vicinity
of	a	dewatering	system,	then	it	is	possible	to	encounter	settlement	even	if	the	dewatering	is	carried	out	in	accordance	with	good	practice.	Dewatering	removes	buoyancy	from	the	soil,	and	therefore	increases	the	effective	stress.	The	magnitude	of	the	increased	loading	is	moderate	and	most	soils	are	capable	of	supporting	the	increase	without
significant	consolidation.	But	where	weak	soils	exist	in	the	area	of	interest,	the	problem	should	be	investigated	prior	to	lowering	the	water	table.	As	discussed	in	Chapters	11	and	29,	it	is	preferable	for	the	problem	to	be	studied	by	the	owner’s	engineers	prior	to	bid.	Figure	3.13	illustrates	a	classic	situation	that	has	resulted	in	settlement	damage.	A
thick	layer	of	compressible	silt	overlies	an	aquifer	of	dense	sand	and	gravel.	The	water	table	is	approximately	at	ground	surface.	It	is	desired	to	make	an	excavation	into	the	aquifer,	lowering	the	water	table	with	a	system	of	deep	wells	as	shown.	The	effective	stress		in	the	silt	just	above	the	interface	with	the	sand	and	gravel	is	the	difference	between
the	total	SOILS	pressure	p	and	the	pore	water	pressure	pw,	in	accordance	with	Eq.	3.17:			p	⫺	pw	(3.17)	Prior	to	dewatering,	neglecting	surcharge	and	the	soil	above	the	water	table,	the	effective	stress	can	be	expressed	as			sath	⫺	wh	(3.18)		(sat	⫺	w)h	p		sath	(3.19)	As	shown	on	the	line	diagram,	the	pore	water	pressure	pw	has	been	reduced	to	a
very	low	value	p⬘w,	which	we	can	consider	negligible.	Therefore,	the	increase	in	effective	stress	⌬	is	approximately	⌬		pw		wh	(3.20)	If	we	assume	that	h		33	ft	(10	m)	w		62.4	pcf	(9.8	kN	/	m3	)	then	the	magnitude	of	the	increase	in	effective	stress	is	⌬		33		62.4	2059	psf	(U.S.)	⌬		10		9.8		98	kN	/	m	(metric)	Dense	sand	and	gravel	at	this	depth	can
absorb	such	a	modest	increase	without	significant	consolidation.	But	not	so	the	weak	silt,	which	will	begin	to	consolidate.	The	amount	of	consolidation	depends	on	a	number	of	factors	including	the	preconsolidation	pressure	(Section	3.16),	the	compressibility	of	the	silt,	and	the	duration	of	pumping.	Because	of	the	low	hydraulic	conductivity	of	the	silt,
it	will	take	time	for	this	consolidation	to	occur.	The	time	rate	of	settlement	depends	on	the	consolidation	coefficient	of	the	silt	and	the	length	of	the	drainage	path(s)	through	which	the	pore	water	in	the	silt	must	escape	[3-2,	3-3].	Note	that	in	the	line	diagram	in	Fig.	3.13,	⌬	has	a	maximum	value	at	the	interface,	diminishing	to	zero	at	the	original	water
table.	Thus,	the	consolidation	begins	deep	in	the	soil.	Consider	the	effect	on	the	pile-supported	building	in	Fig.	3.13.	As	the	silt	consolidates,	the	piling	will	undergo	an	additional	loading	from	negative	skin	friction	[3-3].	The	piles	can	frequently	support	the	load	because	of	their	safety	factor,	but	the	grade	slabs,	terraces,	and	utilities	that	may	be
supported	by	shallow	foundations	might	suffer	differential	settlement	in	relation	to	the	building.	WATER	47	Figure	3.14	illustrates	another	situation	in	which	undesirable	settlement	due	to	dewatering	has	occurred.	In	this	case	an	aquifer	overlies	a	layer	of	compressible	clay;	the	desired	effect	is	to	lower	the	water	table	for	construction	in	the	upper
aquifer.	The	increase	in	effective	stress	at	the	top	of	the	clay	due	to	a	drawdown	,	if	measured	immediately	after	the	water	table	has	been	lowered,	would	be	⌬		w	The	sand	and	gravel	can	be	dewatered	in	a	matter	of	hours	or	days;	the	silt,	being	of	very	low	hydraulic	conductivity,	will	drain	very	slowly.	If	we	consider	the	period	immediately	after	the
water	table	has	been	lowered	to	the	level	shown	in	Fig.	3.15,	we	can	assume	that	the	silt	remains	fully	saturated,	and	the	total	pressure	p	at	the	interface	between	silt	and	sand	will	be	2	AND	(3.21)	However,	this	assumes	that	the	sand	remains	saturated.	In	fact,	the	sand	begins	to	release	water	from	storage	as	soon	as	the	phreatic	water	level	declines
(Section	3.13).	Thus,	the	increase	in	effective	stress	⌬	will	be	less	by	the	weight	of	the	water	that	has	been	released	from	storage	in	the	pores:	⌬		(1	⫺	Cs)w	(3.22)	where	Cs	is	the	storage	coefficient.	A	free-draining	sand	can	be	expected	to	reach	a	value	of	Cs	of	0.2	in	days	or	weeks.	Thus,	dewatering	over	a	compressible	layer	results	in	somewhat
lower	increase	in	effective	stress	than	in	dewatering	under	a	compressible	layer.	This	change	in	total	stress	is	usually	small	compared	to	the	change	in	pore	water	pressure	and	is	typically	neglected	in	estimates	of	settlement	due	to	dewatering.	Figures	3.13	and	3.14	illustrate	that	the	predrained	water	table	has	a	curved	surface,	rising	parabolically
from	the	dewatering	system.	The	curve	can	be	flat	or	steep,	depending	on	the	transmissivity	of	the	aquifer,	the	distance	to	the	radius	of	influence,	and	the	rate	of	pumping.	Where	the	curve	is	steep,	differential	settlement	becomes	a	factor	since,	as	shown	in	Eq.	3.20,	the	increase	in	effective	stress	is	a	function	of	drawdown	.	A	similar	situation	exists
in	Fig.	3.13,	beyond	distance	r	where	the	predrained	water	level	rises	above	the	interface.	Figure	3.15	illustrates	a	third	situation	where	dewatering	has	caused	settlement,	with	generally	uniform	settlement,	sometimes	of	great	magnitude,	occurring	over	a	large	area.	A	loose	sand	aquifer	is	confined	by	a	clay	layer,	and	has	a	head	well	above	its	upper
confining	bed.	When	the	aquifer	Figure	3.14	Dewatering	over	a	compressible	layer.	48	THEORY	Figure	3.15	Settlement	caused	by	pressure	relief.	is	pumped	extensively,	usually	for	water	supply,	settlements	can	occur.	Some	notable	examples	are	Venice,	Italy;	Baytown,	Texas;	and	Mexico	City,	Mexico.	Pumping	for	oil	extraction	at	Long	Beach,
California,	had	a	similar	effect.	Cessation	of	pumping,	in	some	cases	combined	with	artificial	recharge,	has	arrested	the	settlement	and	even	resulted	in	rebound	of	the	surface.	3.16	PRECONSOLIDATION	Whether	consolidation	of	a	compressible	soil	will	result	in	damaging	settlement	under	a	given	dewatering	load	depends,	among	other	things,	on	its
previous	stress	history.	Soils	have	a	‘‘memory’’	of	the	stress	changes	that	have	occurred	in	their	previous	geologic	history,	and	these	changes	Figure	3.16	Pressure–void	ratio	diagram	for	compressible	clay.	Note	the	slope	under	recompression	is	much	flatter	than	that	of	the	virgin	soil.	This	phenomenon	can	be	exploited	to	reduce	dewatering	side
effects.	are	preserved	in	their	structure	and	subsequent	behavior	under	load.	If	a	soil	is	presently	loaded	to	the	maximum	stress	that	it	has	experienced,	we	call	it	normally	consolidated.	But	if	it	has	at	some	time	in	the	past	been	under	a	greater	load	(for	example,	by	a	previous	dewatering	event	or	greater	postoverburden	pressure)	we	call	it
preconsolidated	or	overconsolidated.	This	maximum	previous	effective	stress	that	a	soil	has	experienced	is	called	the	preconsolidation	pressure.	A	soil	can	also	be	underconsolidated	when	it	is	still	in	the	process	of	consolidating	under	a	new	applied	load,	such	as	occurs	when	a	fill	has	recently	been	placed.	Figure	3.16	illustrates	the	consolidation	of	a
soil	under	load,	expressed	as	the	change	in	void	ratio	versus	the	logarithm	of	applied	pressure.	Note	that	the	slope	of	the	curve	for	a	virgin,	or	normally	consolidated,	soil	is	quite	steep.	When	the	load	is	removed	the	soil	expands	somewhat,	but	not	nearly	to	its	original	void	ratio.	If	the	soil	is	reloaded,	the	slope	of	the	recompression	curve	is	much	less
than	that	of	the	virgin	soil	until	the	preconsolidation	pressure	is	reached.	The	phenomenon	can	be	used	to	minimize	consolidation	due	to	dewatering.	If	using	partial	penetration	(Chapters	6	and	7),	the	drawdown	due	to	dewatering	at	a	sensitive	structure	can	be	limited	so	that	the	incremental	load	remains	in	the	recompression	range	and	damaging
settlement	may	be	avoidable.	It	should	be	noted	that	if	a	soil	formation	has	been	stressed	previously	by	dewatering,	repeated	dewatering	of	the	same	intensity	(drawdown	and	time)	will	only	stress	the	soil	within	the	recompression	range.	This	is	the	case	in	numerous	urban	areas	that	have	endured	repeated	and	extended	dewatering	for	the
construction	of	deep	buildings	and	subway	systems.	Appropriate	sampling	and	testing	of	undisturbed	samples	should	be	performed	to	confirm	the	preconsolidation	due	to	previous	dewatering.	SOILS	AND	WATER	49	Case	History:	Dewatering	Under	a	Compressible	Soil	Layer	Dewatering	for	construction	of	a	depressed	section	of	Interstate	5	in
Sacramento,	California,	caused	widespread	settlement	of	the	ground	and	damage	to	some	buildings.	It	is	an	example	of	the	effects	illustrated	in	Fig.	3.13,	where	large	scale	pumping	is	performed	from	a	major	aquifer	beneath	a	thick	deposit	of	highly	compressible	silt.	The	depressed	section	involved	approximately	4000	linear	ft	(1220	linear	m)	of
freeway	that	travels	along	the	Sacramento	River	through	the	historic	downtown	section	of	the	city.	Sacramento	is	protected	from	flooding	by	a	system	of	levees	built	along	the	river.	Normal	river	stage	during	periods	of	low	runoff	is	about	5	ft	(1.5	m)	above	mean	sea	level.	However,	during	winter	months,	it	can	rise	to	elev.	25	ft	(7.6	m)	or	higher.	The
top	of	the	levee	is	at	elev.	32	ft	(9.8	m).	Average	ground	surface	elevation	in	the	downtown	area	is	approximately	elev.	16	ft	(4.9	m).	At	its	closest	point,	the	depressed	freeway	passes	within	120	ft	(37	m)	of	the	river.	Subsurface	conditions	are	illustrated	in	Fig.	3.17.	Surficial	soils	consisted	of	20	to	25	ft	(6	to	7.5	m)	of	soft,	clayey	silt	with	lenses	of
sand	and	silt	overlying	loose	silty	sands.	The	silty	sands	were	underlain	by	dense	sands	and	gravel	that	extended	to	at	least	75	ft	(23	m).	The	sand	and	gravel	stratum	is	an	aquifer	of	high	transmissivity.	Head	in	the	confined	aquifer	varies	with	river	stage	and	is	affected	by	pumping	for	water	supply,	geothermal	uses,	and	other	purposes.	The	normal
head	is	around	elev.	3	ft	(1	m),	but	was	measured	as	high	as	elev.	13	ft	(4	m)	during	elevated	river	stage.	Roadway	construction	required	excavation	to	elev.	⫺8.5	ft	(⫺2.6	m),	or	approximately	12	ft	(3.7	m)	below	normal	water	levels	in	the	sand	and	gravel	aquifer.	Deeper,	local	excavation	elev.	⫺18	ft	(⫺5.5	m)	was	also	required	for	construction	of	a
pump	station	for	storm	water	drainage	of	the	completed	freeway.	Many	of	the	existing	structures	in	the	downtown	area	were	older	buildings	supported	on	shallow	spread	footings,	including	the	landmark	100-year-old	Crocker	Art	Gallery,	located	within	300	ft	(91.4	m)	of	the	freeway.	More	modern	structures	were	supported	on	pile	and	caisson
foundations	bearing	in	the	dense	sand	and	gravel.	The	need	for	proper	dewatering	was	identified	during	design	of	the	project.	A	primary	concern	was	the	stability	of	the	levee	and	potential	for	piping	during	elevated	river	stages.	As	a	result,	it	was	required	that	excavation	proceed	in	the	dry,	within	a	steel	sheet	pile	cofferdam.	The	potential	for	ground
settlements	resulting	from	consolidation	of	the	compressible	silts	due	to	the	necessary	drawdown	below	historic	low	water	levels	was	also	recognized.	Contract	documents	required	proper	dewatering,	including	the	monitoring	of	fines	in	the	discharge	from	individual	wells.	Restrictions	on	excavation	progress	were	also	imposed	to	ensure	stability	of
the	levee	during	elevated	river	stages,	including	provision	for	emergency	flooding	of	the	cofferdam	if	river	stage	rose	above	elev.	24	ft	(7.3	m).	Responsibility	for	ground	settlement	and	any	consequent	damage	to	structures	was	placed	on	the	contractor.	Figure	3.17	Schematic	section	of	depressed	roadway	in	Sacramento,	CA.	50	THEORY	Sheet	piling
was	installed	to	elev.	⫺25	ft	(⫺7.6	m)	around	the	entire	excavation	and	the	groundwater	was	lowered	by	pumping	from	deep	wells	that	penetrated	into	the	sand	and	gravel	aquifer	(Fig.	3.17).	Pumping	was	initiated	from	three	wells.	Within	three	weeks,	16	wells	were	in	operation	and	pumping	a	total	of	16,000	gpm	(60,000	L	/	min).	In	response	to	this,
groundwater	levels	immediately	outside	the	cofferdam	dropped	to	elev.	⫺22	ft	(⫺6.7	m).	Within	only	15	days	of	the	start	of	pumping,	building	distress	was	already	observed	800	ft	(244	m)	away	from	the	excavation.	Reports	of	damage	to	additional	buildings	at	greater	distance	followed	as	the	area	of	drawdown	widened	with	pumping	time.	The	high
transmissivity	and	low	storage	coefficient	of	the	confined	aquifer	resulted	in	flat	gradients	developing	away	from	the	excavation	and	consequent	large	radius	of	influence	of	pumping.	Remote	piezometers	indicated	that	water	levels	were	affected	by	dewatering	at	a	distance	of	as	much	as	5000	ft	(1500	m)	from	the	excavation.	The	pumping	rate	was
then	reduced	to	9000	gpm	(34,000	L	/	min).	This	caused	groundwater	levels	at	the	site	to	recover	about	6	ft	(1.8	m).	Ground	settlements	of	as	much	as	3	in.	(75	mm)	were	measured	within	the	first	month	of	dewatering	in	areas	near	the	excavation	and	in	the	vicinity	of	the	Crocker	Art	Gallery,	where	maximum	drawdown	had	occurred.	An	additional
0.75	in.	(20	mm)	of	settlement	occurred	in	the	12	months	following	the	initial	drawdown.	Measurable	settlements	were	recorded	as	far	as	2000	ft	(610	m)	from	the	excavation.	Despite	this	widespread	settlement,	damage	to	buildings	was	limited.	Older	buildings	supported	on	spread	footings	did	settle,	but	were	spared	damaging	distortions	due	the
broad	pattern	of	drawdown	and	uniform	settlement	that	developed.	Buildings	supported	on	piles	did	not	settle,	but	damage	did	occur	where	such	buildings	had	lower	floor	slabs	or	walls	supported	on	grade	(Fig.	3.13).	Damage	also	occurred	where	sidewalks,	stairways,	and	other	appurtenant	structures	connected	with	pile-supported	buildings.	Claims
of	building	damage	ensued;	however	building	owners	were	satisfied	by	repairs	to	their	structures.	As	it	turned	out,	the	cost	of	building	damages	was	modest	and	much	less	than	alternative	methods	of	groundwater	control	such	as	cutoffs.	Although	the	contract	documents	placed	responsibility	for	building	settlement	on	the	contractor,	the	owner,	in	an
equitable	adjustment,	accepted	part	of	the	responsibility	and	paid	60%	of	the	costs	of	the	repairs.	3.17	OTHER	SIDE	EFFECTS	OF	DEWATERING	Dewatering	has	on	occasion	caused	undesirable	side	effects	other	than	ground	settlement.	It	has	been	the	authors	experience	that	too	often	the	potential	side	effects	are	overemphasized,	either	through
lack	of	understanding	of	the	phenomena	or	failure	to	make	an	adequate	investigation	of	the	conditions	at	the	specific	site.	Some	of	these	side	effects	are	listed	below,	together	with	methods	that	have	been	employed	to	avoid	or	mitigate	them.	1.	Temporary	reduction	in	yield	of	water	supply	wells	within	the	influence	of	a	dewatering	system	has
occurred.	If	there	is	potential	problem	it	should	be	identified	during	the	geotechnical	investigation	(Chapter	11).	In	most	jurisdictions,	regulating	authorities	require	well	permits	and	groundwater	diversion	rights.	Their	records	will	indicate	users	in	the	vicinity.	Whether	or	not	the	problem	is	real	or	imaginary	requires	a	study	by	skilled
hydrogeologists.	Mitigation	methods	have	included	•	Extending	city	water	mains	to	suburban	areas	•	Recharging	the	dewatering	discharge	to	the	ground	•	Using	a	partially	penetrating	dewatering	system	to	reduce	the	dewatering	volume	and	its	effect	on	nearby	water	supplies	•	The	user’s	pumps	may	have	to	be	replaced	with	ones	of	higher	head
capacity	to	accommodate	deeper	drawdown	in	the	wells,	or	the	wells	can	be	deepened	or	otherwise	modified.	Installation	of	additional	wells	more	remote	from	the	dewatering	may	also	be	possible.	Effects	of	dewatering	on	existing	water	supplies	usually	involve	third	parties	and	regulating	authorities.	The	negotiations	and	the	permitting	process	take
time,	and	therefore	should	occur	during	the	planning	phase	of	the	project.	2.	Long-term	harm	to	a	water	supply	aquifer	can	occur	if	the	dewatering	pumping	causes	saltwater	intrusion	or	if	it	accelerates	the	migration	of	contaminant	plumes.	Preventive	measures	are	discussed	in	Chapter	14.	3.	Untreated	timber	structures	below	the	water	table	can	be
attacked	by	aerobic	organisms	if	the	water	table	is	lowered	around	them.	Damage	is	more	likely	in	freedraining	sands,	which	provide	ready	access	for	oxygen.	Damage	is	unlikely	if	the	timber	is	embedded	in	silty	clay	or	clays.	The	timber	can	be	protected	by	injecting	water	into	the	ground	around	the	timber	structure,	a	practice	commonly	followed	in
Boston,	Massachusetts	where	many	older	structures	are	supported	on	timber	piles.	4.	The	ecology	of	wetlands	may	be	disturbed	by	lowering	the	water	table	in	the	vicinity	for	extended	periods.	In	evaluating	the	problem	it	is	important	to	acknowledge	that	conditions	in	a	wetland	are	constantly	in	flux.	In	periods	of	drought,	ponds	of	surface	water	may
disappear	and	the	water	table	may	decline.	In	rainy	periods,	the	wetland	may	be	inundated	and	springs	boil	up	as	the	water	table	rises.	In	tidal	estuaries,	the	chloride	content	of	the	water	in	the	wetland	repeatedly	changes	as	the	tide	rises	and	falls.	When	weather	events	in	the	sea	cause	storm	surges,	the	inundation	may	be	nearly	all	seawater;	during
storms	over	the	land,	freshwater	runoff	may	SOILS	drive	the	chlorides	to	very	low	levels.	A	recommended	procedure	is	to	retain	a	qualified	wetlands	specialist	who,	with	proper	instrumentation,	can	observe	any	changes	due	to	the	dewatering	that	may	be	harmful	to	the	flora	and	fauna	identified	and	mitigate	the	situation	with	groundwater	recharge
or	surface	irrigation.	5.	Trees	and	other	vegetation	in	urban	parks	may	be	harmed	by	an	extended	dewatering	period.	It	is	a	rare	occurrence.	In	one	classic	case,	a	well-intentioned	but	misguided	project	engineer	directed	the	dewatering	contractor	to	run	a	hose	to	the	base	of	each	tree	in	the	nearby	park.	Fortunately,	a	trained	botanist	happened	by.
Horrified,	he	rushed	to	the	contractor’s	trailer	and	explained	the	situation.	Most	species	of	trees	can	stand	one	or	several	dry	seasons,	but	inundation	of	their	roots	will	destroy	them.	A	better	procedure	was	followed	during	dewatering	for	a	metro	subway	station	adjacent	to	Harvard	Yard	in	Cambridge,	Massachusetts.	The	project	engineer	very
sensibly	retained	the	services	of	a	skilled	botanist	to	regularly	inspect	the	famous	trees	in	the	Yard,	some	of	them	hundreds	of	years	old.	When	the	trees	suffered	from	lack	of	moisture	they	were	irrigated.	If	nourishment	was	needed	it	was	provided.	It	was	reported	that	the	grand	old	trees	were	more	luxuriant	after	the	project	was	finished	than	before
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PB236973’’	(1974).	U.S.	National	Committee	on	Tunneling	Technology,	National	Academy	of	Sciences,	Washington,	DC.	CHAPTER	4	Hydrology	of	the	Ideal	Aquifer	efore	we	undertake	analysis	of	the	complex	aquifers	encountered	in	nature,	we	must	have	a	clear	understanding	of	the	ideal	aquifer,	which	performs	in	a	predictable	manner.	It	is	a
concept	developed	by	the	water	supply	hydrologists	to	keep	their	abstruse	mathematics	from	becoming	completely	unmanageable.	This	chapter	should	be	considered	an	introduction	to	hydrology	of	the	ideal	aquifer,	with	emphasis	on	fundamentals	proven	useful	in	dewatering	analysis.	For	more	complete	treatment	of	the	subject,	we	recommend
Driscoll	[4-1],	Fetter	[4-2],	Freeze	and	Cherry	[4-3],	and	Walton	[4-4,	4-5].	In	the	twentieth	century	men	like	Meinzer	[4-6],	Theis	[4-7],	Thiem	[4-8],	Muskat	[4-9],	and	Jacob	[4-10],	impelled	by	the	growing	value	of	groundwater	as	a	natural	resource,	sought	to	develop	a	rational	approach	to	aquifer	analysis.	It	was	a	monumental	task.	De	Wiest	[4-11]
points	out	the	difficulties	with	the	five	variables:	three	dimensions	in	space	(which,	with	radial	flow	and	increasing	velocity	toward	a	well	become	particularly	involved),	nonequilibrium	conditions	(which	create	a	time	dependency),	and	variations	in	water	storage.	Nevertheless,	Theis	[4-7]	was	able	to	develop	the	fundamental	equations.	For	those	of	us
who	seek	practical	solutions	to	problems	more	than	the	pure	joy	of	solving	them,	Jacob	[4-10]	is	preferred.	His	modified	nonequilibrium	formula	has	produced	a	graphical	method	of	analysis	that,	first,	rescues	us	from	the	mathematical	morass,	and,	second,	provides	us	with	an	excellent	tool	for	analyzing	complex	natural	aquifers,	as	will	be	seen	in
Chapter	6.	The	Jacob	modification	is	emphasized	in	this	text.	It	is	used	both	to	analyze	pumping	tests	and	to	design	and	troubleshoot	dewatering	systems.	For	problems	too	complex	for	approximate	solution	by	the	method	of	Jacob,	refer	to	Groundwater	Modeling,	Chapter	7.	B	52	4.1	DEFINITION	OF	THE	IDEAL	AQUIFER	Since	five	variables	are	quite
enough	to	contend	with,	Theis	set	up	rigid	criteria	for	the	aquifers	to	which	his	relationships	are	applicable.	The	ideal	aquifer	has	these	characteristics:	•	It	is	homogeneous	and	extends	horizontally	in	all	direc•	•	•	•	tions	beyond	the	area	of	interest	without	encountering	recharge	or	barrier	boundaries.	Thickness	is	uniform	throughout.	It	is	isotropic;
hydraulic	conductivity	in	the	horizontal	and	vertical	directions	(and	in	every	other	direction)	is	the	same.	Water	is	instantaneously	released	from	storage	when	the	head	is	reduced.	The	pumping	well	is	frictionless,	is	very	small	in	diameter,	and	fully	penetrates	the	aquifer.	For	the	simplified	Jacob	method	to	apply,	the	aquifer	must	have	all	the	above
characteristics	and,	further,	the	pumping	test	must	extend	for	a	minimum	period	of	time	[4-4].	This	is	called	tsl	(see	Chapter	9).	In	confined	aquifers	(typically	a	sand	layer	between	two	clay	layers),	storage	water	is	released	rapidly	enough	to	approximate	the	‘‘instantaneous	release’’	requirement.	But	an	unconfined	aquifer	that	has	a	water	table	that
falls	during	pumping	releases	stored	water	slowly	by	gravity	drainage.	Therefore,	an	unconfined	or	water	table	aquifer	can	never	meet	the	rigid	requirements	of	the	ideal	aquifer.	Nevertheless,	an	experienced	analyst	can	apply	Jacob	to	unconfined	aquifers	by	making	appropriate	judgments	and	adjustments,	as	discussed	in	Chapters	6	and	9.	In	most
natural	confined	aquifer	situations,	the	minimum	preferred	time,	as	determined	by	other	considerations,	is	more	than	sufficient	to	meet	the	time	requirements	of	the	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John
Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	HYDROLOGY	OF	THE	IDEAL	AQUIFER	53	to	trip	the	unwary	who	allow	them	to	become	oversimplifications.	4.3	STORAGE	COEFFICIENT	Cs	AND	SPECIFIC	YIELD	Figure	4.1	Transmissivity	and	hydraulic	conductivity.	Jacob	method,	except	with	piezometers	that	are	remote	from	the	pumping	well.	4.2
TRANSMISSIVITY	T	We	define	the	transmissivity	T	of	an	aquifer	as	the	ease	with	which	water	moves	through	a	unit	width	of	aquifer,	as	shown	in	Fig.	4.1.	Transmissivity	is	a	dominant	factor	in	determining	the	quantity	of	water	that	must	be	pumped	on	a	dewatering	project.	It	is	a	very	useful	concept	in	the	analysis	of	aquifers,	especially	complex



natural	aquifers.	The	equivalent	isotropic	transmissivity	of	a	natural	aquifer	is	defined	as	the	transmissivity	of	an	ideal	aquifer	that	will	react,	for	dewatering	purposes,	in	a	manner	similar	to	the	natural	aquifer	under	consideration.	As	we	delve	deeper	into	the	mathematics	of	hydrology,	we	must	keep	the	equivalency	concept	in	mind;	the
simplifications	are	always	there,	ready	The	dimensionless	storage	coefficient	Cs	is	defined	as	the	volume	of	water	released	from	storage,	per	unit	area,	per	unit	reduction	in	head.	In	a	clean,	coarse	sand	water	table	aquifer	(see	Fig.	4.7),	Cs	approaches,	with	time,	a	value	up	to	0.2	as	water	drains	by	gravity	from	the	pores.	Sometimes	in	water	table
aquifers	the	storage	coefficient	is	referred	to	as	specific	yield.	Fine	sands,	and	especially	silty	sands,	will	have	much	lower	specific	yields	than	coarse	clean	sands,	and	will	take	longer	to	reach	these	yields	by	gravity	drainage	only.	If	we	consider	the	extreme	case	of	clays,	even	those	with	large	porosity,	the	specific	yield	for	practical	purposes	is
negligible	(Fig.	3.5).	In	a	confined	aquifer	(Fig.	4.2)	the	pores	remain	saturated,	but	there	is	nevertheless	a	small	release	from	storage	when	the	head	is	reduced	due	to	the	elasticity	of	the	aquifer	and	the	compressibility	of	water.	For	confined	aquifers	in	soils,	Cs	is	on	the	order	of	0.0005–0.001.	In	rock	aquifers	Cs	can	be	lower	than	the	above	values
by	several	orders	of	magnitude	because	of	lower	overall	porosity	and	rigid	aquifer	structure.	The	storage	coefficient	Cs	has	significant	impact	on	both	dewatering	of	water	table	aquifers	and	pressure	relief	of	confined	aquifers.	It	must	be	considered	in	the	analysis	of	pumping	tests	and	it	is	an	important	factor	in	determining	aquifer	performance.	In
water	table	aquifers	where	the	dewatering	schedule	is	critical,	the	large	release	from	storage	Unit	Systems	for	Dewatering	Analysis:	‘‘Mistakes’’	and	‘‘Errors’’	As	we	progress	into	the	third	millennium	of	the	Common	Era,	large	numbers	of	American	engineers	continue	to	use	the	United	States	system	of	units	in	preference	to	the	metric	system.	In
most	engineering	disciplines,	interchanging	U.S.	and	metric	is	a	minor	inconvenience.	We	must	know	the	conversion	factors,	then	we	can	move	readily	from	one	system	to	the	other.	But	the	special	nature	of	groundwater	hydrology	puts	the	analyst	at	risk	of	serious	mistakes	when	switching	systems	of	units,	as	is	discussed	in	the	following	paragraph.
For	our	purposes,	an	error	can	be	defined	as	a	calculated	result	that	is	wrong	by	a	modest	percentage.	In	the	authors’	experience,	being	wrong	by	25	or	30%	in	calculating	dewatering	volume	can	be	considered	an	error	of	minor	significance.	But	we	have	seen	inexperienced	analysts	produce	answers	that	are	off	by	a	factor	of	ten	or	even	more.	These
must	be	considered	mistakes,	which	can	create	major	problems	when	designing	or	bidding	the	work,	and	then	in	doing	it.	Part	of	the	problem	is	the	wide	range	of	hydraulic	conductivities	we	encounter.	The	authors	have	dewatered	silty	fine	sands	with	hydraulic	conductivity	as	low	as,	or	lower	than,	2	gpd	/	ft2	(10⫺6	m	/	sec).	They	have	also
encountered	openwork	gravels	with	hydraulic	conductivity	as	high	as	20,000	gpd	/	ft2	(10⫺2	m	/	sec)	or	higher.	Other	investigators	[4-12]	have	reported	openwork	gravel	conductivities	as	high	as	2,000,000	gpd	/	ft2	(1	m	/	sec).	So	the	hydraulic	conductivities	encountered	can	range	over	about	six	orders	of	magnitude	(one	million).	This	provides	an
unfortunately	large	margin	for	mistakes.	A	second	problem	is	the	difficulty	in	estimating	the	hydraulic	conductivity	of	the	soils	we	are	dealing	with.	The	recommended	method	is	the	field	pumping	test.	But	as	discussed	here	in	Chapter	4	and	in	more	detail	in	Chapter	9,	the	analysis	of	pumping	tests	is	based	on	the	ideal	aquifer,	whose	characteristics
are	not	often	approached	by	the	natural	aquifers	with	which	we	must	work.	As	will	be	illustrated	by	the	case	histories	in	Chapter	9,	if	the	analyst	fails	to	adjust	correctly	for	the	differences	between	the	real	aquifer	underfoot	and	the	ideal	aquifer	on	paper,	major	mistakes	may	be	made.	54	THEORY	So	nature	presents	us	with	a	possible	range	of
hydraulic	conductivity	greater	than	six	orders	of	magnitude.	And	our	preferred	method	for	estimating	hydraulic	conductivity	at	a	site	is	subject	to	serious	mistakes	if	knowledgeable	adjustments	are	not	made.	It	is	not	surprising,	therefore,	that	we	see	dewatering	flows	that	differ	by	an	order	of	magnitude	from	values	estimated	by	inexperienced
analysts.	The	authors	have	seen	open-cut	excavations	in	sandy	silt	30	ft	(9	m)	deep	below	the	original	water	table	successfully	dewatered,	with	stable	slopes,	pumping	as	little	as	20	gpm	(80	L	/	min).	We	have	also	seen	it	necessary	to	pump	100,000	gpm	(400,000	L	/	min)	to	lower	the	water	table	85	ft	(26	m)	in	Mississippi	River	alluvium.	The
dewatering	specialist	is	well	advised	to	develop	judgment,	based	on	personal	experience	on	previous	projects	or	available	records	of	previous	projects,	to	be	able	to	readily	identify	mistakes	so	that	they	can	be	corrected.	A	consistent	system	of	units	will	enhance	the	specialist’s	judgmental	review	of	the	new	project	being	studied.	In	selecting	the	units
used	in	this	text,	in	both	the	U.S.	and	metric	systems,	the	authors	have	sought	to	help	the	analyst	make	the	necessary	judgments	more	reliable	by	simplifying	the	conversion	from	one	system	to	the	other.	For	hydraulic	conductivity	in	the	U.S.	system,	this	text	uses	Gallons	per	day	per	square	foot	(gpd	/	ft2	)	In	the	metric	system	we	will	use	the
geotechnical	engineer’s	Meters	per	second	(m	/	sec)	The	m	/	sec	unit	looks	like	a	velocity.	Although	it	is	sometimes	described	as	the	discharge	velocity,	it	is	not	a	conventional	velocity.	Table	3.5,	Range	of	Hydraulic	Conductivities	of	Natural	Soils,	represents	the	cubic	meters	of	water	that	will	pass	per	second	through	one	square	meter	of	aquifer,
under	a	hydraulic	gradient	of	unity.	We	all	use	the	shorthand	of	meters	per	second,	but	we	must	remain	aware	that	it	is	shorthand	for	(m3	/	sec)	/	m2.	The	tools	of	groundwater	hydrology	are	used	in	four	separate	disciplines:	water	supply	hydrologists,	who	seek	to	exploit	the	available	resource;	ecologists	who	seek	to	remediate	contaminated
groundwater;	geotechnical	engineers,	who	must	understand	not	only	hydrology,	but	the	interaction	of	soil	and	water	and	how	that	interaction	affects	their	foundation	designs,	their	construction	problems,	and	overall	costs;	and	finally	by	the	dewatering	specialists,	who	must	provide	effective	means	to	control	groundwater	during	construction,	and
sometimes	after	construction.	The	geotechnical	and	dewatering	disciplines	are	more	closely	allied	than	the	others,	because	they	are	both	concerned	with	the	effect	of	groundwater	on	the	behavior	of	soils.	The	water	supply	discipline	needs	to	address	this	problem	only	in	the	relatively	unusual	situation	where	long-term	pumping	for	groundwater	supply
causes	ground	surface	settlement,	such	as	occurs	in	Venice,	Italy,	and	Mexico	City,	for	example.	The	basic	system	used	in	this	book	is	U.S.	units.	It	is	also	the	unit	system	in	which	most	American	dewatering	superintendents	and	well	drillers	think,	as	they	make	their	observations	and	form	their	judgments.	These	people	with	their	wealth	of	actual	field
experience	are	an	invaluable	resource	to	the	dewatering	engineer,	whose	clear	communication	with	them	is	vital.	The	engineer	must	become	fluent	in	both	metric	and	U.S.	units.	As	discussed	in	Section	4.2,	the	total	dewatering	flow	is	a	function	of	the	transmissivity,	which	is	the	product	of	the	hydraulic	conductivity	and	the	aquifer	thickness.	Thus,
transmissivity	presents	the	flow	per	unit	width	of	the	aquifer	under	a	hydraulic	gradient	of	one.	Transmissivity	and	hydraulic	conductivity	are	illustrated	in	Fig.	4.1.	It	is	apparent	that	a	medium	sand	aquifer	of	greater	thickness	will	yield	more	water	than	one	of	the	same	hydraulic	conductivity	but	lesser	thickness:	T		KB	(4.1a)	In	the	U.S.	system,	B	is
expressed	in	feet.	Thus,	the	unit	of	transmissivity	is	gpd	/	ft.	For	convenience	in	the	metric	system,	we	recommend	that	the	aquifer	thickness	B	be	expressed	in	meters,	so	the	units	of	transmissivity	in	metric	will	be	T		KB		m2	/	sec	(4.1b)	Table	4.1	gives	the	conversion	factors	from	metric	to	U.S.	systems.	Note	that	two	conversion	factors	are	given.	The
first	factor	is	rounded	off	to	facilitate	quick	mental	estimates.	The	other	factor	is	the	precise	value,	for	those	desiring	it.	The	authors	have	found	that	emphasis	on	precision	is	of	limited	value	in	dewatering	calculations,	and	may,	in	fact,	be	counterproductive	if	it	impairs	one’s	judgment	during	evaluation	of	the	final	results	of	the	mathematics.	Table	4.1
Conversion	to	U.S.	from	Metric	Units	Conversion	to	U.S.	(multiply	metric	by)	Parameter	Hydraulic	conductivity,	K	U.S.	units	Metric	units	Approximate	Precise	gpd	/	ft2	m	/	sec	2		106	2.13		106	6.957		106	Transmissivity,	T	gpd	/	ft	m	/	sec	7		10	Rate	of	flow,	Q	gal	/	min	L	/	min	1/4	2	6	1	/	3.785	HYDROLOGY	can	greatly	increase	the	pumping	load	on	a
dewatering	system,	and	storage	release	during	initial	pumping	can	exceed	the	steady-state	pumping	rate.	On	a	short-term	project,	steady-state	conditions	may	never	be	reached;	storage	release	may	be	the	determining	factor	for	the	required	capacity	of	the	dewatering	system.	In	confined	aquifers,	the	volume	to	be	pumped	from	storage	is	not	great;
for	this	reason,	such	aquifers	are	much	more	sensitive	to	interruptions	in	pumping.	A	confined	aquifer	may	cause	difficulty	if	pumping	is	interrupted	for	only	a	few	minutes,	whereas	a	water	table	aquifer,	particularly	if	it	has	been	pumped	for	a	few	months,	may	not	cause	trouble	for	many	hours	or	even	days	after	cessation	of	pumping.	In	the	rules	set
for	the	ideal	aquifer,	storage	release	must	occur	instantaneously.	In	confined	aquifers	it	usually	does,	within	satisfactory	limits.	In	water	table	aquifers	it	does	not;	gravity	drainage	is	a	time-consuming	process.	These	many	factors	about	the	storage	coefficient	must	be	clearly	grasped	by	the	dewatering	engineer	if	the	pump	test	analyses	are	to	be
reasonably	correct	and	the	designs	are	to	be	reliable.	4.4	PUMPING	FROM	A	CONFINED	AQUIFER	Figure	4.2	illustrates	a	well	of	radius	rw	fully	penetrating	an	ideal	confined	aquifer,	and	screened	throughout	its	thickness	B.	Before	pumping,	a	head	H	exists	everywhere	in	the	aquifer,	as	shown	in	piezometers	P-1	to	P-4.	When	pumping	begins,	the
piezometric	heads	decline	as	water	is	released	from	storage	and	as	the	cone	of	depression	expands.	Field	observations	of	water	head	in	piezometer	P-2	during	the	pumping	test	are	given	in	Table	4.2.	Jacob	has	shown	that	if	the	drawdown		in	a	piezometer	is	plotted	against	the	log	of	time	t	since	pumping	started,	the	points	will	after	some	period	of
time	Tsl	begin	to	describe	a	straight	line	(Fig.	4.3).	The	early	points	do	not	fall	OF	THE	IDEAL	AQUIFER	55	on	the	line	because	of	the	limitations	of	the	Jacob	modification	(Section	4.1).	The	slope	of	the	/t	plot	is	proportional	to	the	transmissivity	of	the	aquifer	and	the	pumping	rate	Q:	T	C1Q	⌬	(4.2)	where	C1	is	a	constant	depending	on	the	units,	and	⌬
is	the	change	in	drawdown	per	log	cycle.	The	/t	plot	can	also	be	used	to	determine	the	storage	coefficient	Cs:	Cs		Tt0	C2r	2	(4.3)	where	t0		zero	drawdown	intercept,	Fig.	4.3	(min)	T		transmissivity	r		radius	of	the	piezometer	from	the	center	of	the	pumping	well	C2		a	constant	depending	on	the	units	Table	4.2	gives	the	appropriate	constants	for	Jacob
calculations	in	both	the	U.S.	and	metric	systems.	The	test	array	in	Fig.	4.2	has	four	piezometers,	at	varying	distances	from	the	pumped	well.	If	the	drawdown	in	each	piezometer	at	some	time	t	is	plotted	against	the	log	of	its	distance	r	from	the	well,	we	have	the	straight	line	plots	of	Fig.	4.4.	The	transmissivity	T	and	the	storage	coefficient	Cs	can	be
calculated	both	from	the	time	plot	of	Fig.	4.3	and	from	the	distance	plots	of	Fig.	4.4.	In	both	time	and	distance	plots,	transmissivity	T	is	proportional	to	the	slope	of	the	straight	line	and	the	storage	coefficient	Cs	is	a	function	of	the	zero	drawdown	intercept.	If	the	test	is	in	an	ideal	aquifer,	the	estimated	values	from	the	time	and	distance	plots	will	be
the	same.	This	characteristic	can	be	very	useful	to	the	analyst.	If	the	values	are	not	the	same,	there	is	some	anomaly	which	must	be	understood.	Comparing	the	two	plots	often	gives	a	clue	to	the	nature	of	the	anomaly,	as	discussed	in	Chapter	9.	Figure	4.2	Pumping	from	a	confined	aquifer.	56	THEORY	Table	4.2	Pumping	Test	Data	(Piezometer	P-2)a	a
Time	since	pumping	stopped	t⬘	(min)	t	/	t⬘	Depth	to	water	ft	(m)	Drawdown		ft	(m)	0	10.0	(3.1)	Static	1	13.3	(4.1)	3.3	(1.0)	2	13.8	(4.2)	3.8	(1.2)	3	14.2	(4.3)	4.2	(1.3)	5	14.8	(4.5)	4.8	(1.5)	7	15.2	(4.6)	5.2	(1.6)	10	15.7	(4.8)	5.7	(1.8)	20	16.7	(5.1)	6.7	(2.1)	30	17.3	(5.3)	7.3	(2.2)	50	18.0	(5.5)	8.0	(2.4)	70	18.5	(5.6)	8.5	(2.6)	100	19.0	(5.8)	9.0	(2.8)	200	20.1
(6.1)	10.1	(3.1)	300	20.6	(6.3)	10.6	(3.2)	500	21.3	(6.5)	11.3	(3.4)	Residual	drawdown	⬘	ft	(m)	Calculated	recovery	–⬘	ft	(m)	501	1	501	17.7	(5.4)	11.3	(3.4)	7.7	(2.4)	3.6	(1.1)	502	2	251	17.3	(5.3)	11.3	(3.4)	7.3	(2.2)	4.0	(1.2)	503	3	168	17.0	(5.2)	11.3	(3.4)	7.0	(2.1)	4.3	(1.3)	505	5	101	16.5	(5.0)	11.3	(3.4)	6.5	(2.0)	4.8	(1.5)	507	7	72.4	16.2	(4.9)	11.4	(3.5)
6.2	(1.9)	5.2	(1.6)	510	10	51	15.7	(4.8)	11.4	(3.5)	5.7	(1.7)	5.7	(1.7)	520	20	26	14.7	(4.5)	11.4	(3.5)	4.7	(1.4)	6.7	(2.0)	530	30	17.7	14.2	(4.3)	11.4	(3.5)	4.2	(1.3)	7.2	(2.2)	550	50	11	13.4	(4.1)	11.4	(3.5)	3.4	(1.0)	8.0	(2.4)	Extrapolated	Recovery	Drawdown	Time	since	pumping	started	t	(min)	570	70	8.14	13.1	(4.0)	11.5	(3.5)	3.1	(0.9)	8.4	(2.6)	600	100	6
12.7	(3.9)	11.6	(3.5)	2.7	(0.8)	8.9	(2.7)	700	200	3.5	11.9	(3.6)	11.8	(3.6)	1.9	(0.6)	9.9	(3.0)	800	300	2.67	11.5	(3.5)	12.0	(3.7)	1.5	(0.5)	10.5	(3.2)	1000	500	2	11.1	(3.4)	12.3	(3.8)	1.1	(0.3)	11.2	(3.4)	Q		500	gpm	(1892	L	/	min);	r		40	ft	(12.2	m).	The	drawdown/log	distance	plots	of	Fig.	4.4	can	be	used	to	estimate	T	and	Cs	as	shown	in	Table	4.3,	where	t	is
time	since	pumping	started	for	which	the	data	is	plotted,	and	R0	is	the	zero	drawdown	intercept.	R0	is	called	the	radius	of	influence	of	pumping,	and	will	appear	repeatedly	in	equilibrium	and	nonequilibrium	dewatering	computations.	4.5	RECOVERY	CALCULATIONS	When	pumping	stops,	the	head	in	the	various	piezometers	will	begin	to	recover	and
the	rate	of	recovery	can	be	used	to	calculate	T	and	Cs.	Table	4.2	shows	the	recovery	data	for	the	test	we	are	analyzing.	In	recovery	analysis	we	define	the	following:	t⬘		the	⬘		the	the		⫺	⬘		the	time	since	pumping	stopped	residual	drawdown,	that	is,	the	depth	of	the	water	in	observation	well,	below	original	static	level,	at	time	t⬘	calculated	recovery,	at
time	t⬘	Two	types	of	recovery	plots	are	useful.	Figure	4.5	shows	a	plot	of	calculated	recovery		⫺	⬘	versus	log	of	t⬘.	Figure	4.5	is	based	on	data	from	the	same	pumping	test	as	Fig.	4.3.	To	compute	the	calculated	recovery,	we	must	first	determine	what	the	drawdown		would	have	been	at	time	t⬘,	if	pumping	had	not	been	stopped.	We	extrapolate	the
straight-line	curve	shown	in	Fig.	4.3	to	the	appropriate	time.	As	shown	in	Table	4.3,	we	can	calculate	the	transmissivity	T	and	storage	coefficient	Cs	with	the	same	Jacob	relationships	used	for	pump	down	data.	A	second	type	of	recovery	HYDROLOGY	OF	THE	IDEAL	AQUIFER	57	Figure	4.3	Drawdown		versus	log	time	t	for	piezometer	P-2.	Q		500	gpm
(1892	L	/	min),	r		40	ft	(12.2	m),	T		264		500	/	3.3	gpd	/	ft		40,000	gpd	/	ft	(5.7		10⫺3	m2	/	sec),	Cs		40,000		0.19	/	4790		402		0.00099.	Figure	4.4	Drawdown		versus	log	radius	r	from	pumping	well.	Q		500	gpm	(1892	L	/	min),	T		528		500	/	6.6	gpd	/	ft	(5.748		10⫺3	m2	/	sec),	Cs		40,000		0.19	/	4790		402		0.00099.	plot	is	shown	in	Fig.	4.6.	A
semilogarithmic	plot	of	residual	drawdown	⬘	versus	the	ratio	t	/t⬘,	the	time	since	pumping	started	to	the	time	since	pumping	stopped,	is	constructed.	The	data	are	determined	as	shown	in	Table	4.2.	From	the	residual	drawdown	plot	of	Fig.	4.6	we	can	calculate	the	transmissivity	T,	but	not	the	storage	coefficient	Cs.	Recovery	plots	are	useful	in	several
ways.	In	a	pumping	test,	they	can	be	used	to	confirm	the	results	calculated	from	time-drawdown	and	distance-drawdown	plots	during	pump	down.	If	the	results	do	not	correlate,	we	must	suspect	anomalies	in	the	aquifer,	as	is	discussed	in	Chapter	9.	The	subtle	differences	between	drawdown	and	recovery	plots	can	sometimes	guide	the	analyst	to
understanding	the	anomalies	in	the	aquifer	being	dealt	with.	Recovery	data	can	also	be	useful	in	analyzing	a	dewatering	system	that	has	been	in	continuous	operation	for	an	extended	period.	Pumping	is	interrupted	for	a	brief	period,	and	the	recovery	rate	is	analyzed,	usually	by	plotting	calculated	recovery	as	in	Fig.	4.5.	4.6	THE	UNCONFINED	OR
WATER	TABLE	AQUIFER	The	unconfined	or	water	table	aquifer	illustrated	in	Fig.	4.7	differs	from	the	confined	aquifer	in	that	it	has	a	phreatic	surface	which	rises	and	falls	with	changes	in	recharge	or	in	pumping.	The	upper	confining	bed	is	missing.	For	analysis,	58	THEORY	Table	4.3	Equations	and	Constants	for	Jacob	Plots	U.S.	units	Metric	units
Transmissivity	T	gpd	/	ft	m2	/	sec	From		/	log	t	plot	(C1)	264Q	⌬	3.05		10⫺6Q	⌬	From		/	log	r	plot	(C2)	528Q	⌬	6.10		10⫺6Q	⌬	From	-⬘	/	log	t⬘	plot	(C3)	264q	⌬	3.05		10⫺6Q	⌬	From	⬘	/	log	t	/	t⬘	plot	(C4)	264Q	⌬	3.05		10⫺6Q	⌬	Tt0	4790r	2	135	Tt0	r2	From		/	log	r	plot	Tt0	4790R02	135	Tt0	R02	From	-⬘	/	log	t⬘	plot	Tt0	4790r	2	135	Tt0	r2	gpm	gpd	/	ft
gpd	/	ft2	min	min	min	ft	ft	ft	ft	L	/	min	m2	/	sec	m	/	sec	min	min	min	m	m	m	m	Storage	coefficient	Cs	From		/	log	t	plot	Where	Q	T	K	t	t⬘		to		r	Ro			⌬		well	discharge	transmissivity	hydraulic	conductivity	time	since	pumping	started	time	since	pumping	stopped	zero	drawdown	intercept	distance	to	observation	well	zero	drawdown	intercept	drawdown
drawdown	difference	per	log	cycle	the	other	criteria	of	an	ideal	aquifer	apply;	the	sand	must	be	homogeneous,	uniform,	and	isotropic,	and	the	aquifer	extends	horizontally	a	great	distance	in	all	directions.	There	are	no	recharge	or	barrier	boundaries	within	the	area	of	interest.	The	flow	follows	the	simplifying	Dupuit	assumptions	[4-13].	Dupuit
(working	in	1863	only	a	few	years	after	Figure	4.5	Calculated	recovery		⫺	⬘	versus	log	time	t⬘	for	piezometer	P-2	since	pumping	stopped.	Q		500	gpm	(1892	L	/	min),	r		40	ft,	T		264		500	/	3.3		40,000	gpd	/	ft	(5.7		10⫺3	m2	/	sec),	Cs		40,000		0.19	/	4790		402		0.00099.	Darcy)	assumed	that,	first	the	hydraulic	gradient	in	the	flow	regime	is	equal	to	the
slope	of	the	water	table	and,	second,	in	a	flow	net	of	the	regime	the	flow	lines	are	horizontal	and	the	equipotential	lines	are	vertical.	Prior	to	pumping,	the	phreatic	surface	is	level.	And,	finally,	water	is	released	from	storage	instantaneously.	We	must	accept	that	Dupuit’s	assumptions	are	not	rigorously	correct,	but	they	have	proven	very	useful	in
producing	approximate	solutions	when	analyzing	water	table	aquifers.	Complex	formulas	have	been	derived	by	various	investigators	for	analysis	of	pumping	tests	in	water	table	aquifers,	as	discussed	in	Chapter	9.	The	concept	of	an	ideal	water	table	aquifer	must	be	used	carefully	in	dewatering	computations	of	a	nonequilibrium	situation,	as	discussed
in	Chapter	6.	Nevertheless,	it	is	possible	to	use	the	Jacob	method	to	analyze	pumping	tests	in	water	table	aquifers.	The	reason	is	not	in	spite	of	the	slow	storage	release,	but	rather	because	of	it.	Experience	shows	that	the	short-term	performance	of	water	table	aquifers	frequently	approximates	that	of	a	leaky	confined	aquifer,	with	the	‘‘leakage’’
originating	from	slow	storage	release.	Within	limits,	the	Jacob	nonequilibrium	relationships	can	be	applied	to	such	tests,	as	discussed	in	Chapter	9.	4.7	SPECIFIC	CAPACITY	A	convenient	relationship	for	evaluating	aquifers,	and	wells	within	them,	is	the	specific	capacity	qs.	As	applied	to	a	well	that	is	discharging	at	a	rate	Q	and	exhibits	a	drawdown	of	
qs		Q		(4.6)	In	a	nonequilibrium	situation	qs	must,	of	course,	be	defined	at	some	given	time	t	since	pumping	started.	If	we	have	a	drawdown	distance	plot	for	an	aquifer,	such	as	Fig.	4.4,	we	can	establish	qs	for	the	aquifer	at	the	time	t	HYDROLOGY	OF	THE	IDEAL	AQUIFER	59	Figure	4.6	Residual	drawdown	⬘	versus	log	ratio	t	/	t⬘	for	piezometer	P-2.
Q		500	gpm	(1892	L	/	min),	r		40	ft,	T		264		500	/	3.3		40,000	gpd	/	ft	(5.7		10⫺3	m2	/	sec).	Figure	4.7	Pumping	from	a	water	table	aquifer.	for	which	the	data	are	plotted,	and	at	any	radius.	Thus,	from	Fig.	4.4	at	a	radius	of	100	ft	(30	m)	at	500	min,	we	can	conclude,	for	example,	that	a	circular	system	of	closely	spaced	dewatering	wells	or	wellpoints
with	a	radius	of	100	ft	(30	m)	must	approximate	a	discharge	of	58	gpm	for	each	foot	(720	L/min	for	each	meter)	of	drawdown	to	be	achieved.	This	concept	is	particularly	useful	in	making	quick	approximations	and	rough	checks	on	more	sophisticated	calculations.	Walton	[4-4]	has	shown	that	the	specific	capacity	of	a	frictionless	well	within	an	ideal
aquifer	at	a	time	t	since	start	of	pumping	is	directly	related	to	the	transmissivity	of	the	aquifer,	the	storage	coefficient,	and	the	radius	of	the	well.	The	relationship	is	as	follows:	Figure	4.8	Drawdown	versus	yield	in	a	water	table	aquifer.	From	Driscoll	[4-1].	60	THEORY	qs		qs		冉	T	冊	Tt	264	log	2693r	2Cs	冉	冊	240Tt	r	2Cs	(4.7)	L	/	min	/	m	(metric)	(4.8)
⫺	66.1	8.64		107T	264	log	gpm	/	ft	(U.S.)	⫺	66.1	It	must	be	emphasized	that	Eqs.	4.7	and	4.8	are	for	a	frictionless	well	in	an	ideal	aquifer.	If	the	well	has	entrance	friction,	or	if	a	barrier	boundary	is	encountered	within	the	influence	of	pumping,	actual	specific	capacity	will	be	less;	if	a	recharge	boundary	is	encountered,	the	specific	capacity	will	be
greater.	Judgment	must	be	used,	therefore,	when	using	Eqs.	4.7	and	4.8,	either	to	predict	well	performance	in	a	known	aquifer	or	to	gauge	aquifer	parameters	from	known	well	data.	Equation	4.7	is	most	useful	in	estimating	T	when	at	least	one	piezometer	at	some	radius	r	is	available.	The	condition	is	analyzed	as	a	‘‘frictionless	well’’	of	radius	r,	and
Eq.	4.7	or	4.8	solved	by	trial	and	error.	In	a	confined	aquifer,	the	specific	capacity	remains	essentially	constant	at	any	drawdown.	In	a	water	table	aquifer,	however,	such	as	Fig.	4.7,	when	the	water	table	declines,	the	saturated	thickness	and	the	transmissivity	become	less	and	the	specific	capacity	decreases.	A	useful	concept	in	water	table	aquifers,
analogous	to	specific	capacity	is	Q		constant	H2	⫺	h2	We	must	be	cautious	in	using	Eq.	4.9.	Experience	shows	that	Eq.	4.9	and	the	Dupuit	assumptions	on	which	it	is	based	are	reasonably	valid	at	a	radius	from	the	well	greater	than	H,	the	original	saturated	thickness	of	the	water	table	aquifer.	Closer	to	the	pumping	well,	the	assumptions	are	no	longer
valid.	References	4-1	4-2	4-3	4-4	4-5	4-6	4-7	4-8	4-9	(4.9)	4-10	It	is	obvious	therefore	that	the	specific	capacity	Q/H	⫺	h	in	a	water	table	aquifer	decreases	as	drawdown	increases.	This	relationship	between	drawdown,	specific	capacity,	and	yield	for	a	water	table	well	is	illustrated	in	Fig.	4.8.	4-11	4-12	4-13	Driscoll,	F.	G.	(ed.)	(1986).	Ground	Water	and
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K.,	Peck,	R.	B.,	and	Mesri,	G.	(1996).	Soil	Mechanics	in	Engineering	Practice,	3rd	ed.	Wiley,	New	York,	NY.	Dupuit,	J.	(1863).	Etudes	Theoretiques	et	Pratiques	sur	le	Mouvement	des	eaux.	CHAPTER	5	Characteristics	of	Natural	Aquifers	n	the	previous	chapter	we	discussed	the	analysis	of	ideal	aquifers.	But	before	we	can	make	effective	use	of	these
relationships,	we	must	understand	how	natural	aquifers	can	depart	from	the	rigid	characteristics	of	the	ideal,	and	what	effect	these	departures	might	have	on	our	calculations.	Terzaghi	and	Peck	[5-1]	wrote	that	nature,	when	laying	down	the	soil,	did	not	follow	ASTM	specifications.	Nor	in	the	process	did	she	create	ideal	aquifers.	The	engineer	who
attempts	hydrologic	analysis	of	an	actual	problem	without	understanding	the	peculiarities	of	the	aquifer	of	concern	will	rarely	achieve	a	satisfactory	prediction	of	aquifer	performance.	In	natural	aquifers,	the	variations	from	the	ideal	that	can	occur	are	so	diverse	that	we	cannot	hope	to	cover	the	range	here.	It	will	be	our	purpose	to	point	out	the	most
common	variations	and	their	general	effect	on	dewatering	problems.	Suggestions	for	the	interpretation	of	Jacob	plots	from	pumping	tests	in	natural	aquifers	are	discussed	in	Chapter	9.	I	5.1	ANISOTROPY:	STRATIFIED	SOILS	The	ideal	aquifer	is	isotropic;	its	hydraulic	conductivity	in	the	horizontal,	vertical,	and	all	other	directions	is	the	same.	But	we
have	seen	in	Chapter	2	that	most	geologic	mecha-	nisms	forming	soils	tend	to	make	deposits	in	layers—fine	sand	alternating	with	coarse,	and	sand	alternating	with	silt	or	clay.	Even	with	sands	that	are	more	or	less	uniform	in	size,	anisotropy	can	occur.	Grains	tend	to	be	angular,	or	subrounded;	when	they	come	to	rest,	their	long	axes	tend	to	be
horizontal,	and	vertical	flowpaths	are	longer	than	horizontal.	It	is	normal,	except	in	wind-deposited	uniform	soils	with	rounded	grains,	for	horizontal	hydraulic	conductivity	Kh	to	be	greater	than	vertical	hydraulic	conductivity	Kv	by	factor	of	3,	5,	10,	100,	or	even	more.	This	violation	of	the	Jacob	assumptions	introduces	error,	and	in	highly	stratified
soils	the	error	can	be	so	great	as	to	render	the	analysis	useless	unless	judgmental	adjustments	are	made.	Some	investigators	have	suggested	that	an	equivalent	isotropic	permeability	Ki	can	be	estimated	from	Ki		兹K	v	K	h	(5.1)	An	argument	can	be	made	that	Eq.	5.1	is	mathematically	valid,	but	the	equation	is	of	no	practical	value	for	solving	actual
dewatering	problems.	In	most	aquifer	situations,	the	flow	direction	varies	in	different	parts	of	the	flow	regime.	Where	the	flow	is	vertical,	Kv	controls;	where	the	flow	direction	is	horizontal,	Kh	controls.	The	only	region	where	Eq.	5.1	would	be	even	approximately	valid	is	where	the	flow	is	Isotropy	is	most	frequently	encountered	in	wind-deposited	soils,
but	geology	nearly	always	presents	exceptions.	In	the	Sheepshead	Bay	section	of	Brooklyn,	near	the	south	shore	of	New	York’s	Long	Island,	there	is	a	deep	glacial	outwash	deposit	that	yields	flows	much	higher	than	would	be	expected	from	hydraulic	conductivity	predicted	on	the	basis	of	grain	size	data.	Dewatering	practitioners	have	known	to	be
wary	of	Sheepshead	Bay	for	decades,	but	it	was	not	until	the	1970s	that	a	thorough	investigation	revealed	the	cause.	Piezometers	deep	in	the	aquifer	showed	drawdown	much	greater	than	would	be	expected	from	the	partially	penetrating	system	of	shallow	wellpoints	that	was	being	pumped.	The	sandy	outwash	had	been	carried	so	far	before	it	came	to
rest	that	its	grains	had	been	sorted	to	very	uniform	size,	and	rounded	to	spheroidal	shape.	Kv	was	almost	as	great	as	Kh.	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7
61	62	THEORY	Figure	5.1a	Vertical	gradients	in	partially	penetrated	anisotropic	aquifer.	(a)	Figure	5.1b	Vertical	gradient	through	an	aquitard.	(b)	at	some	angle	between	horizontal	and	vertical.	Where	it	occurs,	such	a	phenomenon	is	probably	local	and	applying	Eq.	5.1	to	the	whole	flow	regime	will	introduce	serious	error.	In	the	Lock	and	Dam	26
project	described	in	Section	10.3,	two	investigators	attempted	to	analyze	whether	the	massive	scour	that	had	occurred	in	the	river	bed	had	increased	the	dewatering	flow.	One	used	a	hand-drawn	flow	net,	as	discussed	in	Fig.	6.15,	the	other	a	computer	model	(Chapter	7).	But	both	used	Eq.	5.1	to	estimate	hydraulic	conductivity	and	both	solutions
were	in	serious	error.	Figure	5.1	illustrates	some	of	the	complexities	that	anisotropy	introduces,	particularly	with	partial	penetration.	Figure	5.1a	shows	an	aquifer	condition	frequently	encountered,	with	Kh	/Kv	averaging	3.	It	is	proposed	to	lower	the	water	table	for	the	excavation	shown	with	a	single,	partiallypenetrating	well.	Piezometers	P-1	and	P-2
are	at	different	CHARACTERISTICS	OF	NATURAL	AQUIFERS	63	Figure	5.1c	Vertical	gradient	through	an	aquiclude.	(c)	depths,	but	the	same	radius	r	from	the	pumping	well.	Piezometer	P-2	will	indicate	a	higher	head	by	the	displacement	⌬.	Even	in	an	isotropic	aquifer,	⌬	would	have	some	value,	because	of	the	partial	penetration	effect	causing	flow
to	move	upward	and	converge	to	the	wellscreen	(Section	6.9).	In	an	anisotropic	aquifer,	⌬	increases	with	the	ratio	Kh	/Kv.	The	relationship	can	be	more	clearly	seen	with	the	pressure	diagram,	where	the	pressure	P	is	plotted	against	depth.	Line	AB	shows	the	hydrostatic	pressure	in	the	aquifer	prior	to	pumping.	Line	CD	shows	the	gradient	that	could
be	expected	if	the	aquifer	were	isotropic,	and	fully	penetrated.	Line	EF	shows	the	gradient	encountered	in	the	given	aquifer	as	it	is	actually	pumped.	It	is	significant	that,	within	the	depth	penetrated	by	the	well,	drawdown	is	greater	for	a	given	Q	when	the	aquifer	is	anisotropic.	Below	the	well	the	drawdown	is	less.	In	Fig.	5.1a,	note	that	the	well
shown	would	not	accomplish	the	necessary	drawdown	if	the	aquifer	were	isotropic	and	fully	penetrated.	If	vertical	gradients	are	clearly	understood	they	can	be	employed	to	minimize	dewatering	costs.	In	some	situations,	a	relatively	few	wells	of	greater	penetration,	although	pumping	somewhat	more	water,	may	get	the	job	done	at	lower	cost.	This
assumes	there	is	little	cost	involved	in	disposing	of	the	water,	for	example	if	it	is	uncontaminated	and	there	is	no	unit	cost	associated	with	its	discharge.	Where	there	is	a	deep	aquifer	of	relatively	high	transmissivity,	as	discussed	in	Section	6.16,	deep	penetration	can	result	in	a	very	large	increase	in	flow.	But	in	other	situations	(for	instance,	the	Fort
Thompson	limestone	formation	in	Florida)	deeper	wells	may	encounter	enormous	quantities	of	water.	In	the	latter	case,	a	greater	number	of	shallow	wells	must	make	skillful	use	of	vertical	gradients	to	keep	the	overall	costs	reasonable.	In	Fig.	5.1b,	an	aquitard	*	of	silty	sand	with	low	hydraulic	conductivity	has	been	introduced	and	the	ratio	Kh	/	Kv
becomes	10	or	more.	The	displacement	⌬	between	piezometers	P-1	and	P-2	is	accentuated,	and	the	gradient	curve	EF	takes	the	form	shown.	The	observation	well	OW,	which	is	screened	both	above	and	below	the	aquitard,	will	show	a	water	level	between	P-1	and	P-2,	averaging	the	vertical	gradient.	OW	will	actually	circulate	water	internally,	and	its
indicated	level	is	not	representative	of	either	of	the	waterbearing	zones.	Conclusions	based	on	such	data	are	erroneous,	and	OW	illustrates	the	danger	of	interpreting	piezometric	data	without	having	an	understanding	of	the	soil	stratification	(see	Chapter	8).	In	Fig.	5.1c,	an	aquiclude*	of	impermeable	clay	is	introduced.	The	deep	piezometer	P-2	shows
negligible	drawdown	and	the	gradient	EF	takes	the	form	indicated.	Vertical	gradients	can	be	used	to	advantage	in	dewatering,	but	they	can	also	represent	a	potential	danger	to	the	excavation.	In	Fig.	5.1b,	if	the	vertical	gradient	in	the	noncohesive	silty	sand	aquitard	exceeds	a	critical	value	(Eq.	3.15),	piping	paths	may	form,	causing	boils	in	the
excavation.	In	Fig.	5.1c,	if	the	depth	of	sand	D	above	the	clay	has	insufficient	weight	to	resist	uplift,	the	clay	may	heave	and	fail.	In	either	case,	the	foundation	properties	of	the	soil	may	be	impaired,	the	slopes	made	unstable,	or	sheeting	and	bracing	can	become	overloaded.	*	An	aquitard	is	a	soil	layer	of	relatively	low	hydraulic	conductivity	(SM,	SC)
that	retards	the	flow	of	water.	An	aquiclude	is	a	layer	of	clay	or	rock	that	is	essentially	impervious	to	water	flow.	The	terms	are,	of	course,	relative.	64	THEORY	5.2	HORIZONTAL	VARIABILITY	With	alluvial,	glacial,	and	marine	deposits,	it	is	common	to	encounter	considerable	variation	in	hydraulic	conductivity	from	point	to	point	horizontally	in	an
aquifer.	Figure	2.1	shows	one	form	such	variation	can	take	in	a	river	valley.	It	is	common	for	the	yield	from	individual	wellpoints	or	wells	to	vary	considerably	within	a	dewatering	system,	due	to	variations	in	aquifer	hydraulic	conductivity	as	well	as	other	factors.	For	efficient	dewatering,	it	is	necessary	to	identify	the	zones	of	highest	hydraulic
conductivity	within	the	area	of	influence,	since	such	zones	act	as	a	source	of	water.	Unless	some	wells	are	located	within	the	high-yield	zones,	a	great	many	more	wells	will	be	required	to	do	the	job.	On	a	number	of	projects	within	the	authors’	experience,	successful	dewatering	was	not	achieved	until	the	high-yield	zones	had	been	located	and	tapped.
In	one	case,	by	locating	wells	as	much	as	700	ft	(213.5	m)	from	the	excavation,	the	desired	result	was	accomplished	with	less	than	a	third	of	the	number	of	wells	that	might	otherwise	have	been	required.	An	illustration	is	given	in	Chapter	7.	High-yield	zones	can	be	one	of	the	most	insidious	dewatering	problems	since	they	can	be	difficult	to	identify
and	locate.	Their	potential	to	assist	the	dewatering	when	tapped	is	just	as	significant	and	influential	as	their	potential	to	recharge	an	area	if	untapped.	Their	presence	can	be	detected	by	careful	analysis	of	drawdown	and	recovery	test	data	(Chapter	9).	The	zones	can	be	inferred	by	analysis	of	areal	geology	(Chapter	2),	from	pumping	test	data	and	test
drilling.	Sometimes	geophysical	methods	(Chapter	11)	are	helpful.	5.3	RECHARGE	BOUNDARIES:	RADIUS	OF	INFLUENCE	R0	The	ideal	aquifer	has	no	recharge	within	the	zone	of	influence	of	pumping.	But,	as	illustrated	in	Fig.	1.1,	most	natural	aquifers	are	constantly	discharging	and	being	recharged.	When	dewatering	begins,	natural	discharge
from	the	aquifer	diminishes.	Recharge	usually	increases.	The	sources	of	recharge	include	•	•	•	•	Surface	infiltration	from	rainfall	or	inundation	Seepage	from	lakes,	ponds,	influent	streams	or	the	sea	Horizontal	connection	with	other	aquifers	Vertical	leakage	through	upper	or	lower	confining	beds	(aquitards)	For	mathematical	convenience	we	say	that
the	sum	of	the	recharge	from	all	the	sources	acts	as	an	equivalent	single	source,	large	in	capacity,	acting	on	a	vertical	cylindrical	surface	at	distance	R0	from	the	center	of	pumping.	R0	is	called	the	equivalent	radius	of	influence	and	is	a	useful	concept	in	both	equilibrium	and	non-equilibrium	situations.	Where	an	excavation	is	located	in	or	close	to	a
river	or	shoreline	in	contact	with	the	aquifer	to	be	dewatered,	it	is	frequently	more	convenient	to	simulate	the	total	recharge	as	an	equivalent	line	source,	a	vertical	plane	at	distance	L	from	the	center	of	pumping	(Fig.	10.3).	A	line	source	may	be	said	to	have	an	effect	on	dewatering	volume	similar	to	a	circular	source	at	twice	the	distance:	R0		2L	(5.2)
Dewatering	volume	varies	inversely	as	the	log	of	R0.	Thus,	errors	in	estimating	equivalent	R0	are	not	proportionately	significant	in	the	estimate	of	volume.	However,	within	the	authors’	experience	R0	has	ranged	over	three	orders	of	magnitude.	The	dewatering	designer	cannot	take	much	comfort	from	the	log	function,	since	estimates	of	equivalent	R0
can	be	a	source	of	gross	error	in	predicting	pumping	conditions.	Of	course,	when	dealing	with	a	line	source	(Fig.	10.3),	the	flow	is	directly	proportional	to	the	distance	to	the	source,	L.	The	only	reliable	indication	of	R0	is	from	a	properly	conducted	pumping	test.	Lacking	that,	a	rough	guide	to	total	recharge	and	to	the	probable	equivalent	R0	can	be
inferred	from	soil	borings,	hydraulic	conductivity	estimates,	areal	geology,	and	surface	hydrology.	A	river	adjacent	to	the	site	may	or	may	not	indicate	close	recharge.	The	Truckee	River	at	Reno,	Nevada,	runs	rapidly	over	a	clean	gravel	bed	and	communicates	well	with	its	underlying	aquifer.	But	the	Passaic	River	at	Belleville,	New	Jersey,	moves
sluggishly	over	a	thick	bed	of	organic	silts	and	communicates	poorly.	Recharge	to	the	aquifer,	and	equivalent	R0,	can	vary	with	time.	A	typical	case	is	recharge	from	surface	infiltration.	In	undeveloped	areas	with	gently	sloping	terrain	and	sandy	soils	extending	to	the	surface	(for	example,	rural	Florida	or	the	New	Jersey	pine	barrens),	the	runoff
coefficient	is	low,	and	recharge	is	significantly	affected	by	precipitation.	Thus,	the	equivalent	R0	may	be	said	to	contract	in	periods	of	heavy	rain	and	expand	during	dry	seasons.	The	stage	of	a	river	may	not	significantly	affect	R0	if	the	river	remains	within	it	banks.	However,	if	the	river	reaches	flood	stage	and	inundates	substantial	areas	of	a	broad
flood	plain,	recharge	can	increase	significantly	and	R0	may	be	said	to	contract.	The	effect	is	particularly	pronounced	if	the	inundation	continues	for	a	week	or	more,	since	the	infiltration	takes	time	to	develop	and	to	replenish	the	storage	depleted	by	pumping	(Fig.	10.4).	These	transient	effects	must	be	considered,	especially	when	extrapolating	the
data	from	a	pumping	test	conducted	during	a	dry	period	to	the	possible	conditions	during	a	lengthy	pumping	project.	Records	of	rainfall	and	river	stages	are	helpful	in	such	extrapolations,	as	discussed	in	Chapter	10.	If	the	main	source	of	recharge	is	another	aquifer,	it	can	usually	be	identified	only	by	a	pumping	test.	Sometimes	the	existence	of	a
major	aquifer	can	be	inferred	from	geology	or	from	records	of	water	supply	wells	in	the	vicinity.	CHARACTERISTICS	OF	NATURAL	AQUIFERS	Mathematical	relationships	involving	R0	are	discussed	in	Chapter	6.	Methods	of	estimating	R0	from	pumping	tests	are	given	in	Chapter	9.	5.4	BARRIER	BOUNDARIES	If	the	aquifer	of	concern	thins	out	or
terminates	within	the	area	of	pumping	influence,	then	a	requirement	of	the	ideal	aquifer	has	been	violated.	A	ridge	or	dike	of	clay	or	impermeable	rock,	or	a	terrace	of	dense	silty	material,	may	create	a	partial	or	complete	barrier	boundary.	Such	boundaries	can,	of	course,	significantly	reduce	the	dewatering	volume,	particularly	with	prolonged
pumping.	Their	presence	may	not	be	revealed	by	a	pumping	test	of	short	duration.	They	can	be	inferred	from	areal	geology	and	topography,	particularly	from	visual	observation	of	outcrops.	If	barrier	boundaries	exist	and	are	not	identified,	the	result	may	be	gross	overdesign	of	the	dewatering	system.	On	a	dam	project	on	the	western	slope	of	the
Rocky	Mountains	in	the	United	States,	two	elaborate	pumping	tests	were	carried	out	in	the	upper	reaches	of	the	stream,	where	the	valley	was	narrow,	to	provide	data	for	estimating	the	necessary	flow	to	dewater	for	the	cutoff	trench	excavation.	The	estimates,	all	based	on	the	same	data,	ranged	from	4000	to	30,000	gpm	(15,000	to	110,000	L/min).	A
4000gpm	(15,000-L/min)	system	was	installed	and	pumped	at	capacity,	but	only	for	24	hours.	As	the	pumping	influence	reached	the	barrier	boundaries	at	the	valley	walls,	and	storage	was	depleted,	the	yield	decreased.	Within	30	days	it	was	65	less	than	1000	gpm	(3785	L/min),	the	total	of	valley	underflow	and	river	bed	infiltration.	Discharge	from	the
aquifer,	either	natural	discharge	or	the	pumping	of	wells	for	water	supply,	or	other	nearby	dewatering	projects	have	an	effect	similar	to	a	barrier	boundary.	Indeed,	in	the	image	well	theory	[5-2],	the	effect	of	barrier	boundaries	is	simulated	by	a	series	of	discharging	image	wells.	If	aquifer	discharge	exists	it	should	be	investigated,	particularly	with
regard	to	whether	the	discharge	will	remain	constant.	If,	for	example,	nearby	water	supply	or	irrigation	wells	are	taken	out	of	service,	the	required	dewatering	volume	could	increase	sharply.	5.5	DELAYED	RELEASE	FROM	STORAGE	In	the	ideal	aquifer,	all	water	pumped	is	from	storage	and	is	instantaneously	released.	In	the	real	world,	not	all	water
is	from	storage	and,	particularly	in	the	case	of	unconfined	aquifers,	the	release	of	stored	water	from	the	pores	of	the	soil	may	take	considerable	time.	These	factors	can	introduce	significant	error	in	estimating	necessary	dewatering	methods	and	volumes,	unless	accounted	for	as	discussed	in	Chapter	6.	References	5-1	Terzaghi,	K.,	and	Peck,	R.	B.
(1967).	Soil	Mechanics	in	Engineering	Practice,	2nd	ed.	Wiley,	New	York,	NY.	5-2	Fetter,	C.	W.	(1988).	Applied	Hydrogeology,	2nd	ed.	Merrill,	Columbus,	OH.	CHAPTER	6	Dewatering	Design	Using	Analytical	Methods	he	significant	unknowns	for	any	dewatering	system	are	the	total	quantity	of	water	Q	that	must	be	pumped	to	accomplish	the	stated
purpose	and	the	quantity	of	water	Qw	that	can	be	expected	from	an	individual	well	or	wellpoint	in	the	system	under	the	dewatered	condition.	On	Q	and	Qw	are	based	the	decisions	regarding	spacing,	design,	and	construction	of	wells	or	wellpoints,	and	on	pumps	and	piping	systems.	The	formulas	summarized	in	Table	6.1	and	described	in	the	following
sections	have	been	used	for	decades	to	estimate	the	performance	of	dewatering	systems.	They	are	called	analytical	models.	When	they	have	been	applied	with	judgment,	and	when	the	values	assumed	for	the	variables	are	appropriate,	the	estimates	have	been	reliable.	However,	the	analytical	models	must	by	their	nature	be	simplified.	In	complex
aquifer	situations,	or	with	dewatering	systems	of	complicated	geometry,	solution	by	numerical	groundwater	models	as	presented	in	Chapter	7	can	give	more	reliable	estimates.	The	analytical	models	are	in	equilibrium.	It	is	assumed	that	pumping	has	continued	until	its	zone	of	influence	has	expanded	to	where	it	has	intercepted	sufficient	recharge	from
other	sources	(such	as	a	surface	water	body	or	a	larger	aquifer)	to	equal	the	amount	of	water	being	pumped.	Many	dewatering	systems	do	not	reach	equilibrium	within	their	useful	life.	But	the	analytical	models	can,	with	suitable	adjustments,	be	used	to	make	satisfactory	evaluations	of	nonequilibrium	situations.	The	advantages	of	the	analytical
models	include	the	following:	T	•	They	give	us	a	grasp	of	the	impact	on	our	design	of	the	variables	(K,	T,	R	0	etc.)	to	which	we	must	assign	values.	From	this	we	can	judge	how	many	borings	should	be	taken,	and	how	deep	they	should	be;	we	can	decide	on	66	•	•	appropriate	vertical	spacing	for	the	samples;	and	we	can	decide	on	what	laboratory	tests
are	appropriate	and	whether	a	field	pumping	test	or	borehole	tests	are	justified.	If	the	system	design	is	straightforward,	we	may	judge	if	it	can	be	analyzed	by	one	of	the	analytical	models.	If	we	decide	a	more	elaborate	numerical	computer	model	is	needed	for	the	analysis	and	design,	an	analytical	model	can	be	used	to	provide	a	reality	check	on	the
computer	solution,	as	discussed	in	Chapter	7.	6.1	RADIAL	FLOW	TO	A	WELL	IN	A	CONFINED	AQUIFER	Figure	6.1	illustrates	a	frictionless	well	with	radius	rw	that	fully	penetrates	a	confined	aquifer	of	hydraulic	conductivity	K	and	thickness	B	and	that	is	pumping	at	a	rate	Qw.	At	a	distance	R	0	from	the	well,	a	limitless	source	of	water	under	head	H
communicates	perfectly	with	the	aquifer	along	the	cylindrical	surface	represented	by	ab.	R	0	is	called	the	radius	of	influence,	beyond	which	there	is	no	drawdown	due	to	pumping.	Pumping	at	the	constant	rate	Qw	has	reduced	the	head	at	rw	to	hw.	Except	for	the	source	of	water	at	R	0,	the	aquifer	is	assumed	to	be	ideal,	according	to	the	Jacob
requirements	discussed	in	Section	4.1.	In	this	equilibrium	situation,	Qw		2KB(H	⫺	hw)	ln	R0	/	rw	(6.1)	The	drawdown	H	⫺	h	at	any	distance	r	from	the	well	will	be	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley
&	Sons,	Inc.	ISBN:	978-0-471-47943-7	DEWATERING	DESIGN	USING	ANALYTICAL	METHODS	67	Table	6.1	Summary	of	Analytical	Models	Model	Qw		Radial	flow,	confined	aquifer	2KB(H	⫺	hw)	ln	R0	/rw	K(H	2	⫺	h2w)	ln	R0	/rw	K(2BH	⫺	B2	⫺	h2w)	ln	R0	/rw	C		empirical	coefficient	Recommended	flow	per	unit	length	of	wet	borehole	(Sichart)	b	KB(H
⫺	hw)	2.65		10⫺6	ln	R0	/rw	Qw		K(H	2	⫺	hw2	)	458	ln	R0	/rw	Qw		K(H	2	⫺	h2w)	5.31		10⫺6	ln	R0	/rw	K(2BH	⫺	B2	⫺	h2w)	458	ln	R0	/rw	Qw		K(2BH	⫺	B2	⫺	hw2	)	5.31		10⫺6	ln	R0	/rw	Qw		Q	KB(H	⫺	h)		x	1440L	Q	KB(H	⫺	h)		x	1.67		10⫺5	L	Q	K(H	2	⫺	h2)		x	2880L	Q	K(H	2	⫺	h2)		x	3.34		10⫺5	L	x		unit	length	of	trench,	for	flow	from	2	sides,	use	twice
the	indicated	value	K		hydraulic	conductivity	Q		2lwrwC兹K	a	Qw		x		unit	length	of	trench,	for	flow	from	2	sides,	use	twice	the	indicated	value	K		hydraulic	conductivity	Q	K(H	2	⫺	h2)		x	2L	Water	table	flow	from	a	line	source	to	a	drainage	trench	KB(H	⫺	hw)	229	ln	R0	/rw	K		hydraulic	conductivity	Q	KB(H	⫺	h)		x	L	Confined	flow	from	a	line	source	to	a
drainage	trench	Qw		K		hydraulic	conductivity	Qw		Radial	flow,	mixed	aquifer	Metric	unitsb	K		hydraulic	conductivity	Qw		Radial	flow,	water	table	aquifier	U.S.	unitsa	Basic	equation	Except	where	noted:	Q	in	gpm;	H,	B,	R0,	rw	in	ft;	K	in	gpd	/	ft2	Except	where	noted:	Q	in	L	/	min;	H,	B,	R0,	rw	in	m;	K	in	m	/	sec	Qw		0.035lwrw兹K	Qw		24.91lwrw兹K	rw
in	in.	lw	in	ft	rw	in	mm	lw	in	m	68	THEORY	than	some	greater	value	achieved	by	more	extended	pumping.	6.2	RADIAL	FLOW	TO	A	WELL	IN	A	WATER	TABLE	AQUIFER	Flow	in	a	water	table	aquifer	is	more	complex	since	the	saturated	thickness,	and	therefore	the	transmissivity,	decreases	as	we	approach	the	well.	Furthermore,	because	of	complex
boundary	conditions	at	the	phreatic	surface,	water	table	problems	theoretically	are	indeterminate.	However,	with	the	simplifying	assumptions	of	Dupuit,	as	described	in	Section	4.6,	relationships	can	be	derived	which	give	good	approximations	of	actual	results.	Referring	to	Fig.	6.3,	the	flow	will	be	Figure	6.1	Equilibrium	radial	flow	to	a	frictionless
well	in	a	confined	aquifer.	H⫺h	Qw	2KB	冉	冊	ln	R0	r	K(H	2	⫺	hw2)	ln	R0	/	rw	(6.2)	If	we	plot	H	⫺	h	versus	log	r,	as	in	Fig.	6.2,	the	curve	is	quite	similar	to	a	Jacob	non-equilibrium	plot	of	drawdown	versus	distance.	The	similarity	is	not	coincidence.	The	equilibrium	formula	is	identical	to	a	special	case	of	the	Jacob	nonequilibrium	formula	at	a	time	t
when	the	influence	of	pumping	has	extended	to	R	0.	This	correlation	between	equilibrium	and	non-equilibrium	relationships	is	of	practical	significance	to	many	dewatering	problems.	Particularly	in	large	aquifers	with	remote	recharge,	the	drawdown	will	continue	to	increase	(or	the	pumping	rate	diminish)	as	R	0	expands	with	the	square	root	of	time.
But	considerations	of	schedule	and	cost	dictate	a	practical	limit	to	the	pumping	time	available	to	accomplish	a	given	result.	Thus,	the	value	assigned	R	0	for	a	dewatering	computation	should	be	that	achieved	in	a	given	time,	based	on	project	schedule	and	costs,	rather	Figure	6.2	Equilibrium	plot	for	a	confined	aquifer.	Q		500	gpm	(1893	L	/	min),	K	
300	gpd	/	ft2	(1.4		10⫺4	m	/	sec),	B		100	ft	(30.5	m),	R0		2000	ft	(610	m),	rw		0.5	ft	(0.150	m).	Qw		Figure	6.3	Equilibrium	radial	flow	to	a	frictionless	well	in	a	water	table	aquifer.	(6.3)	DEWATERING	DESIGN	USING	ANALYTICAL	METHODS	69	Figure	6.4	Equilibrium	plot	for	a	water	table	aquifer.	Q		500	gpm	(1893	L	/	min),	K		300	gpd	/	ft2	(1.4		10⫺4
m	/	sec),	H		100	ft	(30.5	m),	R0		1000	ft	(305	m),	rw		0.5	ft	(0.15	m).	dewatering	close	to	the	bottom	of	an	aquifer,	a	numerical	groundwater	model	(Chapter	7)	may	be	advisable.	Figure	6.4	shows	an	equilibrium	plot	for	a	water	table	aquifer	of	a	type	often	useful	in	dewatering	analysis.	The	log	of	r	is	plotted	against	H	2	⫺	h2.	The	relationship	plotted	is
based	on	Dupuit’s	assumptions	discussed	in	Section	4.6.	Dupuit	does	not	introduce	significant	error	when	r	is	greater	than	about	1.0H.	For	smaller	values	of	r,	Mansur	and	Kaufman	[6-1]	recommend	a	correction	to	the	value	of	h	computed	from	Fig.	6.4,	using	the	method	developed	by	Boreli	[6-2].	In	this	text	we	recommend	a	numerical	groundwater
computer	model	as	being	more	reliable	than	the	Boreli	correction	for	analysis	of	dewatering	close	to	the	base	of	a	water	table	aquifer.	The	remaining	saturated	thickness	at	the	well	in	the	dewatered	condition	is	critical	to	individual	well	capacity	Qw	and	therefore	the	number	of	wells	required	and	the	cost.	Figure	6.5	Equilibrium	radial	flow	to	a
frictionless	well	in	a	mixed	aquifer.	6.3	RADIAL	FLOW	TO	A	WELL	IN	A	MIXED	AQUIFER	The	height	h	of	the	phreatic	surface	at	distance	r	from	the	well,	when	r	is	greater	than	H	(where	H	is	the	original	saturated	thickness),	may	be	estimated	as	follows:	h	冪H	2	⫺	Qw	R	ln	0	K	r	(6.4)	Equation	6.4	will	not	give	satisfactory	solutions	for	h	where	r	is
less	than	about	1.0H.	As	discussed	in	Section	6.13,	in	a	water	table	aquifer	the	pumping	capacity	of	the	well	Qw	is	directly	related	to	the	remaining	length	of	wetted	well	screen	in	the	dewatered	condition.	Therefore,	if	we	overestimate	saturated	thickness	h	close	to	each	well,	we	may	severely	underestimate	the	number	of	wells	required	to	pump	the
total	Q.	When	analyzing	a	system	that	requires	On	some	projects,	both	pressure	relief	and	partial	dewatering	of	a	confined	aquifer	may	be	necessary.	Figure	6.5	illustrates	such	a	case.	Flow	to	the	well	can	be	calculated	from	the	relationship	Qw		K(2BH	⫺	B2	⫺	hw2)	ln	R0	/	rw	(6.5)	6.4	FLOW	TO	A	DRAINAGE	TRENCH	FROM	A	LINE	SOURCE	For
many	dewatering	problems	it	is	useful	to	compute	the	flow	from	a	line	source	to	a	parallel	drainage	trench.	Figure	6.6	illustrates	a	trench	of	infinite	length,	fed	from	a	line	70	THEORY	Figure	6.7	Approximation	of	equivalent	radius	rs	(a)	Circular	systems.	(b)	Rectangular	systems.	rs		冪	ab	(6.8)	Some	analysts	prefer	to	consider	a	rectangular	system	to
act	as	a	circular	system	with	the	same	perimeter:	rs		Figure	6.6	Flow	from	a	single	line	source	to	a	drainage	trench	of	infinite	length.	(a)	Confined	aquifer	(b)	Water	table	aquifer.	source	on	one	side.	For	the	confined	aquifer	in	Fig.	6.6a,	the	flow	from	one	side	per	unit	length	of	trench	is	given	by	Q	KB(H	⫺	h)		x	L	(6.6)	For	the	water	table	aquifer	of	Fig.
6.6b	Q	K(H	2	⫺	h	2)		x	2L	(6.7)	a⫹b		Either	Eq.	6.8	or	6.9	gives	reasonable	approximations	when	the	wells	are	spaced	closely,	when	R	0	is	great	in	relation	to	rs,	and	when	the	ratio	a	/b	is	less	than	about	1.5.	If	the	wells	are	widely	spaced,	the	actual	Q	will	be	significantly	higher	than	that	estimated	for	the	equivalent	well.	If	the	system	contains	only	a
few	widely	spaced	wells,	or	if	R	0	is	small,	then	the	system	should	probably	be	analyzed	by	the	method	of	cumulative	drawdowns	discussed	in	Section	6.12	or	by	a	numerical	groundwater	model	(Chapter	7).	For	long,	narrow	systems	where	the	ratio	a	/b	is	large,	a	combined	analytical	model	can	be	constructed,	using	both	Eqs.	6.3	and	6.9.	Figure	6.8
shows	such	a	system	of	closelyspaced	wells	for	dewatering	a	trench	excavation	of	length	x.	The	wells	are	staggered	on	both	sides	at	a	distance	rs	from	the	center	of	the	trench.	The	northward	and	southward	flow	from	the	line	sources	at	distance	L	can	be	approximated	from	the	trench	Eqs.	6.6	or	6.7.	However,	these	equations	assume	drainage
trenches	of	infinite	length.	Since	the	length	Section	6.5	discusses	the	use	of	the	drainage	trench	equations	6.6	and	6.7	in	analyzing	long,	narrow	dewatering	systems.	6.5	THE	SYSTEM	AS	A	WELL:	EQUIVALENT	RADIUS	rs	Many	problems	can	be	analyzed	by	assuming	the	entire	system	acts	as	a	single	large	well	of	radius	rs.	The	assumption	is	of
greatest	validity	with	a	circular	system	of	closely-spaced	wells,	as	in	Fig.	6.7a.	Rectangular	systems	as	in	Fig.	6.7b	are	assumed	to	act	as	a	circular	system	of	the	same	enclosed	area:	(6.9)	Figure	6.8	Approximate	analysis	of	long,	narrow	systems.	DEWATERING	DESIGN	USING	ANALYTICAL	METHODS	of	the	actual	system	is	finite,	the	end	effects
must	be	considered.	This	can	be	done	by	assuming	that	at	each	end	of	the	system	there	is	a	flow	equal	to	one	half	the	flow	to	a	circular	well	of	radius	rs.	The	total	flow	to	the	system	may	be	approximated	by	adding	Eqs.	6.1	and	6.6	for	a	confined	aquifer,	or	Eqs.	6.3	and	6.7	for	a	water	table	aquifer:	冋	冋	册	册	71	without	recharge,	R	0	is	a	function	of
the	transmissivity,	the	storage	coefficient	and	the	duration	of	pumping.	By	adapting	the	Jacob	formula	(Eq.	4.5),	we	can	estimate	the	order	of	magnitude	of	R	0	without	recharge	as	follows:	R0		rs	⫹	冪C	C	Tt	(6.11)	4	s	Q	2KB(H	⫺	h)	xKB(H	⫺	h)	⫹2	ln	R0	/	rs	L	(6.10a)	Q	K(H	2	⫺	h	2)	xK(H	2	⫺	h	2)	⫹2	ln	R0	/	rs	2L	(6.10b)	While	the	total	Q	from	this
model	is	usually	a	reliable	approximation,	it	is	obvious	that	the	wells	at	the	ends	of	the	system	will	pump	more	than	those	in	the	center	if	spacing	is	constant.	In	practice,	systems	used	to	dewater	trenches	and	tunnels	are	often	leapfrogged	as	the	excavation	continuously	progresses,	so	a	given	well	will,	at	times,	be	anywhere	in	the	system.	It	is	good
practice	therefore	to	design	each	well	and	its	pump	for	the	high	capacity	it	will	yield	when	near	the	end	of	the	system.	When	the	well	is	near	the	center	of	the	system	its	pump	can	be	throttled.	Similarly,	when	using	wellpoints	they	can	be	spaced	uniformly	and	wellpoints	near	the	center	can	be	tuned	as	described	in	Section	19.9.	6.6	RADIUS	OF
INFLUENCE	R0	The	equivalent	radius	of	influence	R	0	that	appears	in	the	various	analytical	models	is	a	mathematical	convenience.	As	discussed	in	Section	5.3,	the	sum	of	the	recharge	to	the	aquifer	is	assumed	to	create	an	effect	similar	to	that	of	a	constant	source	on	a	vertical	cylindrical	surface	at	R	0.	Thus,	the	concept	is,	to	a	degree,	nebulous.
Because	R	0	appears	as	a	log	function	in	Eqs.	6.1–6.5,	precision	in	estimating	it	is	not	necessary	when	analyzing	flow	from	a	circular	source.	However,	in	Eqs.	6.6	and	6.7	the	distance	to	the	line	source	L	(a	similar	concept	to	R	0)	is	proportional	to	Q.	We	have	seen	apparent	R	0	vary	from	100	to	100,000	ft	(30	to	30,000	m)	on	various	projects,
depending	on	aquifer	transmissivity,	storage	coefficient,	pumping	time,	and	other	factors.	The	literature	cites	instances	of	R	0	of	even	greater	magnitude.	So,	the	possibility	of	significant	error	exists.	The	most	reliable	means	of	estimating	R	0	is	by	Jacob	analysis	of	a	pumping	test,	as	described	in	Chapter	9.	Only	this	method	will	reveal	recharge	from
other	aquifers	and	the	degree	of	connection	with	surface	water	bodies.	It	is	necessary	also	to	extrapolate	from	the	conditions	existing	during	the	pumping	test	to	others	that	may	occur	within	the	life	of	the	dewatering	system.	We	have	seen	the	Q	of	a	dewatering	system	increase	by	20,	40,	or	even	100%	during	high	river	stages,	particularly	when
accompanied	by	inundation	of	large	surface	areas	of	the	flood	plain	(Section	5.3).	Lacking	a	pumping	test,	it	is	necessary	to	make	rough	approximations	of	R	0	from	topography	and	areal	geology,	or	from	estimated	aquifer	parameters.	In	an	ideal	aquifer,	Units	to	be	used	in	this	equation	are	given	in	Table	4.3.	For	values	of	the	constant	C4	in	Eq.	6.11,
see	Table	4.3.	Where	rs	is	small	in	relation	to	R	0,	rs	can	be	neglected.	Equation	6.11	is	for	a	confined	aquifer	rather	than	a	water	table	aquifer,	but	the	error	in	R	0	is	small	as	long	as	the	proper	value	of	Cs	is	used.	The	value	for	pumping	time	t	is	selected	from	schedule	or	cost	considerations	regarding	the	time	available	to	accomplish	the	result.	The
value	computed	for	R	0	by	Eq.	6.11	should	be	reduced	on	the	basis	of	judgments	as	to	possible	recharge.	It	is	apparent	from	Eq.	6.11	that	R	0	computed	for	a	typical	confined	aquifer	(Cs		0.001	to	0.0005)	will	be	some	14	to	140	times	greater	than	that	in	a	clean	sand	water	table	aquifer	(Cs		0.2)	with	the	same	transmissivity	and	pumped	for	the	same
time.	Experience	confirms	that	large	values	for	R	0	are	typical	of	confined	aquifers.	An	empirical	relationship	developed	by	Sichart	and	Kryieleis	[6-6]	gives	R0	as	a	function	of	drawdown	H-h	and	K:	R0		3000(H	⫺	h)兹K	(6.12)	Where	H-h	is	in	feet	and	K	is	in	meters	per	second.	Theoretically,	R0	is	independent	of	drawdown	and	is	related	to	pumping
time,	which	does	not	appear	in	the	Sichart	relationship.	Nevertheless,	the	formula	has	produced	reasonable	values	in	some	situations.	In	many	problems,	the	source	of	water	is	conveniently	approximated	by	a	vertical	line	source	at	distance	L	from	the	center	of	the	system,	rather	than	the	vertical	cylindrical	source	at	R	0.	A	line	source	will	produce	the
same	flow	to	a	well	as	a	circular	source	at	twice	the	distance.	For	use	in	equilibrium	equations	6.1	and	6.3,	R0		2L	(6.13)	Section	10.3	discusses	estimates	of	the	distance	L	to	a	line	source	based	on	topography	and	geology.	6.7	HYDRAULIC	CONDUCTIVITY	K	AND	TRANSMISSIVITY	T	The	analytical	models	assume	an	isotropic	homogeneous	aquifer.
When	transmissivity	T	is	determined	by	Jacob	analysis	of	a	pumping	test,	it	is	an	equivalent	isotropic	transmissivity	Ti,	or	the	transmissivity	of	an	isotropic	aquifer,	that	will	perform	in	a	similar	manner	to	the	natural	aquifer	of	interest.	The	thickness	B	of	the	aquifer	can	be	estimated	from	soil	borings	or	inferred	from	the	geology,	and	the	equivalent
isotropic	hydraulic	conductivity	Ki	can	be	computed	from	Eq.	4.1:	72	THEORY	Figure	6.9	Effect	of	partial	penetration	on	flow	to	a	continuous	pumping	well.	Ki		Ti	B	It	must	be	remembered	that,	when	working	with	pumping	test	data,	the	values	of	T	and	K	are	equivalent	isotropic	values	as	described	above.	These	values	of	Ki	and	Ti	can	be	suitable	for
use	in	the	analytical	models,	but	judgment	must	always	be	exercised.	In	water	table	aquifers,	serious	errors	can	be	introduced	if	the	hydraulic	conductivity	varies	with	depth.	In	the	case	where	K	increases	with	depth,	actual	values	of	total	Q	will	be	higher	than	computed,	since	the	saturated	thickness	in	the	dewatered	condition	will	have	higher
transmissivity	than	expected.	If	K	decreases	with	depth,	actual	values	of	Q	will	be	lower	than	computed	(Fig.	18.15)	but	the	capacity	of	each	well	Qw	will	be	sharply	reduced	and	the	larger	number	of	wells	required	may	cause	the	overall	system	cost	to	rise.	Where	the	borings	indicate	variable	hydraulic	conductivity	within	the	flow	regime,	reliable
estimates	of	flow	may	require	multiple	pumping	tests	or	borehole	tests,	and	analysis	of	the	data	by	a	numerical	groundwater	model	(Chapter	7).	6.8	INITIAL	HEAD	H	AND	FINAL	HEAD	h	The	initial	head	H	in	the	aquifer	can	be	inferred	from	observations	during	test	borings.	More	reliable	values	are	obtained	from	piezometers	or	observation	wells	that
have	been	designed	and	constructed	with	prior	knowledge	of	the	stratification	so	that	they	can	be	set	at	the	appropriate	depth	and	be	screened,	filtered,	and	sealed	in	an	appropriate	manner,	as	described	in	Chapters	8	and	11.	Observed	values	of	H	should	be	adjusted	for	possible	changes	during	the	life	of	the	dewatering	system	resulting	from
rainfall,	river	stage,	outside	pumping	activities	and	other	factors,	as	discussed	in	Chapter	10.	The	final	head	h	is	determined	by	the	dewatering	requirements.	It	is	good	practice	where	feasible	to	lower	the	water	table	at	least	2	ft	(0.6	m)	below	the	bottom	of	the	deepest	excavation.	Greater	depth	may	be	advisable	to	ensure	slope	stability,	to	reduce	the
load	on	cofferdams,	or	to	provide	safety	during	pumping	interruptions.	In	the	case	of	pressure	relief,	it	may	not	be	necessary	to	lower	the	head	all	the	way	to	subgrade	if	there	is	sufficient	weight	of	clay	below	subgrade	to	resist	the	pressure.	Selection	of	the	desired	final	head	h	should	be	made	in	consultation	with	the	excavation	designer	and	other
interested	parties.	It	is	frequently	specified	in	the	contract	documents.	Sometimes,	either	through	misapplication	of	standard	specifications	or	misunderstanding	of	soil	and	work	conditions,	the	contract	documents	specify	drawdown	requirements	that	are	just	not	feasible.	For	example,	the	excavation	illustrated	in	Figure	6.10	cannot	be	dewatered	to
below	subgrade.	6.9	PARTIAL	PENETRATION	The	theory	of	Jacob	adapted	herein	assumes	full	penetration	of	the	aquifer	by	the	well	or	wellpoint.	But	in	many	dewatering	situations	the	wells	do	not	penetrate	fully.	Partial	penetration	may	be	deliberate,	for	example	to	eliminate	unnecessary	cost	or	to	reduce	the	pumping	rate	required	to	accomplish
the	result.	Partial	penetration	can	also	occur	unintentionally	from	lack	of	knowledge	about	the	true	depth	of	the	aquifer.	Whatever	the	cause,	lack	of	full	penetration	can	introduce	error,	sometimes	serious	error,	in	the	analysis	of	a	given	situation.	The	error	can	occur	in	the	analysis	of	pumping	test	data	by	the	non-equilibrium	formulas	of	Jacob,	and
also	in	the	extrapolation	of	the	test	data	to	the	system	design,	using	the	analytical	models	of	Table	6.1.	The	flow	net	in	Fig.	6.9	illustrates	the	effect	of	partial	penetration	on	drawdowns	in	a	confined	aquifer	for	a	given	discharge	rate.	Note	that	close	to	the	pumping	well	the	drawdown	is	greater	than	with	full	penetration.	Beyond	a	distance	r	from	the
pumping	well	equal	to	about	1.5	times	the	thickness	B	of	the	aquifer,	the	drawdown	is	approximately	the	same.	The	potential	advantages	and	disadvantages	of	a	partially	penetrating	dewatering	system	can	be	these:	•	The	necessary	drawdown	can	be	achieved	while	pumping	a	lesser	volume	of	water,	particularly	with	dewatering	systems	whose
equivalent	radius	rs	is	small.	In	cases	where	the	water	is	contaminated	and	must	be	treated	before	discharge,	the	lower	required	volume	can	result	in	significant	cost	savings.	Where	regulators	demand	a	limited	dewatering	pumping	rate,	it	may	be	possible	to	meet	those	demands	with	partial	penetration.	DEWATERING	DESIGN	USING	ANALYTICAL
METHODS	•	The	drawdown	near	the	system	can	be	significantly	less,	Table	6.2	Values	of	Partial	Penetration	Constant	for	Observation	Well	•	r	兹Kv	/	Kh	b	a	factor	that	may	reduce	the	risk	of	damage	to	adjacent	structures	or	facilities	due	to	settlement.	Usually	the	number	of	wells	required	to	accomplish	the	result	increases	when	the	wells	are
partially	penetrating.	The	cost	of	additional	wells	must	be	compared	with	savings	in	treatment	or	reduction	in	the	risk	of	side	effects.	73	Well	penetration	b	/	B	percent	30%	50%	70%	Values	for	Cp0	for	R0	/	B		3	0.318	0.621	0.768	0.882	We	must	note	that	the	reduction	in	offsite	drawdown	resulting	from	partial	penetration	of	the	dewatering	system	is
less	with	increasing	radius	from	the	center	of	pumping.	The	solution	of	complex	problems	in	partial	penetration	is	best	approached	with	numerical	groundwater	models	(Chapter	7).	Nevertheless,	the	relationships	of	Butler	[6-4],	as	quoted	in	Walton	[6-5],	will	serve	to	illustrate	the	principles	involved.	Butler	suggests	the	following	relationship	for
adjusting	observed	drawdowns	in	a	partially	penetrating	situation,	where	the	pumped	well	and	the	observation	well	are	in	the	same	zone	of	a	confined	aquifer:	0.40	0.716	0.817	0.905	0.50	0.792	0.860	0.927	0.60	0.848	0.897	0.943	0.80	0.918	0.941	0.966	1.00	0.954	0.967	0.980	1.40	0.984	0.988	0.993	2.23	0.998	0.999	0.999			Cp0	pp	(6.14)	where		
drawdown	in	observation	well	for	fully	penetrating	conditions	(ft	or	m)	pp		observed	drawdown	for	partially	penetrating	conditions	(ft	or	m)	Cp0		partial	penetration	constant	(fraction)	Cp0	can	be	defined	as	the	ratio	of	drawdown	if	the	well	had	fully	penetrated	to	the	observed	drawdown	under	the	actual	condition	of	partial	penetration.	Table	6.2
gives	values	of	Cp0	for	various	conditions.	Note	that	the	effect	of	partial	penetration	increases,	i.e.,	the	value	of	Cp0	gets	smaller,	with	•	•	•	•	Lower	values	of	the	radius	r	to	the	observation	well	Smaller	percentage	penetration	Smaller	ratios	of	vertical	to	horizontal	hydraulic	conductivity	Smaller	ratios	of	R	0	to	thickness	B	Understanding	the	above
effects	is	useful	in	making	rough	evaluations	of	the	effects	of	partial	penetration	and	to	determine	if	the	method	should	be	considered.	Experience	has	shown	that	extrapolation	beyond	the	limits	of	Table	6.2	does	not	give	reliable	results.	6.10	STORAGE	DEPLETION	To	establish	a	dewatered	or	pressure-relieved	condition,	it	is	necessary	to	pump	the
water	released	by	the	aquifer	from	storage	within	it	as	the	head	is	lowered	to	the	desired	level.	Before	equilibrium	can	be	reached,	therefore,	some	quantity	of	water	must	be	pumped	in	addition	to	the	steady-state	flow	from	R	0.	Water	released	from	confined	aquifers	comes	from	elasticity	of	water	and	soil	skeleton.	Water	released	from	water	table
aquifers	comes	from	draining	pore	spaces.	In	the	case	of	confined	aquifers,	the	quantity	of	water	re-	Values	for	Cp0	for	R0	/	B		5	0.318	0.691	0.811	0.904	0.40	0.774	0.854	0.925	0.50	0.837	0.891	0.943	0.60	0.884	0.921	0.957	0.80	0.940	0.957	0.975	1.00	0.969	0.976	0.986	1.40	0.991	0.993	0.996	2.23	0.999	0.999	1.000	Values	for	Cp0	for	R0	/	B		10
0.318	0.753	0.848	0.923	0.40	0.823	0.884	0.941	0.50	0.874	0.917	0.956	0.60	0.913	0.940	0.968	0.80	0.957	0.968	0.983	1.00	0.978	0.983	0.989	1.40	0.993	0.994	0.998	2.23	0.999	0.999	1.000	Values	for	Cp0	for	R0	/	B		100	0.318	0.853	0.909	0.954	0.40	0.897	0.933	0.966	0.50	0.929	0.953	0.976	0.60	0.953	0.968	0.983	0.80	0.978	0.984	0.990	1.00	0.990
0.993	0.996	1.40	0.997	0.998	0.999	2.23	1.000	1.000	1.000	Source.	From	Butler	[6-4];	adapted	from	Jacob	[6-6].	74	THEORY	leased	is	small	and	can	usually	be	neglected.	But	in	water	table	aquifers	(with	which	the	majority	of	dewatering	systems	are	concerned),	the	storage	release	can	be	significant.	When	the	aquifer	transmissivity	is	high,	and	the
desired	drawdown	is	considerable,	the	quantity	of	water	that	must	be	pumped	from	storage	can	be	remarkably	high.	Thus,	it	is	when	we	are	designing	for	large	water	volumes	that	the	storage	depletion	becomes	most	significant.	The	discussion	below,	therefore,	is	more	pertinent	to	water	table	aquifers	of	relatively	high	yield,	say	1000	gpm	(4000
L/min)	or	more.	Storage	release	from	water	table	aquifers	takes	time,	from	days	to	weeks	or	even	months	depending	on	conditions.	This	is	a	major	violation	of	the	Jacob	assumption	and	must	be	taken	into	account	during	pumping	test	analysis	(Chapter	9).	If	the	design	is	based	on	a	pumping	test	appropriate	to	the	conditions,	the	storage	factor	has
already	been	considered	to	some	extent.	As	discussed	in	Chapter	9,	continuing	storage	release	has	an	effect	similar	to	a	temporary	source	of	recharge.	The	data	will	lead	the	designer	to	compensate	for	storage.	The	radius	of	influence	R	0	will	appear	smaller,	and	the	transmissivity	T	may	appear	larger	than	will	actually	be	the	case.	Hence	the	designer
will	likely	select	a	system	of	greater	capacity	than	the	final	steady-state	requirement.	If	the	job	conditions	are	such	that	the	dewatering	must	be	accomplished	in	a	short	time,	extra	capacity	will	indeed	be	required	to	handle	the	storage	release.	If,	however,	the	schedule	allows	some	weeks	or	months	during	which	the	storage	can	be	depleted,	then	the
system	will	be	uneconomically	oversized.	The	principle	can	be	stated	in	this	way:	1.	When	designing	high-yield	dewatering	systems	based	on	pumping	test	data	in	water	table	aquifers,	the	storage	factor	usually	tends	toward	overdesign,	sometimes	dramatically.	If	the	schedule	allows	extended	pumping	time	to	produce	the	desired	steady-state	result,
the	system	capacity	can	frequently	be	reduced	from	the	calculated	values.	If	a	pumping	test	is	not	available	and	the	design	is	to	be	based	on	hydraulic	conductivity	estimated	from	borehole	seepage	tests	of	laboratory	grain-size	analyses,	a	different	situation	develops.	R	0	must	be	estimated	from	Eq.	6.11,	with	indicated	adjustments	from	the
topography	and	areal	geology.	This	approach	ignores	the	storage	factor.	Before	R0	can	reach	the	estimated	value,	water	stored	within	the	zone	of	influence	must	drain	out	and	be	pumped	away.	The	quantity	involved	can	be	quite	large.	The	designer	should	provide	additional	capacity	to	handle	the	storage.	The	principle	can	be	stated	in	this	way:	2.
When	designing	high-yield	dewatering	systems	based	on	boring	or	laboratory	test	data,	the	system	capacity	should	be	increased	above	the	estimated	steady-state	Q	to	compensate	for	storage.	The	required	additional	capacity	should	be	estimated	based	on	judgment	as	to	•	The	total	volume	of	storage	release	•	The	rate	of	release	in	the	given	conditions
of	vertical	hydraulic	conductivity	•	The	time	available	for	accomplishing	the	result	The	quantity	of	water	involved	in	storage	depletion	can	be	very	large.	For	example,	suppose	it	is	desired	to	accomplish	30	ft	(9.1	m)	of	drawdown	in	a	water	table	aquifer	with	100	ft	(30.5	m)	of	saturated	sand	with	a	hydraulic	conductivity	K	of	800	gpd/ft2	(3.8		10⫺4
m/sec).	Assume	that	the	radius	of	the	dewatering	system	is	100	ft	(30.5	m)	and	the	result	is	desired	after	30	days	pumping,	when	the	storage	coefficient	Cs	has	reached	0.1.	From	Eq.	6.11	and	Table	4.3,	the	steady-state	radius	of	influence	that	can	be	expected	without	recharge	is	R0		rs	⫹	冪CTtC	4	s	where	H	h	T	t	rs	Cs							100	ft	70	ft	800		100		80,000
gpd	/	ft	30		1440		43,200	min.	100	ft	0.1	R0		100	⫹	冪	80,000		43,200	4790		0.1		2786	ft	(849	m)	Equation	6.11	is	for	a	confined	aquifer	rather	than	a	water	table	aquifer,	but	the	error	in	R	0	is	small	as	long	as	the	proper	value	of	Cs	is	used.	From	Eq.	6.3	and	Table	6.1,	the	expected	Q	at	30	days	when	R	0	has	reached	2786	feet	(849	m)	will	be	Q	K(H	2
⫺	h	2)	800	(1002	⫺	702)		458	ln	R0	/	rs	458	ln	2786	/	100		2677	gpm	(10,132	L	/	min)	However,	the	quantity	of	water	released	from	storage	within	the	cone	of	depression	for	Cs		0.1	would	be	on	the	order	of	108	gallons	(4		108	L).	To	remove	this	quantity	of	water	in	30	days	an	additional	average	dewatering	capacity	is	required,	in	this	case	greater
than	the	calculated	flow	at	30	days.	It	should	be	noted	that	the	above	calculation	assumes	a	straight-sided	cone	of	influence	rather	than	the	approximately	parabolic	cone	nature	usually	presents	us	with.	But	the	error	introduced	is	small	in	relation	to	the	accuracy	of	the	approximate	values	assigned	to	the	other	variables	and	can	be	ignored.	When	R	0
has	been	estimated	from	borings	and	laboratory	data	using	Eq.	6.11,	the	above	method	of	evaluating	the	storage	depletion	quantity	can	be	considered	a	reasonable	approximation.	If,	on	the	other	hand,	a	reliable	value	of	R	0	has	been	established	by	a	pumping	test,	it	may	be	DEWATERING	DESIGN	USING	ANALYTICAL	METHODS	advisable	to	use	the
test	data	to	analyze	the	flow	rate	and	time	for	storage	depletion	by	a	non-steady-state	groundwater	model	(Chapter	7).	We	have	said	that	water	stored	in	the	aquifer	has	an	effect	similar	to	a	temporary	recharge	boundary.	Therefore,	extended	pumping	time	makes	significant	changes	in	the	characteristics	of	the	dewatering	system.	First,	as	the	storage
depletes	and	the	‘‘temporary	recharge	boundary’’	dissipates,	the	system	becomes	less	sensitive	to	pumping	interruptions.	Piezometers	will	recover	less	rapidly,	since	the	steady-state	flow	must	replenish	the	storage.	This	effect	is	usually	negligible	in	confined	aquifers	but	is	particularly	significant	in	large	water	table	aquifers.	A	second	benefit	of
extended	pumping	is	significant	in	the	case	where	it	is	attempted	to	lower	the	water	table	as	close	as	possible	to	an	impermeable	clay	layer	into	which	the	excavation	penetrates	(Fig.	6.10).	In	this	case,	it	will	be	apparent	that	some	volume	of	water	will	have	to	be	accepted	in	the	excavation.	The	difficulty	of	excavating	through	the	transition	from	sand
to	clay	is	a	function,	among	other	things,	of	the	quantity	of	water	seeping	through	the	slope.	When	the	storage	has	been	depleted	due	to	extended	pumping,	the	quantity	of	water	through	the	slope	is	sharply	reduced.	The	advantage	is	particularly	helpful	in	tunneling	operations	when	there	is	a	transition	from	sand	to	clay	or	rock	in	the	face.	Note	in
Fig.	6.10	that	the	effect,	though	quite	beneficial,	is	not	reflected	in	any	dramatic	decline	in	water	levels	in	piezometers.	The	storage	factor	must	be	considered	when	choosing	between	predrainage	or	open	pumping	on	a	given	project,	as	discussed	in	Chapter	16.	If	storage	is	a	substantial	portion	of	the	volume	to	be	pumped,	then	sumps	and	ditches
may	present	problems	since	the	advantage	of	depleting	the	stor-	75	age	in	advance	of	excavation	is	not	usually	available	to	this	method.	6.11	SPECIFIC	CAPACITY	OF	THE	AQUIFER	The	concept	of	a	dewatering	system	as	a	large	well	enables	us	to	apply	specific	capacity	relationships	in	the	same	way	that	they	are	applied	to	a	single	well.	The
relationship	is	useful	in	understanding	the	quantitative	effect	of	drawdown	on	pumping	volume	and	in	making	rough	checks	of	more	complex	calculations.	In	a	confined	aquifer,	we	can	transpose	Eq.	6.1	to	the	following	form:	Q	2KB		H⫺h	ln	R0	/	rs	(6.15a)	Since	the	terms	on	the	right	side	do	not	vary,	we	can	say	that	Q/H	⫺	h	is	a	constant.	For
example,	in	the	drawdown–	distance	plot	of	Fig.	6.2	the	pumping	at	500	gpm	(1893	L/min)	has	achieved	a	drawdown	of	3.4	ft	(1	m)	at	a	radius	of	100	ft	(30.5	m).	If	it	is	desired	to	achieve	a	drawdown	of	34	ft	(10.4	m)	with	a	pressure	relief	system	having	an	equivalent	rs	of	100	ft	(30.5	m),	it	will	be	necessary	to	pump	at	a	rate	of	about	5000	gpm
(18,930	L/min).	The	analysis	is	only	a	rough	approximation,	of	course,	unless	adjustment	is	made	for	time	of	pumping	and	other	significant	factors.	A	similar	analysis	can	be	made	for	water	table	aquifers.	Transposing	Eq.	6.3	gives	Q	K		H2	⫺	h2	ln	R0	/	rs	(6.15b)	Figure	6.10	Effect	of	storage	depletion	when	dewatering	close	to	an	impermeable	bed.	(a)
Early	pumping	during	storage	depletion.	(b)	Late	pumping	after	storage	depletion.	76	THEORY	In	Fig.	6.4,	pumping	at	a	rate	of	500	gpm	(1893	L/min)	has	produced	a	drawdown	at	a	radius	of	150	ft	(46	m)	such	that	H	2	⫺	h	2	is	equal	to	1449	ft2	(135	m2).	This	drawdown	can	be	calculated	as	7.53	ft	(2.3	m).	If	it	is	desired	to	achieve	a	drawdown	of	20
ft	(6.1	m)	with	a	dewatering	system	having	an	equivalent	rs	of	150	ft	(46	m),	it	will	be	necessary	to	pump	at	a	rate	of	1242	gpm	(4700	L/min).	This	estimate	should	be	adjusted	for	pumping	time	and	storage	depletion.	Figure	4.8	is	a	convenient	means	of	expressing	the	relationship	between	drawdown	and	pumping	rate	in	a	water	table	aquifer.	Note
that	for	50%	drawdown,	75%	of	the	maximum	rate	must	be	pumped.	The	specific	capacity	is	not	a	constant,	but	declines	with	drawdown.	Each	increment	of	drawdown	requires	a	smaller	increment	in	pumping	rate.	It	should	be	noted,	however,	that	for	high-percentage	drawdowns,	the	capacity	of	individual	wells	declines	and	a	great	many	wells	are



required.	For	this	reason,	when	attempting	maximum	drawdown	in	a	water	table	aquifer	closely	spaced	wellpoints	or	ejectors	are	frequently	more	economical,	as	described	in	Chapter	16.	6.12	CUMULATIVE	DRAWDOWN	OR	SUPERPOSITION	The	analysis	of	a	well	system	by	considering	it	to	act	as	a	single	well	has	been	discussed	in	Section	6.5.	The
method	gives	reasonable	results	if	the	wells	are	closely	spaced	in	a	regular	fashion	that	can	be	approximated	by	an	analytical	model.	But	for	widely-spaced	wells,	or	irregular	well	arrays,	the	method	of	cumulative	drawdowns	(sometimes	called	superposition)	is	preferable.	This	method	assumes	that	the	drawdown	at	any	point	in	the	vicinity	of	a	well
array	will	be	the	sum	of	drawdowns	that	would	have	been	caused	at	that	point	by	each	well	operating	alone.	Consider	the	irregular	array	of	five	wells	in	Fig.	6.11.	It	is	desired	to	lower	the	pressure	in	the	confined	aquifer	at	least	27.5	ft	(8.4	m)	within	the	general	excavation	area,	and	an	additional	1.5	ft	(0.46	m)	in	the	area	of	the	pit.	Aquifer
parameters	have	been	determined	from	pumping	test	data	as	T		50,000	gpd	/	ft	(7.2		10⫺3	m2	/	sec)	R	0		10,000	ft	(3050	m)	From	a	preliminary	analysis,	it	has	been	estimated	that	each	well	will	yield	a	flow	of	250	gpm	(1000	L/min).	By	transposing	Eq.	4.2	for	a	Jacob	plot	of	drawdown	versus	distance,	we	get	⌬		C1Qw	T	(6.16)	When	R	0	and	⌬	are
known,	the	Jacob	plot	of	Fig.	6.12	can	be	constructed.	The	radius	from	each	well	to	points	A	and	B	is	measured,	and	the	drawdown	is	read	from	Fig.	Figure	6.11	Analysis	by	cumulative	drawdowns.	(a)	Plan.	(b)	Section.	6.12.	The	total	drawdown	is	summarized	as	shown	in	Table	6.3.	The	method	is	convenient	for	dealing	with	wells	of	varying	capacity,
for	well	systems	arranged	in	complex	arrays,	and	for	predicting	the	effect	on	the	system	if	one	or	more	wells	should	fail.	After	a	well	array	suitable	for	achieving	the	required	drawdown	is	developed,	it	is	necessary	to	estimate	the	remaining	head	at	one	or	more	wells	w	to	confirm	that	it	will	support	the	well	capacity	Qw	that	has	been	assumed	(see
Section	6.13).	In	addition	to	the	graphical	procedure	shown	above,	cumulative	drawdowns	can	be	summarized	mathematically	using	Eq.	6.1.	In	the	mathematical	form,	the	method	is	suitable	for	solution	by	using	spreadsheets	or	other	computer	programs.	With	complex	well	arrays,	the	computer	is	the	most	practical	tool.	The	above	discussion	applies
to	confined	aquifers.	Theoretically,	the	method	of	cumulative	drawdowns	cannot	be	applied	to	water	table	aquifers	since	the	transmissivity	T	changes	with	drawdown.	Each	well	that	is	added	changes	DEWATERING	DESIGN	USING	ANALYTICAL	METHODS	77	Figure	6.12	Plot	of	drawdown		versus	log	of	radius	r	for	analysis	by	cumulative	drawdown.
Q		250	gpm	(946	L	/	min),	T		50,000	gpd	/	ft	(7.2		10⫺3	m2	/	sec)	⌬		528		250	/	50,000		2.64	ft	(0.805	m).	Table	6.3	Calculation	of	Cumulative	Drawdown	Point	A,	ft	(m)	Point	B,	ft	(m)	Well	r		r		1	38	(11.6)	6.4	(1.95)	140	(42.7)	4.9	(1.5)	2	47	(14.3)	6.2	(1.9)	115	(35.06)	5.2	(1.6)	3	120	(36.6)	5.1	(1.6)	50	(15.2)	6.1	(1.86)	4	120	(36.6)	5.1	(1.6)	50	(15.2)	6.1
(1.86)	5	47	(14.3)	6.2	(1.9)	115	(35.06)	5.2	(1.6)	Total	29.0	(9.1)	27.5	(8.4)	the	performance	of	the	preceding	wells.	However,	experience	shows	that	where	the	desired	drawdown	is	less	than	about	20%	of	the	initial	saturated	thickness,	the	method	gives	reasonable	results	and	its	flexibility	tends	to	compensate	for	the	error	introduced.	If	the	drawdown
is	more	than	20%,	numerical	groundwater	modeling,	Chapter	7,	should	be	considered.	penetrating	well	will	reveal.	A	shallower	well	will	have	a	somewhat	greater	ratio	of	Qw	/lw	than	one	that	penetrates	more	deeply,	but	this	is	usually	ignored.	In	a	confined	aquifer,	the	designer	can	sometimes	control	Qw	by	the	depth	of	penetration.	But	especially	in
anisotropic	aquifers,	the	penetration	will	increase	the	total	Q,	so	the	selection	of	lw	becomes	a	compromise	between	the	cost	of	a	greater	number	of	shallower	wells	and	the	cost	of	pumping	more	water.	In	areas	where	there	are	restrictions	on	pumping	water,	or	where	the	water	is	contaminated	and	must	be	treated	before	discharge,	a	greater	number
of	partially	penetrating	wells	may	be	the	preferred	solution.	In	a	water	table	aquifer,	whose	base	is	not	far	below	the	subgrade	of	the	excavation,	the	designer	is	limited	by	the	length	of	wetted	screen	remaining	in	the	dewatered	condition.	Consider	the	profile	of	a	well	system	shown	in	Fig.	6.13.	It	is	necessary	to	lower	the	water	table	to	a	maximum
height	h	above	the	base	of	the	aquifer.	There	will	be	a	gradient	between	wells,	so	that	lw	will	always	be	less	than	h.	The	difference	h	⫺	lw	is	a	function	of	h,	hydraulic	conductivity	K,	Qw,	and	spacing	a,	and	is	also	very	much	a	function	6.13	CAPACITY	OF	THE	WELL	Qw	The	capacity	of	an	individual	well	in	a	dewatering	array	is	a	critical	factor	in	the
design,	since	it	determines	the	number	of	wells	necessary	to	do	the	job	and	is	therefore	a	major	determinant	of	the	cost	of	building	the	system.	Unfortunately	the	individual	well	capacity	Qw	is	one	of	the	most	difficult	variables	to	predict.	As	shown	in	Table	6.1,	Qw	for	a	well	that	has	been	properly	designed	and	completed	is	a	function	of	the	length	lw
exposed	to	the	saturated	aquifer,	the	hydraulic	conductivity	K	of	the	aquifer	sands,	and,	within	limits,	the	radius	of	the	well	rw.	Length	lw	Qw	can	be	assumed	to	vary	directly	with	lw.	This	is	not	precisely	true,	as	a	flow	net	analysis	(Fig.	6.9)	of	a	partially	Figure	6.13	Profile	of	a	line	of	wells	of	infinite	length	in	a	water	table	aquifer.	78	THEORY	of	the
quality	of	well	construction,	as	discussed	in	Chapter	18.	Radius	of	Well	rw	If	we	consider	Eq.	6.3,	we	would	mistakenly	conclude	that	rw	does	not	greatly	affect	Qw:	K(H	⫺	h	)	ln	R0	/	rw	2	Qw		2	w	(6.3)	Note	that	in	Eq.	6.3	rw	appears	as	a	log	function,	so	that	changes	in	the	radius	do	not	result	in	proportionate	changes	in	Qw.	The	effect	is	more
marked	as	R	0	increases.	For	example,	with	R	0	of	1000	ft	(305	m),	doubling	rw	from	0.5	to	1.0	ft	(0.15	to	0.30	m)	results	in	only	a	10%	increase	in	Qw.	But	Eq.	6.3	is	for	a	frictionless	well.	The	drawdown	represented	by	H	⫺	h	in	the	equation	is	only	the	formation	loss.	The	total	loss	in	head	that	determines	Qw	is	the	formation	loss	H	⫺	h	plus	the	well
loss	fwl	shown	in	Fig.	6.13.	In	relatively	small-diameter	wells,	the	flow	will	change	from	laminar	to	turbulent	as	the	water	approaches	the	well.	The	loss	of	head	increases	sharply	above	that	predicted	by	Darcy’s	law,	which	is	based	on	laminar	flow.	Under	turbulent	conditions,	the	radius	of	the	well	rw	can	have	a	major	effect	on	the	well	loss	and
therefore	on	the	net	Qw.	Sichart	[6-3]	has	suggested	that	rw	should	be	such	that	the	radial	velocity	at	the	cylindrical	surface	of	the	well	bore	does	not	exceed	a	critical	value	related	to	the	hydraulic	conductivity,	as	discussed	below.	Hydraulic	Conductivity	It	is	evident	that	Qw	is	a	function	of	the	hydraulic	conductivity	K	of	the	sands	that	the	well
contacts.	If	the	filter	pack	made	perfectly	unobstructed	contact	with	the	natural	sand,	it	is	possible	that	Qw	could	approach	a	value	such	that	the	gradient	near	the	contact	is	theoretically	almost	unity,	the	critical	hydraulic	gradient.	This	concept	can	be	written	in	terms	of	Darcy’s	law:	Qw	⬍	2rwK	lw	(6.17a)	Qw	⬍K	A	(6.17b)	or	where	A	is	the
cylindrical	surface	of	the	well	bore.	Theoretically,	if	this	value	of	Qw	/A	were	exceeded,	the	well	would	be	subject	to	sand	packing	or	piping.	In	an	actual	well,	however,	perfect	contact	between	filter	and	aquifer	cannot	be	achieved,	and	if	Eq.	6.17	were	used	to	predict	Qw	/A,	unrealistically	high	values	of	Qw	would	be	indicated.	Sichart’s	empirical
relationship	[6-3]	is	useful	in	predicting	Qw.	He	suggests	that	a	practical	value	of	Qw	/A	is	a	function	of	the	square	root	of	hydraulic	conductivity	K.	It	can	be	expressed	as	follows:	Qw		0.035lwrw兹K	(U.S.)	(6.18a)	where	Qw	is	in	gallons	per	minute,	lw	in	feet,	rw	in	inches,	and	K	in	gallons	per	day	per	square	foot.	Or	Qw		24.91lwrw兹K	(metric)	(6.18b)
where	Qw	is	in	L/min,	lw	in	meters,	rw	in	millimeters,	and	K	in	meters	per	second.	The	Sichart	relationship	has	given	conservative	values	for	predicting	Qw	in	wells	that	have	been	constructed	and	completed	in	accordance	with	good	practice,	as	discussed	in	Chapter	18.	Other	formulas	have	been	suggested.	Minster	[6-7]	states	that	in	Russia	Qw	/A	is
predicted	as	a	multiple	of	the	cube	root	of	hydraulic	conductivity.	Normally,	rw	is	selected	on	the	basis	of	drilling	method,	difficulty	in	ground	penetration,	type	of	well	screen	available,	and	other	factors.	The	radius	ranges	from	4	in.	(100	mm)	for	wells	constructed	by	jetting	or	by	small	rotary	drills,	up	to	18	in.	(450	mm)	for	wells	constructed	by
bucket	augers	or	reverse	circulation	drilling.	If	judgment	based	on	experience	suggests	Qw	predicted	by	the	Sichart	relationship	is	unreasonably	low,	it	is	likely	that	well	loss	fwl	can	be	reduced	and	Qw	increased	by	enlarging	the	radius	of	the	well.	This	can	only	be	determined	during	a	pumping	test,	as	described	in	Chapter	9.	Experience	confirms
that	beyond	some	critical	value,	increasing	rw	adds	little	benefit	to	performance	of	the	well.	One	procedure	for	predicting	Qw	for	the	purposes	of	preliminary	design	is	as	follows:	1.	rw	is	selected	at	a	reasonable	value	based	on	drilling	method	and	difficulty,	and	size	of	available	well	screen.	2.	A	value	of	Qw	/lw	is	estimated	from	Eq.	6.18a	or	6.18b,	or
read	from	the	curves	of	Fig.	6.14.	3.	A	value	of	Qw	is	assumed,	and	the	necessary	length	of	wetted	screen	for	this	Qw	is	calculated.	4.	An	analysis	is	made	of	the	available	lw	under	the	predicted	job	conditions	to	check	the	assumed	Qw.	a.	In	a	confined	aquifer,	lw	can	be	assumed	equal	to	the	thickness	B,	unless	it	is	desired	to	use	partial	penetration
either	to	reduce	the	total	flow	of	water,	the	cost	of	drilling,	the	drawdown	under	adjacent	structures	or	for	some	other	reason.	In	such	cases,	lw	would	be	the	length	of	wellscreen	exposed	to	the	aquifer.	b.	In	a	water	table	aquifer	where	the	maximum	drawdown	does	not	exceed	20%	of	original	saturated	thickness	H,	cumulative	drawdowns	can	be	used
to	roughly	estimate	lw	using	a	plot	similar	to	Fig.	6.4.	The	Boreli	correction	[6-2]	is	significant.	However,	a	numerical	groundwater	model	(Chapter	7)	may	do	the	job	better	and	faster.	If	the	drawdown	exceeds	20%,	cumulative	drawdowns	are	not	appropriate	and	the	numerical	modeling	method	should	be	used.	DEWATERING	DESIGN	USING
ANALYTICAL	METHODS	79	Figure	6.14	Sichart	plot	of	Qw	/	lw	versus	K.	A	precautionary	note	is	in	order.	Since	Qw	is	critical	to	the	design	and	the	cost	of	executing	the	dewatering	program,	appropriate	safety	factors	should	be	used.	The	most	reliable	method	of	predicting	Qw	is	to	conduct	a	step	drawdown	test	during	the	pumping	test	prior	to
design	(Chapter	9).	An	estimated	Qw	in	the	dewatered	condition	can	be	extrapolated	from	the	results	of	the	step	drawdown	test,	adjusting	for	anticipated	changes	in	lw.	Early	in	the	well	construction	program,	it	is	good	practice	to	make	simple	tests	on	additional	wells	as	they	are	completed	to	determine	if	the	preliminary	findings	are	valid.	The	Case
History	on	Murray	Lock	and	Dam	in	Chapter	16	illustrates	how	such	ongoing	tests	minimized	what	could	have	been	a	major	cost	overrun	and	also	avoided	an	extended	schedule	delay.	6.14	FLOW	NET	ANALYSIS	AND	THE	METHOD	OF	FRAGMENTS	For	aquifer	situations	which	are	of	irregular	geometry,	the	simplified	analytical	models	described
previously	are	suitable	for	only	very	rough	approximations.	For	more	reliable	analysis,	the	flow	net	method	has	been	used	effectively.	The	construction	of	flow	nets	and	the	use	of	the	method	in	dewatering	analysis	have	been	discussed	in	detail	by	Cedergren	[6-8].	Figure	6.15	shows	a	plan	flow	net	of	a	rectangular	system	of	wells	to	dewater	a	trench
excavation	for	the	circulating	water	lines	for	a	powerhouse.	Because	the	ratio	of	length	to	width	of	the	rectangular	system	of	wells	is	large,	and	because	the	distance	L	to	the	line	source	is	small,	the	use	of	a	simplified	analytical	model	would	result	in	serious	error.	Because	the	source	is	close,	the	cumulative	drawdown	method	is	unsuitable	since	it
requires	the	simplification	that	R	0		2L,	which	in	this	geometry	would	also	result	in	error.	For	such	situations,	flow	net	analysis	can	be	useful.	Procedures	for	drawing	flow	nets	are	given	in	the	reference	cited.	In	general,	the	flow	net	consists	of	a	series	of	flow	lines	delineating	the	path	of	water	particles,	perpendicular	to	a	series	of	equipotential	lines,
which	represent	the	loss	in	head.	A	properly	drawn	flow	net	takes	the	form	of	curvilinear	squares	or	rectangles.	The	method	requires	trial	and	error.	Assume	that	the	pipeline	excavation	in	Fig.	6.15	requires	pressure	relief	of	a	confined	aquifer.	The	total	flow	Q	required	to	accomplish	the	pressure	relief	is	Q		KB(H	⫺	h)	where	K	B	H⫺h	Nf	Ne						Nf	Ne
(6.19)	hydraulic	conductivity	of	the	aquifer	sand	thickness	of	the	aquifer	drawdown	required	the	number	of	flow	paths	the	number	of	equipotential	drops	A	plan	flow	net	can	also	be	used	to	estimate	the	total	flow	in	water	table	situations.	The	total	flow	Q	will	be	N	Q		K(H	2	⫺	h	2)	f	Ne	(6.20)	where	H		original	saturated	thickness	h		final	saturated
thickness	The	advantages	of	the	flow	net	method	are	several.	It	is	suitable	for	analysis	of	somewhat	complex	situations,	as	shown	in	Fig.	6.15.	Because	it	gives	a	graphical	representation	of	flow	patterns,	it	facilitates	judgmental	adjustments	for	the	design.	For	example,	in	Fig.	6.15,	it	is	apparent	that	80	THEORY	Figure	6.15	Plan	flow	net	analysis.
Figure	6.16	Concentric	dewatering	systems.	the	wells	in	the	array	must	be	spaced	more	closely	near	the	river	than	they	are	remote	from	it.	This	relationship	can	be	quantified	by	consideration	of	the	relative	width	of	the	flow	paths.	If	testing	has	indicated	variations	in	aquifer	hydraulic	conductivity	or	thickness	in	various	portions	of	the	net,	or	if	the
data	suggests	a	barrier	boundary	to	the	west,	appropriate	adjustments	in	the	well	array	can	be	visualized.	Sectional	flow	nets	are	useful	for	analyzing	the	effect	of	partial	penetration	of	wells	(Fig.	6.9)	and	the	effect	of	partially-penetrating	cutoffs.	While	flow	nets	can	be	used	to	solve	problems	in	either	plan	or	section,	the	method	is	essentially	two
dimensional,	and	is	unsuitable	for	analysis	in	three	dimensions.	The	method	also	assumes	the	aquifer	is	isotropic	and	homogeneous.	Where	the	aquifer	under	consideration	departs	from	these	requirements,	serious	error	will	result	unless	judgmental	adjustments	are	made.	The	method	of	fragments,	originated	by	Pavlosky	in	1935	and	reported	by	Harr
[6-9],	is	a	mathematical	concept	that	is	similar	in	approach	to	flow	nets.	The	method	established	formulas	for	approximate	solutions	to	a	series	of	problems,	using	simplifying	assumptions	that	introduce	no	greater	error	than	is	inherent	in	assigning	values	to	the	variables	in	groundwater	problems.	In	ordinary	practice	today,	flow	nets	or	the	method	of
fragments	may	be	used	for	rough	preliminary	assessments	of	a	complex	problem.	But	when	reliable	data	are	available	from	adequate	borings	and	one	or	more	pumping	tests,	the	capability	of	numerical	groundwater	modeling	(Chapter	7)	is	being	utilized	more	and	more.	6.15	CONCENTRIC	DEWATERING	SYSTEMS	A	common	problem	in	dewatering
analysis	is	that	of	concentric	systems;	for	example,	a	multistage	wellpoint	system	or	a	combination	of	deep	wells	with	a	stage	of	wellpoints	as	discussed	in	Chapter	16.	Suppose	it	is	desired	to	lower	the	water	table	in	the	sand	aquifer	in	Fig.	6.16	so	that	excavation	can	proceed	into	the	underlying	bed	of	clay.	It	is	proposed	to	use	deep	wells	to	lower	the
water	to	within	15	ft	(4.6	m)	of	the	clay	and	a	single	wellpoint	stage	to	lower	the	water	further	so	that	final	cleanup	can	be	accomplished	with	sumps	and	ditches.	Assume	the	following:	DEWATERING	DESIGN	USING	ANALYTICAL	METHODS	81	Figure	6.17	Combined	vertical	and	horizontal	flow.	U.S.	Metric	K	500	gpd	/	ft	2.3		10	H	50	ft	15.2	m	4.6	m
2	h1	15	ft	h2	3	ft	0.9	m	R0	2000	ft	610	m	rs	(wells)	200	ft	61	m	rs	(wellpoints)	100	ft	30.5	m	⫺4	m	/	sec	The	design	of	the	well	system	is	straightforward	and	can	proceed	as	previously	discussed,	using	an	analytical	model	from	Table	6.1.	For	the	deep	wells	Q1		K(H	2	⫺	h12)	458	ln	R0	/	rs	Q1		500(502	⫺	152)		1080	gpm	(4088	L	/	min)	458	ln	2000	/	200
For	the	combination	of	deep	wells	and	the	wellpoints,	if	we	assume	that	the	wellpoint	system	alone	handles	all	the	water,	then	the	wellpoint	design	is	also	straightforward:	Q2		500(502	⫺	32)		908	gpm	(3435	L	/	min)	458	ln	(2000	/	100)	Q2	is	less	than	Q1	because	the	effect	of	lowering	the	water	an	additional	12	ft	(3.7	m)	is	more	than	counterbalanced
by	the	effect	of	pumping	from	the	smaller	radius	rs,	in	this	case	100	ft	(30.5	m)	instead	of	200	ft	(61	m).	The	head	of	water	hw2	remaining	at	the	well	system	when	pumping	only	with	the	wellpoints	is	higher	than	hw2	when	pumping	the	wells,	as	we	would	expect.	It	would	normally	be	wasteful	to	install	a	wellpoint	system	capable	of	handling	the	entire
flow,	and	shut	off	the	wells,	even	if	the	total	flow	pumped	would	be	somewhat	reduced	thereby.	In	practice,	the	total	flow	will	be	pumped	by	both	the	wells	and	wellpoints.	The	solution	can	be	found	using	an	iterative	procedure	or	more	simply	and	quickly	by	a	numerical	computer	model	(Chapter	7).	Corwin,	Miller,	and	Powers	[6-10]	report	the	Murray
Lock	and	Dam	project,	which	successfully	utilized	a	system	of	deep	wells	in	combination	with	a	short	slurry	trench	instead	of	a	single	stage	of	wellpoints	(Chapter	16).	The	slurry	trench	maintained	a	length	of	wetted	screen	lw	sufficient	to	provide	satisfactory	Qw	at	the	line	of	wells.	The	soil	conditions	at	the	site	included	a	layer	of	coarse	sand	and
gravel	with	high	hydraulic	conductivity	at	the	base	of	the	aquifer.	Given	this	high	K	layer,	if	a	combination	of	wells	and	wellpoints	had	been	selected	a	high	proportion	of	the	flow	originally	pumped	by	the	wells	would	transfer	to	the	wellpoints,	requiring	a	very	high	capacity	wellpoint	system.	The	slurry	trench	option	was	more	cost	effective.	6.16
VERTICAL	FLOW	The	relationships	discussed	thus	far	in	this	chapter	deal	primarily	with	horizontal	groundwater	flow,	which	is	the	mode	most	commonly	encountered	in	dewatering.	Confined	aquifer	flow	is	usually	horizontal.	Water	table	aquifer	flow	is	also	simplified	to	horizontal	by	the	Dupuit	assumption,	Section	6.2.	There	is,	however,	a	condition
that	has	been	encountered	on	dewatering	projects	where	the	flow	is	both	vertical	and	horizontal,	and	the	analytical	models	of	Table	6.1	are	unsuitable	and	will	introduce	serious	error.	Figure	6.17	illustrates	a	circular	dewatering	system	of	radius	rs	operating	in	such	a	condition.	An	aquifer	exists	at	depth,	with	a	transmissivity	much	higher	than	the
sand	aquifer	being	dewatered.	Very	little	drawdown	occurs	in	the	deep	aquifer	due	to	the	shallow	pumping	by	wells	that	only	partially	penetrate	the	sand.	The	effect	is	that	the	deep	aquifer	acts	as	a	large	water	source,	a	recharge	boundary	of	essentially	constant	head.	Depending	on	the	vertical	hydraulic	conductivity,	and	82	THEORY	Figure	6.18
Gravel	tremie.	the	depth	of	penetration	of	the	dewatering	system,	the	flow	from	this	lower	source	can	range	from	moderate	to	very	high.	The	condition	illustrated	in	Fig.	6.17	occurs	with	some	frequency	in	subtropical	coralline	geology,	as	described	in	Section	2.10.	Such	a	condition	was	encountered	in	the	United	States	in	southeast	Florida	several
years	ago.	If	this	vertical	flow	condition	is	analyzed	with	horizontal	flow	formulas,	the	error	introduced	can	be	very	large.	Compare	Fig.	6.17	with	Fig.	6.3;	the	latter	shows	horizontal	flow	in	a	water	table	aquifer	with	an	impermeable	base,	from	a	vertical	cylindrical	recharge	boundary	represented	by	surface	ab.	Equation	6.3	and	Table	6.1	show	that	in
this	situation,	total	Q	to	an	equivalent	well	varies	as	the	natural	log	of	the	radius	of	the	well:	Q	K(H	2	⫺	h	2)	458	ln	R0	/	rs	(6.3)	Let	us	assume	these	values:	K		300	gpd	/	ft2	(1.4		10⫺4	m	/	sec)	H		100	feet	(30.5	m)	h		60	feet	(18.3	m)	R	0		3000	feet	(915	m)	If	the	radius	rs	of	the	equivalent	well	is	150	ft	(45.7	m),	the	estimated	Q	will	be	1399	gpm	(5300
L/min).	If	rs	is	doubled	to	300	ft	(91.5	m),	the	Q	increases	only	30%	to	1819	gpm	(6890	L/min).	But	in	Fig.	6.17	the	arrows	indicate	that	the	total	flow	includes	vertical	flow	Qv	from	the	deep	horizontal	recharge	boundary	within	the	radius	of	the	dewatering	system	rs	and	a	combination	of	vertical	and	horizontal	flow	Qv	/h	crossing	the	zone	between	rs
and	R	0.	Reliable	analysis	of	the	condition	in	Fig.	6.17	requires	a	three-dimensional	numerical	groundwater	model	(Chapter	7).	But	we	can	make	some	qualitative	statements	that	aid	our	understanding.	If	we	go	back	to	Figure	6.3,	where	there	is	no	deep	aquifer,	we	have	noted	above	that	doubling	the	radius	of	the	system	rs	may	increase	the	total	flow
by	only	30%.	But	with	the	deep	aquifer	shown	in	Fig.	6.17,	doubling	the	radius	of	the	system	will,	in	accordance	with	Darcy’s	law,	quadruple	the	vertical	flow	inside	rs	and	also	increase	the	combined	horizontal	and	vertical	flow	outside	rs.	The	total	flow	will	increase	many	times	more	than	the	30%	predicted	by	misguided	application	of	the	horizontal
flow	formula	(Eq.	6.3).	It	must	be	noted	that	the	condition	illustrated	in	Fig.	6.17	can	only	be	analyzed	with	a	numerical	groundwater	model	based	on	data	from	a	pumping	test.	Moreover,	the	pumping	test	itself	cannot	be	analyzed	without	a	numerical	model,	since	the	horizontal	flow	assumed	in	Jacob	analysis	(Chapters	4	and	9)	is	violated.	A	three-
dimensional	model	must	be	calibrated	to	the	data	from	the	pumping	test	before	a	reliable	design	is	possible.	6.17	GRAVEL	TREMIE	It	will	be	apparent	from	Fig.	6.17	that	the	vertical	flow	from	the	deep	aquifer	below	subgrade	can	be	reduced	by	minimizing	the	penetration	of	the	dewatering	system.	But	unless	the	wells	or	wellpoints	penetrate	enough
to	provide	adequate	lw	and	Qw	(Section	6.13)	a	great	many	wells	or	wellpoints	will	be	required.	This	problem	has	been	mitigated	by	the	following	procedure,	illustrated	in	Fig.	6.18:	1.	The	excavation	is	carried	down	to	some	distance	D	below	subgrade	underwater,	without	pumping.	If	the	slopes	are	unstable	even	underwater,	they	may	have	to	be
supported	with	sheeting.	2.	A	prefabricated	system	of	horizontal	perforated	pipes	equipped	with	sumps	is	set	as	shown.	3.	The	excavation	is	backfilled	up	to	subgrade	with	a	uniform	gravel	of	high	hydraulic	conductivity,	with	grain	size	selected	not	to	pass	the	natural	soils,	using	the	well	filter	design	methods	described	in	Chapter	18.	DEWATERING
DESIGN	USING	ANALYTICAL	METHODS	We	note	that	a	pumping	test	will	be	required	to	provide	data	for	the	design	of	the	perforated	pipe	sumping	system,	the	thickness	of	the	gravel	tremie	and	other	factors.	The	pumping	test	itself	should	be	analyzed	by	a	threedimensional	numerical	model,	and	the	design	of	the	gravel	and	sumping	system	also
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Angeles,	CA.	CHAPTER	7	Groundwater	Modeling	Using	Numerical	Methods	he	power	and	versatility	of	numerical	models	in	solving	groundwater	problems	was	recognized	as	early	as	the	mid-1960s	[7-1],	but	their	mathematical	complexity	made	their	application	arduous	at	the	time	and	led	to	limited	use	in	practice.	However,	with	the	introduction	of
powerful	personal	computers	in	recent	years	to	crunch	the	numbers,	numerical	models	have	become	an	invaluable	tool	for	analysts	faced	with	complex	groundwater	problems.	Today,	well-documented	and	extensively	tested	groundwater	flow	models,	such	as	MODFLOW	as	developed	by	the	U.S.	Geological	Survey,	are	available	within	the	public
domain	and	enjoy	widespread	use.	Versatile,	user-friendly,	pre-	and	post-processing	programs	that	streamline	data	entry,	model	construction,	and	analysis	of	model	results	are	also	commercially	available.	Anderson	and	Woessner	[7-2]	provide	a	good	introduction	to	groundwater	modeling	methods	and	applications	for	water	supply	and	contaminant
transport.	This	chapter	discusses	how	numerical	modeling	with	computers	can	be	employed	to	achieve	approximate	numerical	solutions	for	dewatering	problems	that	heretofore	defied	practical	analysis.	Currently	available	groundwater	flow	models	and	modeling	software	are	used	for	illustration.	The	reader	is	cautioned	that	improvements	in
modeling	software	develop	at	astonishing	speed.	To	enhance	personal	effectiveness,	we	urge	the	analyst	to	keep	current	with	the	state	of	the	art.	But	the	basic	principles	described	herein	will,	we	believe,	remain	useful.	T	7.1	MODELS	IN	DEWATERING	PRACTICE	A	groundwater	model	is	a	physical	or	mathematical	approximation	of	a	real-world
groundwater	system,	usually	created	84	either	to	understand	the	behavior	of	an	existing	groundwater	system	or	to	predict	its	response	to	a	subsequent	change.	Figure	7.1a	provides	an	example	of	a	physical	model	(i.e.,	a	laboratory	sand	box)	that	was	used	in	1958	to	design	the	dewatering	system	for	construction	of	Dry	Dock	#6	at	the	Puget	Sound
Naval	Shipyard	in	Bremerton,	Washington.	The	model	at	a	scale	of	1	in.		10	ft	(25	mm		3	m)	is	a	replica	of	the	drydock	excavation	on	the	outboard	edge	where	steel	sheet	piling	was	driven	for	partial	cutoff	in	the	open	water	of	Puget	Sound.	The	model	facilitated	investigation	of	the	effects	of	both	a	badly	leaking	and	a	reasonably	sealed	sheet	pile
cutoff	on	dewatering	flow	patterns	and	quantities.	Such	models	are	limited	to	the	particular	problem	at	hand,	with	results	acutely	sensitive	to	model	preparation.	For	instance,	precautions	used	in	the	model	of	Fig.	7.1	included	proportionally	reduced	hydraulic	conductivity	of	the	soils,	the	use	of	water	treated	with	surfactants	to	avoid	capillary
attraction,	and	liquid	level	devices	to	provide	close	tolerances	on	water	levels.	Accordingly,	they	are	seldom	used	today	other	than	for	relatively	simple	demonstration	purposes	in	the	laboratory.	Past	practice	has	also	taken	advantage	of	the	similarity	between	the	laws	governing	the	flow	of	groundwater	through	a	porous	medium	and	the	flow	of
electricity	through	a	conductor	to	predict	groundwater	flows	and	pressure	variations.	These	electric	models	(Fig.	7.2)	are	called	analog	models.	Model	construction	may	use	a	conductive	material	to	simulate	the	permeable	aquifer,	copper	strips	for	sources	of	seepage	or	drainage,	and	nonconductive	material	for	impervious	surfaces	and	barrier
boundaries.	Electric	models	can	simulate	confined	aquifers,	account	for	aquifer	heterogeneity,	and	even	be	extended	to	three	dimensions.	However,	they	cannot	accommodate	the	changes	in	transmissivity	that	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall
and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	85	Figure	7.1	(a)	Model	flume	to	investigate	dewatering	requirements	for	construction	of	Dry	Dock	#6	at	the	Puget	Sound	Naval	Shipyard	in	Bremerton,	WA.	Courtesy	Moretrench.	(b)	Mathematical
model	(flow	net)	used	in	design	of	the	permanent	pressure	relief	system.	(a)	(b)	occur	as	water	levels	decline	in	water	table	aquifers	and	are	limited	in	application	to	the	unique	problem	at	hand.	Mathematical	models	such	as	flow	nets	(Fig.	7.1b)	use	mathematical	equations	to	describe	the	physical	properties	and	forces	governing	groundwater	flow.
Mathematical	models	used	in	dewatering	practice	are	primarily	either	analytical	models	or	numerical	models.	Analytical	models,	as	discussed	in	Chapter	6,	describe	the	groundwater	flow	system	as	a	single	aquifer	or	system	of	aquifers	and	confining	units.	These	models	generally	involve	certain	simplifying	assumptions;	primary	among	these	are	the
condition	of	a	homogenous	and	isotropic	aquifer.	This	is	necessary	to	simplify	groundwater	flow	to	one	or	two	dimensions.	A	single,	vertically	averaged	value	of	transmissivity	is	also	usually	employed	in	these	models.	Analytical	models	offer	the	advantage	of	ease	of	use	and	quick	execution.	However,	because	of	their	simplifying	assumptions,	analytical
models	begin	to	break	down	when	aquifer	heterogeneity,	anisotropy,	or	other	complexities	are	introduced	and	can	become	wholly	unreliable	unless	guided	and	adjusted	by	practical	observations	and	judgment,	such	as	discussed	in	Chapter	6.	Numerical	models	describe	the	groundwater	flow	system	in	detail,	with	both	spatial	and	temporal	variations
in	aquifer	properties,	boundaries,	and	applied	stresses	defined	for	each	point.	Numerical	models	can	therefore	accommodate	aquifer	heterogeneity,	anisotropy,	complex	and	irregular	boundary	conditions,	and	transient	and	steady-state	flow	simulations.	Two	dimensional	(2-D)	or	three	dimensional	(3-D),	transient	or	steady-state,	confined	or
unconfined	models	are	possible	that	can	consider	both	vertical	and	horizontal	components	of	flow.	The	most	frequently	employed	numerical	models	are	finite	difference	and	finite	element	models.	Finite	difference	models	are	generally	easier	to	use	and	understand.	Finite	element	methods	offer	certain	inherent	advantages	such	as	the	ability	to	better
simulate	irregularly	shaped	or	moving	boundaries.	Anderson	and	Woessner	[7-2]	provide	additional	guidance	on	the	relative	advantages	between	finite	difference	and	finite	element	models.	86	THEORY	Figure	7.2	Analog	flow	models.	(a)	Groundwater	system.	(b)	Electrical	system.	(c)	Simple	electrical	analog	model	of	flow	to	dewatering	slot.	The
authors	have	employed	groundwater	modeling	as	a	predictive	tool	prior	to	construction,	as	a	valuable	aid	in	design	and	optimization	of	dewatering	systems	during	construction,	and	as	an	accepted	method	of	analysis	in	the	resolution	of	disputes	after	construction.	Although	groundwater	modeling	allows	us	to	solve	ever	more	complex	problems	in
dewatering,	it	is	not	without	limitation.	These	limitations	must	be	understood	before	embarking	on	a	modeling	venture,	and	be	retained	in	the	analysis	and	evaluation	of	the	model	results:	•	A	model	is	only	an	approximation	of	a	real	groundwater	system.	•	High-powered	mathematics	and	complex	graphics	do	not	make	up	for	poor	data	or	a	poor
understanding	of	the	dynamics	of	groundwater	flow.	For	example,	as	discussed	in	Chapter	6,	the	yield	of	a	well	Qw	in	the	dewatered	condition	is	dependent	on	the	remaining	saturated	thickness	in	the	aquifer	outside	the	well,	well	loss	and	well	construction	methods	among	other	factors.	A	model	may	be	helpful	in	evaluating	the	remaining	saturated
thickness,	but	it	can	not	account	for	such	other	factors	that	affect	well	performance.	In	other	words,	the	model	cannot	predict	Qw.	Instead,	model	input	and	output	must	always	be	compared	for	their	consistency	with	real	world	values	and	performance.	In	the	case	of	Qw,	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	•	87	range	of
aquifer	properties	and	boundaries	as	determined	from	the	available	subsurface	data.	A	model	is	no	substitute	for	the	practical	experience	and	judgment	derived	from	the	analysis	of	dewatering	systems	and	subsequent	observation	of	their	performance	in	the	field.	In	short,	a	numerical	groundwater	model	is	only	as	good	as	the	available	information	on
which	it	is	based,	and	the	skill	and	experience	of	the	person	doing	the	modeling.	A	model	cannot	be	misused	as	long	as	those	involved	in	the	use	and	evaluations	of	the	model	understand	the	limitations	of	the	model	and	remain	grounded	in	reality.	7.2	WHEN	TO	CONSIDER	A	NUMERICAL	MODEL	Figure	7.3	Plan	view	of	sewage	treatment	plant.	•	•
the	methods	of	Chapter	6	and	practical	experience	may	be	used	as	a	guide.	The	model	is	not	right	until	confirmed	by	the	field	data.	Only	a	model	that	is	calibrated	to	an	appropriate	field	data	set	can	provide	reasonably	reliable	predictions	of	aquifer	response	to	future	stresses	such	as	pumping.	A	calibrated	model	is	only	one	of	a	number	of	possible
solutions	to	the	given	data.	Although	the	reliability	of	the	model	will	improve	where	more	quality	data	is	available,	provision	is	always	warranted	in	our	model	designs	for	variations	in	aquifer	response	within	a	reasonable	Many	dewatering	problems	can,	and	whenever	possible	should,	be	solved	analytically	using	the	methods	described	in	Chapter	6,
review	of	which	is	recommended	before	studying	this	chapter.	Analytical	models,	by	their	basic	assumptions,	are	simpler	to	understand	and	apply	and	provide	reliable	results	when	tempered	with	good	judgment	and	used	with	an	appropriate	evaluation	of	the	aquifer	parameters	entering	the	equations.	However,	there	are	certain	aquifer	conditions
and	geometry	where	either	the	use	of	an	analytical	model	becomes	too	complicated	or	the	simplifying	assumptions	involved	pose	serious	error.	Figure	7.3	is	a	plan	view	of	a	typical	sewage	treatment	plant	project	that	will	serve	to	illustrate	the	situations	that	are,	or	are	not,	suitable	for	analytical	solutions.	There	is	a	deep	influent	pump	station	and
various	other	structures	with	different	subgrades.	Figure	7.4	Figure	7.4	Profile	A–A	of	sewage-treatment	plant	in	a	confined	aquifer.	88	THEORY	illustrates	in	profile	a	groundwater	regime	that	might	exist	at	such	a	project.	Excavation	is	for	the	most	part	in	clay.	However,	there	is	a	confined	aquifer	at	shallow	depth	below	the	excavation	that	must	be
pressure-relieved	to	prevent	heave	or	blowout	in	the	foundation	subgrade.	The	problem	in	Fig.	7.4	can	be	solved	analytically	by	the	method	of	cumulative	drawdowns	(sometimes	called	superposition)	described	in	Section	6.12.	Estimates	are	made	based	on	pumping	test	data	of	T,	R0,	and	Qw.	A	plot	such	as	Fig.	6.2	is	constructed.	Since	the	aquifer	is
confined,	the	effect	of	each	well	in	a	system	at	any	point	of	interest	in	the	regime	can	be	predicted	based	on	Qw	of	the	well	and	its	radius	to	the	point.	An	array	is	selected	and	tested	to	see	if	it	provides	the	required	drawdown	at	every	point.	If	it	does	not,	wells	are	added,	removed	or	rearranged	until	a	satisfactory	array	is	achieved.	Computers	are
quite	useful	in	a	cumulative	drawdown	analysis	and	many	other	analytical	models	because,	with	an	appropriate	spreadsheet	or	program,	various	well	arrays	can	be	tested	much	more	quickly	than	by	hand.	A	parametric	analysis	to	judge	the	sensitivity	of	the	analytical	model	to	possible	ranges	in	aquifer	properties	or	variations	in	boundary	conditions	is
also	readily	manageable.	The	computer	saves	time	during	repeated	iterations	of	an	analytical	solution.	If	the	program	used	has	a	graphic	output,	contours	can	be	quickly	drawn	that	illustrate	the	drawdown	at	every	point	in	the	regime.	Consider	now	the	different	flow	regime	shown	in	profile	in	Fig.	7.5.	The	excavation	must	be	carried	down	through	a
water	table	aquifer.	The	base	of	the	aquifer	is	relatively	close	to	the	deepest	subgrade.	There	is	no	analytic	solution	for	the	problem	of	Fig.	7.5.	Cumulative	drawdowns	do	not	Figure	7.5	Profile	A–A	of	sewage	treatment	plant	in	a	water	table	aquifer.	work,	because	each	well	added	to	the	array	changes	the	performance	of	previous	wells.	For	the	water
table	aquifer	in	Fig.	7.5,	a	computer	model	can	provide	an	approximate	numerical	solution,	using	a	finite	element	or	finite	difference	approach.	In	effect	the	overall	regime	is	broken	down	into	a	group	of	individual	smaller	problems	that	can	be	solved.	The	computer	model	does	much	more	than	save	time;	it	can	give	us	an	approximate	but	sufficiently
accurate	solution	to	a	problem	that	previously	defied	practical	analysis.	Before	numerical	models,	problems	such	as	Fig.	7.5	were	solved	by	‘‘seat	of	the	pants’’	judgment,	based	on	the	experience	of	dewatering	engineers	and	followed	by	trial	and	error	in	execution	of	the	work	in	the	field.	Other	aquifer	conditions	(Fig	7.6)	where	numerical	models
generally	deserve	consideration	include	the	following:	•	Stratified	aquifers.	As	previously	discussed,	analytical	models	generally	involve	certain	simplifying	assumptions;	primary	among	these	are	a	homogenous	and	isotropic	aquifer.	This	is	necessary	to	simplify	groundwater	flow	to	one	or	two	dimensions.	A	single	vertically	averaged	value	of
transmissivity	is	also	usually	used	in	these	models.	Numerical	models	are	helpful	where	there	are	significant	spatial	changes	in	hydraulic	conductivity	or	aquifer	thickness	that	may	affect	ground	water	flow	rates	or	patterns.	2-D	areal	or	plan	models	are	useful	where	significant	spatial	variations	in	transmissivity	exist	in	a	confined	aquifer.	3-D	models
may	be	necessary	in	water	table	aquifers	where	flow	cannot	reasonably	be	assumed	to	follow	the	Dupuit	assumptions	of	horizontal	flow.	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	89	Figure	7.6	Aquifer	conditions	where	a	groundwater	model	should	be	considered.	(a)	Stratified	aquifer.	(b)	Anisotropy	and	vertical	flow.	(c)
Proximate	or	irregular	boundaries.	(d)	Transient	flow.	(e)	Partial	penetration	of	aquifer.	•	Aquifer	anisotropy	and	vertical	flow.	Analytical	models	are	•	based	on	the	Dupuit	simplification	where	groundwater	flow	through	the	aquifer	is	assumed	to	be	horizontal.	A	2-D	model	in	profile	or	3-D	model	is	necessary	to	account	for	both	the	vertical	and
horizontal	flow	components.	Proximate	or	irregular	boundaries.	Analytical	models	usually	provide	reliable	results	when	aquifer	boundaries	are,	or	can	reasonably	be	inferred	as,	regular	and	fairly	distant	from	the	site.	A	flow	net	may	be	useful	if	aquifer	conditions	are	reasonably	homogenous	and	isotropic.	•	However,	where	proximate	or	irregular
boundaries	exist,	a	2-D	model	in	profile	or	3-D	numerical	model	may	be	necessary.	Non-steady-state	or	transient	analyses.	Transient	analyses	introduce	temporal	variations	in	addition	to	the	usual	spatial	variations	in	aquifer	properties	and	boundary	conditions	and	in	well	pumping	rates.	The	Theis	[7-3]	non-equilibrium	equation	is	useful	for	evaluating
the	non-steady-state	drawdown	around	a	single,	fullypenetrating	well.	But	where	multiple	pumping	wells	or	variations	in	aquifer	properties	are	involved,	a	nu-	90	•	THEORY	merical	model	becomes	essential	to	practical	analysis.	Partial	penetration.	Partial	penetration	of	the	aquifer	results	in	a	departure	from	the	radial	flow	patterns	observed	under
fully	penetrating	conditions.	The	elongated	flow	paths	and	convergence	of	flow	as	water	approaches	the	well	introduces	vertical	gradients	in	the	aquifer	and	increases	head	loss	around	the	well.	The	performance	of	a	single,	partially-penetrating	well	can	be	analyzed	by	the	method	of	Butler	[7-4].	But	when	a	multiple	array	of	partially	penetrating	wells
is	considered,	Butler	becomes	inappropriate	since	each	well	that	is	added	changes	the	performance	of	previous	wells.	Superposition	cannot	be	applied.	Similar	to	the	case	of	vertical	flow,	a	2-D	model	in	cross	section	or	3-D	model	may	be	necessary	to	account	for	both	the	vertical	and	horizontal	flow	components	generated	by	partial	penetration.	7.3
PRINCIPAL	STEPS	IN	MODEL	DESIGN	AND	APPLICATION	The	principal	steps	in	model	design	and	application	usually	include	the	following:	1.	Definition	of	the	need	and	purpose.	Numerical	modeling	is	a	significant	effort	that	must	be	justified.	A	numerical	model	should	not	be	attempted	if	a	conventional	analytical	model	is	available	that	will	solve
the	problem.	Definition	of	the	purpose	of	modeling	will	determine	what	data	(Kh	/Kv,	storage	coefficients,	recharge,	etc.)	are	necessary	to	facilitate	modeling	and	the	necessary	scope	of	the	modeling	effort	(i.e.,	2-D	or	3-D,	steady-state	or	transient	flow).	2.	Development	of	the	conceptual	model.	This	is	the	most	important	step	and	becomes	the	basis	for
all	that	follows.	It	requires	assembly	and	understanding	of	all	of	the	available	geologic,	soils,	and	groundwater	information	for	the	site	and	surrounding	area.	Appropriate	plans	and	cross	sections	are	then	prepared	to	visualize	and	understand	the	data	and	assist	in	model	construction.	Any	data	gaps	should	also	be	identified	that	may	require	further
investigation	or	evaluation	of	uncertainty	in	model	predictions.	3.	Selection	of	the	modeling	program.	The	computer	program	must	be	reliable	and	appropriate	to	meet	the	intended	purpose	and	requirements	of	the	conceptual	model.	4.	Construction	of	the	computer	model.	The	computer	model	is	created	using	an	appropriately	selected	computer
program	on	the	basis	of	the	conceptual	model.	This	includes	entry	of	all	aquifer	properties,	boundaries,	initial	conditions,	and	applied	stresses	such	as	recharge	from	surface	water	infiltration	or	well	pumping.	5.	Verification.	Verification	involves	detailed	scrutiny	of	the	data	entry	and	comparison	of	model	results	with	analytical	solutions	to	give
confidence	in	the	model	solution.	6.	Calibration.	Calibration	of	the	model	involves	adjustment	of	aquifer	parameters	until	a	reasonable	match	is	achieved	between	model	predictions	and	a	known	state	of	aquifer	stress	(usually	hydraulic	heads)	measured	in	the	field.	7.	Prediction	and	parametric	analyses.	A	calibrated	model	facilitates	performance	of
subsequent	predictive	simulations	with	some	degree	of	confidence.	A	parametric	analysis	is	useful	in	evaluating	model	sensitivity	and	uncertainty	within	a	realistic	range	of	aquifer	properties	and	boundary	conditions,	as	determined	from	the	conceptual	model.	In	dewatering	practice,	not	every	model	will	involve	all	of	these	steps.	Some	models	may
not	have	sufficient	information	to	allow	calibration	and	are	strictly	used	where	aquifer	complexities	render	analytical	models	unreliable	(Section	7.11).	However,	where	the	results	of	modeling	may	have	potentially	major	impact	on	the	construction	of	a	project	or	its	cost,	model	calibration	to	a	pumping	test	or	some	other	known	aquifer	stress	is
recommended.	Often,	a	model	may	be	used	as	a	design	tool,	either	by	the	engineer	to	evaluate	the	feasibility	of	alternative	construction	methods	or	by	the	contractor	in	development	of	initial	dewatering	schemes.	The	model	is	then	adjusted	and	in	effect	becomes	calibrated	as	additional	data	become	available	during	the	geotechnical	investigation	or
when	dewatering	installations	are	guided	by	the	observational	approach	(Section	7.12).	7.4	THE	CONCEPTUAL	MODEL:	DEFINING	THE	PROBLEM	TO	BE	MODELED	The	first	step	in	the	modeling	process	is	to	define	the	nature	of	the	problem.	Questions	such	as	the	following	must	be	posed:	•	•	•	•	•	•	•	Is	the	aquifer	confined	or	water	table?	Do	we
need	a	steady-state	or	a	transient	solution?	Will	the	pumping	devices	fully	penetrate	the	aquifer?	Will	cutoffs	be	employed?	Do	they	fully	penetrate?	What	are	the	assumed	values	of	transmissivity	T,	hydraulic	conductivity	K,	thickness	B,	storage	coefficient	Cs,	and	anisotropy	Kh	/Kv?	Do	we	expect	them	to	be	relatively	uniform	throughout	the	flow
regime?	The	reliability	of	the	above	assumptions	must	be	assessed.	Are	they	based	on	pumping	tests,	local	experience,	water	supply	records,	or	only	test	borings	and	sieve	analyses?	Does	the	aquifer	receive	recharge	from	a	surface	water	body?	Is	it	recharged	by	leakage	from	aquifers	above,	below,	or	to	one	side,	or	by	surface	infiltration?
GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	Table	7.1	Characteristics	of	the	Water	Table	Aquifer	of	Fig.	7.5,	as	Developed	from	a	Pumping	Test	K	for	sand		600	gpd	/	ft2	(2.8		10⫺4	m	/	sec)	K	for	clay		negligible	R0		2000	ft	(610	m)	at	30	days	Initial	water	table		elev.	⫹	112	ft	(⫹34.1	m)	Bottom	of	aquifer		elev.	⫹	50	ft	(⫹15.2	m)	91
The	program	should	be	user-friendly	so	that	data	entry	can	be	conveniently	made	and	mistakes	and	errors	readily	recognized.	For	example,	the	programs	with	graphical	user	interfaces	(CAD-type	formats)	are	proving	valuable	both	for	data	entry	and	interpreting	the	results.	The	program	supplier	will	define	the	hardware	necessary	to	use	the	product
effectively.	Initial	saturated	thickness	H		62	ft	(18.9	m)	7.6	INTRODUCTION	TO	MODFLOW	•	Are	there	discharges	from	the	aquifer	other	than	the	pumping	devices	to	be	modeled?	Such	discharges	could	be	drainage	into	surface	water	bodies,	leakage	into	other	aquifers,	or	pumping	from	other	devices.	Will	these	discharges	change	during	the
dewatering	period?	With	at	least	tentative	answers	to	these	questions,	the	conceptual	model	is	drawn	up	to	scale	in	plan	and	profile	as	in	Figs.	7.3	and	7.5,	and	the	aquifer	characteristics	tabulated	as	in	Table	7.1.	7.5	SELECTING	THE	PROGRAM	When	the	United	States	Environmental	Protection	Agency	reviewed	several	hundred	groundwater
modeling	programs,	it	concluded	that	many	were	unreliable	for	various	reasons.	The	first	step	in	selection	is	to	prepare	a	list	of	programs	of	proven	reliability.	Some	have	been	tested	in	litigation,	a	good	indication	of	worth.	The	International	Ground	Water	Modeling	Center	([email	protected])	maintains	an	active	database	of	available	groundwater
models,	including	an	archive	of	reviews	listing	the	capabilities	and	limitations	of	recent	software	and	software	upgrades.	A	list	of	reliable	programs	would	include	those	with	varying	capabilities.	For	example,	•	Two	dimensional	(2-D)	or	three	dimensional	(3-D).	2-D	•	programs	may	be	satisfactory	where	the	aquifer	is	fully	penetrated.	For	evaluating
partial	penetration	a	3-D	program	is	required.	Steady-state	or	non-steady-state.	A	long-term	dewatering	project	frequently	intercepts	enough	recharge	to	the	aquifer	to	create	essential	equilibrium.	But	short-term	projects	may	not.	Similarly,	if	it	is	desired	to	evaluate	the	time	before	essential	equilibrium	occurs	for	schedule	purposes,	then	a	non-
steady-state	program	is	required.	The	planning	recommended	in	Section	7.4	may	indicate	other	demands	that	will	be	made	on	the	program.	For	example,	•	Must	it	deal	with	anisotropy?	•	Must	provision	be	made	for	recharge	from	various	sources?	McDonald	and	Harbaugh	[7-5],	under	the	employ	of	the	United	States	Geological	Survey	(USGS),
developed	the	‘‘USGS	Modular	Three-Dimensional	Finite	Difference	Groundwater	Flow	Model,’’	better	known	as	MODFLOW,	in	1984.	Since	that	time,	MODFLOW	has	continued	to	evolve	with	the	development	of	a	variety	of	add-on	packages	(‘‘modules’’)	that	expand	its	capabilities	in	simulating	groundwater	flow.	MODFLOW	currently	enjoys	the
status	of	the	most	extensively	tested	and	widely	used	groundwater	flow	model	in	the	world	with	applications	in	such	diverse	areas	as	groundwater	supply,	groundwater	remediation	and	contaminant	flow,	and	construction	dewatering.	MODFLOW	and	many	related	programs,	including	MODFLOWP	and	MODPATH,	fall	within	the	public	domain	and	are
available,	with	accompanying	user	documentation,	at	no	cost	from	the	USGS	at	www.water.usgs.gov/software.	A	complete	description	of	MODFLOW	is	beyond	the	scope	of	this	text.	A	brief	introduction	to	the	simulation	capabilities	of	MODFLOW	follows,	with	specific	relevance	to	groundwater	flow	applications.	Anderson	and	Woessner	[7-2]	and
Kresic	[7-6]	are	recommended	for	a	more	detailed	discussion	of	the	MODFLOW	program	and	its	simulation	capabilities.	Simulation	Capabilities	MODFLOW	is	capable	of	simulating	both	steady-state	and	transient	flow	in	confined	aquifers,	unconfined	aquifers,	and	confining	units.	It	can	simulate	a	variety	of	natural	and	artificial	features	and	processes
(Fig.	7.7)	such	as	rivers,	lakes,	springs,	drains,	wells,	infiltration	from	rainfall,	and	other	sources	of	aquifer	recharge	and	discharge.	Hydraulic	conductivity	or	transmissivity	can	vary	spatially	to	accommodate	both	heterogeneous	and	anisotropic	aquifer	conditions.	The	program	comprises	a	number	of	independent	modules	or	packages	(River	package,
Well	package,	etc.)	that	are	employed	only	as	necessary	for	the	specific	modeling	application.	Model	Input	and	Construction	MODFLOW	uses	a	three-dimensional	grid	of	rows,	columns,	and	layers	to	simulate	the	natural	aquifer	as	an	assemblage	of	three-dimensional	blocks	or	cells	(Fig.	7.8).	Row	and	column	widths	are	plan	dimensions;	soil	layering
and	thicknesses	define	the	third	dimension	of	the	model.	Aquifer	properties	(horizontal	and	vertical	hydraulic	con-	92	THEORY	Figure	7.7	Features	of	an	aquifer	system	that	can	be	simulated	by	MODFLOW.	From	U.S.	Geological	Survey.	ductivity,	storage	coefficient,	and	effective	porosity)	are	defined	for	each	cell	to	simulate	the	natural	variation	in
the	aquifer.	Storage	coefficient	is	necessary	if	a	transient	simulation	is	performed.	A	current	limitation	of	the	model	is	that	the	storage	coefficient	cannot	be	varied	with	time	to	account	for	the	effects	of	delayed	release	from	storage.	Effective	porosity	is	necessary	only	if	a	particle	tracking	program	is	used	in	concert	with	MODFLOW.	In	addition	to
these	aquifer	properties,	information	relating	to	any	internal	or	external	boundary	conditions,	or	imposed	stresses	such	as	rivers	or	pumping	wells,	is	specified	at	cells	corresponding	to	the	location	of	these	features.	Stress	periods	must	also	be	defined	as	input	in	transient	simulations.	A	stress	period	is	an	interval	of	time	where	all	imposed	stresses
(boundary	conditions,	pumping	rates,	etc.)	remain	constant.	Additional	stress	periods	are	added	to	the	model	as	necessary	to	capture	potential	temporal	variations	in	applied	stresses,	such	as	variations	in	well	pumping	rates	or	river	stage.	Each	stress	period	is	further	divided	into	time	steps,	with	the	model	calculating	the	head	distribution	at	each
time	step.	This	is	useful	in	understanding	changes	in	hydraulic	head	and	drawdown	during	each	stress	period.	Solution	and	Model	Output	Using	the	model	input,	MODFLOW	solves	the	governing	equations	of	groundwater	flow	using	a	finite	difference	approximation.	The	solution	is	an	iterative	process	that	accounts	for	the	flow	into	and	out	of	each	of
the	six	faces	of	the	individual	cells.	A	number	of	different	solution	methods	or	‘‘solvers’’	are	available.	Fetter	[7-7]	provides	helpful	guidance	on	the	use	of	such	solvers.	Model	output	consists	of	the	cell-by-cell	distribution	of	head	and	flow	in	the	aquifer.	It	also	gives	the	total	amount	of	flow	into	and	out	of	the	model.	This	water	budget	indicates	the
balance	of	flow	in	the	model	and	accuracy	of	the	numerical	solution.	Many	pre-	and	post-processing	programs,	such	as	Visual	MODFLOW,	Groundwater	Vistas	and	Groundwater	Modeling	System	(GMS),	are	available	commercially,	which	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	93	Figure	7.8	MODFLOW	discretization	of	the
natural	aquifer.	Row	and	column	widths	are	plan	dimensions;	soil	layering	and	thicknesses	define	the	third	dimension	of	the	model.	From	McDonald	and	Harbaugh,	1988.	provide	graphical	user	interfaces	(CAD-type	environments)	that	speed	data	entry	and	enhance	the	visualization	and	interpretation	of	model	results	using	2-D	and	3-D	graphics	(Fig.
7.9).	Special	Features	A	number	of	modules	or	related	programs	have	been	developed	with	useful	applications	in	modeling	construction	dewatering	problems:	•	•	The	Horizontal-Flow	Barrier	(HFB)	Package	simulates	•	thin	features	of	low	hydraulic	conductivity	such	as	vertical	cutoff	structures.	This	package	allows	simulation	of	thin	cutoff	structures
without	the	need	to	reduce	grid	spacing	to	replicate	the	actual	cutoff	width.	This	reduces	the	necessary	complexity	of	the	model	with	resulting	improvement	in	model	efficiency.	MODFLOW-SURFACT	[7-8].	In	MODFLOW,	the	pumping	rate	from	a	well	screened	over	multiple	layers	is	apportioned	to	each	layer	based	on	a	weighted	average	of	the
hydraulic	conductivity	and	length	of	wellscreen	in	each	layer.	This	approach	fails	to	take	into	account	the	interconnection	between	layers	provided	by	the	well.	When	the	water	table	drops	below	the	bottom	of	the	layer	in	which	a	well	is	screened,	flow	from	that	layer	is	shut	off	and	the	total	pumping	rate	is	reduced	regardless	of	whether	the
underlying	layer	can	sustain	the	higher	•	yield.	MODFLOW-SURFACT	is	an	alternative	groundwater	flow	code	that	can	handle	saturated–	unsaturated	modeling	and	is	able	to	redistribute	the	flow	in	the	well	to	underlying	layers	if	a	cell	within	the	screen	interval	goes	dry,	thereby	providing	a	more	realistic	simulation	of	well	performance.	The	Multi-
Node	Well	(MNW)	Package	[7-9]	simulates	wells	with	screen	intervals	that	span	over	multiple	model	nodes.	Multi-node	wells	can	simulate	wells	that	are	installed	in	multiple	aquifers	or	in	a	single	heterogeneous	aquifer,	partially	penetrating	wells,	and	horizontal	wells.	Well	flows	are	dynamically	distributed	between	nodes	under	pumping	and
recharging	conditions	based	on	the	hydraulic	conductivity	and	heads	in	the	aquifer.	Drawdown	in	the	well	can	also	be	limited	to	simulate	realistic	constraints	imposed	on	wells	by	the	depth	of	pump	settings	and	screen	intervals.	The	MNW	package	is	particularly	useful	in	simulating	dewatering	systems	where	wells	are	typically	operated	at	or	near
maximum	yield	and	drawdown	to	near	clay	or	bedrock	interfaces	is	frequently	required.	MODPATH	[7-10]	calculates	the	average	linear	groundwater	velocities	and	three-dimensional	pathline	of	a	particle	placed	anywhere	in	the	model	grid	for	both	steady-state	and	transient	simulations.	This	can	be	useful	in	evaluating	the	potential	for	dewatering	to
cause	migration	and	capture	of	contaminant	plumes	within	the	94	THEORY	in	that	portion	of	the	model,	we	can	be	confident	that	the	model	has	been	verified.	7.8	CALIBRATION	Figure	7.9	Example	of	post-processing	capabilities	of	Visual	MODFLOW.	Example	illustrates	predicted	equipotential	contours	around	a	well	system	proposed	to	facilitate
tunneling	through	a	glacial	outwash	aquifer	with	proximate	recharge	from	surface	streams	and	open	cut	sand	and	gravel	quarries.	period	of	dewatering,	and	whether	treatment	of	dewatering	discharge	may	be	necessary.	7.7	VERIFICATION	Cleary	[7-11]	points	out	that	a	computer	does	not	do	what	we	want	it	to	do;	it	does	what	we	tell	it	to	do.	Before
accepting	the	solution	from	a	model	we	must	examine	whether	we	told	the	computer	what	we	thought	we	did.	Every	groundwater	model	must	be	verified	by	posing	these	two	questions:	•	Have	the	data	been	entered	correctly?	•	Has	the	program	performed	the	functions	we	expected	it	to	do?	The	first	is	answered	by	painstaking	review	of	the	entries,
aided	by	the	CAD	format	and	other	user-friendly	features	of	the	program.	The	second	question	is	more	involved.	One	procedure	that	has	proven	effective	is	as	follows.	Nearly	any	model,	no	matter	how	complex,	can,	in	some	portion	of	it,	be	simplified	to	a	form	that	lends	itself	to	analytical	solution.	If	the	numerical	solution	checks	with	the	analytical
solution	The	ultimate	test	of	a	groundwater	model	is	to	calibrate	it	to	actual	field	data.	Consider	the	following	situation.	A	dewatering	problem	has	been	defined	in	accordance	with	Section	7.4.	A	model	has	been	constructed	and	verified	as	described	in	Section	7.7,	and	the	model	is	used	to	design	a	system	of	wells	that	is	installed	with	appropriate
piezometers	and	placed	into	operation.	Is	the	expected	drawdown	achieved?	If	not,	the	model	is	in	error	and	must	be	adjusted	until	it	conforms	to	the	field	data.	Most	groundwater	modeling	practiced	today	is	applied	to	problems	of	groundwater	supply	and	groundwater	contamination.	What	is	the	safe,	long-term	yield	of	the	aquifer?	How	fast	might	an
identified	contaminant	plume	migrate	through	the	aquifer?	The	model	predicts,	but	it	may	be	years	or	even	decades	before	the	field	data	are	available	to	confirm	or	deny	the	predictions.	In	dewatering,	on	the	other	hand,	the	time	elapsed	from	model	construction	to	available	field	data	is	typically	only	a	few	months.	The	modeler	confronted	with	data
different	from	predictions	must	not	lose	heart.	It	will	quickly	be	discovered	that	the	modeling	technique	is	most	useful	in	helping	to	identify	in	what	way,	and	by	how	much,	the	true	conditions	differ	from	those	that	have	been	assumed.	Calibration	proceeds,	with	adjustment	of	the	parameters	until	the	model	conforms	to	the	field	data.	If	the	drawdown
that	the	project	requires	has	not	been	achieved	in	portions	of	the	regime,	the	calibrated	model	is	of	great	value	in	determining	how	many	wells	must	be	added	and,	especially,	where	they	would	be	most	effective.	If	the	designer	has	followed	the	recommendations	in	Section	18.1	and	has	been	testing	the	wells	periodically	during	installation,	there	is	a
good	chance	of	determining	any	necessary	augmentation	before	the	system	is	completed,	while	the	drill	rig	and	crew	are	still	available	onsite.	Model	calibration	can	be	performed	for	steady-state	or	transient	conditions.	Most	calibrations	are	performed	under	steady-state	conditions	but	may	also	involve	a	second	calibration	to	a	transient	data	set.	A
transient	calibration	is	necessary	to	calibrate	values	of	storage	coefficient,	which	are	required	if	a	subsequent	transient	prediction	is	required.	There	are	basically	two	methods	of	model	calibration:	•	Manual	trial	and	error	calibration	where	aquifer	pa-	•	rameters,	boundaries,	and	stresses	are	adjusted	until	model-calculated	heads	reasonably	match
measured	heads	in	field.	Automated	parameter	estimation	or	inverse	modeling,	a	more	recently	developed	technique,	uses	specially	designed	codes	and	statistical	methods	to	solve	a	field	data	set	of	heads	and	flows	for	given	aquifer	parameters,	boundaries,	and	stresses.	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	Trial	and	error
calibration	was	the	first	method	to	be	used	and	is	still	preferred	by	many	practitioners.	A	principal	advantage	is	that	it	allows	the	modeler	to	gain	a	better	feel	for	the	sensitivity	of	model	parameters;	however,	the	iterative	process	of	changing	model	parameters	and	reviewing	model	results	can	become	quite	tedious	and	timeconsuming,	particularly	if
the	model	is	complicated.	Automated	calibration	can	reduce	calibration	time	and,	by	providing	a	more	systematic	approach	to	calibration,	reduce	errors	associated	with	the	modelers	experience	and	bias.	Model	calibration	requires	detailed	scrutiny	before	acceptance.	The	modeler	must	ask	himself	‘‘Does	this	feel	right?’’	Where	calibration	does	not
agree	with	the	basic	field	data	(i.e.,	model	hydraulic	conductivity	that	is	much	greater	than	reasonable	based	on	soil	descriptions	from	the	borings)	or	requires	unusual	spatial	distributions	in	parameters	such	as	hydraulic	conductivity,	or	diverges	from	practical	experience,	calibration	must	continue	until	this	most	basic	question	is	answered
affirmatively.	This	may	require	further	desk	study	or	field	investigation	to	acquire	additional	data	for	use	in	model	calibration.	•	•	•	•	•	7.9	PREDICTION	AND	PARAMETRIC	ANALYSES	Once	calibrated,	a	model	allows	some	degree	of	confidence	in	the	prediction	of	aquifer	response	to	future	pumping	or	other	stresses	such	as	are	caused	by
dewatering.	However,	it	must	be	realized	that	a	calibrated	model	is	not	unique	and	represents	only	one	of	possibly	many	combinations	of	variables	that	may	fit	the	field	data.	Comparison	of	model	predictions	to	a	second	independent	field	data	set,	if	available,	can	significantly	improve	the	confidence	in	the	calibration.	This	additional	exercise	is	often
also	referred	to	as	model	‘‘verification.’’	However,	with	or	without	such	verification,	a	parametric	analysis	is	recommended	to	evaluate	the	degree	of	uncertainty	in	model	predictions	within	the	realistic	range	of	aquifer	properties	and	boundary	conditions	determined	from	the	conceptual	model.	The	use	of	inverse	modeling	techniques	can	make	the
verification	process	more	efficient,	similar	to	calibration	analysis.	7.10	SOME	PRACTICAL	MODELING	PROBLEMS	Modeling	is	best	illustrated	by	example.	The	following	sections	present	some	practical	examples	to	illustrate	the	application	and	capabilities	of	numerical	modeling	in	dewatering	practice.	Case	histories	are	also	included	where
numerical	modeling	was	used	to	solve	complicated	dewatering	problems.	The	examples	illustrate	not	only	the	modeling	protocols	but	also	the	practical	experience	and	judgment	critical	to	the	successful	use	and	understanding	of	models	in	dewatering	applications.	•	Section	7.11	illustrates	an	example	where	a	2-D	model	is	used	to	design	a	dewatering
system	consisting	of	fully	95	penetrating	wells	in	a	water	table	aquifer.	Verification	of	a	portion	of	the	model	by	the	use	of	analytical	methods	is	also	illustrated.	Section	7.12	illustrates	the	efforts	involved	in	calibrating	a	groundwater	model	using	trial	and	error	methods.	Section	7.13	provides	an	example	where	a	3-D	model	is	used	to	investigate	the
benefits	of	partial	penetration	in	a	water	table	aquifer.	Section	7.14	illustrates	an	example	where	a	3-D	model	is	used	to	investigate	the	effects	of	vertical	flow	conditions	that	can	be	encountered	in	dewatering	in	subtropical	geology.	Section	7.15	illustrates	the	use	of	groundwater	modeling	to	evaluate	the	cause	of	difficulties	experienced	with	the
performance	of	a	wellpoint	system	in	dewatering	a	moving	trench	excavation	for	installation	of	track	drainage	lines	along	an	existing	railroad	right-of-way.	Resolution	of	the	problem	makes	innovative	use	of	numerical	modeling	to	confirm	a	general	rule	of	thumb	that	some	of	the	earliest	dewatering	practitioners	had	long	ago	established	through	toil
and	sweat	and	trial	and	error.	Finally,	a	case	history	illustrates	the	use	of	a	3-D	model	during	the	geotechnical	investigation	of	a	project	to	evaluate	the	feasibility	of	proposed	construction	methods	in	tunneling	through	a	stratified	and	highly	permeable	glacial	outwash	aquifer	with	proximate	recharge.	7.11	2-D	MODEL:	WELL	SYSTEM	IN	A	WATER
TABLE	AQUIFER	The	2-D	finite	element	groundwater	flow	model	SEEP/W	[7-12]	has	the	required	capability	to	design	a	system	of	fully	penetrating	wells	for	the	water	table	aquifer	in	Fig.	7.5.	The	aquifer	characteristics	shown	in	Table	7.1	have	been	estimated	from	a	pumping	test	(Chapter	9).	The	following	procedure	is	recommended:	1.	A	rough
estimate	of	Q	is	prepared	by	analyzing	the	system	as	an	equivalent	well	(Section	6.5).	We	can	say	such	a	well	will	have	a	radius	of	125	ft	(38.1	m)	and	an	average	drawdown	to	elevation	70	ft	(21.3	m),	or	h		20	ft	(6.1	m);	from	Eq.	6.3,	Q	600(622	⫺	202)	458	ln	2000	/	125		1627	gpm	(6158	L	/	min)	2.	From	Eq.	6.18	we	know	that	the	yield	of	each	well	will
be	roughly	proportional	to	the	remaining	saturated	thickness	h	at	that	well	in	the	dewatered	condition.	By	adjusting	the	data	from	the	pumping	test,	we	can	estimate	the	yield	of	a	well	near	the	deep	western	excavation	at	80	gpm	(300	L/min).	Wells	further	east,	where	the	drawdown	is	less,	are	expected	to	pump	135	gpm	(510	L/min)	each.	A	system	of
6	96	THEORY	Figure	7.10	2D	model,	first	iteration.	wells	at	80	gpm	(300	L/min)	around	the	deep	excavation	and	8	wells	at	135	gpm	(510	L/min)	around	the	shallower	pits	is	selected.	Total	Q		1560	gpm	(5905	L/min).	3.	From	the	pumping	test,	a	value	of	R0	of	2000	ft	(610	m)	has	been	estimated	to	be	reached	after	30	days	pumping,	which	the	schedule
allows	for.	We	can	insert	a	constant	head	boundary	at	the	original	water	table	at	r		2000	ft	(610	m),	and	obtain	a	steadystate	solution	at	t		30	days.	However,	a	4000-ft	(1220-m)	grid	would	be	too	large	to	give	us	detailed	information	on	conditions	near	the	wells.	A	750-ft	(229-m)	grid	better	suits	our	purpose.	Again	using	Eq.	6.3,	we	calculate	that	with
H		62	ft	(18.9	m)	at	2000	ft	(610	m),	pumping	1600	gpm	(6055	L/	min),	h	at	r		375	ft	(114.3	m)	will	have	a	value	of	42	ft	(12.8	m).	However,	we	know	from	experience	that	a	system	of	discrete	wells	will	pump	somewhat	more	than	when	that	system	is	analyzed	as	an	equivalent	well.	So	we	will	use	a	value	for	h	at	375	ft	(114.3	m)	of	40	ft	(12.2	m),	el	90
ft	(27.4	m).	That	value	is	entered	as	a	constant	head	boundary	at	the	edge	of	the	grid.	For	convenience	in	data	entry,	an	octagonal	shape	has	been	used	to	approximate	a	circle	of	r		375	ft.	(114.3	m).	4.	Figure	7.10	plots	the	results	of	the	first	iteration.	Note	that	the	required	water	level	elevations	have	not	been	achieved.	We	must	add	more	wells	or
increase	the	estimated	yield	of	the	wells.	Dewatering	engineers	know	from	experience	that	if	a	four-well	system	is	producing	400	gpm	(1514	L/min),	adding	a	fifth	will	rarely	raise	the	total	to	500	gpm	(1893	L/min).	The	new	well	pumps	less	than	the	others	were	yielding	and	in	the	process	steals	from	them,	reducing	their	yield.	The	problem	is	most
pronounced	in	a	water	table	aquifer,	when	the	proposed	dewatering	will	substantially	reduce	the	original	saturated	thickness.	This	is	the	situation	in	the	model	of	Fig.	7.10.	By	patient	adjustment	of	the	model	we	can	make	reliable	estimates	of	safe	well	yield	by	evaluating	the	remaining	saturated	thickness	at	each	well	in	the	dewatered	condition,	and
comparing	it	with	Eq.	6.18.	In	analyzing	this	problem,	we	made	a	series	of	six	iterations	after	the	first,	before	we	achieved	a	predicted	drawdown	equal	to	that	required.	Well	yields	were	increased	and	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	new	wells	were	added.	At	times	our	well	yields	were	too	optimistic;	drawdown	occurred
below	the	bottom	of	the	aquifer	and	the	program	could	not	converge	to	a	final	solution.	At	times	we	concluded	that	the	remaining	saturated	thickness	predicted	by	the	model	at	a	well	was	insufficient	to	support	the	yield	we	had	assigned	it.	We	found	drawdown	inadequate	in	some	portions	of	the	regime	and	too	much	drawdown	in	others.	Wells	were
rearranged.	Figure	7.11	illustrates	the	seventh	iteration,	a	system	of	17	wells	pumping	a	total	of	1800	gpm	(6813	L/min).	Table	7.2	gives	the	estimated	yield	of	the	wells.	The	design	is	not	optimized.	Drawdown	required	is	achieved	everywhere,	but	excess	drawdown	occurs	at	the	shallower	pits.	There	is	sufficient	saturated	thickness	at	each	well	to
support	its	estimated	yield.	More	time	at	the	computer	could	perhaps	reduce	the	predicted	number	of	wells	by	one.	But	given	the	uncertainty	of	the	underground,	there	is	a	point	where	continuing	refinement	of	the	solution	is	unwarranted.	Verification	of	the	model	can	be	accomplished	as	follows.	Note	in	Fig.	7.11	that	the	water	elevation	contour	84	ft
(25.6	m)	approximates	a	circle.	We	can	consider	this	contour	as	a	frictionless	well	with	r		275	ft	(83.8	m).	Solving	Eq.	(6.3)	gives	Q	97	600(623	⫺	342)		1775	gpm	(6720	L	/	min)	458	ln	2000	/	275	The	value	of	1775	gpm	(6720	L/min)	is	well	within	the	accuracy	of	the	approximate	numerical	solution	demanded	of	the	model,	and	we	can	conclude	it	has
been	verified.	7.12	CALIBRATING	THE	MODEL	If	a	model	is	to	be	used	in	a	dispute	or	in	litigation,	it	must	be	calibrated	to	actual	field	data	before	its	credibility	is	established.*	But	the	calibration	process	can	also	serve	as	a	useful	tool	during	the	execution	of	a	dewatering	project.	If	the	aquifer	does	not	perform	as	the	model	predicts,	the	system	will
have	to	be	modified.	Calibrating	the	model,	by	adjusting	it	to	conform	to	the	data	observed,	can	point	us	toward	the	most	cost-effective	modification.	The	following	illustration	is	based	on	experience	from	an	actual	project.	*	Calibration	is	the	process	of	finding	a	set	of	aquifer	parameters,	boundaries,	and	stresses	that	produce	simulated	heads	and
flows	that	most	closely	match	the	field-measured	values.	Figure	7.11	2D	model,	seventh	iteration,	Model	verified	but	not	yet	calibrated.	98	THEORY	Table	7.2	Yield	of	Wells	in	gpm	(L	/	min)	Estimated	yield	original	model	(Fig.	7.11)	Estimated	yield,	with	model	calibrated	and	system	modified	(Fig.	7.13)	1	120	(455)	120	(455)	2	100	(380)	80	(305)	3	75
(285)	75	(285)	Well	number	4	70	(265)	70	(265)	5	105	(400)	105	(400)	6	115	(435)	115	(435)	7	125	(470)	125	(470)	8	125	(470)	125	(470)	9	125	(470)	125	(470)	10	125	(470)	125	(470)	11	125	(470)	125	(470)	12	115	(435)	115	(435)	13	70	(265)	70	(265)	14	75	(285)	75	(285)	15	100	(380)	100	(380)	16	120	(455)	120	(455)	17	110	(415)	110	(415)	18	—
250	(945)	19	—	250	(945)	Total	flow	1800	(6805)	2280	(8620)	During	construction	of	a	system	similar	to	Fig.	7.11,	the	wells	were	tested	individually	as	they	were	installed.	Observations	of	drawdown	were	made	in	the	piezometers	and	in	adjacent	wells.	Toward	the	east,	the	specific	capacities	(gpm	per	ft	drawdown	at	a	given	radius)	were	about	as
expected.	But	wells	further	west	were	showing	higher	specific	capacities	at	a	given	radius	than	expected.	The	original	pumping	test,	which	was	located	in	the	east,	had	indicated	certain	values	for	K,	R0,	h,	and	Cs.	It	had	been	assumed	that	these	values	were	typical	of	the	entire	flow	regime.	But	the	data	indicated	that	materials	of	higher	hydraulic
conductivity,	or	a	closer	recharge	source,	existed	toward	the	west.	A	full-scale	test	of	the	system	predicted	that,	after	30	days	of	pumping,	the	east	piezometer	in	Fig.	7.11	would	drawdown	3	ft	(1	m)	less	than	required,	and	the	west	piezometer	9	ft	(2.7	m)	less.	More	wells	must	be	added.	The	conventional	approach	would	be	to	add	wells	around	the
deep	excavation.	But	these	were	already	closely	spaced,	and	each	well	added	would	progressively	reduce	the	average	Qw	from	the	array.	The	model	of	Fig.	7.11	was	adjusted	by	entering	a	zone	of	higher	hydraulic	conductivity	in	the	western	portion	of	the	regime.	The	SEEP/W	program	has	this	capability.	After	several	iterations,	the	model	shown	in
Fig.	7.12	was	found	to	conform	to	the	data.	A	zone	west	of	the	dashed	line	with	hydraulic	conductivity	2.5	times	that	in	the	east	was	found	to	be	a	simulation	that	reproduced	the	actual	conditions.	Such	a	geologic	feature	is	not	uncommon;	one	is	illustrated	in	Fig.	2.1.	If	the	assumption	is	valid,	wells	installed	in	the	high	K	zone	will	have	higher	yields
and	achieve	more	drawdown	at	the	deep	excavation	than	would	wells	closer	to	it.	On	the	actual	project,	an	initial	test	well	in	the	west	showed	high	yield,	confirming	the	zone	of	higher	hydraulic	conductivity.	Eventually	the	two	wells	shown	in	Fig.	7.13	yielding	250	gpm	(945	L/min)	each	provided	sufficient	augmentation	to	the	original	system	to
achieve	the	required	result.	If	augmentation	with	wells	close	to	the	deep	excavation	had	been	attempted,	many	more	than	two	wells	would	have	been	necessary.	It	should	be	noted	that	to	simulate	the	actual	field	situation,	when	the	model	was	adjusted	by	the	additional	two	wells,	thus	increasing	total	flow	from	1800	to	2280	gpm	(6815	to	8620	L/min),
two	additional	adjustments	were	made.	The	constant	head	boundary	to	the	west	and	southwest	was	reduced	from	el	90	ft	(27.4	m)	to	el	85	ft	(25.9	m),	reflecting	the	additional	drawdown	below	the	30	day	value	at	R0		2000	ft	(610	m).	In	the	first	iteration,	the	drawdown	at	well	2	went	below	the	bottom	of	the	aquifer.	Q	for	well	2	was	therefore	reduced
from	100	to	80	gpm	(378	to	303	L/min).	The	array	in	Fig.	7.13	has	not	been	optimized.	But	it	accomplished	the	required	result.	Groundwater	modeling,	by	pointing	the	way	to	more	effective	well	positioning,	demonstrated	a	very	useful	application	of	the	method.	If	a	model	has	been	calibrated	to	a	pumping	test	(Chapter	9),	it	can	be	useful	when
considering	various	alternatives	during	the	planning	phase	of	a	project;	whether	to	go	deeper	for	underground	parking,	whether	to	use	a	slurry	wall	or	soldier	piles	and	lagging.	The	reliability	of	conclusions	can	be	enhanced.	7.13	3-D	MODEL:	PARTIAL	PENETRATION	The	performance	of	a	single,	partially-penetrating	well	can	be	analyzed	by	the
method	of	Butler	[7-4]	(Section	6.9).	But	when	a	multiple	array	of	partially-penetrating	wells	is	considered	Butler	is	inappropriate,	since	each	well	added	changes	the	performance	of	previous	wells.	Superposition	cannot	be	applied.	Analysis	of	partial	penetration	is	often	of	significance	in	dewatering	problems.	A	required	drawdown	at	an	excavation
may	be	achievable	by	either	fully-	or	partially-penetrating	wells.	A	fully-penetrating	system	will	pump	more	water,	but	will	require	fewer	wells.	From	the	standpoint	of	direct	dewatering	cost,	full	penetration	is	usually	preferable.	Fewer	wells	pumping	more	water	cost	less.	But	there	are	considerations	that	may	make	partial	penetration	a	better	overall
solution.	Given	the	same	drawdown	at	the	site,	a	partiallypenetrating	system	will	cause	less	drawdown	at	distance	than	one	that	fully	penetrates.	Such	reduced	drawdown	can	be	a	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	99	Figure	7.12	2D	model,	tenth	iteration.	Model	calibrated	to	field	data.	significant	advantage,	for	example,
where	it	is	desired	to	avoid	problems	with	ground	settlement	or	with	neighboring	water	supply	wells	The	lower	Q	with	partial	penetration	can	be	a	major	advantage	when	the	water	is	contaminated	and	must	be	treated,	or	where	there	is	a	charge	for	disposal	in	combined	sewers.	Analysis	of	a	multiple	array	of	partially-penetrating	wells	requires	a	3-D
groundwater	model.	For	illustration	we	have	chosen	MODFLOW.	Construction	of	the	sewage	lift	station	in	Fig.	7.14	requires	that	the	water	table	be	lowered	15	ft	(4.6	m).	The	aquifer	parameters	as	deduced	from	a	pumping	test	are	shown	in	Table	7.3,	Case	1.	The	combined	transmissivity	of	the	5	layers	is	80,000	gpd/ft	(0.0115	m2	/	sec).	The
MODFLOW	simulation	is	shown	in	Fig.	7.15.	It	is	3000		3000	ft	(915		915	m)	in	plan.	A	constant	head	boundary	has	been	placed	at	all	four	vertical	sides,	with	a	value	of	elevation	zero,	to	simulate	a	limitless	source	at	1500	ft	(457	m)	distance	after	30	days	pumping.	In	nature	the	constant	head	boundary	would	normally	be	circular;	the	rectangular
boundary	is	used	for	convenience,	and	the	error	introduced	is	not	significant.	The	clay	of	layer	6	is	simulated	as	a	horizontal	barrier	boundary.	Two	simulations	were	carried	out:	four	partiallypenetrating	wells	at	150	gpm	(570	L/min)	each	and	three	fully-penetrating	wells	at	400	gpm	(1515	L/min)	each.	The	plots	of	Fig.	7.16	show	data	produced	by



MODFLOW.	Note	that	both	systems	achieve	the	required	drawdown	at	the	excavation.	But	at	a	radius	of	200	ft	(61	m),	the	drawdown	with	full	penetration	is	7.5	ft	(2.3	m),	with	partial	penetration	only	4	ft	(1.2	m).	If	there	were	an	existing	building	at	point	A	founded	on	compressible	soil,	the	difference	could	be	of	major	significance.	Similarly,	the
effect	on	any	existing	water	supplies	would	be	much	less.	And,	if	the	water	to	be	pumped	was	contaminated,	the	cost	of	treating	600	gpm	(2270	L/min)	can	be	expected	to	be	much	less	than	for	1200	gpm	(4540	L/min).	The	example	of	Fig.	7.14	was	intentionally	chosen	to	be	simple.	It	did	not	begin	to	challenge	the	capabilities	of	MODFLOW,	and,	in
fact,	a	reasonably	correct	solution	could	have	been	reached	by	analytical	methods.	Nonetheless,	we	hope	the	example	illustrates	the	usefulness	of	the	3-D	model.	If,	for	example,	dewatering	for	the	intricate	sewage	treatment	plant	excavation	in	Fig.	7.5	was	to	be	analyzed	for	partial	penetration,	the	task	would	not	be	feasible	without	computer
modeling.	100	THEORY	Figure	7.13	2D	model,	final	iteration.	System	modified	as	suggested	by	the	model.	Figure	7.14	Sewage	lift	station.	(a)	Partial	penetration.	(b)	Full	penetration.	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	101	Table	7.3	Aquifer	Characteristics	for	Fig.	7.14	Thickness	Layer	ft	K	T	2	m	gpd	/	ft	m	/	sec	gpd	/	ft	m2
/	sec	Kh	/	K	v	Case	1:	Horizontal	flow,	partial	versus	full	penetration	1	30	9.1	600	2.8		10⫺4	18,000	2.6		10⫺3	5	2	20	6.1	600	2.8		10⫺4	12,000	1.7		10⫺3	5	⫺4	⫺3	5	5	3	15	4.6	1000	4.7		10	15,000	2.2		10	4	15	4.6	1000	4.7		10⫺4	15,000	2.2		10⫺3	5	20	6.1	1000	4.7		10⫺4	20,000	2.9		10⫺3	6	Large	Negligible	Negligible	Combined	T		5	—	80,000	1.2	
10⫺2	Case	2:	Combined	vertical	and	horizontal	flow	1	30	9.1	600	2.8		10⫺4	18,000	2.6		10⫺3	5	⫺4	12,000	1.7		10	⫺3	2.8		10	5	2	20	6.1	600	3	15	4.6	10,000	4.7		10⫺3	150,000	2.2		10⫺2	5	4	15	4.6	10,000	4.7		10⫺3	150,000	2.2		10⫺2	5	5	20	6.1	10,000	4.7		10⫺3	200,000	2.9		10⫺2	5	530,000	6.6		10	Combined	T		⫺2	Figure	7.15	3D	model,	full	versus
partial	penetration.	Note	the	density	of	elements	near	the	wells.	All	four	vertical	sides	are	constant	head	boundaries	at	h		100	ft	(30.5	m).	There	is	an	impermeable	boundary	at	the	base	of	layer	5.	7.14	3-D	MODEL:	VERTICAL	FLOW	If	we	greatly	increase	the	Kh	of	layers	3,	4,	and	5,	we	have	a	simulation	of	the	vertical	flow	conditions	that	can	be
encountered	in	subtropical	geology,	as	discussed	in	Section	6.16.	For	Case	2	in	Table	7.3,	Kh	of	layers	3,	4,	and	5	has	been	increased	to	10,000	gpd/ft2	(4.7		10⫺3	m/sec),	and	the	combined	transmissivity	of	the	system	is	now	530,000	gpd/ft	(7.6		10⫺2	m2	/sec).	Dewatering	of	such	a	flow	regime	with	full	penetration	would	not	be	considered;	the	total
Q	would	be	too	large.	Even	with	partial	penetration,	total	Q	is	likely	to	be	the	determining	factor	in	dewatering	cost.	Therefore,	an	effective	analysis	of	Q	at	various	penetrations	is	essential	to	reliable	design	and	cost	estimates.	A	3-D	model	is	required.	The	modeling	must	begin	before	the	pumping	test.	Decisions	on	the	penetration	of	the	test	well,	and
the	depth	of	the	piezometers	as	well	as	their	radial	distance,	are	best	made	after	some	concept	of	the	potential	flow	regime	has	been	inferred.	It	may	be	advisable	to	use	two	test	wells,	one	penetrating	to	the	base	of	layer	1,	and	another	partly	penetrating	layer	2.	Alternatively,	one	well	can	be	constructed	to	the	102	THEORY	Figure	7.16	Distance–
drawdown	plots	for	full	and	partial	penetration.	deeper	penetration,	and	tested	twice.	For	the	first	test	the	well	is	fully	open;	for	the	second	test	the	lower	reach	of	the	wellscreen	can	be	plugged.	Drawdowns	in	the	aquifer	below	the	tip	of	the	well	must	be	observed.	Several	piezometer	screens	must	be	placed	in	layer	2,	one	or	more	should	be	in	layer
3,	and	screens	in	layer	4	and	possibly	layer	5	should	be	considered.	Horizontally,	the	piezometer	array	must	extend	well	beyond	the	limits	of	the	excavation,	100	ft	(30.5	m)	or	more,	to	detect	any	variations	in	vertical	hydraulic	conductivity	that	might	affect	dewatering	design.	Inferring	the	parameters	of	the	flow	regime	in	advance	of	the	pumping	test
is	not	straightforward.	Boring	samples	are	unreliable	in	coralline	geology,	as	discussed	in	Sections	2.11	and	3.5.	Slug	tests	can	be	useful	(Section	11.6).	Analysis	of	the	pumping	test	requires	a	model.	When	the	data	become	available	on	Q,	and	on	the	drawdown	at	various	depths	and	distances,	the	initial	model	used	to	help	design	the	test	must	be
adjusted	until	it	calibrates.	More	than	one	adjusted	model	may	fit	the	data.	For	example,	various	combinations	of	Kh	and	thickness	in	the	layered	system	might	give	a	match.	Care	must	be	exercised	to	ensure	that	extrapolation	of	the	test	model	will	be	valid.	Hence,	the	recommendation	above	is	for	piezometers	located	well	beyond	the	limits	of	the
proposed	excavation.	Figure	7.17	plots	data	produced	by	MODFLOW	for	the	aquifer	characteristics	of	Case	2,	Table	7.3.	Well	penetration	is	to	the	base	of	layer	1.	Note	the	steep	slope	of	the	drawdown	in	layer	1,	typical	when	there	is	vertical	flow.	The	analysis	confirms	experience	that	large	excavations	will	pump	a	great	deal	more	water	than	smaller
ones	under	these	conditions,	as	discussed	in	Section	6.16.	On	past	projects	with	very	high	vertical	flow,	the	problem	has	been	mitigated	by	dewatering	only	a	portion	of	the	large	excavation	at	one	time.	Note	that	curves	for	the	layers	not	penetrated	by	the	well	have	a	reverse	slope.	The	curve	flattens	as	the	well	is	ap-	proached	rather	than	steepening
as	it	does	in	layer	1,	which	is	penetrated.	This	characteristic	is	a	useful	indicator.	When	the	drawdown	curve	in	layers	not	penetrated	by	the	well	flattens	toward	the	well,	vertical	flow	can	be	expected.	7.15	3-D	MODEL:	TRANSIENT	ANALYSIS	OF	A	PROGRESSIVE	TRENCH	EXCAVATION	Trenching	for	installation	of	5000	lineal	ft	(1524	lineal	m)	of
track	drainage	lines	along	an	existing	railroad	right-ofway	required	excavation	below	the	groundwater	table.	Contamination	of	the	groundwater	with	hydrocarbons	was	known,	requiring	treatment	of	the	dewatering	discharge	prior	to	disposal.	The	project	owner	provided	a	treatment	plant	with	a	500-gpm	(1890-L/min)	capacity.	The	specifications
stated	that	a	maximum	pumping	rate	of	500	gpm	(1890	L/min)	was	sufficient	to	achieve	a	trench	progress	rate	of	100	lineal	ft	(30.5	m)	per	day.	The	contractor	installed	a	single	row	of	partiallypenetrating	wellpoints	on	one	side	of	the	trench	to	accomplish	the	necessary	trench	dewatering.	When	the	dewatering	system	was	placed	into	operation,	it
became	apparent	that	the	treatment	plant	did	not	have	enough	capacity	to	handle	the	dewatering	yield	necessary	to	achieve	the	anticipated	trench	progress.	The	problem	was	aggravated	by	proximate	recharge	from	the	existing	ballast	drainage	system,	so	that	there	was	an	extra	source	of	water	to	the	aquifer	from	the	ballast.	Numerical	modeling	was
used	to	•	Evaluate	if	the	specified	trench	progress	rate	using	a	•	single	row	of	wellpoints	was	achievable	within	the	500gpm	(1890-L/min)	limitation	Evaluate	if	the	use	of	wellpoints	on	both	sides	of	the	trench	(double	row	of	wellpoints)	would	have	reduced	pumping	quantities	to	within	the	discharge	limitation	as	suggested	by	the	owner
GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	103	Figure	7.17	Distance–drawdown	plots	with	vertical	flow.	Figure	7.18	Minimum	wellpoint	system	length	for	trench	excavation.	In	the	minimum	situation,	one-fourth	of	the	system	is	operating	opposite	the	work	to	be	done	that	day,	and	another	fourth	is	in	the	process	of	being	moved
ahead.	In	addition,	a	portion	of	the	system	must	still	be	operating	behind	the	day’s	work	to	prevent	the	rising	water	level	from	following	along	the	pipe	already	laid.	Some	length	of	system	active	in	front	of	the	day’s	work	is	also	necessary	to	ensure	that	the	water	level	will	be	lowered	in	time	for	the	next	day’s	excavation.	Why	Was	Numerical	Modeling
Considered?	To	dewater	effectively	for	excavation	and	construction,	it	is	necessary	to	create	a	cone	or	zone	of	influence	wherein	the	water	table	is	lowered	to	below	the	bottom	of	the	excavation.	To	achieve	this	condition,	two	distinct	things	must	occur.	Drainage	of	the	water	stored	in	the	pores	of	the	soil	within	the	zone	of	influence	must	be	pumped
away.	As	the	zone	of	influence	gradually	expands	and	deepens	and	gradients	are	established,	additional	water	will	flow	toward	the	dewatering	system.	In	the	trench	dewatering,	water	was	expected	to	flow	horizontally	from	the	surrounding	area,	vertically	upward	from	that	part	of	the	aquifer	not	penetrated	by	the	wellpoints,	and	from	rainfall.	On	this
project,	there	was	also	leakage	from	the	railroad	ballast	beneath	the	adjacent	tracks.	The	combination	of	all	these	flows	into	the	zone	of	influence	must	be	pumped,	essentially	continuously.	The	sum	is	typically	referred	to	as	‘‘recharge,’’	or	‘‘steadystate’’	flow.	The	two	parts	of	the	equation,	storage	depletion	and	steady-state	flow,	are	additive.	The
dewatering	system	must	be	capable	of	handling	both.	In	a	stationary	dewatering	system,	such	as	a	building	foundation,	where	pumping	in	one	location	will	continue	for	weeks	or	months,	the	storage	depletion	becomes	less	of	a	factor.	Time	is	usually	available	in	the	schedule	to	pump	for	a	week	or	two	to	deplete	the	storage,	and	the	dewatering
capacity	need	be	only	reasonably	larger	than	the	steady-state	flow.	But	on	a	rapidly	progressing	trench	excavation,	storage	becomes	a	substantial	fraction	of	the	total	required	flow,	as	the	zone	of	influence	must	be	advanced	100	ft	(30.5	m)	per	day,	every	day,	and	the	storage	in	fresh	ground	must	be	depleted	without	delaying	the	work.	Wellpoints
have	been	in	use	for	dewatering	rapidly	moving	sewer	trenches	since	the	1920s.	The	pioneers	did	not	have	elaborate	analytical	methods	at	their	disposal;	Theis,	Jacob,	Thiem,	Muskat,	and	others	did	not	carry	out	the	investigations	upon	which	the	analytical	methods	of	dewatering	provided	in	Chapter	6	are	based	until	the	1930s	and	1940s.	But	the
sewer	work	was	accomplished.	Among	the	principles	the	early	dewatering	practitioners	established	by	trial	and	error	was	that	a	wellpoint	system	may	vary	from	a	minimum	of	four	times	the	anticipated	daily	progress	(Fig.	7.18)	to	as	much	as	8	times	or	more	depending	primarily	on	the	hydraulic	conductivity	of	the	soils.	We	tend	to	forget	these	long
established	principles.	The	owner	in	his	estimate	of	the	trench	dewatering	analyzed	a	system	only	100	ft	(30.5	m)	long	for	100	ft	(30.5	m)	daily	progress.	Practitioners	sixty	years	ago	could	have	told	him	that	such	a	scheme	could	not	succeed.	104	THEORY	A	3-D	numerical	model	using	MODFLOW	was	selected	to	deal	with	the	spatial	and	temporal
complexities	involved	in	analysis	of	such	a	progressive	dewatering	and	trench	excavation.	MODFLOW	can	analyze	non-steadystate	problems	involving	the	combined	effect	of	both	storage	depletion	and	recharge.	It	is	capable	of	adjusting	for	the	partial	penetration	of	the	wellpoints	into	the	aquifer	and	it	can	evaluate	the	suggested	modifications	to	the
details	of	the	wellpoint	system,	such	as	installing	wellpoints	on	both	sides	of	the	trench.	•	•	•	The	Conceptual	Model	Local	site	information	was	available	from	the	geotechnical	investigation	and	included	boring	logs,	groundwater	levels,	borehole	seepage	tests,	and	grain	size	analyses	of	select	samples	recovered	from	the	borings.	Published	geologic
reports	were	consulted	to	fill	in	data	gaps	in	the	available	data	and	to	extrapolate	conditions	beyond	site	boundaries.	A	conceptual	model	(Fig.	7.19)	of	the	groundwater	regime	was	developed	from	this	information	and	included	the	following:	•	A	shallow	water	table	aquifer	underlies	the	site.	The	•	•	normal	water	table	is	just	2	ft	(0.6	m)	below	surface
grades.	The	aquifer	consists	of	a	surficial	fill	underlain	by	a	thick	sequence	of	glacial	outwash	sands.	The	outwash	sands	are	described	on	the	logs	of	the	borings	as	predominantly	clean,	fine	to	medium	sands.	Area	geology	indicates	that	the	outwash	sands	comprise	a	regional	aquifer	that	extends	well	beyond	the	boundaries	of	the	site.	The	deepest
boring	was	completed	in	the	outwash	sands	at	a	depth	of	60	ft	(18.3	m);	however,	published	geologic	reports	indicate	that	the	outwash	sands	beneath	the	site	are	100	ft	(30.5	m)	or	more	thick.	The	base	of	the	outwash	sands	generally	directly	overlies	bedrock.	The	bedrock	is	not	a	significant	source	of	water.	Hydraulic	conductivity	of	the	outwash
sands	was	estimated	from	grain	size	analyses	as	530	gpd/ft2	(2.5		Figure	7.19	Conceptual	model	of	trench	dewatering.	•	•	10⫺4	m/sec),	which	was	consistent	with	their	predominant	description	as	a	‘‘fine	to	medium	sand,	trace	silt’’	on	the	boring	logs.	Aquifer	anisotropy	was	modeled	by	using	a	ratio	of	horizontal	to	vertical	hydraulic	conductivity	(Kh
/Kv)	of	3.	A	transient	analysis	in	water	table	aquifer	requires	an	estimate	of	the	specific	yield.	A	reasonable	specific	yield	for	the	free-draining	outwash	sands	is	0.2.	Recharge	boundaries	were	set	for	modeling	the	aquifer	by	estimating	the	radius	of	influence	R0	using	analytical	methods.	The	radius	of	influence	is	a	function	of	transmissivity,	storage
coefficient,	and	duration	of	pumping.	Based	on	the	estimated	aquifer	parameters	and	a	pumping	time	of	4	days	for	any	individual	wellpoint	in	a	400ft	(122-m)	system,	a	radius	of	influence	of	500	ft	(152	m)	was	estimated.	On	that	basis,	recharge	to	the	aquifer	from	surrounding	areas	and	infiltration	was	lumped	and	simulated	in	the	model	as	constant
head	boundaries	set	at	a	radial	distance	of	500	ft	(152	m)	from	the	trench	excavation.	The	underlying	bedrock	was	simulated	as	a	no-flow	boundary.	The	excavation	was	6	ft	(1.8	m)	wide	by	8	ft	(2.4	m)	deep	and	was	advanced	with	near	vertical	sidewalls	using	a	trench	box	to	provide	excavation	support	and	facilitate	safe	entry	for	crews	to	install	the
drainage	piping.	A	wellpoint	system	was	installed	to	lower	groundwater	levels	in	advance	of	excavation.	Wellpoints	were	installed	6	ft	(1.8	m)	on	center	in	a	single	row,	typically	7	ft	(2.1	m)	off	the	trench	centerline.	This	was	in	accord	with	accepted	practice	since	trench	excavations	in	unstratified	soils	are	typically	dewatered	from	only	one	side.
Wellpoints	on	both	sides	are	generally	necessary	only	for	excavations	in	stratified	soils	or	when	lowering	water	levels	to	a	relatively	impervious	bed,	such	as	clay.	The	wellpoints	were	installed	well	in	advance	of	the	trench	excavation	and	ready	for	operation	in	order	to	meet	the	scheduled	progress	of	100	ft	(30.5	m)	of	trench	GROUNDWATER
MODELING	USING	NUMERICAL	METHODS	•	105	per	day.	The	wellpoints	only	partially	penetrated	the	aquifer,	extending	to	a	depth	of	between	15	and	20	ft	(4.6	and	6.1	m).	Lowering	of	groundwater	levels	by	9	ft	(2.7	m)	was	necessary	to	achieve	the	specified	drawdown	of	2	ft	(0.6	m)	below	excavation	subgrade.	Model	Grid	and	Simulation	of
Trench	Excavation	The	conceptual	model	became	the	basis	for	construction	of	the	numerical	model.	The	numerical	model	contains	77	columns	and	219	rows.	The	model	grid	is	variably	spaced,	with	finer	grid	spacing	used	to	increase	detail	on	groundwater	flow	and	drawdown	in	the	areas	adjacent	to	the	wellpoints	and	trench	excavation.	The	model	is
vertically	divided	into	seven	layers.	Layer	1	is	the	fill	that	extends	from	the	ground	surface	to	just	below	the	groundwater	table.	Layers	2	through	7	simulate	the	outwash	sands.	Division	of	the	outwash	sands	into	multiple	layers	was	necessary	to	model	the	partially	penetrating	wellpoint	system.	The	underlying	bedrock	was	simulated	as	a	no-flow
boundary	at	a	depth	of	60	ft	(18.3	m).	Consistent	with	the	general	rule	of	practice	that	recommends	that	a	wellpoint	system	be	four	times	as	long	as	the	daily	trench	progress,	a	400-ft	(122-m)	length	of	wellpoint	system	was	modeled	to	achieve	a	daily	progress	of	100	ft	(30.5	m)	of	trench	per	day.	The	wellpoint	system	was	simulated	in	the	model	as
individual	wells	with	depth	and	spacing	to	match	the	actual	field	construction	conditions.	The	trench	excavation	is	a	moving	system,	with	the	dewatering	system	continuously	leapfrogged	to	achieve	drawdown	in	advance	of	the	progressing	excavation.	This	introduces	non-steady-state	or	transient	flow	into	the	problem,	since	flow	from	storage	must	be
handled	by	the	dewatering	system	on	a	continuous	basis	as	the	excavation	progresses.	Furthermore,	it	produces	a	temporal	variation	in	pumping	since,	as	the	trench	moves,	wellpoints	ahead	of	the	active	trench	are	just	being	turned	on	while	wellpoints	behind	have	been	in	operation	for	several	days.	To	simulate	this	temporal	variation,	the	model
wellpoint	system	was	extended	in	length	to	500	ft	(152	m),	with	pumping	time	for	each	100-ft	(30.5-m)	section	varied	to	simulate	trench	movement	(Fig.	7.20).	Days	1	through	3	simulate	the	startup	of	the	wellpoint	system	and	produce	the	temporal	variation	in	pumping.	At	days	4	and	5,	400	ft	(122	m)	of	wellpoint	system	is	active;	100	ft	(30.5	m)
opposite	the	area	of	the	day’s	work,	100	ft	(30.5	m)	ahead,	and	200	ft	(121	m)	behind	the	active	trench.	The	simulation	is	ended	at	day	6.	Time	in	the	model	is	divided	into	six	stress	periods	differing	in	length	from	0.3	to	1.3	days	to	allow	variation	in	the	internal	model	stresses,	principally	in	wellpoint	pumpage,	which	occurs	with	the	startup	and
shutdown	of	wellpoints	at	different	times.	Each	stress	period	is	further	subdivided	into	ten	time	steps.	Model	Prediction	Simulated	observation	wells	were	positioned	in	the	center	of	each	100-ft	(30.5-m)	segment	of	trench.	Wellpoint	pump-	Figure	7.20	Transient	simulation	of	trench	dewatering.	(a)	Trench	excavation	model.	(b)	Model	excavation	and
dewatering	schedule	to	simulate	trench	progress	of	100	ft	(30.5	m)	per	day.	ing	rates	were	then	varied	until	the	observation	wells	demonstrated	that	the	necessary	drawdown	was	achieved	in	time	to	facilitate	a	trench	progress	of	100	ft	(30.5	m)	per	day.	An	average	drawdown	of	8	ft	(2.4	m)	was	used	as	the	target	value	in	the	simulations.	Figure	7.21
illustrates	the	predicted	response	in	groundwater	levels	as	trench	progress	approaches	and	then	moves	past	a	segment	of	trench.	The	model	predicts	that	a	wellpoint	pumping	rate	of	670	gpm	(2535	L/min)	is	necessary	to	achieve	a	trench	progress	rate	of	100	ft	(30.5	m)	per	day.	This	pumping	rate	far	exceeds	the	500	gpm	(1893	L/min)	pumping	rate
deemed	sufficient	by	the	owner.	Thus,	the	numerical	model	successfully	demonstrated	within	the	framework	of	the	available	hydrogeologic	data	that	the	specifications	represented	to	the	contractor	an	unrealistic	expectation	for	dewatering	and	trench	progress.	Simulation	of	a	Double	Row	of	Wellpoints	A	line	of	wells	6	ft	(1.8	m)	on	center	was	placed
5	ft	(1.8	m)	off	the	trench	centerline	on	both	sides	of	the	trench	excavation	to	simulate	the	double	row	of	wellpoints.	The	model	predicted	that	the	required	pumping	rate	to	achieve	the	intended	trench	progress	was	640	gpm	(2425	L/min),	a	reduction	of	only	about	5%	compared	with	the	single	row	of	wellpoints.	106	THEORY	Figure	7.21	Model-
predicted	response	in	groundwater	levels	in	observation	well	OW-2	with	trench	progress.	(a)	Groundwater	levels	are	slowly	lowered	as	the	wellpoints	are	activated	from	behind	during	workdays	0	to	2.	(b)	The	rate	of	drawdown	increases	on	days	2	and	3	when	the	wellpoints	adjacent	to	and	in	front	of	the	trench	segment	are	installed	and	activated.	(c)
Target	drawdown	is	achieved	on	the	morning	of	day	4	when	trench	excavation	is	scheduled	to	occur.	(d)	Groundwater	levels	recover	on	day	5	as	wellpoints	are	leapfrogged	from	behind	the	trench	segment.	3D	Model:	Feasibility	of	Proposed	Tunneling	in	a	Stratified	Aquifer	The	following	case	history	illustrates	a	project	where	groundwater	modeling
during	the	geotechnical	investigation	caused	a	major	change	in	the	proposed	methods	of	construction.	Construction	of	a	16	ft	(4.9	m)	diameter	tunnel	requires	tunneling	through	a	glacial	drift	aquifer.	The	glacial	drift	consists	of	highly	permeable	outwash	sands	and	gravel	intermixed	with	clay	tills	and	fine-grained	lake	deposits	with	abrupt	transitions
between	materials	occurring	both	vertically	and	horizontally	along	the	roughly	four	mile	(6.4	km)	tunnel	alignment.	The	tunnel	must	progress	through	this	heterogeneous	and	stratified	soil	profile	while	passing	beneath	surface	streams	and	active	sand	and	gravel	quarries.	The	quarries	are	mined	in	the	wet	and	left	as	lakes.	Such	surface	features	are
significant	contributors	to	natural	aquifer	recharge	/	discharge	and	groundwater	flow	patterns.	In	fact,	a	nearby	municipal	well	field	uses	induced	infiltration	from	surface	streams	as	a	source	of	water	supply.	Initial	project	planning	anticipates	tunneling	using	a	Tunnel	Boring	Machine	(TBM)	with	limited	earth	pressure	balance	capability.	Steel	ribs
and	timber	lagging	are	proposed	for	initial	tunnel	support	with	a	precast	concrete	lining	providing	permanent	tunnel	support.	The	use	of	a	permeable	liner	(ribs	and	lagging)	for	initial	support	will	require	dewatering	to	lower	groundwater	levels	in	advance	of	tunneling.	Good	control	of	groundwater	is	essential	for	safe	and	efficient	tunneling.	In	this
variable	geology	with	abrupt	transitions	between	soil	types,	the	goal	of	dewatering	is	to	minimize	the	quantity	of	water	entering	and	requiring	handling	within	the	tunnel.	The	presence	of	the	nearby	municipal	well	field	further	complicates	dewatering.	Tunneling	must	not	affect	the	operations	of	the	well	field.	Analysis	is	initiated	by	dividing	the
subsurface	profile	into	four	categories	with	index	ratings	assigned	ranging	from	⫹2	to	⫺4	depending	on	their	relative	difficulty	of	dewatering.	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	Index	I	⫹2	Category	107	Prevailing	subsurface	conditions	Favorable	Soils	with	relatively	high	hydraulic	conductivity	exist	and	extend	well	below
tunnel	invert	Unfavorable	Interface	of	clay	or	till	exists	at	or	near	tunnel	invert	or	within	tunnel	face	with	well	graded	gravel	or	sand	above	⫺2	More	unfavorable	⫺4	Highly	unfavorable	Interface	of	clay	or	till	exists	at	or	near	tunnel	invert	or	within	tunnel	face	with	poorly	graded	gravel	or	sand	above	Interface	of	low	plasticity	silt	and	silty	sand	in
tunnel	face	with	gravel	or	sand	above	0	The	analysis	demonstrates	that	the	feasibility	of	tunneling	using	the	proposed	methods	of	ground	support	depends	on	controlling	groundwater	flow	where	interfaces	between	soils	of	significantly	contrasting	hydraulic	conductivity	occur	near	tunnel	invert.	Reliable	analysis	of	a	stratified,	water	table	aquifer	with
proximate	recharge	where	drawdown	is	required	to	close	to	the	base	of	the	aquifer	is	not	possible	using	analytical	methods.	Numerical	modeling	is	necessary	to	evaluate	the	quantity	of	groundwater	inflow	into	the	tunnel	at	geologic	interfaces	and	consequent	feasibility	of	the	proposed	tunneling	methods.	The	Conceptual	Model	A	wealth	of
information	is	available	from	studies	of	the	well	field	by	the	US	Geological	Survey	(USGS)	and	the	detailed	subsurface	investigation	performed	along	the	tunnel	alignment.	The	USGS	studies	include	a	regional	groundwater	model	comprising	an	area	roughly	5	miles	(8	km)	square	that	incorporates	the	tunnel	alignment.	The	subsurface	investigation
includes	three	pumping	tests	performed	along	the	alignment	to	evaluate	local	variations	in	aquifer	properties	and	potential	recharge	from	surface	features	where	the	alignment	passes	under	streams	and	near	quarries.	Evaluation	of	the	potential	effects	of	tunneling	on	the	existing	well	field	requires	a	large	regional	model	such	as	the	USGS	model;
however	such	a	large	model	will	not	provide	the	level	of	detail	on	drawdown	patterns	and	groundwater	flow	when	dewatering	near	the	tunnel	alignment.	This	information	is	critical	to	evaluation	of	the	proposed	tunneling	methods.	Accordingly,	three	different	scale	models	(a	regional,	local	and	sub-local	model)	are	developed	with	the	results	of	regional
and	local	models	used	to	set	hydraulic	boundaries	within	the	local	and	sub-local	models	respectively.	This	technique	of	using	a	regional	model	with	coarse	grid	spacing	to	set	boundary	conditions	within	successive	smaller	models	in	order	to	achieve	the	necessary	grid	refinement	at	the	site	scale	is	referred	to	as	telescopic	mesh	refinement	(Fig.	7.22).
The	regional	model	is	a	reproduction	of	the	USGS	MODFLOW	model	that	is	expanded	to	the	east	and	south	to	7	miles	(11.3	km)	square	to	more	fully	incorporate	the	tunnel	area.	The	regional	model	is	divided	into	three	layers.	Layers	1	and	2	simulate	the	glacial	aquifer.	Layer	1	facilitates	more	realistic	simulation	of	surface	streams	that	only	partially
penetrate	the	aquifer.	The	bottom	layer	(Layer	3)	simulates	the	underlying	bedrock.	The	model	is	divided	into	45	columns	and	53	rows.	Figure	7.22	Telescopic	mesh	refinement	uses	a	regional	groundwater	model	with	coarse	grid	spacing	to	set	boundary	conditions	within	successive	smaller	models	with	finer	grid	spacing	to	increase	detail	at	the	site
scale.	108	THEORY	The	local	model	encompasses	an	area	measuring	7200	ft	(2194	m)	long	by	5600	ft	(1707	m)	wide.	The	model	is	divided	into	100	columns	and	130	rows	with	finer	grid	spacing	designed	to	increase	detail	on	drawdown	in	the	area	of	the	tunnel	when	dewatering.	The	local	model	is	a	true	3-D	model,	with	13	model	layers	and	spatial
variations	in	soil	types	and	hydraulic	conductivity	as	revealed	in	the	borings	made	along	tunnel	alignment.	The	detailed	profile	is	applied	for	a	distance	of	500	ft	(152.4	m)	on	both	sides	of	the	tunnel	alignment	with	an	average	hydraulic	conductivity	from	the	regional	model	applied	thereafter	to	the	limits	of	model.	The	results	of	a	pumping	test
performed	in	proximity	to	the	stream	crossing	and	quarries	are	used	to	calibrate	local	hydraulic	conductivity	and	recharge	from	these	surface	features.	Analysis	of	the	pumping	test	indicates	a	transmissivity	of	the	sand	and	gravel	aquifer	of	140,000	gpd	/	ft	(2		10⫺2	m2	/	sec).	The	local	model	facilitates	evaluation	of:	•	•	•	•	a	reasonable	well	spacing
and	sustained	yield	for	a	field	of	deep	wells	staggered	horizontally	on	opposite	sides	of	the	tunnel.	the	residual	head	left	above	the	clay	interface	by	the	well	field	and	into	which	tunnel	must	enter.	the	potential	magnitude	of	inflow	into	the	tunnel	face	and	behind	the	face	through	the	ribs	and	lagging.	the	percentage	of	transfer	of	flow	from	the
operating	well	field	to	the	tunnel	as	tunneling	progresses.	The	sub-local	model	provides	increased	refinement	of	the	model	grid	in	the	area	of	the	tunnel	and	better	resolution	of	the	residual	head	near	the	wells	when	pumping.	The	residual	head	(i.e.	the	length	of	wetted	screen,	lw)	in	the	aquifer	outside	the	well	will	dictate	the	sustainable	well	yield
and	consequent	magnitude	of	inflows	into	the	tunnel.	The	sub-local	model	is	1000	ft	(305	m)	long	by	800	ft	(244	m)	wide	and	divided	into	120	columns	and	60	rows.	Dewatering	Simulation	in	the	Local	Model	Dewatering	is	simulated	by	constructing	a	field	of	individual	wells	along	the	tunnel	alignment.	The	wells	are	spaced	50	ft	(15.2	m)	on	center	with
wells	staggered	on	either	side	of	tunnel.	The	wells	are	located	30	ft	(9.1	m)	off	the	tunnel	centerline	as	limited	by	the	available	tunnel	easement.	Hydraulic	head	boundaries	are	set	at	the	model	limits	based	on	the	tunnel	dewatering	simulation	in	the	regional	model.	Modeling	is	initiated	by	varying	the	well	yield	to	evaluate	the	residual	head	above	the
clay	contact	when	pumping	from	the	wells	under	essentially	steady-state	conditions.	After	several	iterations,	a	sustained	well	yield	of	75	gpm	(284	L	/	min)	is	judged	realistic	for	further	modeling	based	on	the	predicted	residual	head	and	remaining	saturated	thickness	outside	the	wells	in	the	dewatered	condition.	The	model	predicts	that	the	well	field
pumping	at	75	gpm	(284	L	/	min)	will	lower	water	levels	(residual	head)	to	within	about	12	ft	(3.7	m)	of	the	clay	interface	at	the	tunnel	centerline	and	9	ft	(2.7	m)	above	the	clay	contact	adjacent	to	the	wells	(Fig.	7.9).	This	equates	to	a	well	field	production	rate	of	about	1.5	gpm	/	lineal	ft	(1.7	L	/	min	/	m)	of	tunnel.	The	tunnel	entry	into	the	operating
well	field	is	simulated.	The	tunnel	face	is	simulated	as	3	ft	(1	m)	thick	drain	over	the	width	of	the	tunnel	with	the	bottom	of	the	drain	set	equal	to	tunnel	invert	elevation.	An	inactive	cell	that	is	25	ft	(7.6	m)	long	by	Figure	7.23	Detailed	soil	profile	along	the	tunnel	alignment	where	the	tunnel	passes	beneath	a	surface	stream	and	in	close	proximity	to
active	sand	and	gravel	quarries.	An	interface	of	clay	or	till	exists	at	or	near	tunnel	invert	with	well	graded	sand	and	gravel	above	(A	category	0	soil	condition).	GROUNDWATER	MODELING	USING	NUMERICAL	METHODS	109	20	ft	(6.1	m)	wide	is	placed	behind	the	drain	to	simulate	the	TBM	shield.	Initial	tunnel	support	using	ribs	and	lagging	are
also	simulated	as	a	drain	starting	25	ft	(7.6	m)	behind	the	tunnel	face	(Fig.	7.24).	The	length	and	width	of	grid	cells	ranges	from	200	to	2000	ft	(60	to	600	m)	with	finer	grid	spacing	designed	to	increase	detail	in	the	area	of	the	existing	well	field.	The	regional	model	is	a	quasi	three-dimensional	model	with	average	hydraulic	conductivities	obtained	from
pumping	tests	assigned	over	broad	areas.	The	average	hydraulic	conductivity	of	the	glacial	aquifer	in	the	tunnel	area	ranges	from	400	to	1000	gpd	/	ft2	(2		10⫺4	to	5		10⫺4	m	/	sec).	Flow	in	the	aquifer	is	principally	from	east	to	west	or	towards	the	surface	streams	that	flow	from	north	to	south	across	the	area.	No	flow	boundaries	are	therefore	set	at
the	north	and	south	ends	of	the	model	to	replicate	natural	aquifer	flow	patterns.	Natural	flow	across	the	eastern	and	western	boundaries	of	the	model	is	simulated	using	head	dependent	fluxes	based	on	measured	groundwater	gradients	and	estimates	of	local	hydraulic	conductivity.	Surface	streams	are	simulated	as	head	dependent	fluxes	using	the
MODFLOW	river	package.	The	quarries	are	also	simulated	as	head	dependent	boundaries.	The	USGS	model	is	calibrated	to	both	steady	state	and	transient	conditions.	The	regional	model	provides	a	gross	estimate	of	the	total	pumping	volume,	Q	when	dewatering	the	tunnel	alignment	and	the	effect	of	tunnel	dewatering	on	groundwater	levels	and
operations	of	the	well	field.	Figure	7.24	Model	simulation	of	tunnel	entry	into	well	field	in	plan.	The	tunnel	face	is	simulated	as	a	3	ft	(1	m)	thick	drain.	A	25	ft	(7.6	m)	long	inactive	cell	is	placed	behind	the	tunnel	face	to	simulate	the	TBM	shield.	Initial	tunnel	support	using	ribs	and	lagging	is	simulated	in	the	model	as	a	permeable	drain	behind	the	TBM
shield.	The	limits	of	the	sub-local	model	are	also	shown.	The	sub-local	model	uses	a	finer	grid	spacing	to	better	simulate	the	small	diameter	well	construction	and	improve	prediction	of	the	residual	head	(i.e.,	remaining	saturated	thickness)	in	the	area	of	the	tunnel.	Hydraulic	head	boundaries	are	set	at	the	north	and	south	ends	of	the	sub-local	model
based	on	the	equipotential	contours	from	the	local	model.	No	flow	boundaries	are	used	at	the	east	and	west	ends	of	the	model	since	flow	is	predominantly	perpendicular	to	the	tunnel	(i.e.,	perpendicular	to	the	equipotential	lines).	110	THEORY	The	local	model	is	a	detailed	model	along	the	tunnel	alignment	that	is	designed	to	simulate	a	Category	0
condition	where	an	interface	of	clay	or	till	exists	at	or	near	tunnel	invert	with	well	graded,	highly	permeable	sand	or	gravel	above	(Fig.	7.23).	Category	0	soil	conditions	are	expected	in	tunneling	over	a	roughly	4600	ft	(1400	m)	length	and	occur	where	the	tunnel	alignment	must	pass	beneath	a	surface	stream	and	in	close	proximity	to	an	active	sand
and	gravel	quarry.	In	this	area,	the	clay	interface	rises	to	within	5	ft	(1.5	m)	of	tunnel	invert.	The	tunnel	simulation	predicts	that	the	total	increase	in	flow	when	water	levels	are	lowered	to	tunnel	invert	is	modest,	increasing	from	1.5	to	1.64	gpm	/	lineal	ft	(1.7	to	1.9	L	/	min	/	m).	However,	most	of	this	flow	is	now	handled	inside	the	tunnel	as	the	bulk	of
the	water	being	pumped	by	the	wells	is	transferred	to	the	tunnel.	Prior	to	tunnel	entry,	the	wells	are	producing	1.5	gpm	/	lineal	ft	(1.7	L	/	min	/	m).	As	the	tunnel	approaches,	the	flow	handled	by	the	wells	reduces	to	0.6	gpm	/	lineal	ft	(0.7	L	/	min	/	m).	In	effect,	the	tunnel	with	its	invert	near	the	clay	interface	becomes	the	deeper	sink	and	attracts	the
greater	proportion	of	the	groundwater	flow.	The	model	demonstrates	that	the	proposed	methods	of	tunneling	will	require	handling	of	significant	inflows	inside	the	tunnel	where	geologic	interfaces	of	significantly	contrasting	hydraulic	conductivity	(sand	and	gravel	over	clay)	occur	at	or	near	the	tunnel	invert	over	significant	lengths	of	the	alignment.
On	the	basis	of	the	modeling	results,	dewatering	is	no	longer	considered	practical.	The	methods	of	tunneling	are	changed	to	the	use	of	a	closed	face	Earth	Pressure	Balance	Machine	(EPBM)	with	a	one-pass,	watertight	lining.	References	7-1	Ferris,	J.	G.,	et	al.	(1962).	‘‘Theory	of	aquifer	tests.’’	U.S.	Geological	Survey	Water	Supply	Paper	1536-E.	U.S.
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(1991–2002).	GEO-SLOPE	International	Ltd.,	Alberta,	Canada.	CHAPTER	8	Piezometers	for	Groundwater	Measurement	and	Monitoring	he	piezometer	and	the	observation	well	are	the	fundamental	tools	for	measuring	hydraulic	head	in	an	aquifer	and	evaluating	the	performance	of	dewatering	systems.	While	the	terms	piezometer	and	observation	well
are	commonly	interchanged,	the	term	piezometer	is	more	precisely	defined	as	a	device	that	measures	the	pressure	in	a	confined	isolated	zone,	while	an	observation	well	is	a	device	that	measures	the	water	level	in	an	unconfined	or	unisolated	zone.	In	this	chapter,	as	in	common	practice,	they	will	be	used	interchangeably	to	describe	any	device	for
determining	water	head.	The	piezometer	seems	a	simple	tool	but	it	can	be	subtly	complex,	and	misinterpretation	of	piezometer	data	has	resulted	in	serious	difficulties	with	performance	of	dewatering	systems.	Most	of	the	discussion	of	this	chapter,	unless	indicated	otherwise,	is	specific	to	open	standpipe	piezometers.	T	8.1	SUBSURFACE
CONDITIONS	To	interpret	piezometric	data	correctly	it	is	essential	to	have	an	accurate	picture	of	the	subsurface	conditions	in	which	the	piezometer	is	installed.	The	plan	location,	depth,	design,	and	construction	details	of	piezometers	cannot	be	properly	selected	until	adequate	geologic	and	geotechnical	information	has	been	obtained	and	analyzed.
Specific	information	should	include	geologic	history	(knowing	the	depositional	history	will	alert	one	to	the	potential	for	specific	phenomena,	such	as	the	fine	sand	interbeds	in	a	lacustrine	layer),	stratigraphy	(e.g.,	depth	and	thickness	of	all	layers),	soil	types	including	grain	size,	plasticity,	and	degree	of	anisotropy	(ground	water	flow	is	particularly
influenced	by	the	ratio	between	the	horizontal	and	vertical	hydraulic	conductivity).	Even	with	this	advance	information,	it	is	good	practice	to	log	the	soil	conditions	carefully	as	the	piezometer	is	drilled	or	jetted	into	place.	For	example,	an	unexpected	clay	layer	or	sand	seam	can	substantially	alter	groundwater	flow	patterns	and	distort	the	data
compared	with	that	expected	for	more	homogeneous	conditions.	8.2	ORDINARY	PIEZOMETERS	AND	TRUE	PIEZOMETERS	The	ordinary	piezometer	or	observation	well,	such	as	a	wellpoint	placed	in	a	jetted	hole	that	has	been	backfilled	with	clean	sand	(Fig.	8.1),	is	open	to	the	entire	aquifer.	The	true	piezometer	(Fig.	8.2)	is	isolated	within	a	specific
zone	of	the	aquifer.	In	a	uniform	isotropic	water	table	aquifer,	as	in	Fig.	8.1,	the	ordinary	piezometer	yields	the	correct	information	regarding	the	hydraulic	head	in	the	formation.	However,	if	there	are	discrete	and	multiple	pressure	zones	within	the	aquifer,	or	vertical	gradients,	then	the	ordinary	piezometer	will	indicate	an	average	of	the	hydraulic
head	over	the	entire	interval	of	sand	backfill.	This	average	result	may	be	misleading	when	it	is	considered	to	be	the	water	level	at	a	discrete	elevation.	When	two	discrete	aquifers	are	penetrated,	as	in	Fig.	8.3,	the	average	hydraulic	head	indicated	by	an	ordinary	piezometer	is	representative	of	neither	aquifer.	In	this	case,	two	piezometers,	screened
separately	in	each	aquifer,	are	required	to	obtain	an	accurate	representation	of	the	actual	hydraulic	head	conditions	in	each	layer.	In	practice,	and	with	proper	quality	control	during	installation,	the	two	piezometers	can	be	placed	in	the	same	drilled	hole,	with	an	impermeable	seal	placed	between	the	piezometers	to	hy-	Construction	Dewatering	and
Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	111	112	THEORY	Figure	8.1	An	ordinary	piezometer	in	a	homogeneous	isotropic	water	table	aquifer	will	give	a	true	reading	under	static	conditions.
When	pumping,	vertical	gradients	may	complicate	interpretation	of	the	data.	Figure	8.3	Piezometers	in	two	different	aquifers.	Note	that	the	ordinary	piezometer	on	the	left	averages	the	two	aquifers	and	its	reading	does	not	accurately	reflect	the	water	level	in	either	stratum.	•	plified	by	the	presence	of	anisotropic	soils.	The	flow	net	in	Fig.	6.9	shows
how	an	ordinary	piezometer	can	yield	inaccurate	and	thus	misleading	results,	but	a	series	of	true	piezometers	staggered	vertically	will	give	an	accurate	picture	of	the	hydraulic	head	conditions.	Dangerous	boils	have	been	observed	in	an	excavation	even	when	the	surrounding	piezometers	indicate	water	levels	below	subgrade.	In	such	cases,	analysis
usually	reveals	vertical	gradients	that	were	not	detected	because	true	piezometers	were	not	used	(Fig.	5.1a).	Another	dewatering	situation	where	a	piezometer	may	provide	inaccurate	information	is	when	a	piezometer	is	socketed	in	clay	underlying	a	water-bearing	stratum	such	as	sand	(Fig.	8.4).	In	this	case,	the	piezometer	will	always	indicate	a
water	level	slightly	higher	than	the	top	Figure	8.2	A	true	piezometer	to	measure	pressure	in	a	confined	aquifer.	draulically	isolate	them	within	their	respective	aquifers.	The	authors	have	observed	many	instances	where	poorly	constructed	seals	between	the	piezometers	have	allowed	vertical	leakage	and	rendered	the	water	level	data	from	the
piezometers	erroneous.	Where	possible,	the	installation	of	individual	piezometers	in	separate	boreholes	is	recommended.	The	water	level	measured	in	a	piezometer	will	reflect	the	installation	method	and	soils	through	which	it	screened.	An	understanding	of	the	soil	conditions,	piezometer	construction	details,	and	aquifer	characteristics	is	imperative
to	the	interpretation	of	piezometer	data.	Some	common	examples	illustrate	the	point:	•	When	a	dewatering	system	only	partially	penetrates	an	aquifer,	vertical	gradients	occur	which	are	further	am-	Figure	8.4	Ordinary	piezometer	socketed	into	clay.	Water	will	never	decline	to	lower	than	a	few	centimeters	above	the	clay.	Filling	the	piezometer	with
water	may	not	reveal	the	situation.	Pumping	the	piezometer	is	preferred;	slow	recovery	will	suggest	the	possibility	illustrated.	PIEZOMETERS	Figure	8.5	Ordinary	piezometer	under	perched	conditions.	The	piezometer	will	read	slightly	above	the	true	dewatered	level	in	the	lower	aquifer,	but	it	is	unlikely	that	the	perched	condition	can	be	detected
from	the	water	level	data.	•	FOR	GROUNDWATER	MEASUREMENT	AND	MONITORING	113	seals	can	be	placed	properly,	and	that	the	hole	makes	unobstructed	contact	with	the	zone	of	the	aquifer	that	is	to	be	observed.	As	is	the	case	with	all	construction,	rotary	drilling	will	provide	a	better	installation	than	augers,	which	tend	to	smear	the	borehole
wall	with	fines	as	they	are	advanced,	particularly	in	stratified	soils.	Drilling	mud,	if	used,	should	be	biodegradable	and	the	borehole	should	be	flushed	adequately	with	clean	water	prior	to	installation	of	the	screen	and	filter	pack.	To	allow	for	the	inflow	of	water	and	proper	communication	with	the	formation,	piezometer	screens	are	constructed	as
slotted	wellscreens	or	as	wellpoints.	The	openings	should	be	sized	in	relationship	to	the	filter	sand	that	is	placed	in	the	annulus	between	the	formation	and	the	screened	interval.	An	ample	open	area,	at	least	5	to	10%	of	the	screen	surface,	is	advisable	so	that	the	piezometer	can	be	pumped	or	surged	during	initial	developing	and	subsequent
maintenance.	The	diameter	of	the	piezometer	screen	and	riser	pipe	is	preferably	1	to	2	in.	(25	to	50	mm).	Smaller	diameters	are	sometimes	employed,	particularly	in	soil	difficult	to	drill	or	where	multiple	piezometers	are	to	be	installed	in	the	same	hole.	Piezometers	smaller	than	–34	in.	(20	mm)	are	not	recommended,	because	of	difficulties	in	taking	of
the	clay.	Thus,	unless	the	elevation	of	the	sand/clay	interface	is	accurately	known,	the	head	of	water	remaining	in	the	aquifer	can	be	grossly	overestimated.	A	third	example	where	an	ordinary	piezometer	may	provide	an	incorrect	water	level	is	when	the	screen	penetrates	two	partially	dewatered	aquifers	(Fig.	8.5).	This	may	be	in	the	presence	of	a
perched	water	table.	An	ordinary	piezometer	will	not	reveal	the	perched	water	condition	in	the	upper	aquifer	and	may	actually	drain	some	water	from	the	upper	aquifer	into	the	lower	aquifer.	Perched	water,	if	not	predrained,	can	present	serious	problems	in	the	slopes	of	an	excavation	or	with	the	installation	of	lagging	boards	and	therefore	it	is
important	that	the	piezometers	reveal	its	presence	or	absence.	Dewatering	the	perched	water	with	shallow	wellpoints	or	sand	drains	is	more	costly	in	time	and	money	if	the	perched	water	is	not	discovered	until	after	the	excavation	is	underway.	The	above	discussion	illustrates	only	some	of	the	potential	difficulties	in	interpretation	of	piezometer	data.
The	need	for	thorough	understanding	of	the	soil	conditions	and	their	relationship	to	groundwater	flow	cannot	be	overstated.	8.3	PIEZOMETER	CONSTRUCTION	Piezometers	can	be	installed	by	various	techniques,	such	as	jetting	(with	or	without	a	casing),	driving,	or	drilling	(mud	rotary,	hollow	stem	auger,	wash	boring).	Hollow	stem	auger	and	mud
rotary	drilling	techniques	are	the	most	common.	The	primary	considerations	are	that	the	hole	is	stable	during	the	installation	of	the	piezometer	so	that	screen,	filter,	and	Figure	8.6	A	drive	point	piezometer	can	be	driven	by	hand	to	shallow	depths.	114	THEORY	water	level	measurements	within	the	piezometer	using	conventional	measuring
equipment,	and	in	developing	and	cleaning.	Sizes	larger	than	2	in.	(50	mm)	are	not	recommended	in	finer-grained	soils	because	the	volume	of	water	needed	to	flow	into	or	out	of	the	piezometer	will	affect	the	accuracy	of	readings	during	rapid	changes	in	drawdown.	Plastic	riser	pipes	and	screens	and	steel	riser	pipes	with	stainless	steel	screens	are
commonly	used.	On	projects	of	short	duration,	galvanized	screens	may	be	suitable.	Piezometer	screens	are	typically	5	or	10	ft	(1.5	or	3	m)	in	length,	but	longer	screens	may	be	desirable,	depending	on	soil	stratification.	In	highly	stratified	soils,	discrete	piezometers	at	different	depths	are	better	than	one	longer,	and	averaging,	piezometer.	The	filter
column	surrounding	the	screen	should	be	only	slightly	longer	than	the	length	of	the	piezometer	screen	to	provide	proper	isolation	of	the	screen.	Filter	sands	(sometimes	called	the	filter	pack)	for	piezometers	should	be	selected	generally	in	accordance	with	the	criteria	for	well	filters	(Chapter	18),	although	a	precise	match	between	the	formation,	filter
material	and	well	screen	is	not	imperative	since	the	piezometer	is	not	used	to	pump	water	from	the	formation.	In	deep,	small-diameter	holes,	a	very	uniform	filter	with	rounded	to	semirounded	grains	is	recommended,	since	these	materials	can	be	placed	rapidly,	without	segregation	or	bridging.	If	locally	available	sand	is	not	sufficiently	uniform	or
rounded,	the	‘‘Ottawa	sand’’	used	in	sand-cone	testing	and	available	from	drilling	supply	companies	is	effective.	In	deep	piezometer	holes,	ample	time	should	be	allowed	for	the	sand	to	settle	before	sounding	to	see	if	it	has	reached	the	proper	elevation.	Sometimes	several	minutes	or	more	is	necessary	for	a	uniform	fine	to	medium	sand	to	reach	the
desired	depth.	To	ensure	adequate	filter	thickness,	most	states	will	require	that	the	drilled	borehole	diameter	is	a	minimum	of	4	in.	(100	mm)	larger	than	the	screen	diameter,	i.e.,	with	a	minimum	filter	pack	thickness	of	2	in.	(50	mm).	Low	hydraulic	conductivity	seals,	usually	of	bentonite,	are	necessary	for	the	installation	of	a	true	piezometer.	The
bentonite	may	be	installed	differently	depending	on	the	form	of	the	bentonite,	i.e.,	chips,	pellets,	coated	pellets.	Coated	bentonite	pellets,	available	from	various	material	suppliers,	are	the	most	convenient	to	use	and	are	believed	to	form	the	most	reliable	seal.	As	the	bentonite	continues	to	absorb	water,	it	tends	to	swell	and	form	a	tight	seal	between
the	pipe	and	the	wall	of	the	hole.	Once	the	bentonite	pellets	are	installed,	the	annular	space	should	be	backfilled	at	least	partially	so	that	the	bentonite	swells	out	toward	the	borehole	walls	and	creates	a	good	seal	rather	than	expanding	freely	up	the	unconfined	annular	space	of	the	borehole.	In	addition	to	the	bentonite	seal	at	the	top	of	the	screened
interval,	a	bentonite	seal	should	be	placed	at	the	top	of	the	ground,	which	is	then	graded	for	runoff,	so	that	surface	water	cannot	enter	the	hole	and	distort	the	readings.	Cement-bentonite	grout	is	sometimes	used	instead	of	bentonite	for	seals.	Grout	placement	requires	special	techniques	and	equipment,	but	is	more	practical	than	bentonite	pellets	for
sealing	longer	lengths	of	borehole.	The	high	shear	strength	of	the	grout	may	be	advisable	for	sealing	highpressure	zones.	Unless	the	piezometer	is	not	communicating	with	the	aquifer	(Section	8.4),	development	of	piezometers	is	typically	required	only	when	borehole	permeability	tests	will	be	performed	or	the	piezometers	will	also	serve	as
environmental	sampling	wells	and	turbidity	in	the	sample	may	skew	the	water	quality	analyses.	Figure	8.7	illustrates	a	piezometer	detail	that	has	proven	effective.	The	piezometer	top	should	be	threaded	and	capped	to	prevent	entry	of	foreign	objects.	It	is	advisable	to	put	a	small	vent	hole	in	the	cap	to	allow	atmospheric	air	to	enter	or	leave	the
piezometer	as	the	water	level	within	the	piezometer	rises	and	falls.	Where	added	security	is	needed,	such	as	in	public	areas,	a	prefabricated,	flush-mounted	steel	or	cast	iron	covered	box	set	in	concrete	is	frequently	employed	to	protect	the	piezometer.	An	appropriately	constructed	piezometer	can	have	a	long	service	life,	extending	from	the	initial
geotechnical	investigation	through	use	in	evaluating	the	performance	of	the	dewatering	system	during	construction.	Figure	8.7	Typical	piezometer	construction.	Note	smaller	diameters	for	the	hole	and	piezometers	are	frequently	selected	to	reduce	cost.	The	minimum	recommended	piezometer	size	is	0.75	in	(20	mm).	PIEZOMETERS	GROUNDWATER
MEASUREMENT	AND	MONITORING	150	46.8	140	130	42.8	125	40.8	120	38.8	115	36.8	34.8	105	100	32.8	0	Every	piezometer	should	be	proven	(tested)	after	construction	to	ensure	that	it	is	functioning	properly.	On	projects	of	long	duration	the	piezometers	may	be	re-tested	periodically,	particularly	those	that	continue	to	show	a	static	condition	or
behave	erratically.	A	piezometer	can	be	tested	by	adding	or	removing	water.	Note	that	when	testing	a	piezometer	by	adding	water,	only	clear,	sediment-free	water	should	be	used.	For	a	typical	aquifer,	the	water	should	return	to	the	same	level	in	a	few	minutes,	demonstrating	the	proper	functioning	of	the	piezometer.	Pumping	water	out	of	the
piezometer	is	preferable	to	adding	water,	since	this	tends	to	help	clean	the	piezometer	of	any	accumulated	fine	silts	and	clays.	If	the	water	level	in	the	piezometer	is	within	20	ft	(6	m)	of	the	surface,	a	suction	pump	can	be	used.	If	the	water	column	height	in	the	piezometer	is	equal	to	60%	of	the	total	depth	of	the	piezometer,	water	can	be	removed	by
air	lifting	(Chapter	12).	If	the	water	column	height	is	less	than	60%	of	the	total	depth	of	the	piezometer,	some	water	can	still	be	blown	out	with	intermittent	surges	of	compressed	air.	Occasionally,	clogged	piezometers	can	be	cleared	in	this	manner.	Sometimes	the	validity	and	significance	of	piezometer	readings	can	be	evaluated	by	pumping	or	air
lifting	and	observing	the	subsequent	recovery.	For	example,	if	the	water	level	recovers	very	quickly,	this	indicates	that	the	soils	are	relatively	permeable,	with	the	potential	for	rapid	ground	water	flow	and	ground	loss	in	the	excavation	if	not	properly	addressed.	In	contrast,	if	the	level	takes	many	hours	to	recover,	this	information	may	indicate	soils	of
relatively	low	hydraulic	conductivity,	limited	continuity	of	the	waterbearing	pocket,	or	a	minor	perched	condition,	as	shown	in	Figs.	8.4	and	8.5.	The	shape	of	the	recovery	plot,	i.e.,	linear	or	parabolic,	can	sometimes	suggest	a	condition	such	as	a	piezometer	socketed	into	clay	or	a	perched	water	source	feeding	the	piezometer.	A	parabolic	recovery
curve	(Fig.	8.8)	generally	reflects	a	piezometer	in	direct	connection	with	an	aquifer,	and	a	linear	recovery	curve	(Fig.	8.9)	generally	reflects	a	source	of	water	above	the	piezometer	screen	such	as	a	perched	layer.	The	ability	to	perform	these	in	situ	tests	and	verify	water	levels	can	be	very	beneficial	in	evaluating	the	performance	of	a	dewatering
system.	These	tests	can	be	Elevation	(m)	44.8	135	110	8.4	VERIFICATION	OF	PIEZOMETER	PERFORMANCE	115	48.8	145	Elevation	(ft)	Where	observation	wells	will	also	serve	as	environmental	monitoring	wells,	well	materials	should	be	compatible	with	the	anticipated	chemical	environment,	be	of	sufficient	diameter	to	accommodate	sampling	and
development	tools,	and	be	properly	developed	so	that	the	contaminant	concentration	is	not	skewed	by	turbidity	and	contaminants	that	may	be	fixated	to	particulate	matter.	The	joints	on	environmental	monitoring	wells	should	not	be	solvent	welded,	since	this	could	introduce	solvents	to	the	water	samples.	FOR	2	4	6	8	10	Time	(min)	Figure	8.8	A	water
level	recovery	plot	that	suggests	that	the	screen	is	fully	saturated	and	in	direct	communication	with	the	aquifer.	Figure	8.9	A	water	level	recovery	plot	that	may	be	indicative	of	a	piezometer	socketed	in	a	soil	stratum	of	low	hydraulic	conductivity	or	a	well	being	recharged	by	an	upper	stratum	of	higher	hydraulic	conductivity	or	perched	layer.
performed	on	pumping	wells	(or	other	devices)	in	addition	to	the	piezometers.	8.6	OBTAINING	DATA	FROM	PIEZOMETERS	A	number	of	devices	have	been	developed	to	determine	the	level	of	the	water	surface	within	the	piezometer.	The	battery-operated	electric	probe	(Fig.	8.10)	with	a	cable	marked	off	in	feet	or	meters	is	perhaps	the	most	popular.
Various	manufacturers	produce	these	instruments	which	utilize	a	neon	lamp,	a	buzzer,	or	an	ammeter	as	the	signaling	device.	The	instrument	should	be	ruggedly	built,	since	some	116	THEORY	Figure	8.10	Electric	probe	for	measuring	water	levels.	degree	of	rough	handling	can	be	expected.	The	distance	markings	must	be	securely	fastened	to	the
cable.	Some	models	are	available	where	the	cable	itself	is	manufactured	as	a	measuring	tape.	The	sensing	probe	should	be	shielded	to	prevent	shorting	out	against	metal	risers.	When	the	water	is	highly	conductive,	false	positive	readings	can	occur	due	to	the	sensitivity	of	the	probe	in	the	moist	air	above	the	actual	water	level.	Careful	attention	to	the
consistency	of	the	reading,	intensity	of	the	neon	lamp,	pitch	of	the	horn,	or	the	strength	of	the	ammeter	reading	is	required	to	distinguish	between	these	false	positive	readings	and	the	readings	that	occur	when	the	probe	actually	contacts	the	water.	A	sensitivity	adjustment	on	the	instrument	can	be	useful.	Note	that	oil	or	iron	sludge	accumulated	in
the	piezometer	will	result	in	the	electric	probe	giving	unreliable	readings.	Data	loggers	coupled	to	pore	pressure	transducers	(Fig.	8.11)	are	proving	useful	for	monitoring	piezometric	levels.	They	are	invaluable	for	collecting	data	during	a	pumping	test	because	of	the	required	frequency	of	data	acquisition.	Once	the	data	are	acquired,	the	use	of	a
laptop	or	handheld	computer	can	be	utilized	in	the	field	for	plotting	and	analyzing	the	data.	Data	loggers	record	signals	from	a	pressure	transducer	located	near	the	bottom	of	the	piezometer,	which	responds	to	changes	in	water	level	and	resulting	changes	in	pressure.	In	the	absence	of	previously	discussed	measuring	tools,	rudimentary	devices	can	be
used	to	determine	water	levels	on	a	construction	site.	A	surveyor’s	tape	with	a	chalked	surface	will	wash	clean	below	the	water	when	lowered	into	a	piezometer.	A	flat-bottomed	or	cupped	weight	affixed	to	the	bottom	of	a	tape	will	generate	an	audible	splash	when	the	weight	strikes	the	water.	Similarly,	a	heavy	whistle,	open	at	the	bottom	and
mounted	on	a	tape	will	generate	a	sound	as	the	whistle	sinks	into	the	water.	Data	loggers	are	more	than	labor-saving	devices;	early	time	data	can	be	recorded	at	a	frequency	not	possible	even	with	numerous	personnel	to	manually	record	water	levels	at	each	location	in	a	typical	piezometer	array.	The	water	level	data	obtained	with	the	data	logger	at
early	times	during	a	pumping	test	are	particularly	useful	in	a	Boulton	analysis	(Section	9.13).	Anomalies	in	the	plots	can	be	better	identified,	and	the	departures	from	ideal	aquifer	conditions	are	more	readily	identified	and	interpreted.	As	a	result,	the	better	test	data,	in	the	hands	of	an	experienced	analyst,	makes	more	reliable	interpretations	and
conclusions	possible.	Figure	8.12	shows	a	Jacob	time	plot	from	a	pump	test	in	a	large	water	table	aquifer.	The	data	logger	was	programmed	to	record	water	levels	on	a	logarithmic	time	frequency	to	provide	points	evenly	spaced	on	the	plot.	From	time	equal	to	zero	to	about	0.4	min,	the	points	describe	a	curve	until	minimum	tse	for	the	Jacob
modification	has	been	satisfied	(Section	9.5).	From	0.4	to	about	1	min,	15	consecutive	points	clearly	define	a	straight	line	with	a	slope	representative	of	the	transmissivity	of	the	aquifer.	After	1	min,	the	curve	flattens	as	delayed	storage	release,	as	described	in	Section	9.8,	distorts	the	plot.	After	120	min,	the	curve	begins	to	steepen	again	as	the
temporary	recharge	from	delayed	storage	becomes	depleted.	The	analysis	above	would	not	have	been	possible	with	manual	techniques	to	determine	the	water	level	in	each	piezometer.	With	manual	methods,	it	may	be	feasible	to	collect	enough	data	to	produce	a	plot	similar	to	that	shown	in	Fig.	8.12	provided	the	piezometer	had	been	given	very	high
priority	and	both	a	technician	and	recorder	were	assigned	to	it	in	the	first	10	min.	If	the	pi-	PIEZOMETERS	FOR	GROUNDWATER	MEASUREMENT	AND	MONITORING	117	Figure	8.11	A	self-contained,	individual	data	logger	for	installation	in	a	piezometer.	ezometer	had	second	or	lower	priority,	the	earliest	points	recorded	would	fall	on	the
misleading	flat	portion	of	the	curve.	This	phenomenon	explains	why	transmissivity	is	often	overestimated	from	manually	obtained	time	plots.	If	only	one	piezometer	is	available,	a	situation	that	sometimes	occurs,	and	a	distance-drawdown	plot	cannot	be	generated,	the	analysis	has	resulted	in	overdesign	of	dewatering	systems	in	large	water	table
aquifers.	In	addition	to	producing	high-quality,	high-frequency	data,	a	data	logger	can	eliminate	the	need	for	the	on-site,	24-hour	presence	of	a	technician	during	an	extended	pumping	test.	Further,	there	is	a	very	significant	saving	in	analyst’s	time	back	at	the	office.	Not	only	do	data	loggers	record	the	water	level	readings	but	the	data	can	be
downloaded	into	a	computer	and,	with	appropriate	software,	can	be	quickly	analyzed	and	plotted	to	arithmetic,	semi-log,	and/or	logarithmic	scales.	Data	loggers	with	pressure	transducers	are	also	useful	in	providing	data	for	tidal	corrections	(Section	9.8)	before	and	during	pumping	tests	performed	near	the	waterfront.	To	accurately	record	the	critical
early	time	data	during	a	slug	test	described	in	Section	11.6,	the	data	logger	and	pore	pressure	transducer	are	preferred.	8.6	PORE	PRESSURE	PIEZOMETERS	IN	FINEGRAINED	SOILS	For	measuring	pore	pressures	in	fine-grained	soils,	conventional	piezometers	are	not	recommended.	A	piezometer	requires	water	volume	that	must	flow	into	or	out	of
the	stratum	to	cause	a	change	in	water	level	in	the	piezometer.	The	flow	may	require	a	very	long	time	to	equalize	and	may	reduce	the	pore	pressure	in	the	monitored	stratum	such	that	the	indicated	reading	will	be	low.	While	pore	water	pressures	are	not	significant	to	dewatering	in	the	normal	sense,	they	can	have	a	major	effect	on	the	stability	of	the
slopes	and	bottom	of	an	excavation	or	of	embankments.	Pore	water	pressures	can	be	measured	by	various	devices	(Fig.	8.13).	The	pneumatic	piezometer	uses	a	porous	stone	element	sealed	in	the	zone	to	be	observed.	A	pressure	cell	consisting	of	a	stainless	steel	diaphragm	is	mounted	immediately	at	the	top	of	the	element	and	connected	to	two	tubes
leading	to	the	surface.	Air	pressure	is	admitted	to	one	tube	until	it	precisely	balances	the	water	pressure	on	the	other	side	of	the	diaphragm,	at	which	point	a	ball	valve	opens	and	the	excess	air	escapes	through	the	second	tube.	The	air	pressure	indicates	the	pore	pressure	in	the	piezometer,	with	negligible	water	displacement.	Electronic	transducers,
as	mentioned	above,	and	data	loggers	are	effective	for	the	measurement	and	recording	of	water	levels	and	pore	pressures	[8-1].	Transducers	are	essential	for	automatic	and	remote	readout,	and	when	using	data	loggers	(Section	8.5).	While	there	are	various	types,	the	vibrating	wire	type	is	reportedly	more	reliable	for	underwater	service	than	the
resistance-type	pore	water	pressure	transducer.	Water	levels	cannot	be	verified	in	pore	pressure	piezometers	by	in	situ	methods	such	as	pumping	and	recovery	tests,	as	discussed	in	Section	8.4,	and	except	for	the	situation	where	the	site	activities	are	not	amenable	to	the	presence	of	standpipes,	they	are	not	recommended	for	typical	dewatering
purposes.	118	THEORY	Figure	8.12	Jacob	time	plot	from	a	data	logger.	Figure	8.13	Various	pore	pressure	piezometers.	Courtesy	Slope	Indicator.	8.7	DIRECT	PUSH	TECHNOLOGIES	FOR	PIEZOMETER	INSTALLATION	While	installation	and	monitoring	of	piezometers	is	a	tried	and	proven	method	of	ascertaining	ground	water	conditions,	the
techniques	are	also	costly	and	time-consuming.	More	recently,	direct	push	technologies	have	been	effective	in	measuring	groundwater	levels	and	the	hydraulic	conductivity	in	situ.	The	direct	push	technique	utilizes	tools	and	sensors	that	are	pushed	into	the	ground	with	static	force	and	percussion	rather	than	conventional	rotary	drilling	techniques.
Direct	push	does	not	create	drill	spoils	and	waste	drilling	fluids,	and	is	advantageous	for	environmental	applications	to	obtain	detailed	water	quality	and	groundwater	information.	Proprietary	direct	push	systems	utilize	various	tools	to	perform	such	tasks	as	obtaining	soil	samples	(continuous	or	discrete),	groundwater	and	vapor	samples,	and
measuring	hydraulic	conductivity.	The	reusable	tools	known	as	groundwater	samplers	are	advanced	to	collect	groundwater	samples	and	acquire	other	data	at	multiple	depths	during	drilling,	but	are	not	meant	for	long-term	monitoring.	With	these	tools,	a	water	sample	can	be	collected	and	an	in	situ	hydraulic	conductivity	test	may	be	conducted.	Direct
push	technologies	have	also	been	developed	to	install	permanent	small-diameter	monitoring	wells.	The	cone	penetrometer	test	(CPT)	has	been	used	for	many	years	to	investigate	geotechnical	conditions	and	has	more	recently	been	adapted	to	investigations	of	groundwater	conditions,	including	pore	pressures,	at	multiple	elevations	within	a	single
borehole.	In	tests	where	the	cone	(a	piezocone)	also	includes	a	porous	stone	and	pore	pressure	transducer,	pore	water	pressures	are	also	measured.	The	pore	pressure	response	can	be	also	indicative	of	the	hydraulic	conductivity	of	the	formation.	The	CPT	is	also	useful	in	detecting	stratigraphic	changes	that	might	otherwise	be	missed	by	traditional
sampling	at	fixed	intervals.	Monitoring	wells	or	piezometers	installed	with	direct	push	methods	are	typically	less	than	2	in.	(50	mm)	in	inside	diameter	and	utilize	retrievable,	prepacked	screens	with	an	outer	stainless	steel	mesh.	The	screen	is	a	high-quality,	high	open	area	screen,	but	with	a	very	small	effective	opening	PIEZOMETERS	Figure	8.14	A
direct	push	groundwater	sampler	used	to	obtain	samples	through	a	screen.	This	type	of	sample	device	provides	the	ability	to	obtain	multiple	water	levels	and	samples	in	one	borehole.	(a)	Advance	device	to	desired	depth.	(b)	Activate	the	sampler	by	retracting	the	casing	and	exposing	the	screen.	(c)	Obtain	the	reading	and	/	or	groundwater	sample	from
the	set	depth.	(d)	Withdraw	the	casing	and	screen.	Courtesy	Geoprobe	systems.	size	that	makes	well	development	difficult	and	typically	highly	ineffective,	a	consideration	when	evaluating	in	situ	hydraulic	conductivity	data.	Installation	involves	driving	drilling	pipe	with	a	large	enough	inside	diameter	to	allow	for	the	installation	of	the	preassembled
well	screen	and	riser	pipe	(Fig.	8.16).	The	prepacked	piezometer	screen	can	be	reused	at	multiple	elevations	to	provide	a	detailed	water	level	and	hydraulic	conductivity	profile,	or	it	can	be	installed	permanently	at	one	location.	When	the	screens	are	reinstalled	temporarily	at	multiple	intervals,	the	method	is	rapid.	However,	the	data	are	a	‘‘snapshot
in	time’’	and	the	method	does	not	allow	for	observations	of	changes	over	time.	Additionally,	the	data	acquired	from	direct	push	piezometer	installation	may	be	influenced	by	borehole	smear	during	FOR	GROUNDWATER	MEASUREMENT	AND	MONITORING	119	Figure	8.15	A	direct	push	tool	groundwater	sampler	utilized	for	obtaining	water	levels
and	samples	at	various	depths.	Courtesy	Geoprobe	Systems.	installation,	the	lack	of	a	proper	borehole	seal	above	the	screen	to	conclusively	isolate	the	piezometer	screen	in	a	discrete	zone,	and	in	low	hydraulic	conductivity	formations	the	water	levels	may	not	equilibrate	in	the	timeframe	available.	For	the	installation	of	a	permanent	monitoring	well
or	piezometer,	as	in	conventional	monitoring	well	installation	with	the	use	of	a	casing,	the	drilling	pipe	is	withdrawn	sufficiently	to	permit	the	installation	of	a	sand	above	the	screen	prior	to	the	placement	of	a	bentonite	seal	and	grout.	While	direct	push	technologies	may	be	useful	supplements	to	more	conventional	monitoring	well	installations,	they
should	not	serve	as	a	substitute	for	more	traditional	methods.	The	direct	push	methods	are	not	as	reliable	as	traditional	methods.	Groundwater	profiling	with	temporary	installations	provides	data	at	a	single	point	in	time	but	not	as	a	function	of	time.	For	design	of	dewatering	systems,	120	THEORY	particularly	where	groundwater	levels	may	vary
seasonally	or	with	the	levels	of	a	nearby	open	water	body,	instantaneous	groundwater	information	may	be	insufficient	as	compared	to	that	obtainable	from	conventional	observation	wells.	Reference	8-1	Dunnicliff,	J.,	and	Green,	G.	(1988).	Geotechnical	Instrumentation	for	Monitoring	Field	Performance.	Wiley,	New	York,	NY.	Figure	8.16	A	prepacked
direct	push	piezometer	screen.	Courtesy	Geoprobe	Systems.	CHAPTER	9	Pumping	Tests	hen	the	groundwater	control	problem	has	a	potentially	major	impact	on	the	design	of	a	project	or	its	cost,	or	if	it	is	likely	to	present	complications	in	the	bidding,	the	expense	of	an	aquifer	pumping	test	is	probably	warranted.	A	pumping	test	is	the	preferred
method	for	obtaining	reliable	data	on	transmissivity,	recharge	and	barrier	boundaries,	storage	coefficient,	capacity	of	wells,	and	other	factors	that	will	determine	the	scope	and	cost	of	the	dewatering	effort	required.	The	test	properly	takes	place	prior	to	bidding	so	that	the	data	are	available	to	contractors	for	preparing	their	estimates.	Indeed,	the
owner’s	engineers	sometimes	learn	from	the	test	that	modifications	to	their	design	may	be	advisable.	Such	changes	are	much	more	costly	after	the	bid.	W	•	•	9.1	WHEN	A	PUMPING	TEST	IS	ADVISABLE	Since	a	pumping	test	usually	takes	place	during	the	geotechnical	investigation,	when	budgets	are	generally	tight,	the	need	for	one	must	be
scrutinized.	The	authors	base	our	recommendations	on	experience	from	these	situations:	•	A	pumping	test	during	the	planning	stage	resulted	in	a	•	•	design	change,	a	change	in	specification	requirements,	or	alerted	bidders	to	the	severity	of	the	groundwater	problem.	A	pumping	test	was	not	conducted,	or	was	poorly	executed,	and	an	unexpected
condition	that	developed	during	construction	resulted	in	a	serious	dispute.	On	the	basis	of	these	experiences,	the	following	are	examples	of	conditions	where	a	pumping	test	is	advisable:	•	A	pumping	test	may	be	warranted	when	large	quantities	of	water	will	be	pumped.	If	the	soil	borings	indicate	layers	of	clean	sands	and	gravels	of	significant
thickness,	•	or	there	may	be	a	proximate	source	of	recharge	(river,	lake,	sea),	high	flows	may	occur.	A	pumping	test	can	help	to	evaluate	total	flow	rate.	This	can	be	particularly	important	where	contamination	is	also	identified	at	the	site	or	in	surrounding	areas,	or	where	restrictions	or	fees	are	imposed	on	dewatering	discharge.	A	high-flow	condition
suggests	a	wide	radius	of	influence	of	pumping	and	the	possibility	of	harmful	side	effects	such	as	loss	in	aquifer	water	supply	or	ground	subsidence	and	consequent	damage	to	existing	structures.	A	pumping	test	can	evaluate	groundwater	gradients,	the	radius	of	influence	of	dewatering,	and	other	pertinent	factors.	When	it	is	planned	to	dewater	down
to	a	difficult	geological	interface	of	markedly	contrasting	hydraulic	conductivity,	such	as	a	fine	sand	or	silty	fine	sand	over	a	bed	of	relatively	impermeable	material	such	as	clay	or	rock	into	which	the	excavation	penetrates,	a	pumping	test	can	evaluate	the	necessary	effectiveness	of	a	predrainage	system	to	render	excavation	through	the	interface
workable.	In	built-up	areas,	with	older	structures	penetrating	below	the	water	table,	a	pumping	test	may	reveal	concentrated	groundwater	flows	from	existing	structures	such	as	utilities,	abandoned	bulkheads,	conduits,	or	sumps	and	drains	with	gravel	backfill.	Piezometer	groups	(with	individual	piezometers	screened	and	sealed	at	different
elevations)	can	also	indicate	vertical	groundwater	gradients	that	may	be	reflective	of	an	artesian	condition	or	even	leakage	or	recharge	from	shallow	utilities.	In	industrial	and	commercial	areas,	a	pumping	test	may	be	advisable	to	check	for	contaminants.	If	the	test	is	properly	designed	and	executed,	and	supported	by	appropriate	laboratory	testing,	it
can	provide	data	on	potential	migration	of	plumes,	aquifer	parameters	for	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	121	122	•	•	•	•	THEORY	modeling	plume
migration,	and	data	for	design	of	recovery	and	treatment	systems.	Where	leakage	from	overlying	or	underlying	soil	strata	has	the	potential	to	act	as	a	significant	source	of	recharge,	a	pumping	test	can	be	performed	to	evaluate	the	continuity	of	strata,	either	water	bearing	formations	or	aquitards.	Where	the	borings	indicate	permeable	layers	below
subgrade	of	the	proposed	excavation,	close	enough	to	require	relief	of	artesian	pressure,	a	pumping	test	may	be	advisable	to	provide	data	for	design	of	a	pressure	relief	system,	and	the	evaluation	of	potential	side	effects.	If	partial	penetration	is	to	be	considered,	for	example	to	minimize	adverse	side	effects,	a	reliable	design	is	unlikely	to	be	achieved
without	pumping	test	data.	If	artificial	groundwater	recharge	is	a	potential	method	to	control	groundwater	levels,	a	recharge	test	may	be	warranted	to	demonstrate	the	aquifer	response	to	groundwater	reinjection	and	the	potential	for	aquifer	clogging	versus	time.	The	recharge	test	is	conducted	in	a	very	similar	manner	to	a	pumping	test.	This	is
discussed	further	in	Chapter	25.	9.2	PLANNING	THE	PUMPING	TEST	If	it	is	decided	that	a	pumping	test	is	justified,	a	clear	statement	of	its	purposes	should	be	made	so	that	a	design	appropriate	to	achieving	those	purposes	can	be	created.	The	test	should	be	undertaken	well	along	in	the	geotechnical	investigation	when	the	designer	has	adequate
boring	information,	including	water	levels	and	laboratory	analysis.	Also	in	hand	should	be	reports	on	the	local	geology	and	whatever	records	are	available	on	previous	dewatering	experience	in	the	area,	existing	or	abandoned	groundwater	supply	wells,	surface	hydrology,	and	other	available	data	as	described	in	Chapter	11.	The	first	step	is	to	state	the
purposes	of	the	test,	which	can	include	the	determination	of	the	following:	•	Transmissivity	T,	radius	of	influence	R0,	storage	coef•	•	•	•	•	ficient	Cs,	and	other	aquifer	parameters	affecting	the	total	volume	to	be	pumped	Q.	The	horizontal	gradients	to	be	expected,	which	control	the	possible	effect	on	nearby	structures	or	water	supply	wells.	The
difficulty	in	installing	wells	or	wellpoints,	so	that	appropriate	designs	and	installation	techniques	can	be	selected.	The	yield	Qw	that	can	be	expected	from	a	high-quality	well.	Any	unexpected	conditions	that	might	affect	dewatering,	such	as	artesian	pressure	below	subgrade,	the	volatility	and	degree	of	communication	with	rivers	or	other	sources	of
recharge	near	enough	to	affect	the	work,	and	normal	pumping	schedules	of	nearby	water	supply	or	irrigation	wells.	Aquifer	anisotropy	Kh	/K	v	and	the	benefit	of	partial	penetration	in	reducing	pumping	quantities	and	aquifer	drawdown.	If	partial	penetration	is	to	be	considered	in	the	dewatering	system	design,	Sections	5.1,	6.9,	and	7.13	should	be
reviewed	before	planning	the	pumping	test.	It	will	be	necessary	to	provide	piezometers	at	different	depths,	with	appropriate	seals,	as	well	as	piezometers	at	different	distances	from	the	pumping	well.	9.3	DESIGN	OF	THE	PUMPING	WELL	The	test	well	is	typically	a	deep	well	with	a	submersible	electric	pump.	However,	under	some	conditions	a
suction	well,	a	cluster	of	wellpoints,	or	even	a	single	wellpoint	may	be	adequate.	Whichever	is	used,	the	well	must	have	sufficient	capacity	to	develop	adequate	drawdown	for	analysis.	To	provide	reliable	data,	a	pumping	test	must	adequately	stress	the	aquifer.	A	common	mistake	typically	made	on	environmental	projects	is	to	perform	a	pumping	test	at
a	very	low	flow	rate	to	minimize	groundwater	treatment	expenses.	When	the	aquifer	is	not	stressed	sufficiently,	the	data	Case	History:	One	Aquifer	Parameter	Can	Make	a	Big	Difference	The	dewatering	system	for	the	construction	of	a	new	lock	and	dam	structure	was	grossly	overdesigned	and	built	at	significant	unnecessary	additional	cost	due	to	one
poorly	chosen	aquifer	parameter—the	radius	of	influence.	The	structure	was	to	be	built	inside	a	cellular	cofferdam	with	approximately	2250	lineal	feet	(686	lineal	m)	of	river	frontage.	The	owner	provided	a	complete	design	for	the	dewatering,	which	consisted	of	a	well	in	each	of	the	45	cofferdam	cells,	plus	an	additional	33	wells	along	the	landside,
totaling	78	wells	with	a	capacity	of	1650	gpm	(6245	L	/	min)	each	(Figs.	9.1	and	9.2).	The	total	dewatering	system	design	had	a	capacity	of	over	125,000	gpm	(473,000	L	/	min).	Upon	review	of	the	owner’s	design	documents,	it	was	revealed	that	the	owner’s	designer	had	assumed	a	100-ft	(30.5-m)	radius	of	influence,	equal	to	the	distance	between	the
dewatering	wells	and	the	river’s	edge.	The	owner’s	designer	did	not	understand	that	significant	drawdown	could	be	achieved	in	an	aquifer	beneath	a	partially-penetrating	river.	The	actual	dewatering	requirements	were	less	than	one-third	of	the	owner’s	design	capacity.	The	one	aquifer	parameter,	radius	of	influence,	could	have	been	accurately
ascertained	with	a	pumping	test	and	could	have	saved	millions	of	dollars.	PUMPING	TESTS	(a)	(b)	Figure	9.1	(a)	Plan	view	of	the	owner’s	dewatering	well	layout,	with	wells	in	each	cofferdam	cell.	(b)	A	section	through	a	cofferdam	cell.	123	124	THEORY	Figure	9.2	Owner’s	flow	net	design.	Case	History:	Transit	System	Reconstruction	Project	A	transit
project	in	New	York	City	involved	the	excavation	and	replacement	of	2500	ft	(750	m)	of	deteriorated	subway	invert	concrete,	15	to	20	ft	(5	to	7	m)	below	the	water	table	in	very	permeable	ground.	On	an	earlier	adjacent	contract,	specifically	at	the	northern	end	of	the	project	alignment,	the	contractor	encountered	highly	permeable	coarse	sand
immediately	beneath	the	structure,	with	the	structure	underlain	only	a	few	feet	below	by	silt.	The	thickness	of	the	coarse	sands	was	not	sufficient	to	allow	complete	drainage	of	the	sands	to	below	invert	with	wellpoints.	Although	the	groundwater	pressures	had	been	significantly	lowered	by	the	operation	of	a	wellpoint	system	in	this	area,	significant



water	flows	were	experienced	as	the	groundwater	ran	across	the	top	of	the	silt	and	into	the	excavation	area.	Tight	steel	sheeting	installed	from	within	the	close	confines	of	the	subway	tunnel	(in	addition	to	sumps	and	trench	drains)	was	ultimately	utilized	to	partially	cut	off	the	inflow	of	water	from	the	coarse	sands	and	permit	work	to	proceed.	This
past	experience	led	the	owner	to	undertake	extensive	geotechnical	and	hydrogeological	preconstruction	studies	for	this	contract.	Several	pumping	tests	were	performed	in	the	northern	area	of	the	project	alignment,	where	previous	invert	reconstruction	efforts	experienced	dewatering	difficulties	and	where	the	geotechnical	information	indicated	that
the	silt	layer	rose	to	intercept	the	base	of	the	invert	structure.	The	pumping	tests	confirmed	very	high	hydraulic	conductivity	of	the	sands	near	the	invert	and	limited	radial	response	of	the	formation	to	pumping	stress.	Yields	of	30	to	50	gpm	(144	to	189	L	/	min)	were	experienced	from	small-diameter	wells	installed	to	the	top	of	the	silt,	confirming	the
existence	of	difficult	dewatering	conditions	similar	to	those	encountered	on	the	earlier	contract.	Although	the	tests	were	not	‘‘full-scale’’	constant	rate	pumping	tests	with	extensive	arrays	of	piezometers,	the	sustained	well	yields	alone	confirmed	the	presence	of	highly	permeable	ground	immediately	beneath	the	structure	and	the	need	for	some	type	of
a	cutoff.	PUMPING	TESTS	125	will	typically	overestimate	the	aquifer	transmissivity,	and	the	dewatering	designer	will	subsequently	overestimate	the	system	flow	rate.	The	authors	have	witnessed	pumping	tests	that	fulfilled	their	purpose	while	pumping	at	rates	of	less	than	1	gpm	(4	L/min)	in	varved	silts	to	more	than	5000	gpm	(20,000	L/min)	in
voidaceous	rock.	The	range	is	wide.	From	the	available	data,	the	designer	can	make	an	approximation	of	the	required	well	capacity	to	accomplish	the	result.	The	well	is	then	designed	in	accordance	with	the	principals	in	Chapter	18.	As	a	minimum:	•	The	screen	and	casing	must	be	of	sufficient	diameter	to	•	•	•	accept	a	pump	of	the	necessary	capacity.
The	borehole	diameter	should	be	large	enough	to	accommodate	a	filter	sand	or	gravel	of	suitable	thickness	if	required.	The	filter	sand	should	be	designed	to	be	as	coarse	as	possible	yet	prevent	the	continuous	pumping	of	fines	from	the	aquifer.	The	screen	should	be	selected	to	provide	sufficient	open	area	for	the	anticipated	flow	and	retain	the	filter.	If
the	intended	pumping	level	is	within	suction	lift	from	the	ground	surface	(15	to	20	ft	[5	to	6	m]),	a	smallerdiameter	suction	well,	or	a	cluster	of	wellpoints,	can	sometimes	be	used	instead	of	a	deep	well,	at	significantly	less	cost.	For	deep	wells,	a	piezometer	should	be	placed	in	the	filter	to	evaluate	screen	loss.	With	a	suction	well	or	wellpoint,	a
piezometer	should	be	placed	within	2	ft	(0.6	m)	of	the	well	to	estimate	the	water	level	in	the	aquifer	at	the	well.	If	a	drawdown	pipe	can	be	installed	in	a	suction	well,	well	operating	levels	can	be	measured	in	the	annulus	between	the	drawdown	pipe	and	the	well	casing.	If	a	cluster	of	wellpoints	is	used,	a	piezometer	should	be	located	in	the	center	of
the	cluster.	The	test	well	should	be	constructed	similar	to	a	dewatering	well	and	should	penetrate	all	zones	that	will	be	pumped	during	dewatering.	Occasionally,	when	two	distinct	aquifers	or	water	bearing	strata	are	involved,	it	may	be	advisable	to	use	two	wells,	a	shallow	well	and	a	deep	well	isolated	in	the	lower	aquifer.	However,	the	expense	may
not	be	justified.	The	flow	from	the	separate	aquifers	can	sometimes	be	distinguished	by	running	separate	tests	with	packers,	as	illustrated	in	Fig.	9.3.	A	bentonite	seal	in	the	filter	and	a	section	of	blank	casing	should	be	located	opposite	the	aquiclude.	Propeller	meters	are	available	that	can	be	placed	in	a	well	below	the	pump	to	estimate	the	flow	from
various	strata.	Local	well	construction	regulations	must	be	considered	when	doing	this.	It	is	typically	not	permissible	to	connect	separate	and	distinct	aquifers	with	one	well.	If	electric	power	is	available	at	the	site,	the	submersible	pump	is	the	usual	choice	for	deep	wells.	Without	electric	power,	a	generating	set	or	an	engine-driven	lineshaft	pump	can
be	provided.	Suction	wells	can	be	pumped	with	either	Figure	9.3	Testing	two	aquifers	with	a	single	well.	(a)	Pumping	from	lower	aquifer.	(b)	Pumping	from	upper	aquifer.	engine-driven	or	electric	pumps.	Occasionally,	ejectors	(Chapter	20)	or	air	lifts	(Chapter	12)	are	employed	for	pumping	tests.	9.4	PIEZOMETER	ARRAY	In	simple	aquifer	situations	a
single	line	of	piezometers	is	suitable	(Fig.	9.5).	The	piezometers	are	spaced	logarithmically	to	provide	an	appropriate	spread	for	the	Jacob	distancedrawdown	plot	(i.e.,	10,	40,	100,	etc.).	The	nearest	piezometer	should	be	about	10	or	20	ft	(3	to	6	m)	from	the	well	so	that	well	efficiency	can	be	analyzed.	The	furthest	piezometer	can	be	about	30%	of	the
distance	to	the	anticipated	radius	of	influence.	It	should	be	understood	that	the	further	away	a	piezometer	is,	the	longer	it	will	take	during	the	actual	pumping	test	for	that	piezometer	to	provide	meaningful	data.	Where	recharge	or	barrier	boundaries	are	suspected,	multiple	lines	of	piezometers	may	be	advisable.	Figure	9.6a	shows	line	A	toward	the
river	bank	and	line	B	parallel	to	the	river.	A	third	line	C,	toward	the	barrier	boundary	indicated	by	the	bluff,	is	sometimes	used.	Observation	of	the	water	levels	in	such	a	piezometer	array	prior	to	pumping	will	provide	information	on	natural	groundwater	movements,	which	may	aid	the	interpretation	of	anomalies	in	the	test	data.	Where	multiple
aquifers	are	involved,	vertical	gradients	in	an	anisotropic	aquifer	are	anticipated,	or	partial	penetra-	126	THEORY	vertical.	Longer	screens	may	provide	better	‘‘averaging’’	water	levels	within	a	formation	if	there	is	a	lot	of	stratification	or	variability.	In	general,	the	piezometer	screen	intervals	should	be	located	in	the	same	stratigraphic	horizon	as	the
wellscreen	and	where	the	aquifer	is	relatively	homogeneous,	at	approximately	the	same	elevation	as	the	midpoint	of	the	test	wellscreen,	particularly	when	the	purpose	of	the	test	is	to	provide	accurate	aquifer	parameters	such	as	transmissivity	and	so	forth.	The	screen	intervals	may	also	be	located	at	critical	elevations	within	the	stratigraphy,	such	as
at	excavation	subgrade,	when	the	effect	at	a	distinct	location	is	more	important	than	accurate	aquifer	parameters.	9.5	DURATION	OF	DRAWDOWN	AND	RECOVERY	The	duration	of	pumping	should	continue	long	enough	to	develop	drawdown	patterns	that	will	reveal	the	characteristics	of	the	aquifer.	Ideally,	the	pumping	test	should	be	run	until
equilibrium	is	reached,	but	this	is	rarely	practical.	Walton	[9-1]	points	out	that	pumping	time	must	continue	for	a	minimum	period	before	the	Jacob	modified	formula	can	be	applied.	He	suggests	a	minimum	time	tse	in	minutes,	where	r	is	the	distance	to	the	observation	well	being	considered:	tse		Figure	9.4	A	temporary	pumping	test	setup	including	a
horizontal	flowmeter	and	an	alternative	means	of	measuring	the	flow	rate,	in	this	particular	case	the	use	of	the	trajectory	method	to	confirm	the	flowmeter	data.	tion	is	to	be	analyzed,	true	piezometers	should	be	considered,	with	appropriate	bentonite	seals	(Fig.	8.2).	The	elevation	from	where	water	levels	will	be	measured	in	the	test	well	and	all
piezometers	should	be	referred	to	common	datum	within	about	0.05	ft	(15	mm).	Where	the	water	level	in	an	adjacent	water	body	may	vary	significantly	during	the	test,	it	can	be	monitored	manually	or	with	automated	data	loggers.	The	piezometer	array	in	Fig.	9.6	may	seem	excessive	and	in	simple	aquifer	situations	it	would	be.	But	in	complex	aquifers
that	vary	widely	in	hydraulic	conductivity	and	thickness,	and	have	variable	recharge	and	barrier	boundaries,	the	extra	data	can	be	invaluable	in	understanding	the	anomalies	that	natural	aquifers	so	often	confront	us	with.	Piezometer	screen	interval	is	very	important	in	the	planning	and	installation	of	a	pumping	test.	Piezometers	will	typically	have
only	5	to	10	ft	(1.5	to	3	m)	of	screen	so	as	to	provide	accurate	hydraulic	head	level	data	at	distinct	elevations.	The	interval	may	have	a	significant	influence	on	the	observed	drawdown	with	a	partially-penetrating	test	well,	particularly	in	stratified	soils	and	in	water	table	aquifer	situations	where	some	component	of	the	groundwater	flow	is	1.35		105r
2Cs	(U.S.)	T	(9.1)	0.209r	2Cs	tse		(metric)	T	In	normal	situations,	tse	varies	from	several	minutes	for	a	confined	aquifer	to	several	days	for	a	water	table	aquifer.	However,	Walton’s	relationship	applies	to	an	ideal	aquifer.	In	natural	aquifers,	there	are	a	number	of	possible	conditions	that	will	not	be	apparent	from	the	data	unless	the	pumping	test	is
continued	for	a	substantially	greater	period.	For	planning	purposes,	a	reasonable	pumping	period	in	a	confined	aquifer	is	24	hours;	in	a	water	table	aquifer	a	reasonable	period	is	3	to	7	days.	The	actual	pumping	period	should	not	be	decided	until	the	pumping	test	is	under	way.	It	is	good	practice	for	an	engineer	to	plot	and	analyze	the	drawdown	data
as	the	test	progresses;	the	decision	as	to	when	the	pumping	period	is	sufficient	should	be	based	on	the	analysis.	For	example,	when	equilibrium	is	reached,	the	test	can	logically	be	suspended;	however,	false	equilibrium	can	occur	in	a	water	table	aquifer	from	the	effect	of	slow	release	from	storage	(Fig.	9.11).	The	test	should	continue	until	true
equilibrium	is	ensured	or	until	a	change	in	slope	indicates	that	the	effect	of	delayed	storage	release	has	been	dissipated.	After	pumping	stops,	the	recovery	of	water	levels	should	be	monitored	until	analysis	indicates	that	the	significant	information	has	been	recorded.	Recovery	data	are	particularly	helpful	in	determining	whether	the	water	pumped
was	drawn	predominantly	from	storage	or	from	natural	recharge	to	the	aquifer	(Fig.	9.10).	For	planning	purposes,	recovery	PUMPING	TESTS	127	Figure	9.5	Basic	piezometer	array.	Figure	9.6	Piezometer	array	for	boundary	conditions.	(a)	Plan.	(b)	Section,	confined	aquifer.	(c)	Section,	water	table	aquifer.	128	THEORY	Data	Loggers	The	data	logger
is	a	very	popular	tool	for	measuring	and	recording	water	level	data.	Data	loggers	are	essential	when	early	time	data	are	required	or	when	conducting	a	pumping	test	where	the	groundwater	fluctuates	with	tidal	changes.	In	the	past,	data	logging	equipment	consisted	of	individual	pressure	transducers	hard-wired	to	a	single	data	collection	and	readout
device.	Currently,	data	loggers	are	stand-alone	devices,	consisting	of	a	down-hole	pressure	transducer,	an	in-well	drop	cable,	and	a	well	head	computer	connection.	The	stand-alone	units	are	synchronized	with	the	use	of	a	laptop	or	hand-held	computer	for	programming	and	data	retrieval.	The	pressure	sensors	are	available	with	various	resolutions	and
usable	ranges	of	pressure	(water	column	height	above	the	sensor).	Typical	loggers	may	vary	in	diameter	from	0.75	in.	(20	mm)	to	1.5	in.	(40	mm),	and	will	fit	inside	most	open	standpipe	piezometers.	The	cables	are	typically	vented	at	the	wellhead	so	that	changes	in	barometric	pressure	will	not	influence	the	measurement	of	groundwater	pressure.	The
typical	housing	is	stainless	steel	and	compatible	for	use	on	most	contaminated	sites.	The	data	logger	will	take	readings	at	preprogrammed	intervals	and	the	data	can	be	viewed	in	real	time	or	downloaded	onto	a	computer	for	processing.	A	laptop	or	hand-held	computer	may	be	required	to	view	the	data	as	well	as	start	and	stop	logging	operations	while
in	the	field.	Units	are	available	with	the	ability	to	pre-program	the	starting	and	stopping	of	logging	operations	before	the	data	logger	is	sent	to	the	field.	Some	manufacturers	offer	accessories	that	provide	the	ability	to	remotely	send	the	data	to	the	home	office	by	use	of	radio,	cellular	telephone	signal,	or	landline	telephone.	readings	can	be	assumed	to
be	significant	for	a	period	equal	to	about	60%	of	the	pumping	time.	However,	the	actual	duration	of	recovery	should	depend	on	the	analysis	of	the	obtained	data.	The	principal	usefulness	of	recovery	data,	as	discussed	below,	is	to	confirm	calculations	from	drawdown	data.	If	they	do	not	agree,	there	is	an	anomaly.	Frequently,	a	comparison	of
drawdown	and	recovery	plots	will	suggest	the	nature	of	the	anomaly.	The	analyst	is	well	advised	to	continue	recovery	readings	while	considering	the	possibilities	the	data	make	available.	9.6	PUMPING	RATE	The	pumping	rate	should	be	adequate	to	develop	drawdowns	of	sufficient	magnitude	so	that	trends	are	not	masked	by	minor	errors.	But	it	is
equally	important	that	the	pumping	rate	be	constant	throughout	the	test.	In	reality,	the	flowrate	from	even	a	constant	rate	test	will	drop	as	the	water	levels	drop	and	the	pump	sees	a	higher	head.	Fetter	[9-2]	states	that	the	flow	rate	should	not	vary	by	more	than	10%	during	the	test.	It	is	good	practice	to	select	a	rate	less	than	the	full	capacity	of	the
well	but	high	enough	to	adequately	stress	the	aquifer.	The	appropriate	rate	is	usually	selected	on	the	basis	of	a	short	preliminary	test	and	the	pump	is	throttled	to	a	rate	the	well	can	sustain	throughout	the	test.	The	step	drawdown	test	(Section	9.11)	is	useful	in	estimating	the	sustainable	rate.	In	planning,	time	should	be	provided	for	recovery	of	water
levels	from	the	step	tests	before	the	constant	rate	test	is	begun.	Estimations	of	the	flowrate	from	the	test	well	at	a	given	time	can	be	made	by	one	of	the	methods	suggested	in	Appendix	B.	However,	there	is	a	distinct	advantage	to	using	a	totalizing	flowmeter.	The	totalizing	meter	will	make	apparent	any	pumping	interruptions	or	temporary	significant
changes	in	flow	rate	that	might	be	overlooked	by	periodic	readings.	Where	the	flow	rate	is	less	than	100	gpm	(380	L/min),	it	is	good	practice	to	measure	the	flow	with	a	vessel	of	know	volume	such	as	a	55-gallon	drum.	Drums	do	not	require	calibration	for	accuracy.	In	fact,	some	means	of	periodic	manual	measurement	of	flow	is	always	recommended
to	provide	a	check	on	flowmeter	measurements.	There	are	conditions	where	a	constant	rate	test	is	not	feasible,	as	discussed	in	Section	9.12.	9.7	MONITORING	THE	PUMPING	TEST	When	the	first	edition	of	this	book	was	published	in	1981,	taking	water	level	readings	as	a	pumping	test	progressed,	reducing	those	readings	to	drawdowns,	converting
the	time	readings	to	elapsed	time,	and	plotting	the	data	for	analysis	was	a	laborious	and	expensive	task.	All	that	has	changed	with	the	development	of	electronic	data	loggers	and	computer	software	that	can	download	and	plot	the	data	in	convenient	form	(Section	8.6).	For	short-term	tests	in	simple	aquifer	situations,	water	level	probes	(Fig.	8.12)	are
still	in	use.	But	for	full-scale	or	complex	tests	where	the	data	are	voluminous,	the	cost	of	data	loggers	is	more	than	justified.	In	preparing	the	balance	of	this	chapter,	the	authors	have	assumed	that	data	loggers	and	appropriate	computer	software	will	be	available	when	advisable.	It	is	essential	to	begin	piezometer	readings	far	enough	in	advance	of
pumping	to	establish	that	approximate	equilibrium,	or	a	‘‘static’’	condition,	exists	in	the	aquifer.	Transient	conditions	may	be	brought	about	by	rainfall,	by	the	rise	or	fall	of	rivers,	or	by	changes	in	pumping	from	the	aquifer	due	to	water	supply	operations	or	nearby	dewatering.	Such	transients	can	so	confuse	the	test	data	as	to	render	it	worthless.	A
recommended	procedure	is	to	take	readings	on	an	arithmetic	time	schedule,	beginning	a	day	or	even	two	days	before	the	test.	If	there	are	anomalies	or	apparent	transient	conditions,	they	should	be	understood	and	analyzed	before	the	test	begins.	The	data	loggers	should	be	programmed	to	space	the	readings	logarithmically	with	time	once	pumping
commences.	Frequent	readings	should	be	taken	early	in	the	test,	PUMPING	TESTS	with	the	time	interval	gradually	increasing.	This	provides	semi-log	plots	with	evenly	spaced	data	points	(Fig.	8.14).	A	similar	logarithmic	pattern	is	used	for	the	recovery,	with	greater	frequency	just	after	pumping	stops.	In	confined	aquifers,	frequent	readings	may	be
necessary—for	example,	every	minute	during	the	first	10	minutes	on	one	or	two	key	piezometers.	In	water	table	aquifers,	even	more	frequent	early	readings	are	recommended	for	Boulton	analysis	(Section	9.13).	On	the	basis	of	prior	knowledge	of	expected	or	possible	conditions,	the	test	designer	should	plan	the	frequency	of	piezometric	readings,	and
arrange	for	the	necessary	electronic	equipment.	In	addition,	a	schedule	for	readings	of	flow	and	for	other	observations	significant	to	the	test	should	be	organized.	These	may	include	the	level	of	rivers,	lakes,	reservoirs,	or	other	nearby	bodies	of	water,	the	rainfall	if	rapid	infiltration	is	expected,	and	any	changes	in	pumping	activity	in	the	area.	The	test
design	should	also	include	provision	for	periodic	sampling	of	the	water	being	pumped	for	chemical	and	possibly	bacterial	analysis,	using	procedures	discussed	in	Chapters	13	and	14.	129	9.8	ANALYSIS	OF	PUMPING	TEST	DATA	There	are	many	aquifer	test	analysis	methods	in	practice	and	many	possible	conclusions	to	be	drawn	from	any	particular
pumping	test.	In	the	authors’	experience,	the	Jacob	method	is	most	suitable	for	dewatering	analysis.	For	certain	confined	aquifers,	the	Theis	leaky	artesian	method	[9-3]	may	have	advantages.	Theis	tends	to	emphasize	or	weigh	the	aquifer	conditions	in	close	proximity	of	the	test	well.	In	most	applications,	the	simple	geometry	of	the	Jacob	method
provides	a	greater	‘‘snapshot’’	of	the	aquifer	response	as	a	whole	and	permits	more	reliable	identification	of	aquifer	anomalies,	which	are	frequently	of	greater	significance	than	the	basic	parameters.	The	Jacob	distance–drawdown	plot	specifically	is	the	single	most	reliable	representation	of	the	aquifer	response	and	characteristics	from	a	pumping
test.	The	distance–drawdown	plot	is	essentially	a	straight	line	depiction	of	the	radius	of	influence,	i.e.,	the	effect	of	a	single	pumping	well,	and	the	results	can	be	readily	grasped	by	an	experienced	engineer.	One	can	look	at	the	Jacob	distance–	drawdown	plot,	which	presents	the	response	of	the	aquifer	as	a	whole,	and	say	‘‘Does	this	feel	right?’’	As
such,	the	Jacob	Rules	of	Thumb	for	Good	Pumping	Tests	for	Dewatering	Projects	1.	Install	a	quality	(efficient)	test	well,	constructed	with	the	same	installation	technique	and	materials	as	a	typical	dewatering	well.	Use	an	experienced	dewatering	contractor	who	is	knowledgeable	in	local	well-drilling	practices	to	install	the	test	well;	geotechnical	boring
contractors	may	not	have	the	necessary	experience	or	equipment	to	ensure	a	quality	product.	The	performance	of	the	test	well	will	be	a	direct	indication	of	the	achievable	capacity	of	a	well	and	thus	the	number	of	dewatering	wells	required.	2.	The	test	well	should	be	installed	near	the	location	of	a	previous	boring,	or	a	new	pilot	boring	should	be
performed	to	provide	detailed	soil	descriptions	and	representative	grain	size	data	at	the	test	well	location.	3.	If	the	intent	of	the	test	is	to	evaluate	the	average	aquifer	transmissivity,	then	install	the	test	well	screen	through	the	full	thickness	of	the	aquifer,	with	the	piezometer	screen	intervals	in	the	middle	of	the	aquifer.	4.	Do	not	install	the	test	well
(or	piezometer)	screen	through	more	than	one	water-bearing	stratum.	The	flow	rate	from	each	water-bearing	stratum	must	be	known	to	evaluate	aquifer	parameters.	When	more	than	one	stratum	is	screened,	the	flow	rate	from	each	stratum	is	unknown	(unless	special	downhole	packers	or	flowmeters	are	used)	and	the	hydraulic	conductivity	of	each
stratum	cannot	be	calculated.	5.	The	piezometers	should	be	installed	at	appropriate	distances	from	the	test	well	and	with	great	attention	to	the	depth	of	the	screen	interval.	Piezometers	should	be	screened	in	the	same	stratigraphic	horizon	as	the	test	well	and,	where	possible,	at	consistent	depths.	6.	Adequately	stress	the	aquifer.	The	most	accurate
data	will	be	generated	from	a	high-efficiency	well	pumped	at	the	maximum	sustainable	yield.	7.	Always	verify	the	accuracy	of	the	flowmeter.	The	manual	methods	detailed	in	Appendix	B	may	be	sufficient.	8.	Verify	that	the	piezometers	communicate	with	the	aquifer.	This	can	be	done	with	borehole	seepage	tests	such	as	falling	or	rising	head	tests.	9.
Confined	aquifer	test	should	be	of	minimum	24-hour	duration.	Water	table	aquifer	test	should	be	of	minimum	3-day	duration.	10.	Monitor	all	available	observation	wells	and	piezometers	on	the	site,	provided	screen	intervals	are	known	and	the	wells	tested	to	ensure	reliable	response.	The	more	data	points,	the	more	reliable	the	data	will	be.	Use	data
loggers	to	record	water	levels.	11.	The	well	should	be	equipped	with	an	appropriate	valve	to	allow	throttling	of	the	pump	and	adjustment	in	flow	as	water	levels	decline	in	the	well	during	the	test.	For	a	constant	rate	test,	Q	should	be	maintained	within	10%.	12.	Well	discharge	should	be	conveyed	in	closed	conduit	or	suitably	lined	drainage	channels	to
a	point	beyond	the	expected	radius	of	influence	to	prevent	artificial	recharge	to	the	ground	from	affecting	test	results.	130	THEORY	The	basic	curves	in	Figs.	9.7	to	9.11	have	been	constructed	assuming	ideal	aquifers	such	as	those	illustrated	in	Figs.	4.2	and	4.7.	Then	curves	have	been	constructed	to	illustrate	typical	departures	from	the	ideal,	based
on	the	authors’	experience	on	many	pumping	tests.	Figure	9.7	Drawdown		versus	log	time	t	in	confined	aquifer,	showing	effect	of	recharge	and	barrier	boundaries,	T		50,000	gpd	/	ft	(7		10⫺3	m2	/	sec),	Q		500	gpm	(1890	L	/	min),	Cs		0.001,	r		100	ft	(30	m).	distance–drawdown	plot	is	less	susceptible	to	misinterpretation	than	any	curve-matching
solution	such	as	Theis.	Chapters	4,	5,	and	6	should	be	reviewed	before	reading	this	section.	Data	from	field	observations	should	be	recorded	in	an	organized	log	so	that	any	outside	effects	can	be	interpreted.	If	the	test	is	partially	penetrating,	the	data	should	be	corrected	using	the	method	of	Butler	(Section	6.9).	The	data	are	then	used	to	plot	Jacob
semilogarithmic	curves.	The	curves	are	designed	for	the	ideal	aquifer.	Departures	from	the	ideal	result	in	distortion	of	the	shape	of	the	curves;	changes	in	slope	will	occur,	as	will	displacements	up	or	down.	If	these	changes	are	severe,	the	curves	cannot	be	used	for	accurate	determination	of	aquifer	parameters.	Indeed,	errors	of	an	order	of	magnitude
can	occur	if	the	curves	are	used	carelessly.	However,	under	skilled	analysis	the	factors	critical	to	dewatering	design	can	be	deduced	with	satisfactory	reliability.	Figure	9.8	Drawdown		versus	log	radius	r	in	confined	aquifer,	showing	effect	of	recharge	and	barrier	boundaries,	T		50,000	gpd	/	ft	(7		10⫺3	m2	/	sec),	Q		500	gpm	(1890	L	/	min),	Cs		0.001,	t	
1440	min	(24	hours).	Recharge	Boundaries	The	ideal	aquifer	assumes	no	recharge	within	the	zone	of	interest.	Figure	9.7	is	a	time-drawdown	plot	of	a	confined	aquifer,	with	the	ideal	curve	and	the	distortions	caused	by	both	recharge	and	barrier	boundary	conditions.	In	the	case	of	recharge,	the	plot	shifts	from	a	straight	line	to	a	curve	bending
gradually	upward,	approaching	apparent	equilibrium.	Note	that	if	the	data	from	10	to	100	minutes	are	used	to	compute	transmissivity,	according	to	Eq.	4.2	the	result	would	be	60,000	gpd/ft	(8.3		10⫺3	m2	/sec),	an	error	of	20%.	The	result	from	100	to	1000	min	would	be	165,000	gpd/ft	(2.3		10⫺2	m2	/sec),	an	error	of	330%.	The	storage	coefficient
calculated	from	Eq.	4.3	would	be	5		10⫺4	and	3		10⫺7	respectively,	substantially	lower	than	the	1		10⫺3	value	typical	for	an	ideal	confined	aquifer.	Experience	thus	tells	us	that	an	abnormally	low	storage	coefficient	indicates	that,	for	that	portion	of	the	time	plot,	the	transmissivity	estimated	is	much	higher	than	actual.	Failure	to	recognize	this
anomaly	has	frequently	resulted	in	gross	overestimates	of	total	dewatering	system	flow	rate	Q.	Figure	9.8	is	a	distance–drawdown	plot	of	the	same	test.	Note	that	recharge	displaces	the	curve	upward,	but	it	remains	a	straight	line	inside	r		100	ft	(30.5	m),	and	the	slope	is	essentially	unchanged.	Transmissivity	calculations	will	be	approximately	correct.
The	storage	coefficient	is	0.02,	abnormally	high	for	a	confined	aquifer.	Beyond	r		100	feet	(30.5	m),	the	rising	slope	of	the	curve	renders	it	of	no	value	for	calculation.	Figure	9.9	is	a	recovery	plot	of	the	same	test.	Note	that	recharge	has	caused	the	curve	to	be	displaced	up	so	that	it	intercepts	the	zero	drawdown	axis	at	a	value	of	t/t⬘	greater	than	one.
To	summarize,	recharge	has	the	following	effect	on	Jacob	plots	of	a	confined	aquifer:	PUMPING	TESTS	131	•	With	recovery	data,	the	curve	shifts	downward	but	usually	retains	its	proper	slope.	Calculated	transmissivity	is	usually	representative.	Figure	9.9	Residual	drawdown	d	versus	log	of	t	/	t⬘,	showing	effect	of	recharge	and	barrier	boundaries.	•
With	time–drawdown	data,	the	curve	becomes	pro-	•	•	gressively	flatter	with	increased	time.	Beyond	very	early	time,	calculated	transmissivity	is	higher	and	storage	coefficient	lower	than	actual.	With	distance–drawdown	data,	the	plot	remains	a	straight	line	close	to	the	well,	but	is	displaced	upward.	Calculated	transmissivity	is	reasonably	close	to
actual	but	the	storage	coefficient	is	higher	than	expected.	With	recovery	data,	the	plot	remains	a	straight	line	but	is	displaced	upward.	Calculated	transmissivity	is	usually	reasonable.	Barrier	Boundaries	Figures	9.7	to	9.9	also	illustrate	typical	distortions	in	the	Jacob	plots	that	indicate	the	presence	of	a	barrier	boundary:	•	With	time–drawdown	data,
the	curve	becomes	progres•	sively	steeper.	Calculated	transmissivities	will	be	lower	and	storage	coefficient	higher	than	actual.	With	distance–drawdown	data	the	curve	grows	flatter	with	increasing	radius.	Calculated	transmissivity	will	be	higher	and	storage	coefficient	much	lower	than	actual.	Delayed	Storage	Release	Figure	9.10	is	a	time–drawdown
plot	of	a	typical	pumping	test	in	a	water	table	aquifer.	The	ideal	curve	has	been	constructed	assuming	instantaneous	release	from	storage	with	Cs		0.1,	a	value	that	the	aquifer	may	eventually	approach	in	a	typical	dewatering	period.	Note	that	the	actual	curve	is	displaced	downward.	One	would	expect	greater	drawdown	than	the	ideal	when	there	is
slow	storage	release.	Note	also	that	the	slope	of	the	time–drawdown	plot	is	flatter	than	the	ideal.	Thus,	transmissivity	calculated	from	time	drawdown	data	is	higher	than	actual.	It	is	not	unusual	for	distortion	due	to	slow	storage	release	to	result	in	transmissivities	calculated	from	time–drawdown	data	to	be	in	error	by	a	factor	of	2	or	3	or	even	more.
The	calculated	storage	coefficient	will,	of	course,	be	much	lower,	sometimes	by	several	orders	of	magnitude,	than	that	expected	for	a	water	table	aquifer;	once	again,	an	alert,	experienced	analyst	will	recognize	the	anomaly.	The	time–drawdown	plot	tends	to	flatten	with	time,	giving	a	false	indication	of	approaching	equilibrium	to	the	unwary	analyst.
As	suggested	in	Fig.	9.10,	the	curve	will	eventually	steepen	until	it	approaches	the	ideal	curve	as	the	storage	release	approaches	completion.	If	it	is	feasible	and	within	budget,	the	analyst	is	well	advised	to	continue	the	test	pumping	until	the	change	in	slope	indicated	in	Fig.	9.10	is	evident.	It	is	apparent	from	Fig.	9.10	that	in	a	water	table	situation
time–drawdown	plots	are	not	reliable	for	calculating	transmissivity	and	storage	coefficient.	Nevertheless,	the	plots	should	be	constructed	for	the	indications	they	provide	as	to	the	actual	situation.	These	guidelines	can	be	helpful:	•	Where	displacement	is	downward	from	the	expected	•	ideal	curve,	slow	storage	release	is	indicated.	Where	the
calculated	storage	coefficient	is	significantly	lower	than	would	be	expected	for	a	water	table	aquifer,	Figure	9.10	Drawdown		versus	log	of	time	t	in	water	table	aquifer,	showing	effect	of	slow	release	from	storage.	Q		500	gpm	(1890	L	/	min),	K		500	gpd	/	ft2	(2.35		10⫺4	m2	/	sec),	H		100	ft	(30	m),	Cs		0.1.	132	THEORY	the	calculated	transmissivity	will
be	significantly	higher	than	the	actual.	The	distorted	shape	of	the	time–drawdown	plot	under	conditions	of	slow	storage	release	can	be	confused	with	the	distortions	caused	by	recharge.	However,	there	are	clues	to	help	the	analyst	distinguish	between	the	two	conditions:	•	Recharge	tends	to	displace	the	curve	upward	from	its	•	expected	position,
whereas	slow	storage	release	causes	a	downward	displacement.	In	a	recharge	condition,	calculated	storage	coefficient	may	be	only	slightly	lower	than	expected,	whereas	with	slow	storage	release	calculated	Cs	can	be	lower	by	one	or	more	orders	of	magnitude.	Figure	9.11	illustrates	the	distortions	in	a	distance–	drawdown	plot	due	to	slow	storage
release.	The	curves	are	displaced	downward	from	ideal.	Early	in	the	test,	the	slope	of	the	curve	is	flattened,	so	that	calculated	transmissivities	are	higher	than	actual.	Later	data	shows	a	gradual	steepening	of	the	curve.	With	distance–drawdown	plots,	the	distinction	between	recharge	and	slow	storage	release	is	readily	apparent	if	Figs.	9.8	and	9.11
are	compared.	•	With	recharge,	the	curve	is	displaced	upward;	with	de•	•	layed	storage	release	the	displacement	is	downward.	Recharge	results	in	a	small	R	0	and	a	high	calculated	Cs,	sometimes	greater	than	unity.	Storage	is	indicated	by	a	high	value	of	R	0	and	low	calculated	Cs.	With	recharge,	R	0	and	calculated	T	remain	constant.	With	slow
storage	release,	R	0	expands,	and	calculated	transmissivity	becomes	smaller	as	the	test	progresses.	It	should	be	noted	that	under	conditions	of	slow	storage	release	vertical	gradients	become	critical.	A	shallow	piezometer	will	show	significantly	less	drawdown	than	a	deeper	piezometer	at	the	same	location.	If	distance–drawdown	data	Figure	9.11
Drawdown		versus	log	of	radius	r,	showing	effect	of	slow	release	from	storage.	Q		500	gpm	(1890	L	/	min),	K		500	gpd	/	ft2	(2.35		10⫺4	m2	/	sec),	H		100	ft.	(30	m),	Cs		0.1.	are	plotted	without	regard	to	piezometer	penetration,	the	distortions	can	be	severe.	When	the	above	distortions	of	the	Jacob	time	plots	indicate	slow	storage	release,	the	time	data
are	preferably	analyzed	by	the	Boulton	method	(Section	9.13).	9.9	TIDAL	CORRECTIONS	In	aquifers	adjacent	to	estuaries,	the	sea,	or	tidally	influenced	rivers,	the	water	head	fluctuates	with	the	tide.	The	effect	is	observed	in	both	the	water	table	and	in	confined	aquifers,	even	sometimes	when	the	latter	have	poor	connection	with	the	open	water.	This
phenomenon	is	caused	by	the	weight	of	the	tidal	head	exerted	on	the	aquifer	and	the	compressibility	of	the	confined	aquifer.	When	a	pumping	test	takes	place	in	such	an	aquifer,	the	drawdown	data	must	be	corrected	for	tidal	variations	before	it	can	be	used.	Figure	9.12	shows	typical	tide	curves	for	the	sea	and	an	adjacent	aquifer.	The	tidal	response
in	the	aquifer	will	lag	the	tide	in	the	sea	by	the	time	period	t1.	The	amplitude	in	the	aquifer	will	be	less	than	that	in	the	sea	by	an	attenuation	factor	␣,	A	h⬘1	⫹	h⬘2	h1	⫹	h2	(9.2)	Fetter	[9-2]	has	shown	that	the	phase	difference	and	the	attenuation	are	related	to	the	transmissivity	T,	the	tide	period	t0,	the	storage	coefficient	Cs,	and	the	distance	L	to	an
equivalent	vertical	recharge	boundary	with	the	sea,	as	shown	in	Fig.	9.13.	Fetter’s	relationships	are	冉	h⬘1	⫹	h⬘2		(h1	⫹	h2)exp	⫺L	冪4T	t1		L	t0Cs	冪Ct	T	冊	s	(9.3)	0	(9.4)	PUMPING	TESTS	133	Figure	9.12	Tidal	variation	in	a	water	table	aquifer.	Theoretically,	the	transmissivity	of	the	aquifer	can	be	calculated	from	tide	variations	using	the	Fetter
relationships.	However,	there	are	practical	difficulties	in	estimating	the	distance	L,	and	particularly	the	storage	coefficient	Cs,	which	can	vary	by	an	order	of	magnitude	or	more,	in	the	short	tidal	period,	depending	on	the	aquifer	characteristics.	In	the	authors’	opinion,	transmissivities	calculated	from	tide	variations	are	not	reliable.	In	Fig.	9.12,	the
axis	of	the	water	table	curve	is	shown	displaced	upward	from	that	of	the	tide	in	the	sea.	This	is	a	common	situation	where	net	drainage	is	fresh	water	from	the	aquifer	to	the	sea.	It	further	complicates	the	Fetter	relationships.	Before	beginning	a	pumping	test	in	a	tidal	aquifer,	nonpumping	tide	curves	must	be	established.	Data	loggers	and	frequent
observation	points	are	useful	to	factor	the	tidal	variation	out	of	the	pumping	data,	particularly	if	the	tidal	fluctuation	in	the	piezometers	is	on	the	same	order	of	magnitude	as	the	drawdown	due	to	pumping.	Marine	tide	tables	are	helpful	in	showing	the	expected	time	and	predicted	magnitude	of	high	and	low	tides.	Tables	are	typically	calculated	for
various	points	in	a	harbor	with	time	corrections	for	intermediate	points.	Usually	it	is	possible	to	estimate	the	time	of	tide	changes	at	the	site	by	interpolation,	with	reasonable	accuracy.	However,	the	magnitude	of	the	actual	tide	may	vary	from	the	predicted	because	of	wind	and	barometric	factors.	A	tidal	gauge	at	the	site	is	necessary.	The	type	shown
in	Fig.	9.14	is	designed	to	dampen	out	wave	action	to	enhance	accuracy.	Figure	9.13	Tidal	water	table	aquifer.	Several	days	before	the	test,	tide	curves	such	as	shown	in	Fig.	9.12	are	plotted	for	each	piezometer.	These	will	form	the	general	basis	for	tidal	corrections.	However,	they	cannot	be	used	directly,	since	pumping	will	attenuate	the	water	table
variations	further	than	the	non-pumping	condition.	Note	in	Fig.	9.12	that	at	each	change	of	tide	there	is	a	slack	period	ts	when	the	tidal	variation	⌬h⬘	is	quite	low	in	relation	to	the	drawdown	anticipated.	Depending	on	the	tidal	amplitude	and	the	anticipated	drawdown,	ts	has	a	usable	range	of	up	to	about	two	hours.	The	pumping	test	should	be
started	at	the	beginning	of	period	ts.	In	this	way,	the	first	hours	of	pumping	will	provide	reliable	data	uncomplicated	by	tidal	fluctuations.	Starting	time	is	determined	as	follows.	From	tidal	curves	produced	the	day	before,	the	time	lag	t1	for	each	piezometer	and	the	usable	period	ts	is	known.	It	can	be	assumed	that	Figure	9.14	Tide	gauge.	(a)
Bulkhead	design.	(b)	Beach	design.	134	THEORY	the	actual	time	of	high	tide	in	the	sea	will	advance	each	day,	as	shown	in	the	tide	tables,	and	time	lag	t1	will	remain	constant.	Thus,	the	center	of	period	ts	can	be	accurately	predicted	and	the	time	of	starting	selected.	Where	tidal	fluctuation	is	significant,	data	taken	during	ebb	and	flow	tide	are	of	little
value	since	tidal	corrections	are	difficult.	However,	readings	taken	at	each	successive	high	and	low	tide	are	useful.	The	time	of	the	maximum	or	minimum	tide	should	be	accurately	predicted.	Frequent	readings	should	then	be	recorded	in	piezometers	over	a	period	of	about	15	minutes	before	and	after	the	predicted	time	to	ensure	the	maximum	or
minimum	elevation	has	been	recorded.	Piezometers	that	are	remote	from	the	sea	will	have	a	different	lag	t1	than	those	closer	to	the	sea	and	readings	should	be	timed	accordingly.	It	is	also	necessary	to	record	the	maximum	or	minimum	elevation	of	the	tide	in	the	sea	during	the	same	cycle.	By	comparing	the	difference	in	the	two	elevations	with	that
difference	at	the	previous	tide	cycle,	a	judgment	can	be	made	as	to	whether	drawdown	is	continuing	to	take	place.	Drawdown	of	a	piezometer	below	high	tide	in	the	sea	is	typically	greater	than	that	below	low	tide.	Therefore,	comparisons	of	the	drawdown	below	successive	tide	cycles	should	be	segregated—high	tide	versus	high	tide,	low	tide	versus
low.	In	a	number	of	areas,	a	pronounced	diurnal	effect	(Fig.	9.15)	is	encountered,	sometimes	described	as	high/high	tide,	low/high	tide,	and	so	forth.	Drawdown	comparisons	should	be	segregated	by	those	categories.	It	is	good	practice	to	start	the	test	at	low	tide	and	stop	pumping	at	high	tide.	Then	the	time	toward	the	end	of	slack	period	ts,	when
tidal	variation	becomes	significant,	will	be	easily	recognized	as	a	reversal	in	slope	of	the	time–	drawdown	or	time–recovery	plots.	In	tidal	situations,	the	most	reliable	analysis	is	developed	from	distance–drawdown	plots,	assuming	they	have	been	carefully	constructed.	Time–drawdown	data	are	useful	only	in	the	early	portions	of	the	drawdown	and
recovery	periods,	Figure	9.15	Harbor	versus	piezometer	levels,	recorded	by	data	logger.	Note	diurnal	effect.	during	initial	slack	period	ts,	or	if	increasing	drawdown	can	be	detected	in	subsequent	tide	cycles.	The	data	of	Fig.	9.16,	including	non-pumping	and	pumping	test	phases,	were	made	by	a	data	logger.	The	usefulness	of	this	device	in	tidal
situations	is	evident.	9.10	WELL	LOSS	Well	loss	fw	is	defined	as	the	difference	in	elevation	between	the	water	head	in	the	aquifer	immediately	outside	the	well	bore,	and	the	operating	level	in	the	well.	Figure	9.17	illustrates	the	components	of	fw	in	a	water	table	well:	•	f1	is	the	entrance	friction	through	the	well	screen	plus	•	•	vertical	drainage	at	the
entrance.	By	proper	screen	design	and	filter	development,	as	discussed	in	Chapter	18,	f1	can	be	kept	to	reasonable	values.	f2	is	the	loss	through	the	filter.	If	the	filter	has	been	properly	selected	and	placed	and	adequately	developed,	and	if	sand	packing	has	not	occurred	from	pumping	above	critical	velocities,	filter	loss	should	be	reasonable.	f3	is	the
head	loss	through	the	borehole	interface.	For	a	properly	designed	well,	it	is	the	most	significant	portion	of	the	total	well	loss	and	the	most	difficult	to	predict.	It	is	a	function	of	methods	of	well	drilling	and	completion,	which	may	have	left	mud	cake	or	other	debris	at	the	contact;	as	discussed	in	Section	6.13,	it	is	also	a	function	of	the	hydraulic
conductivity	of	the	aquifer	sands,	the	radius	rw	and	the	ratio	Qw	/lw.	In	water	table	aquifers,	f3	also	has	a	component	due	to	vertical	drainage	at	the	contact.	The	most	serious	well	loss	problems	usually	involve	f3.	Measurement	of	f3	under	field	conditions	is	difficult.	A	filter	piezometer	permits	measurement	of	the	average	water	head	in	the	filter.
However,	measurement	of	water	head	outside	the	well	is	more	complex.	If	a	single	well	is	pumping	135	0.00	0.25	0.50	0.75	1.00	1.25	1/20/01	Step	Test	1/21/01	1/22/01	1/24/01	1/25/01	Date	60	gpm	well	yeld	Constant	Rate	1/23/01	)	1/26/01	Harbor	1/27/01	1/28/01	B104m	1/29/01	Harbor	B-109	B-109A	B-110	B-102A	B-104	B-103	B-102	B-101	PW-1
Faulty	Piezometer	-0.76	1/30/01	-0.56	-0.36	-0.16	0.04	0.24	Figure	9.16	Data	from	an	aquifer	pumping	test	performed	alongside	a	tidally	influenced	water	body	(harbor).	Note	that	the	drawdowns	are	relatively	small	in	relation	to	the	tidal	fluctuation	and,	for	most	piezometers,	indistinguishable	without	a	detailed	comparison	of	‘‘static’’	water	level
trends.	The	high-	and	low-tide	elevations	vary	from	cycle	to	cycle,	which	requires	several	days	of	‘‘static’’	tide	measurement	to	provide	a	baseline	as	to	how	the	groundwater	responds	to	changes	in	tide	elevation.	The	relatively	flat	data	line	is	either	a	faulty	piezometer	or	a	piezometer	that	is	not	installed	in	the	same	formation.	-2.50	1/19/01	-2.25	-2.00
-1.75	-1.50	-1.25	-1.00	-0.75	-0.50	-0.25	Approximate	water	elevation	(ft)	Aquifer	Pumping	Test	Baltimore	Inner	Harbor	Project	Approximate	water	elevation	(m	136	THEORY	analysis	and	job	troubleshooting,	is	as	follows.	After	a	significant	period	of	operation	(at	least	24	hours	if	practical)	the	pump	is	shut	off	and	the	rising	water	level	is	measured	at
frequent	intervals,	preferably	several	times	per	minute.	A	semilogarithmic	plot	of	the	data,	such	as	in	Fig.	9.18,	shows	two	slopes:	the	early	steep	slope	represents	the	disappearance	of	the	dynamic	well	loss,	and	the	later,	more	gradual,	slope	indicates	the	recovery	of	the	aquifer.	We	can	assume	that	in	the	early	moments	after	shutdown	the	well
continues	to	receive	water	from	the	aquifer	at	a	diminishing	but	significant	rate	as	the	wellscreen	fills	up	and	the	filter	becomes	saturated.	Therefore,	at	some	low	time	after	shutdown	(let	us	assume	1	minute)	the	aquifer	is	in	almost	the	same	condition	as	when	pumping.	If	we	project	the	straight	line	of	aquifer	recovery	back	to	1	minute,	we	have	a
reasonable	approximation	of	the	water	table	outside	the	well	while	pumping,	and	we	can	estimate	fw.	Selection	of	an	appropriate	time	to	which	the	straight	line	should	be	projected	requires	some	judgment.	In	the	case	illustrated,	at	1	minute	the	water	elevation	in	the	well	has	risen	only	2.5	ft	(0.76	m)	and	the	aquifer	is	still	discharging	at	close	to	Qw.
When	Qw	is	high	relative	to	storage	in	the	wellscreen	and	filter,	the	1-minute	recovery	will	be	greater,	and	the	line	should	be	projected	back	to	lesser	time.	9.11	STEP	DRAWDOWN	TESTS	Figure	9.17	Well	loss.	in	a	confined	aquifer,	and	a	line	of	outside	piezometers	is	available,	a	Jacob	distance–drawdown	plot	can	be	constructed	as	in	Fig.	6.12,	the
straight	line	projected	into	rw,	and	the	water	head	outside	the	well	read	off.	The	difference	between	the	projected	drawdown	at	a	distance	rw	from	the	well	and	the	measured	operating	level	in	the	well	is	the	well	loss.	With	multiple	wells	in	a	confined	aquifer,	the	head	can	be	estimated	by	the	method	of	cumulative	drawdowns	(Section	6.12).	A	water
table	aquifer	is	more	complex.	In	theory,	the	actual	drawdown	will	be	greater	than	the	theoretical	drawdown	for	a	confined	aquifer	of	equal	transmissivity.	Well	loss	may	be	estimated	by	the	Jacob	distance–drawdown	projection	if	the	drawdown	measured	in	the	aquifer	during	pumping	is	less	than	approximately	20%	of	the	aquifer’s	original	saturated
thickness.	If	the	drawdown	is	greater	than	20%	of	the	aquifer	thickness,	a	plot	of	distance	versus	H	2	⫺	h	2,	as	in	Fig.	6.4,	can	be	of	some	use,	but	even	with	the	Boreli	correction	its	use	can	be	cumbersome	and	subject	to	error	with	aquifer	variations.	A	method	that	has	proven	of	value	in	roughly	estimating	well	loss	for	confined	and	unconfined
aquifers,	both	in	test	Well	loss	can	sometimes	be	estimated	by	a	step	drawdown	test.	Where	the	procedure	is	applicable,	it	offers	a	solution	to	the	uncertainty	of	estimating	Qw,	the	capacity	of	each	well	in	the	dewatered	condition.	The	step	drawdown	test	is	also	useful	in	selecting	a	value	of	Q	for	a	constant	rate	pumping	test.	The	step	test	is	a
separate	operation	performed	before	the	drawdown	and	recovery	test.	From	observations	of	well	tests,	Jacob	[9-4]	developed	the	following	relationship	between	well	loss	fw	and	pumping	rate	Q:	fw		CwlQ	2	Figure	9.18	Estimating	well	loss	from	recovery	test.	(9.5)	PUMPING	TESTS	where	Cwl	is	the	well	loss	constant	in	sec2	/ft5	(sec2	/m5).	Within
some	range,	provided	the	well	remains	stable	and	the	length	of	wetted	screen	does	not	change	significantly,	Cwl	should	not	vary	with	Q.	It	can	be	determined	from	a	step	drawdown	test	using	the	following	procedure.	Suppose	that	the	test	well	is	completed	in	a	confined	aquifer	and	is	equipped	with	a	pump	of	500-gpm	(2000-L	/min)	capacity.	After
recovery	from	any	previous	testing,	the	pump	is	operated	at	100	gpm	(400	L/min)	for	1	hour,	then	the	flow	increased	to	200	gpm	(800	L/min)	for	1	hour,	and	then	to	400	gpm	(1600	L/min)	for	1	hour.	The	drawdown	at	the	end	of	each	hour	is	observed.	The	well	loss	Cwl	can	be	determined	for	each	step	as	follows.	For	steps	1	and	2:	Cwl		⌬fw2	/	⌬Q2	⫺
⌬fw1	/	⌬Q1	⌬Q1	⫹	⌬Q2	Similarly,	for	steps	2	and	3:	⌬fw3	/	⌬Q3	⫺	⌬fw2	/	⌬Q2	⌬Q2	⫹	⌬Q3	(9.7)	Since	this	is	a	confined	aquifer,	the	length	of	wetted	screen	during	the	test	should	remain	unchanged	and	the	values	of	Cw1	from	Eqs.	9.6	and	9.7	should	be	the	same.	Note	that	to	solve	Eqs.	9.6	and	9.7	it	is	necessary	to	know	the	well	loss	fw,	whereas	t,
the	total	drawdown	observed	in	each	step	during	the	test,	includes	both	the	well	loss	fw	and	the	drawdown	H	⫺	h	in	the	aquifer	(sometimes	called	the	formation	loss).	t		fw	⫹	(H	⫺	h)	Figure	9.19	Typical	plot	of	fw	versus	Q.	(9.6)	where	⌬fw		the	change	in	well	loss	during	the	step	⌬Q		the	change	in	flow	for	the	step	Cwl		137	(9.8)	It	is	necessary	to
estimate	H	⫺	h,	which	can	be	done	in	a	confined	aquifer	using	a	distance	drawdown	plot	similar	to	Fig.	6.2,	drawn	for	the	same	pumping	rate	and	time	of	pumping	as	in	the	step	drawdown	test.	Such	a	plot	can	be	constructed	after	the	pumping	test	has	established	T	and	Cs,	using	the	Q	for	each	step.	The	straight	curve	is	projected	back	to	the	radius	of
the	well	to	determine	the	drawdown	in	the	aquifer	at	the	point.	The	well	loss	is	then	calculated	from	Eq.	9.8.	In	a	water	table	aquifer	the	problem	is	more	difficult.	If	drawdown	is	20%	or	less	of	the	saturated	thickness,	a	rough	estimate	of	H	⫺	h	can	be	made	from	a	Jacob	plot	such	as	Fig.	6.4.	For	greater	drawdowns,	a	groundwater	model	can	be	used
(Section	7.11).	If	the	values	of	Cw1	as	determined	from	the	various	steps	in	the	test	are	not	the	same,	the	reason	for	the	discrepancy	should	be	evaluated.	It	sometimes	happens	that	when	a	newly	constructed	well	has	not	been	fully	developed,	pumping	at	a	high	rate	may	pull	fines	through	the	filter	and	out,	so	Cw1	decreases.	Or	high	pumping	rates
may	pull	fines	into	the	filter	and	cause	clogging	so	that	Cw1	increases.	When	Cw1	is	constant	through	the	various	steps,	a	log–	log	plot	such	as	in	Fig.	9.19	can	be	constructed,	and	values	of	fw	can	be	predicted	for	various	pumping	rates	within	the	range	tested.	Extrapolation	much	beyond	the	test	limits	may	be	unreliable.	Note	that	in	a	water	table
aquifer	the	length	of	wetted	screen	lw	will	be	less	during	dewatering	than	during	the	test.	If	the	aquifer	sands	are	homogeneous,	the	Qw	that	can	be	expected	at	any	value	of	well	loss	will	be	reduced	proportionately	to	the	reduction	in	lw.	If	the	sand	varies,	however,	an	adjustment	must	be	made.	The	step	drawdown	test	has	certain	limitations,	and
certain	conditions	render	the	method	unreliable.	If	the	wells	are	suffering	from	deterioration	due	to	chemical	incrustation	or	sand	packing,	Cw1	may	increase.	More	conservative	values	of	Qw	should	be	used	in	the	dewatering	design.	The	above	analysis	methods	of	step	drawdown	tests	were	developed	by	Jacob	and	Rorabaugh	for	water	supply
hydrology,	where	the	analyst	frequently	lacks	observation	wells	and	must	interpret	data	from	the	pumping	well	alone.	In	dewatering	hydrology,	there	are	always	one	or	more	piezometers,	or	should	be,	if	aquifer	parameters	are	to	be	reliably	estimated.	With	piezometers	available,	it	is	possible	to	separate	the	total	drawdown	in	the	pumping	well	into
its	two	components,	well	loss	and	formation	loss,	as	shown	in	Eq.	9.8.	The	formation	loss	at	the	well	H	⫺	hw	can	be	estimated	by	Jacob	plots	or	recovery	tests	as	described	above,	and	the	well	loss	fw	calculated	by	difference.	Equation	9.5	can	be	rewritten:	fw		Cwl		constant	Q2	(9.9)	Cw1	can	be	calculated	for	each	step	in	the	test,	and,	assuming	there
is	not	some	discrepancy	caused	by	a	change	in	well	efficiency	during	the	test,	a	straight	line	plot	as	shown	in	Fig.	9.19	can	be	constructed.	9.12	TESTING	LOW-YIELD	WELLS	There	are	situations	where	we	must	evaluate	marginal	aquifers	that	yield	low	quantities,	10	gpm	(40	L/min)	or	less,	to	a	well.	Special	techniques	are	recommended.	Figure	9.20
138	THEORY	Figure	9.20	Testing	low-yield	wells.	illustrates	such	an	aquifer,	a	fine	sand	with	traces	of	silt.	Both	the	hydraulic	conductivity	and	the	saturated	thickness	are	low.	It	may	be	necessary	to	dewater	the	aquifer	very	close	to	the	underlying	clay	for	difficult	construction	operations	like	mining	a	tunnel	or	shaft.	Or	it	may	be	desired	to	recover
contaminants	for	treatment	(Chapter	14).	A	constant	rate	pumping	test	is	not	feasible	with	the	low	yield.	Therefore,	analysis	of	time–drawdown	data	will	be	difficult	and	unreliable.	But	time–drawdown	will	be	distorted	anyhow	because	of	delayed	storage	release.	Time–	drawdown	must	be	abandoned	as	a	means	to	determine	K,	although	the	time	plots
will	be	very	useful	in	evaluating	equilibrium.	For	either	of	the	dewatering	purposes	mentioned,	we	must	evaluate	K	and	Cs,	and	determine	the	amount	of	recharge	to	the	aquifer.	With	these	values	we	can	make	judgments	of	well	spacing	and	pumping	time	required	to	accomplish	the	result.	A	method	that	has	proven	effective	is	to	fully	evacuate	the
well	and	maintain	it	in	that	condition	for	an	extended	period,	typically	2	weeks	or	more.	An	array	of	piezometers	is	provided	as	shown.	Drawdowns	are	measured	daily	until	equilibrium	is	approached.	Recovery	is	observed	for	a	week	or	two.	Water	table	distance	plots	(Fig.	6.4),	and	specific	capacity	analysis	(Section	6.11)	can	be	used	to	determine	K
and	Cs.	Recovery	tests,	(Fig.	9.10)	can	be	used	to	evaluate	recharge.	They	are	particularly	useful	when	the	pumping	period	has	been	long.	Maintaining	continuous	pumping	can	be	a	problem.	The	following	method	has	proven	effective.	A	temporary	electric	service	is	recommended	rather	than	a	generator,	so	that	continuous	attendance	is	not	needed
during	the	extended	pumping	period.	In	very	low-yield	situations,	a	pump	with	programmable	‘‘dry-run	protection’’	or	a	variable	frequency	drive	(VFD)	controller	driven	by	well	operating	level	may	be	used,	but	only	when	the	water	level	in	the	well	can	be	maintained	within	a	few	feet	of	the	intake	of	the	pump.	9.13	DELAYED	STORAGE	RELEASE:
BOULTON	ANALYSIS	Boulton	[9-5]	has	developed	a	curve-matching	technique	for	determining	T	from	time–drawdown	data	in	large	water	table	aquifers	where	delayed	storage	release	distorts	the	plots	of	Jacob	and	Theis.	It	is	necessary	to	take	rapid	early	time	data	to	use	the	method,	typically	10	or	more	readings	in	the	first	minute,	and	then
continue	the	test	until	the	effect	of	delayed	storage	has	begun	to	dissipate.	For	the	early	time	readings,	a	data	logger	is	necessary.	The	U.S.	Bureau	of	Reclamation’s	Ground	Water	Manual	[9-6]	illustrates	the	Boulton	method	by	analyzing	an	actual	test	in	a	freely	draining	water	table	aquifer	of	high	transmissivity.	Match	points	were	established	at
early	and	late	times	and	produced	the	following	results.	The	match	at	t		0.18	minutes	indicated	a	T	of	221,000	gpd/ft	(3.2		10⫺2	m2	/sec)	and	a	storage	coefficient	of	0.003.	A	second	match	at	t		24	minutes	produced	the	same	T,	but	a	storage	coefficient	of	0.21,	which	is	probably	close	to	the	ultimate	specific	yield	of	the	dewatered	aquifer.	The	aquifer
tested	must	have	been	free-draining	to	an	extraordinary	degree	to	reach	a	Cs	of	0.21	in	only	24	minutes.	It	is	unlikely	that	it	has	any	silty	layers	such	as	we	so	often	encounter	in	alluvium	and	which	significantly	delay	storage	release.	Had	such	layers	existed,	it	is	likely	that	the	ultimate	Cs	would	not	have	been	approached	so	quickly.	Figure	9.21	shows
the	data	from	the	test	on	a	Jacob	time–drawdown	plot.	It	also	shows	the	plot	of	an	ideal	aquifer,	with	T		220,000	gpd/ft	(3.2		10⫺2	m2	/sec)	and	Cs		0.21,	assuming	instantaneous	storage	release.	If	an	unwary	analyst	chose	the	slope	of	the	Jacob	plot	from	20	to	100	minutes	as	representative,	a	T	of	1,500,000	gpd/ft	(0.22	m2	/sec),	or	7	times	the	true
value,	would	be	calculated.	Note	that	as	the	test	reached	3000	minutes	(50	hours),	the	Jacob	plot	approached	the	plot	of	an	ideal	aquifer	with	the	same	parameters.	Study	of	Fig.	9.21,	and	Fig.	9.11	which	is	sim-	PUMPING	TESTS	139	Figure	9.21	Comparing	the	Jacob	plot	with	Boulton	analysis	with	data	taken	from	Bureau	of	Reclamation	Ground
Water	Manual,	1985	(reprint).	Computer	Programs—Rewards	and	Risks	It	is	apparent	from	the	discussion	in	Chapter	7	and	in	this	chapter	that	computer	programs	are	a	precious	boon	to	dewatering	engineers.	They	take	over	the	tiresome,	repetitious	part	of	the	work;	they	make	available	valuable	data	that	once	were	considered	too	costly	to	retrieve;
and	with	modeling	software	they	make	feasible	numerical	solutions	to	problems	once	considered	too	complicated	for	analysis.	But	despite	all	the	claims	we	hear	about	artificial	intelligence,	the	authors	believe	the	demands	of	groundwater	analysis	are	beyond	the	judgmental	capability	of	an	unguided	computer	program.	The	creative	human	brain	in
partnership	with	the	computer	can	search	out	and	evaluate	the	anomalies	that	are	so	important	in	determining	the	performance	of	aquifers.	The	time–	drawdown	curve	of	Fig.	9.22,	taken	from	an	actual	pumping	test,	illustrates	the	point.	Figure	9.22	Computer	analysis	of	a	time–drawdown	plot	under	delayed	storage	conditions.	140	THEORY	A	large
metropolitan	transit	system	planned	a	subway	extension	into	the	suburbs,	which	entailed	tunneling	through	a	prolific	water	table	aquifer.	The	resource	had	been	exploited	for	water	supply	for	many	decades.	Overpumping	had	caused	salt	water	intrusion;	most	of	the	wells	had	been	abandoned	and	the	water	table	had	recovered.	The	design	engineer
was	concerned	about	the	total	flow	rate	Q	that	might	be	necessary	to	dewater	for	the	tunneling,	and	ordered	a	pumping	test.	The	data	from	one	of	the	test	piezometers	is	shown	in	Fig.	9.22.	It	had	been	monitored	by	a	data	logger,	and	the	data	downloaded	into	a	computer,	which	created	the	very	useful	time–drawdown	plot	shown.	It	would	have	been
difficult	to	develop	such	an	excellent	data	trace	by	manual	methods.	But	then	the	analyst	used	a	computer	program	to	estimate	the	transmissivity	by	searching	for	that	part	of	the	time–drawdown	curve	where	the	data	track	approximated	a	straight	line,	the	slope	of	which	would	be	proportional	to	T,	as	discussed	in	Chapters	4	and	6.	The	program
estimated	T	to	be	very	high.	The	analytic	methods	of	Chapter	6	were	then	used	to	estimate	the	dewatering	flow	for	each	section	of	tunnel	at	30,000	gpm	(120,000	L	/	min).	Given	the	available	records	from	previous	groundwater	supply	activity,	the	engineering	manager	judged	the	estimated	flow	to	be	unexpectedly	high.	A	dewatering	specialist	was
called	in	who	examined	the	plans	and	the	soil	borings,	compared	the	observed	groundwater	levels	against	tunnel	invert,	inquired	about	the	geology,	looked	at	samples	and	grain	size	analysis	curves,	and	reviewed	the	history	of	groundwater	supply	in	the	area,	but	was	unable	to	understand	the	high	estimate	of	dewatering	flow.	Then,	on	more	careful
examination	of	Fig.	9.22,	it	was	observed	that	there	were	two	zones	where	the	data	trace	approximated	a	straight	line.	In	Fig.	9.22	the	indicated	straight	lines	have	been	sketched	in	on	the	original	plot.	Zone	1,	from	0.4	to	10	minutes,	has	a	slope	of	2.7	ft	(0.82	m)	per	log	cycle,	indicating	a	transmissivity	of	less	than	15,000	gpd	/	ft	(2.2		10⫺3	m2	/
sec).	Zone	2,	from	100	to	1000	minutes,	has	a	slope	of	0.5	ft	(0.15	m)	per	log	cycle,	indicating	a	transmissivity	of	more	than	80,000	gpd	/	ft	(0.012	m2	/	sec).	As	shown	by	the	relationships	discussed	in	Chapter	6,	the	predicted	dewatering	flow	would	also	be	wrong	by	about	a	factor	of	5.	The	computer	program	selected	zone	2	as	representative,	but
zone	1	is	much	more	representative,	five	times	less.	To	an	experienced	eye,	the	calculated	storage	coefficient	is	always	an	indicator	of	the	reliability	of	the	calculated	transmissivity.	Zone	1	shows	Cs	to	be	4		10⫺3,	which	is	about	typical	for	a	‘‘leaky	confined’’	sand	aquifer,	which	the	actual	water	table	aquifer	is	mimicking	during	early	time.	But	for
zone	2,	Cs	is	calculated	to	be	1		10⫺7,	which	is	impossibly	low.	Computer	programs	are	valuable	tools,	but	computer-generated	analyses	should	be	confirmed	with	experience.	An	experienced	dewatering	analyst	understands	that	in	a	water	table	aquifer,	particularly	one	of	medium	to	high	transmissivity,	early	time	data	tends	to	mimic	a	leaky	confined
aquifer,	with	the	apparent	‘‘leakage’’	coming	from	storage	release.	It	is	difficult	to	program	a	computer	to	distinguish	the	phenomenon	from	recharge,	barriers,	and	other	effects,	particularly	when	the	storage	coefficient	in	a	delayed	storage	situation	changes	with	time.	ilar,	will	help	the	analyst	avoid	being	misled	where	delayed	storage	is	a	factor	in
the	test.	Comparison	of	the	time–drawdown	plot	of	Fig	9.11	with	the	distance–drawdown	plot	of	Fig	9.12	indicates	that	when	dealing	with	delayed	storage	release	transmissivity	from	the	distance	plot	is	much	closer	to	the	mark	than	the	time	plot.	The	authors	have	seen	some	analyses	of	delayed	storage	situations	where	transmissivity	was	concluded	to
be	an	average	of	the	transmissivities	calaculated	from	time	and	distance	data.	There	is	an	inherent	distortion	in	such	averaging.	To	create	the	distance	plot	there	must	be	a	number	of	piezometers,	let	us	say	three.	We	thus	have	three	time	plots,	probably	grossly	in	error,	and	one	distance	plot	that	may	be	close	to	the	true	value.	The	average	of	the	four
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Vol.	26,	Paper	No.	6693.	London,	UK.	9-6	Bureau	of	Reclamation.	(1977).	Ground	Water	Manual.	U.S.	Government	Printing	Office,	Washington,	DC.	CHAPTER	10	Surface	Hydrology	s	discussed	in	Chapter	1,	nearly	all	groundwater	once	existed	as	surface	water.	The	interchange	between	the	two	is	a	continuous	phenomenon.	On	a	given	project,	the
influence	on	dewatering	of	surface	water	may	be	great	or	small.	To	consider	the	extremes,	when	dewatering	on	a	sandy	beach	near	the	high	tide	mark	infiltration	is	dominant;	however,	in	the	middle	of	an	Iowa	prairie	remote	from	significant	lakes	and	streams,	surface	water	has	a	minor	effect,	though	infiltration	from	precipitation	can	under	some
circumstances	be	significant.	It	is	essential	for	the	engineer	to	recognize	when	surface	water	will	influence	the	situation.	Recharge	from	a	surface	water	body,	if	it	is	significant,	can	be	reflected	in	the	data	from	a	pumping	test.	A	qualitative	evaluation	of	the	recharge	can	be	made	by	the	methods	described	in	Chapters	6	and	9.	Lacking	a	pumping	test,
the	order	of	magnitude	of	recharge	can	be	estimated	by	skilled	observations	of	the	water	body	itself.	Dewatering	in	the	vicinity	of	surface	water	will	usually	increase	the	rate	of	infiltration.	In	the	case	of	effluent	streams,	the	natural	direction	of	flow	is	often	reversed	(Fig.	1.2).	A	In	very	large	lakes,	where	currents	and	wave	action	keep	beaches	clean
by	scouring	action,	greater	recharge	rates	along	the	shoreline	sometimes	occur.	10.2	BAYS	AND	OCEAN	BEACHES	Bays	can	be	lightly	or	heavily	silted,	depending	on	their	degree	of	shelter	from	ocean	waves	and	currents.	In	general,	the	quieter	the	water	the	less	will	be	the	recharge	rate	to	a	dewatering	system.	An	ocean	beach,	with	its	sand
constantly	shifted	and	cleaned	by	the	surf	and	the	littoral	currents,	is	ideal	for	infiltration	and	substantial	recharge	can	be	expected.	It	is	not	uncommon,	however,	to	encounter	impermeable	layers	of	clay	or	meadow	mat	under	the	beach	surface,	which	cut	off	the	recharge.	Since	the	infiltration	rate	is	a	function	of	head,	the	flow	from	a	dewatering
system	adjacent	to	a	tidal	water	body	will	vary.	This	effect	sometimes	requires	frequent	readjustment	of	the	dewatering	system,	for	example	tuning	of	wellpoints	or	throttling	of	wells.	A	more	complete	discussion	of	tidal	effect	is	given	in	Section	9.9.	10.1	LAKES	AND	RESERVOIRS	Quiet	water	bodies	such	as	lakes	and	reservoirs,	particularly	those	of
considerable	age,	tend	to	have	silt	deposits	that	restrict	seepage	into	the	ground.	Normally,	seepage	that	must	pass	through	silt	deposits	does	not	greatly	increase	the	total	quantity	of	water	to	be	pumped	to	accomplish	a	given	result.	However,	it	may	increase	the	difficulty	of	dewatering	by	increasing	the	gradients	between	wells,	thus	requiring	closer
spacing.	The	relatively	clean	sand	delta	that	forms	near	the	entrance	of	a	lake	is	more	conducive	to	recharge	than	the	silt	deposits	further	along.	Dewatering	systems	near	the	entrance	can	expect	a	somewhat	greater	recharge	burden.	10.3	RIVERS	The	rate	of	recharge	from	a	river,	and	the	load	on	an	adjacent	dewatering	system,	is	a	function	of	many
factors.	As	discussed	in	Chapters	5	and	6,	for	the	purpose	of	analysis	and	design	the	effective	proximity	of	recharge	is	expressed	quantitatively	as	a	distance	L	to	an	equivalent	line	source	(see	Fig.	10.3).	Small	values	of	L	reflect	a	relatively	close	source	of	recharge,	increase	the	dewatering	load,	and	typically	occur	when	the	river	makes	good	hydraulic
connection	with	underlying	aquifers,	particularly	when	it	reaches	flood	stage	and	inundates	the	flood	plain,	increasing	the	area	for	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-
47943-7	141	142	THEORY	Figure	10.1	Effect	of	river	inundation.	(a)	Excavation	alongside	river	at	pool	stage	Q	艑	10,000	gpm	(38,000	L	/	min).	(b)	The	same	excavation	during	a	flood	of	several	weeks	duration	Q	艑	20,000	gpm	(76,000	L	/	min).	Courtesy	Moretrench.	infiltration.	Larger	values	of	L	reflect	a	relatively	distant	source	of	recharge	and
occur	when	the	river	is	heavily	silted	and	makes	poor	connection	with	the	aquifer.	The	river	condition	may	change;	for	example,	the	Wabash	River	in	Indiana	may	be	heavily	silted	during	late	summer	and	winter	but	during	a	spring	rampage	the	silt	can	be	scoured	away,	exposing	clean	sands.	The	duration	of	a	river	rise	is	significant	to	the	equivalent	L
value.	If	it	recedes	after	a	day	or	two,	the	effect	on	dewatering	is	minor.	But	if	the	rise	persists	for	a	week	or	more,	it	replenishes	the	flood	plain	storage	that	was	depleted	by	pumping,	and	the	dewatering	load	in-	creases	dramatically.	With	extensive	inundation	of	long	duration,	there	have	been	cases	where	dewatering	volume	nearly	doubled	from	its
pool	stage	value,	as	in	Fig.	10.1.	When	working	beside	a	volatile	river,	it	is	advisable	to	check	the	records,	many	dating	back	to	the	nineteenth	century,	kept	by	the	U.S.	Army	Corps	of	Engineers,	the	U.S.	Bureau	of	Reclamation,	and	various	other	agencies.	The	data	are	commonly	furnished	in	the	form	of	hydrographs	(Fig.	10.2),	showing	the	river
stages	recorded	on	a	daily	basis	for	each	year	so	that	both	height	and	duration	can	be	studied.	Early	data	should	be	adjusted	in	the	light	of	development	SURFACE	HYDROLOGY	143	Figure	10.2	Typical	river	hydrograph.	Figure	10.3	Dewatering	alongside	a	volatile	river.	The	equivalent	line	source	is	a	vertical	recharge	boundary	at	a	distance	L	from
the	center	of	the	dewatering	system,	such	that	the	total	calculated	recharge	is	equivalent	to	the	accumulated	actual	seepage	represented	by	the	arrows.	Because	L	is	essentially	a	weighted	average	of	the	radius	of	influence	in	all	directions	from	the	site,	L	must	be	significantly	greater	than	the	distance	to	the	water’s	edge	and	will	vary	slightly	with	the
river	stage.	Sometimes	L	has	been	observed	to	extend	beyond	the	far	bank	of	the	river.	that	has	taken	place	in	the	river	valley	since	the	year	of	record.	Dams	and	agricultural	activity,	such	as	terracing	and	farm	ponds,	tend	to	dampen	the	volatility	of	the	river.	Urban	development,	particularly	when	combined	with	levee	construction,	tends	to	amplify
the	peaks.	For	projects	of	only	a	few	months	duration,	the	time	of	year	may	be	significant.	Generally,	rivers	peak	in	the	period	from	late	winter	to	early	summer,	although	late	summer	rises	can	be	common	depending	on	the	hydrology	of	the	basin.	The	patterns	for	a	particular	site	can	be	discerned	from	the	hydrographs.	The	selection	of	a	design	river
stage	involves	a	judgmental	balance	between	the	probability	of	that	stage	being	exceeded	and	the	cost	of	partially	or	fully	flooding	the	excavation	until	the	flood	recedes.	It	may	be	uneconomic	to	design	for	a	100-year	flood	if	the	cost	of	that	design	is	greater	than	temporary	flooding.	On	the	other	hand,	if	flooding	would	damage	the	work	in	progress,
or	if	the	schedule	is	critical,	a	higher	design	stage	may	be	selected.	It	may	be	possible	to	adjust	the	design	on	the	basis	of	flood	probability	during	the	year	work	begins.	The	size	of	the	snow	pack	in	the	mountains,	the	storage	available	in	existing	reservoirs	and	the	degree	of	saturation	of	tributary	watersheds	all	have	an	effect.	The	U.S.	Army	Corps	of
Engineers	and	other	agencies	that	monitor	these	factors	can	make	predictions	of	flood	probability,	frequently	well	in	advance.	However,	torrential	rains	can	occur	at	any	time.	When	the	work	is	to	be	accomplished	beside	volatile	rivers,	the	designer	should	recognize	that	there	are	factors	that	are	not	fully	predictable.	The	effect,	should	the	height	of
the	cofferdam	or	the	capacity	of	the	dewatering	system	prove	inadequate,	must	be	weighed	in	advance.	When	predicting	the	effect	of	a	river	rise	on	dewatering	operations,	it	is	necessary	to	consider	all	the	pertinent	factors.	In	the	water	table	situation	illustrated	in	Fig.	10.3,	the	river	penetrates	significantly	into	the	aquifer	and	causes	seepage
(represented	by	arrows)	equivalent	to	that	caused	by	a	vertical	recharge	boundary	at	distance	L	from	the	center	of	the	dewatering	system.	It	is	apparent	that	L	must	be	greater	than	the	distance	to	the	water’s	edge.	How	much	greater	is	a	function	of	the	communication	between	the	river	and	the	aquifer.	At	pool	stage,	the	water	table	pitches	down
toward	the	river,	indicating	drainage	into	the	effluent	stream.	Suppose	that	a	pumping	test	has	been	conducted	during	pool	stage,	and	dewatering	Q	in	that	condition	has	been	calculated	by	the	methods	in	Chapter	6.	It	is	desired	to	predict	the	effect	of	a	river	rise	on	dewatering	Q.	For	rises	up	to	flood	stage,	the	increase	in	Q	is	frequently	modest,
particularly	if	the	rise	is	of	short	duration.	The	increase	in	flow	during	a	short	rise	may	be	estimated	by	assuming	it	is	something	less	than	the	increase	in	original	head	H:	Qflood	⬍	Qpool		H	⫹	⌬H	H	(10.1)	For	very	long-term	rises,	there	may	be	a	greater	increase	in	flow	as	the	river	begins	to	saturate	the	flood	plain	up-	144	THEORY	stream	and
downstream	of	the	excavation.	In	the	extreme	case,	if	the	river	has	been	at	flood	stage	for	several	months	prior	to	the	start	of	pumping,	and	has	completely	raised	the	flood	plain	water	level	to	H	⫹	⌬H,	then	the	pumping	rate	would	be	very	high:	Qpool		Qflood		K(H	2	⫺	h	2)	ln	2L	/	rs	(10.2)	冘(H	⫹	⌬H)	⫺	h	]	K	[	2	2	ln	2L	/	rs	(10.3)	Estimated	Qflood
from	Eq.	10.3	would	be	much	higher	than	from	Eq.	10.1.	The	extreme	case	almost	never	happens,	but	it	should	be	considered	in	relation	to	storage	depletion,	as	discussed	below.	At	pool	stage,	H	is	slightly	above	the	river	level.	If	we	consider	conditions	before	pumping	begins,	a	rise	in	the	river	above	pool	stage	will	result	in	a	rise	in	water	level	as
observed	in	piezometers	(Fig.	10.3),	but	not	as	great	as	the	river	rise	because	of	the	attenuation	factor	␣.	␣	⌬H⬘	⌬H	(10.4)	where	␣		the	attenuation	factor	⌬H		the	river	rise	⌬H⬘		the	corresponding	rise	in	groundwater	level	Many	factors	influence	␣,	including	•	Duration	of	the	rise	•	Storage	coefficient,	hydraulic	conductivity	and	horizon•	•	tal
extent	of	the	aquifer	Degree	of	siltation	of	the	river	bed	Distance	x	from	the	piezometer	to	the	equivalent	line	source	In	the	authors’	experience,	␣	can	range	from	0.10	to	0.8.	Measurements	of	piezometer	rises	against	actual	river	rises	are	helpful	in	predicting	␣.	Based	on	experience,	the	value	of	␣	will	decrease	under	the	dewatered	condition;	that	is,
a	given	rise	in	river	⌬H	will	cause	a	lesser	rise	⌬H⬘	in	the	piezometer	when	the	dewatering	system	is	pumping.	In	water	table	aquifers	of	high	transmissivity,	where	total	Q	is	of	major	concern,	the	quantity	of	water	to	be	pumped	from	storage	is	significant	(Section	6.10).	Additional	capacity	must	be	provided	in	the	dewatering	system	to	deplete	the
storage	in	the	allotted	time.	When	dewatering	has	been	accomplished,	the	additional	capacity	becomes	reserve	and	can	be	employed	to	handle	incremental	volume	during	river	rises.	An	exception	is	when	dewatering	must	begin	at	a	time	when	the	river	has	been	up	for	several	months.	Under	this	condition,	since	the	value	of	␣	increases	with	time,	the
piezometers	will	reflect	significant	increases	in	H	over	pool	conditions.	Also,	the	river	will	have	greatly	increased	the	volume	of	water	stored	in	the	aquifer,	so	that	the	dewatering	system	must	contend	with	increased	storage	and	increased	steady-state	flow	simultaneously.	We	can	say	that	a	dewa-	tering	system	that	begins	operation	during	spring
floods	must	have	significantly	greater	capacity	than	one	that	begins	in	the	late	summer	and	operates	through	the	following	spring.	A	river	rise	would	not	appear	to	affect	L	if	the	river	stays	within	its	banks	or	levees.	However,	if	the	rise	is	accompanied	by	velocities	high	enough	to	scour	silt	from	the	river	bed,	then	equivalent	L	can	decrease	sharply
(see	Lock	and	Dam	26	case	history).	When	the	river	rises	above	flood	stage	and	inundates	the	flood	plain,	conditions	can	become	more	extreme.	The	inundation	vastly	increases	the	infiltration	area	and	the	recharge	to	the	aquifer,	as	shown	in	Fig.	10.4.	When	the	flood	is	of	some	duration,	the	increase	in	dewatering	flow	can	be	dramatic.	On	the	project
pictured	in	Fig.	10.1,	during	a	flood	of	3	weeks	the	dewatering	flow	increased	from	10,000	to	almost	20,000	gpm	(38,000	to	76,000	L/min).	10.4	PRECIPITATION	Rainfall	directly	on	the	work	site	can	affect	the	situation	in	several	ways.	1.	Under	certain	conditions,	steady	rainfall	over	a	period	of	weeks	can	significantly	increase	the	recharge	load	on
the	dewatering	system	by	direct	infiltration.	Conditions	that	lead	to	direct	infiltration	from	persistent	rains	are	these:	a	surrounding	area	that	has	a	low	runoff	coefficient,	usually	gently	rolling	terrain,	with	wooded	or	agricultural	land	use,	and	sandy	soil	extending	to	the	surface.	Such	conditions	occur,	for	example,	in	Florida	and	along	the	Atlantic
Coastal	Plain	as	far	north	as	New	Jersey.	Typically,	the	water	table	varies	significantly	with	the	seasons,	perhaps	more	than	the	stages	of	the	local	streams.	In	such	areas,	even	if	the	project	is	to	be	completed	during	the	normally	dry	months	of	the	year,	it	may	be	advisable	to	design	around	the	high	wet	season	water	tables,	since	unseasonable	rainfall
is	always	a	possibility.	2.	Rain	falling	within	a	large	excavation	must	be	pumped	away.	Sumps,	ditches,	and	storage	basins	of	adequate	size	must	be	provided,	together	with	erosion	control	devices	to	prevent	damage	during	the	storm.	Dikes	should	be	maintained	around	the	excavation	to	prevent	runoff	from	adjacent	areas	from	entering	the	work	site.
Where	berms	in	the	excavation	slopes	have	been	provided,	it	is	good	practice	to	provide	ditches	on	the	interior	of	the	berms,	directed	into	sumps	that	can	be	pumped	to	prevent	the	rain	water	from	scouring	the	slopes	and	flooding	the	lower	part	of	the	excavation.	The	arrangement	of	rain	water	sumps	is	discussed	in	Chapter	17.	The	dikes	and	berms
should	be	continuously	maintained.	Often	they	are	breached	by	construction	activity,	particularly	at	ramps.	Unless	they	are	re-	SURFACE	HYDROLOGY	145	Figure	10.4	Effects	of	inundation.	A	river	rise	up	to	the	flood	stage	does	not	significantly	affect	L.	But	if	the	flood	stage	is	exceeded	and	the	flood	plain	is	inundated	outside	the	temporary
protective	dike,	L	will	contract	markedly,	particularly	if	the	flood	persists	for	more	than	a	few	days.	(a)	Plan.	(b)	Section.	paired	while	the	sun	is	still	shining,	the	damage	can	be	severe	when	the	rains	come.	Within	the	protective	dike,	the	probability	of	a	given	quantity	of	water	accumulating	can	be	estimated,	knowing	the	area,	from	rainfall	intensity–
duration	curves	(Fig.	10.8).	Such	curves	are	prepared	for	various	localities	by	the	National	Oceanic	and	Atmospheric	Administration	(NOAA),	using	records	collected	over	many	years.	The	design	intensity	and	duration	are	selected	from	their	probability	according	to	the	curves,	and	the	extent	of	possible	damage	to	the	work	is	evaluated	should	the
design	values	be	exceeded.	If,	for	example,	rainfall	occurs	beyond	that	for	which	provision	was	made,	the	excavation	will	be	partially	flooded.	If	the	result	is	only	suspension	of	work	for	some	hours	until	the	pumps	can	catch	up,	the	loss	is	not	severe.	But	if	it	can	result	in	flotation	or	other	damage	to	a	partially	completed	structure,	then	the	risk	is	too
great	and	additional	preventive	measures	are	advisable.	The	possibility	of	damage	to	the	work	or	to	nearby	facilities	depends	not	only	on	the	intensity	and	duration	of	the	storm,	but	on	the	runoff	coeffi-	cient,	the	time	of	concentration,	and	other	characteristics	of	the	watershed.	They	are	best	analyzed	by	modeling	[10-1].	3.	If	the	work	site	presents	a
significant	obstruction	in	the	flood	plain	of	a	volatile	stream,	consideration	should	be	given	to	diversion	structures	adequate	for	the	runoff	from	heavy	rains.	10.5	DISPOSAL	OF	DEWATERING	DISCHARGE	The	discharge	from	dewatering	systems	should	be	released	in	such	a	way	that	it	does	not	harm	existing	structures	or	the	environment,	and	does
not	put	an	additional	load	on	the	dewatering	system	by	reinfiltration.	Reinfiltration	If	the	discharge	can	be	released	into	an	existing	body	of	water,	it	can	be	assumed	that	no	modification	to	the	groundwater	regime	will	occur.	If	there	is	no	water	body	convenient,	then	the	topography	should	be	studied	to	see	what	difficulties	might	occur.	To	the	careful
observer,	it	will	become	apparent	what	happens	during	rainfall.	When	there	is	clay	or	other	impermeable	material	at	the	ground	surface	146	THEORY	Case	History:	Lock	and	Dam	26	Construction	of	Lock	and	Dam	26	across	the	Mississippi	River	involved	what	is	by	any	measure	one	of	the	most	ambitious	dewatering	projects	ever	to	be	accomplished
in	the	United	States.	The	excavations	were	very	large,	and	their	subgrades	were	kept	dry	86	ft	(26.2	m)	below	high	river	stage,	while	pumping	as	much	as	100,000	gpm	(380,000	L	/	min)	from	multistage	wellpoint	systems	having	a	total	capacity	of	more	than	130,000	gpm	(492,000	L	/	min).	Project	Background	The	dam	is	just	above	the	confluence	of
the	Missouri	and	Mississippi	Rivers	near	St.	Louis.	The	Mississippi	channel	at	the	site	is	approximately	2100	ft	(700	m)	wide.	Its	flood	plain	is	much	wider,	extending	for	several	miles	in	both	directions.	The	levee	on	the	Illinois	side	is	close	to	the	river	bank,	but	in	Missouri	the	levee	is	set	well	back.	The	alluvium	in	the	flood	plain	and	under	the	river
channel	is	well-graded	sand	and	gravel,	highly	stratified,	with	seams	and	layers	ranging	from	silty	sand	to	openwork	gravel.	The	wide	variation	in	soil	deposits	resulted	from	changes,	over	time,	in	the	river	velocity	and	the	type	and	quantity	of	sediment	being	transported.	In	times	when	the	river	was	moving	at	high	velocity,	the	upper	portion	of	the
bed	material	acted	as	a	semi-fluid,	moving	downstream	at	a	moderate	speed.	The	lock	and	dam	was	built	in	three	stages,	each	within	a	steel	sheetpile	cellular	cofferdam.	Figure	10.5	illustrates	the	first-stage	cofferdam.	Top	elevation	of	the	cofferdams,	at	431	ft	(131	m)	above	sea	level,	was	determined	by	an	evaluation	of	the	probability	of	them	being



overtopped	by	a	flood	during	the	construction	period.	A	flood	of	20-year	expected	frequency	was	selected,	with	2	ft	(0.6	m)	of	freeboard	provided	above	that.	The	longest	available	steel	sheet	piles	were	90	ft	(27.4	m).	Since	these	sheets	would	fail	to	reach	the	less	permeable	limestone	at	the	base	of	the	alluvium	by	40	ft	(12	m),	a	major	dewatering
system	was	necessary	to	control	the	flow	through	the	alluvium	beneath	the	tip	of	the	sheets.	Figure	10.5	Lock	and	Dam	26—First	Phase	cofferdam	at	a	time	when	the	Missouri	flood	plain	(foreground)	was	inundated.	SURFACE	HYDROLOGY	147	Dewatering	System	Planning,	Design	and	Installation	During	the	planning	stage,	two	elaborate	pumping
tests	were	conducted	by	the	U.S.	Army	Corps	of	Engineers,	one	on	each	bank	of	the	river,	to	provide	data	for	designing	the	dewatering	system.	For	these	tests,	observation	wells	were	installed	at	various	depths	and	distances	from	the	test	wells,	and	propeller	meters	were	placed	at	different	levels	in	the	pumping	wells	to	observe	the	flow	from	various
depths.	But	after	all	these	preparations,	the	test	wells	were	operated	for	only	24	hours.	As	discussed	in	Chapters	6	and	9,	experience	demonstrates	that	in	large	water	table	aquifers,	tests	of	much	longer	duration	are	necessary	to	provide	reliable	results.	Analysis	of	the	two	prebid	pumping	tests,	with	the	data	adjusted	for	the	limited	duration	of	the
tests,	indicated	that	the	Mississippi	River	alluvium	at	the	site	had	a	transmissivity	of	about	400,000	gpd	/	ft	(5.7		10⫺2	m2	/	sec).	Given	the	distance	to	an	equivalent	line	source	indicated	by	the	tests,	it	was	estimated	that	a	dewatering	system	with	a	capacity	of	almost	60,000	gpm	(230,000	L	/	min)	was	required	to	handle	the	seepage	under	the	sheet
pile	cells,	with	the	first	phase	excavation	at	subgrade	and	the	river	stage	near	the	top	of	the	cofferdam,	elev.	431	ft	(131	m).	However,	there	would	also	be	seepage	from	under	the	flood	plain	on	the	Missouri	bank.	To	reduce	this	landside	seepage	to	manageable	levels,	a	2-ft	(0.6-m)	thick	soil–bentonite	slurry	trench	was	constructed	to	limestone,	in
effect	closing	the	open	end	of	the	U	formed	by	the	sheet	pile	cells	on	the	landslide.	Before	construction	of	the	cellular	cofferdam	for	the	first	phase	(Fig.	10.5)	had	been	completed,	the	designed	dewatering	system	was	mobilized	and	its	installation	begun,	with	appropriate	testing.	The	tests	indicated	the	transmissivity	was	about	as	expected,	but	the
equivalent	line	source	(Fig.	10.3)	was	significantly	closer	than	the	pumping	test	data	had	indicated.	The	60,000-gpm	(240,000L	/	min)	estimate	of	maximum	flow	began	to	look	insufficient.	Steps	were	immediately	put	in	motion	to	mobilize	additional	dewatering	equipment	while	installation	continued	and	efforts	were	made	to	analyze	the	situation.	The
problem	was	identified	when	the	rig	taking	regular	soundings	in	the	river	reported	that	more	than	35	ft	(10.6	m)	of	the	river	bottom	had	been	scoured	away.	The	first	phase	cofferdam	jutting	out	from	the	Missouri	bank	had	cut	off	nearly	60%	of	the	river	channel.	The	resulting	increase	in	velocity	was	causing	the	scour,	directly	connecting	the	river	to
the	permeable	alluvial	soils	and	thus	dramatically	shortening	the	anticipated	flow	path	from	the	river	to	the	dewatering	system.	The	dewatering	system	ultimately	installed	for	the	first	phase	cofferdam	had	a	capacity	in	excess	of	130,000	gpm	(520,000	L	/	min).	It	pumped	close	to	this	capacity	briefly	just	once,	over	100,000	gpm	(400,000	L	/	min)
during	an	extended	river	rise	almost	to	the	top	of	the	cofferdam.	Monitoring	Lock	and	Dam	26	was	the	most	thoroughly	monitored	dewatering	operation	within	the	authors’	experience.	An	experienced	dewatering	engineer	was	assigned	full	time	to	each	phase	of	the	project,	from	the	beginning	of	the	dewatering	installation	until	the	subgrade	was
successfully	reached.	After	that,	whenever	a	river	rise	occurred,	or	was	even	threatened,	the	engineer	returned	to	the	field	full-time	to	make	observations.	An	array	of	piezometers	and	observation	wells	was	installed	to	monitor	groundwater	levels	in	all	significant	areas,	and	these	were	measured	daily.	A	river	gauge	was	provided	and	measured	daily.
Each	of	the	10	dewatering	pumps	was	equipped	with	an	indicating	and	totalizing	flowmeter.	The	voluminous	data	were	plotted	and	analyzed	regularly.	Because	of	these	observations,	and	their	analysis,	more	is	known	about	what	happened	at	Lock	and	Dam	26	than	at	almost	any	other	dewatering	project.	Quantification	of	System	Load	Variation	In	a
situation	such	as	at	Lock	and	Dam	26,	when	dewatering	is	to	be	accomplished	alongside	and	within	a	volatile	river,	the	load	on	the	system	can	vary	even	when	the	lowered	water	is	at	a	constant	elevation.	A	convenient	means	to	quantify	the	load	variations	as	the	river	rises	and	falls	is	specific	capacity,	the	pumping	rate	divided	by	the	drawdown	being
maintained	below	the	river	stage.	The	specific	capacity,	so	defined,	varied	throughout	the	dewatering	of	the	project.	At	the	start	it	was	2200	gpm	/	ft	(27,000	L	/	min/	m),	much	higher	than	predicted	based	on	the	available	pre-bid	information	because	of	the	scour.	But	subsequently	the	specific	capacity	began	to	decline.	A	review	of	the	data	explained
the	decline.	The	source	of	the	water	being	pumped	was	to	some	degree	attributable	to	groundwater	stored	in	the	flood	plain	leaking	around	the	slurry	trench	and	under	the	cells.	But	the	bulk	of	the	water	was	coming	under	the	cells	from	the	river	itself.	Sampling	and	testing	revealed	that,	depending	on	the	velocity	and	river	stage,	the	river	water
carried	as	much	as	1.5	to	2%	suspended	solids.	The	specifications	required	that	the	discharge	from	the	dewatering	systems	contain	no	more	than	5	ppm	of	solids,	and	periodic	testing	demonstrated	that	this	requirement	was	being	met.	Thus,	when	the	system	was	pumping	80,000	gpm	(320,000	L	/	min),	assuming	the	river	was	the	source	of	–23	of	the
total	volume,	as	much	as	150,000	ft3	/	day	(4,000	m3	/	day)	of	suspended	solids	was	being	filtered	from	the	river	water	each	day.	Some	significant	portion	of	these	solids	no	doubt	stopped	at	the	riverbed	surface,	and	was	quickly	washed	away.	But	it	seemed	clear	that	a	significant	fraction	of	the	fine	sands	and	silts	penetrated	the	river	bed	sands	and
gravels,	reducing	their	hydraulic	conductivity	and	the	measured	specific	capacity.	Of	course,	the	next	time	the	river	velocity	increased	there	would	be	additional	scour	and	the	specific	capacity	would	rise,	although	not	to	the	original	levels	encountered.	After	the	tainter	gates	on	the	Missouri	side	had	been	constructed,	the	lock	was	built	in	its
cofferdam	in	the	middle	of	the	river	(Fig.	10.6).	The	maximum	dewatering	volume	exceeded	100,000	gpm	(400,000	L	/	min)	and	was	sustained	for	a	longer	period	than	the	similar	maximum	flow	for	the	first	phase	cofferdam.	When	the	lock	construction	was	well	advanced,	piezometers	on	the	Illinois	bank	behind	the	levee	showed	as	much	as	30	ft	(9	m)
of	drawdown	below	the	river.	148	THEORY	Figure	10.6	Lock	and	Dam	26—Second	phase	construction.	Figure	10.7	Lock	and	Dam	26—Third	phase	construction.	SURFACE	HYDROLOGY	149	Figure	10.8	Typical	rainfall	intensity–duration	curves.	and	the	surface	relief	is	sharp,	it	can	be	assumed	that	the	runoff	coefficient	will	be	high.	One	expects
pronounced	water	courses	proportionate	to	the	rainfall	intensity	in	the	area.	Drainage	ditches	along	roads	will	be	substantial.	Release	of	dewatering	discharge	into	such	dry	ditches	will	probably	not	be	harmful.	If,	however,	the	ground	surface	is	sandy	and	the	land	slopes	gently,	one	expects	a	low	runoff	coefficient.	Ditches,	culverts,	and	other
structures	for	storm	drainage	will	be	more	modest	in	proportion	to	local	rainfall.	Reinfiltration	is	a	potential	problem.	On	a	project	in	Florida	some	years	ago,	an	interceptor	sewer	was	being	laid	through	an	orange	grove.	The	contractor	encountered	a	much	larger	dewatering	flow	than	ex-	pected	based	on	the	hydraulic	conductivity	of	the	soil	and	the
depth	of	the	trench.	A	dewatering	specialist	was	called	in	who	found	the	dewatering	discharge	had	been	piped	only	100	ft	(30	m)	or	so	away	to	a	swale	that	paralleled	the	trench.	The	quantity	of	flow	visibly	diminished	as	it	moved	along	the	swale,	which	indicated	that	there	was	significant	infiltration	or	recharge.	The	solution	was	to	extend	the
discharge	pipe	some	hundreds	of	feet	to	an	adjacent	swale.	The	trench	‘‘dried	up’’	shortly	thereafter.	Inundation	represents	a	significant	concern.	If	the	discharge	water	will	spread	out	over	a	considerable	area	before	draining	off,	then	the	danger	of	infiltration	is	greatly	increased.	In	such	cases	it	may	be	necessary	to	extend	the	150	THEORY
discharge	line	to	a	point	beyond	where	it	can	influence	the	dewatering	system.	Sometimes,	the	discharge	can	be	extended	by	a	ditch,	since	a	ditch	has	limited	infiltration	area,	and	even	in	sandy	surface	materials	does	not	usually	create	severe	problems.	In	evaluating	the	situation,	the	designer	should	review	the	stratification	of	the	soils,	and	the
estimates	of	Q	and	R0,	so	that	the	impact	of	reinfiltration	on	the	dewatering	system	can	be	evaluated,	and	a	judgment	made	on	the	advisability	of	extending	the	discharge	by	piping	or	ditches.	Reinfiltration	has,	within	the	authors’	experience,	produced	two	types	of	problems:	it	can	load	the	dewatering	system	beyond	its	capacity	or,	in	the	case	of
stratified	soils,	it	can	cause	undesirable	seepage	up	high	in	the	slopes	of	an	excavation.	Erosion	Care	should	be	taken	that	the	discharge	water	does	not	create	undesirable	erosion	of	the	ground	surface.	When	pumping	substantial	quantities	of	water,	energy	dissipators	may	be	required	at	the	discharge	point,	such	as	beds	of	gravel	or	stone,	or
concrete	paving.	The	route	of	the	water	from	the	discharge	point	to	the	final	receiving	water	body	should	be	traced	on	foot,	to	see	if	it	will	be	sensitive	to	erosion.	Sewers	In	built-up	areas,	it	is	customary	to	release	dewatering	discharge	into	the	storm	sewer	system.	Permits	are	typically	required,	but	whether	or	not	this	is	the	case,	the	size	and
construction	of	the	sewer	should	be	evaluated	to	ensure	that	it	can	handle	the	expected	flow.	Older	sewers	of	brick	or	tile	construction	can	sometimes	be	damaged	by	excessive	water	quantities.	In	cities	still	using	combined	sanitary	and	Figure	10.9	Water	from	above	an	underlying	mud	mat	necessitated	the	use	of	closely	spaced	wellpoints	and
grouting	to	permit	excavation.	Courtesy	Moretrench.	storm	sewers,	the	regulating	authority	may	object	to	dewatering	discharge	since	they	frequently	treat	the	sanitary	sewage	during	periods	of	low	rainfall,	and	the	dewatering	flow	becomes	an	added	cost	at	the	treatment	plant.	A	substantial	fee	may	be	charged.	Most	regulating	authorities	object
strenuously	to	any	sediments	being	deposited	in	their	sewer	systems.	With	properly	constructed	systems	of	wells	or	wellpoints,	this	is	not	a	problem	since	the	water	will	be	clear.	If,	however,	sump	pumping	is	included	as	part	of	the	dewatering,	siltand	sand-laden	waters	may	result	and	a	settling	tank	or	basin	at	the	discharge	may	be	required	to
reduce	the	suspended	solids	to	acceptable	levels	before	releasing	the	water	into	the	sewers.	Water	Quality	As	discussed	in	Chapters	13	and	14,	dewatering	discharge	sometimes	contains	noxious	or	hazardous	substances,	either	natural	or	man-made.	Such	substances	can	be	a	nuisance,	or	harmful	to	the	environment.	Disposal	of	contaminated
discharge	is	discussed	in	Chapter	14.	10.6	WATER	FROM	EXISTING	STRUCTURES	One	of	the	most	troublesome	problems	that	can	occur	in	built-up	areas	is	water	recharging	the	ground	from	existing	structures	(Fig.	11.2).	This	can	be	particularly	problematic	because	of	the	proximity	of	the	source	more	so	than	the	amount	of	recharge.	Recharge
from	existing	structures	has	exhibited	many	forms,	such	as	leaks	in	water	mains,	sanitary	sewers,	and	storm	sewers	(Section	17.10).	It	is	also	common,	when	working	alongside	older	existing	structures	that	extend	SURFACE	HYDROLOGY	below	the	water	table,	to	discover	that	they	were	constructed	using	gravel	bedding,	sumps,	and	drains.	These
drainage	structures	may	still	exist,	and	they	act	to	collect	groundwater,	conducting	it	substantial	distances	and	concentrating	it	near	the	dewatering	system.	Water	from	existing	structures	can	be	evidenced	by	unexpectedly	large	dewatering	flows	and	steep	water	level	gradients,	particularly	in	those	piezometers	set	at	shallow	elevations	near	the
originating	structure.	Sometimes	the	flow	itself	can	be	observed	entering	the	excavation	or	tunnel.	Water	from	existing	structures	can	be	dealt	with	in	various	ways.	Leaking	utilities	can	sometimes	be	repaired.	Old	151	gravel	drains	and	sumps	can	often	be	plugged	by	grouting	(Chapter	22).	The	flow	can	sometimes	be	dealt	with	by	sheeting	or
pumping	within	the	excavation,	or	by	installing	diagonal	or	horizontal	wellpoints	from	inside	the	excavation.	In	some	cases,	the	situation	can	result	in	substantial	unexpected	costs	and	schedule	delays	(Fig.	10.9).	Reference	10-1	Chow,	V.	T.	(ed.)	(1964).	Handbook	of	Applied	Hydrology.	McGraw-Hill,	New	York,	NY.	CHAPTER	11	Geotechnical
Investigation	for	Dewatering	he	geotechnical	investigation	for	a	project	has	many	purposes:	to	determine	foundation	properties	of	the	soil,	to	establish	design	values	for	lateral	loading	on	the	permanent	walls	of	the	proposed	structure	and	on	temporary	excavation	support,	and	to	evaluate	construction	problems	such	as	excavation	and	groundwater
control.	Fang	[11-1],	the	Federal	Highway	Administration	(FHWA)	[112],	and	the	U.S.	Army	Corps	of	Engineers	(US	ACOE)	[11-3]	are	recommended	for	a	general	treatment	of	subsurface	exploration.	This	chapter	suggests	procedures	that	are	recommended	during	various	phases	of	the	investigation	to	specifically	evaluate	groundwater	conditions,
both	those	that	affect	the	design	of	the	permanent	structure	and	those	that	address	potential	problems	during	construction.	Too	frequently	in	the	past,	the	authors	have	observed	scant	attention	paid	to	groundwater	during	the	geotechnical	investigation.	However,	it	is	encouraging	to	note	the	increasing	effort	made	within	recent	years	in	the
evaluation	of	groundwater	conditions	prior	to	accepting	bids	on	a	construction	project.	Owners’	engineers	are	recognizing	the	impact	groundwater	control	can	have	on	project	costs	and	schedules,	disputes,	and	third-party	claims.	We	see	more	professional	quality	reports	that	include	discussions	of	the	areal	geology,	ample	boring	programs	with
accurate	descriptions	of	subsurface	materials,	laboratory	analysis	of	selected	samples,	and,	sometimes,	field	pumping	tests.	These	are	the	tools	that	knowledgeable	contractors	can	use	to	evaluate	site	subsurface	conditions,	anticipate	potential	groundwater	problems,	choose	appropriate	construction	procedures,	and	prepare	accurate,	competitive
bids.	In	our	opinion,	there	is	still	room	for	improvement	in	the	groundwater	aspect	of	geotechnical	investigations.	We	hope	these	suggestions	will	be	helpful.	T	152	11.1	INVESTIGATION	APPROACH	AND	OBJECTIVES	Geotechnical	investigations	for	most	projects	are	performed	using	a	phased	approach,	with	the	data	collected	and	reviewed	in	each
phase	used	to	guide	subsequent	more	detailed	phases	of	the	investigation.	Such	an	approach	provides	both	economic	and	technical	advantages	since	it	frequently	reduces	the	necessary	number	of	borings	and	focuses	attention	to	those	geologic	conditions	requiring	special	attention	or	testing.	Preliminary	investigations	usually	involve	a	study	of	the
regional	geology,	site	history	and	development,	and	records	of	previous	construction	experience	in	the	area	of	the	site.	On	that	basis,	a	preliminary	field	investigation	is	planned	consisting	of	a	relatively	few,	widely	spaced	borings.	These	borings	are	intended	to	establish	the	general	subsurface	stratigraphy	and	order	of	magnitude	of	efforts	and	costs
involved	in	underground	construction.	If	the	data	reveal	a	complex	or	variable	geology,	or	anomalies	are	found	that	suggest	the	potential	for	groundwater	control	problems	or	adverse	side	effects	of	dewatering,	a	more	detailed	investigation	is	warranted.	Such	additional	investigation	may	include	specialized	drilling	methods,	in	situ	testing,	borehole
seepage	tests,	geophysical	investigations,	and	pumping	tests.	The	objectives	of	the	geotechnical	investigation	will	vary,	but	generally	should	include	evaluation	of	the	following	items	as	appropriate	to	the	project	design	and	scope	of	the	specific	groundwater	problem:	•	Subsurface	stratigraphy,	including	the	type	and	thickness	of	all	soils	and	rock
requiring	excavation	and	dewatering,	with	particular	emphasis	on	stratification	and/or	interfaces	between	coarse-	and	fine-grained	soil	strata	and	their	continuity	and	relationship	to	excavation	subgrade	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and
W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	•	Gradation	and	density	of	cohesionless	soil	strata	for	corre•	•	•	•	•	•	•	lation	with	strength,	hydraulic	conductivity	and	their	stability	in	the	presence	of	flowing	groundwater	Presence	of	cobbles	and	boulders	or
artificial	obstructions	such	as	timber	or	concrete	as	an	indicator	of	the	costs	and	difficulties	in	well	drilling	and	feasibility	of	alternative	methods	to	dewatering,	if	necessary,	such	as	sheet	piling	or	deep	soil	mixing	cutoffs	Strength	and	compressibility	of	cohesive	soil	strata	for	evaluation	of	the	potential	for	consolidation	and	settlement	of	adjacent
structures	or	instability	in	excavations	and	cut	slopes	when	groundwater	levels	are	lowered	Hydraulic	conductivity	of	soil	and	rock	strata	by	visual	classification,	laboratory	or,	more	preferably,	field	testing	for	evaluation	of	potential	pumping	quantities,	groundwater	velocities,	grout	takes,	or	seepage	cutoff	Groundwater	levels	and	gradients	and	their
variation	with	the	season	of	year,	tides,	river	stage	for	evaluation	of	recharge	pumping	quantities,	the	feasibility	of	cut-off	methods	such	as	ground	freezing,	and	the	potential	for	the	permanent	effect	of	structures	on	the	groundwater	body	Aquifer	types	(perched,	confined,	or	unconfined)	and	boundaries,	including	thickness	and	lateral	extent,	sources
of	recharge	(including	existing	utilities	or	structures)	and	barrier	boundaries	for	evaluation	of	pumping	quantities	and	the	time	of	response	and	radius	of	influence	of	pumping	Precipitation	data	and	topography	for	evaluation	of	surface	water	runoff	characteristics	and	potential	for	flooding	Groundwater	chemistry	and	contamination	as	an	indicator	of
the	potential	for	corrosion	and	incrustation	of	well	screen	and	dewatering	equipment;	compatibility	with	slurries,	grouts,	and	backfills	in	cutoff	applications;	and	treatment	of	groundwater	discharge	11.2	PRELIMINARY	STUDIES	AND	INVESTIGATIONS	Dewatering	can	be	influenced	by,	and	affect,	surface	and	subsurface	features	at	great	distance
from	the	site.	Since	it	is	usually	not	practical	to	make	sufficient	borings	to	explore	the	entire	groundwater	regime,	we	rely	on	a	study	of	regional	geology,	site	history	and	development,	and	records	of	previous	construction	experience	in	the	area	of	the	site	to	extrapolate	the	extent	and	influence	of	geologic	deposits	and	aquifers	found	in	borings	made
at	the	site.	Typically,	the	investigation	of	a	major	project	begins	with	a	review	of	available	records	and	a	preliminary	series	of	a	few	borings	to	determine	the	general	nature	of	the	soil	profile.	In	this	early	phase,	certain	key	observations	can	be	made	to	evaluate	the	general	scope	of	the	groundwater	con-	153	trol	effort	required.	Available	records	of
human	activity	in	the	area	can	be	useful.	In	the	authors’	experience,	the	following	can	be	productive	sources	of	information	relevant	to	groundwater	at	the	site.	Geologic	Studies	Knowledge	of	how	the	ground	was	formed	is	fundamental	to	understanding	the	movement	of	water	within	it,	and	the	effect	of	water	on	it.	Familiarity	with	the	geology	of	the
dune	sands	and	bay	muds	of	San	Francisco,	the	variable	deposits	of	glacial	outwash,	till,	and	lake	deposits	that	overlay	New	York’s	Precambrian	rocks,	and	the	Pleistocene	terrace	deposits	and	Cretaceous	Potomac	sands	and	clays	in	Washington,	DC,	can	offer	remarkable	insights	into	their	performance.	Geologic	studies	are	available	that	have	been
conducted	for	mineral	exploration,	for	water	supply,	and	for	foundation	studies.	The	information	in	those	studies	is	frequently	worth	review.	Sources	include	the	U.S.	Geological	Survey,	state	and	municipal	agencies,	university	libraries	and	geology	departments,	and	geological	societies	such	as	the	Association	of	Engineering	Geologists	(AEG),
Association	of	American	State	Geologists	(AASG),	and	the	Geological	Society	of	America	(GSA).	Water	Supply	Records	If	an	aquifer	exists	that	is	a	potential	source	of	water,	it	is	likely	that	people	have	drilled	into	it	to	exploit	it	for	water	supply.	The	major	source	of	water	supply	records	in	the	United	States	is	the	U.S.	Geological	Survey,	which	provides
comprehensive	reports	on	surface	and	subsurface	water	flow	and	water	levels	in	most	areas.	Often	these	reports	include	detailed	geologic	descriptions	and	maps	of	the	area	under	consideration.	Many	states	and	other	agencies,	frequently	in	cooperation	with	the	U.S.	Geological	Survey,	require	drillers	of	water	wells	to	file	logs	of	the	wells	and	thus
extensive	records	of	the	types	of	soils/rock	penetrated,	depth	and	yield	of	wells,	and	groundwater	levels	may	be	maintained.	In	rural	areas,	there	may	be	individual	domestic	wells,	frequently	drawing	from	relatively	shallow	aquifers	from	which	groundwater	level	measurements	can	be	made.	Older	records	may	not	be	complete	or	fully	accurate,	but
they	can	still	be	indicative	of	potential	groundwater	conditions.	Soil	Surveys	Detailed	soil	surveys	are	available	from	the	U.S.	Department	of	Agriculture	Soil	Conservation	Service.	Although	these	surveys	provide	information	only	for	near	surface	deposits,	they	can	be	useful	in	evaluation	of	area	drainage	characteristics,	potential	effects	of	infiltration
on	aquifer	recharge	and	water	levels,	and	requirements	for	storm	water	management	or	diversion.	Remote	Sensing	Remote	sensing	data	from	satellites	and	aerial	photographs	from	the	U.S.	Geological	Survey,	the	U.S.	Army	Corps	of	154	THEORY	Engineers,	and	the	Soil	Conservation	Service	are	often	available.	Such	data	are	useful	in	deciphering
surface	landforms,	drainage	patterns,	geologic	mapping	(i.e.,	rock	outcrops),	buried	stream	beds,	vegetation,	surface	water	sources,	and	location	of	structures.	Topographic	and	Flood	Zone	Maps	Topographic	contour	maps	published	by	the	U.S.	Geological	Survey	are	available	in	all	states	and	provide	valuable	information	that	may	indicate	potential
surface	and	subsurface	water	flow	patterns,	sources	of	recharge,	and	physical	aquifer	boundaries	and	groundwater	divides.	Vegetation	is	shown	and	may	indicate,	in	the	form	of	marshes	or	swamps,	where	near	surface	groundwater	or	compressible	organic	deposits	exist.	Surrounding	buildings,	highways,	railroads,	and	other	man-made	structures	that
could	impact	or	be	affected	by	dewatering	operations	are	also	indicated.	Flood	zone	maps	are	available	from	the	U.S.	Geological	Survey	and/or	Federal	Emergency	Management	Agency	(FEMA)	and	provide	insight	into	the	potential	for	surface	water	flooding	to	impact	dewatering	operations.	Historical	Maps	Historical	maps	of	a	city	may	show	ancient
watercourses	that	have	been	buried,	with	or	without	conduits,	or	old	shorelines	that	have	been	filled.	There	is	a	history	of	such	features	causing	unexpected	groundwater	flows,	excavation	difficulties,	or	slurry	losses.	Sometimes	records	are	available	of	how	the	fills	were	made,	either	recorded	at	the	time	of	filling	or	later	by	some	startled	contractor
who	encountered	them.	The	rock-filled	cribs	along	Manhattan’s	early	shorelines	are	an	example.	Frequently,	the	investigator	must	be	part	detective,	interpreting	sketchy	bits	of	information.	But	the	effort	can	bear	fruit.	Utility	Maps	In	some	cities,	old	water	mains	and	reservoirs,	storm	sewers,	and	miscellaneous	drainage	structures—some	abandoned
but	some	still	in	service—can	affect	groundwater	gradients	and	flow	patterns.	If	surprisingly	high	or	low	water	tables	are	encountered	in	an	area,	a	search	of	whatever	utility	records	exist	may	be	warranted	since	utilities	may	function	as	a	dam	or	drain	depending	on	geologic	conditions	and	the	orientation	of	their	construction	with	respect	to	the
direction	of	groundwater	flow	(Section	11.11).	Such	structures,	if	leaking	or	bedded	or	surrounded	in	a	gravel	envelope,	may	act	as	sources	of	proximate	recharge	or	concentrated	flow	to	an	excavation.	Previous	Construction	Experience	If	a	noteworthy	or	significant	groundwater	condition	exists,	it	is	possible	that	someone	has	had	to	deal	with	it	in	the
past,	perhaps	during	the	construction	of	a	deep	sewer	or	building	foundation.	Some	dewatering	companies	maintain	records	of	their	experience,	which	can	be	informative.	The	records	should	be	reviewed	objectively	and	tempered	with	judgment.	Proceedings	from	technical	journals	and	conferences	and	from	industry	trade	journals	and	publications,
are	also	useful	sources	of	previous	construction	experience.	Borings	from	Other	Projects	It	is	common	in	urban	and	industrial	areas	that	a	great	many	borings	exist	from	prior	construction	work.	Those	from	public	projects	are	available	and	should	be	consulted.	Borings	from	private	sector	projects	are	sometimes	available	as	well,	in	particular	where
the	work	may	affect	public	infrastructure	or	resources	and	permitting	is	required	(Section	11.12).	Such	data	can	be	useful,	particularly	in	evaluating	potential	water	sources	from	other	aquifers	in	the	vicinity	of	the	project.	Site	Reconnaissance	and	Preliminary	Field	Investigation	Following	the	study	of	available	records,	a	visit	to	the	site	is
recommended	to	view	and	understand	site	topography,	accessibility,	and	the	presence	and	condition	of	existing	structures,	roadways,	and	utilities.	A	preliminary	field	investigation	can	then	be	planned.	Such	an	investigation	will	typically	consist	of	widely	spaced	borings,	relying	primarily	on	physical	sampling	of	soils	and	rock.	When	the	first	limited
series	of	borings	is	taken,	observations	should	be	made	of	groundwater	levels,	as	discussed	below.	Laboratory	testing	of	samples	recovered	in	the	borings	at	this	stage	may	include	simple	soil	index	tests	such	as	grain	size	analyses	and	Atterberg	limits	for	rough	correlation	with	hydraulic	conductivity	of	coarse-grained	soil	strata	and	strength	and
compressibility	of	fine-grained	strata.	Based	on	the	study	of	available	records,	and	the	first	boring	series,	a	judgment	can	be	made	as	to	the	scope	of	the	groundwater	problem.	If	it	has	potentially	substantial	impact	on	the	project	design,	cost,	or	scheduling,	or	on	third-party	claims,	then	a	more	detailed	investigation	and	groundwater	study	is
advisable.	Appropriate	procedures	are	recommended	below.	It	is	good	practice	to	involve	a	specialist	experienced	in	groundwater	control	early	in	the	program.	11.3	BORINGS	Where	significant	groundwater	control	is	required,	special	attention	to	the	continuing	boring	program	is	imperative.	The	use	of	a	qualified	drilling	contractor	experienced	in	the
local	geology	and	drilling	practices	is	essential.	The	subtleties	of	a	drilling	operation	are	often	the	most	important	(perched	water,	artesian	pressures,	losses	in	drilling	fluids,	heaving	sand,	gravel	or	clay	lenses,	cementation,	etc.),	and	if	missed	can	be	the	difference	between	a	successful	project	and	one	mired	in	disputes	during	construction.	Borings
should	therefore	be	made	under	the	supervision	of	a	qualified	geotechnical	engineer	or	geologist	who	has	been	briefed	on	the	preliminary	data	and	objectives	of	the	investigation	to	ensure	proper	drilling	and	sampling	practices	and	accurate	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	logging	of	samples	as	they	are	recovered	from	the
borehole.	The	focus	of	the	borings	is	typically	to	determine	soil	and	rock	engineering	properties	for	design	of	permanent	structures;	however,	the	engineer/geologist	must	also	be	knowledgeable	and	keenly	aware	of	potential	conditions	that	may	be	revealed	in	the	borings	and	affect	groundwater	control.	Seams	of	only	a	few	inches	(centimeters)
thickness	(Fig.	3.2)	can	significantly	affect	the	hydraulic	conductivity	and	other	properties	of	the	soil,	but	unless	they	are	observed	and	recorded	when	the	spoon	is	split	open	in	the	field,	their	presence	may	go	unnoticed	until	they	become	a	surprise	and	subsequent	problem	during	construction.	The	engineer	must	also	make	observations	of
groundwater	levels	encountered,	and	decide,	according	to	a	prearranged	plan,	on	the	completion	of	selected	borings	as	observation	wells	or	piezometers.	Methods	of	Drilling	and	Borehole	Advance	Drilling	methods	commonly	employed	in	geotechnical	investigations	include	the	classic	wash	boring,	the	hollow	stem	auger,	and	rotary	drilling	with
casing	or	mud.	Bucket	augers	and	percussion	drilling	methods	such	as	the	Becker	hammer	drill	are	also	used,	typically	for	more	specialized	applications.	More	recent	innovations	include	the	sonic	drilling	and	direct	push	methods	of	advancing	and	sampling	a	borehole.	Many	of	these	same	methods	are	used	in	the	drilling	and	construction	of	wells
(Chapter	18),	although	generally	on	a	larger	scale.	Discussion	herein	will	focus	on	practices	necessary	to	achieve	quality	samples	with	minimum	disturbance	to	the	soil	prior	to	sampling.	Chapter	18	is	recommended	for	those	interested	in	a	more	detailed	discussion	of	the	equipment	and	materials	typically	utilized	with	the	various	methods.	The	classic
wash	boring	technique	uses	the	chopping	and	jetting	action	of	a	drill	bit	to	break	up	the	soil/rock,	with	the	cuttings	removed	from	the	hole	by	circulating	wash	water.	Samples	are	obtained	either	from	the	cuttings	in	the	circulating	wash	(wet	sample	boring)	or	by	driving	a	sampler	in	the	bottom	of	the	hole	(dry	sample	boring).	In	either	case,	the
chopping	and	jetting	action	of	the	method	tends	to	break	down	soil	particles	and	remove	fines,	resulting	in	samples	that	are	not	fully	representative	of	materials	in	the	ground.	Today,	the	method	has	largely	been	replaced	by	the	more	modern	rotary	drilling	method.	Hollow	stem	augers	(HSA)	consist	of	a	leading	drill	bit	with	teeth	followed	by
continuous	auger	flights	(Fig.	11.1).	The	drill	bit	loosens	the	soil	and	pilots	the	advance	of	the	augers;	soil	cuttings	are	conveyed	to	the	surface	by	the	auger	flights.	Additional	sections	of	augers	are	added	as	the	auger	is	advanced	into	the	ground.	The	augers	act	as	a	casing	to	support	the	sides	of	the	borehole	and	have	a	hollow	center	to	allow	access
to	the	bottom	of	the	hole	for	sampling.	A	removable	center	drill	stem	and	plug	are	used	to	prevent	soil	from	entering	the	interior	of	the	augers	during	auger	advance.	The	drill	stem	and	plug	are	removed	to	facilitate	sampling	at	appropriate	depths.	However,	many	drillers	avoid	the	use	of	the	plug	and	instead	rely	on	a	soil	plug	to	form	155	within	the
bottom	of	the	augers.	This	practice	should	be	avoided,	particularly	in	cohesionless	sands	and	silts,	as	it	can	lead	to	disturbance	and	significant	reduction	in	the	natural	density	and	sampler	penetration	resistance	in	these	materials.	Changes	in	soil	strata	between	sampling	intervals	may	be	difficult	to	determine	since	the	soil	cuttings	are	mixed	as	they
are	conveyed	up	the	augers	and	may	not	be	representative	of	the	soils	at	depth.	HSA	methods	are	most	appropriate	in	cohesive	soils	and	soils	above	the	water	table.	Below	the	water	table,	soils—in	particular,	cohesionless	sands	and	silts	and	soft	clays—will	heave	or	run	into	the	augers	under	an	unbalanced	water	pressure	that	may	exist	between	the
ground	and	auger	interior.	Soil	disturbance	and	reduced	sampler	resistance	will	result.	Filling	the	auger	with	water	to	balance	the	head	can	be	done,	but	this	makes	the	method	more	cumbersome.	Soils	with	boulders	and	large	cobbles	can	also	be	problematic	to	auger	advance,	and	penetration	into	rock	is	generally	not	possible.	The	maximum
practical	depth	of	HSA	advance	in	overburden	soils	is	about	80	ft	(24.4	m).	In	stratified	soil,	the	method	also	has	a	tendency	to	mix	and	smear	the	silt	and	clay	soils	over	the	more	permeable	sand	layers.	Such	effects	must	be	considered	if	borehole	seepage	tests	or	the	installation	of	observation	wells	or	piezometers	is	planned	in	such	soils.	Wash	rotary
drilling	uses	a	leading	drill	bit	attached	to	a	drill	string	consisting	of	a	series	of	hollow	steel	rods	(Fig.	11.2).	The	drill	bit	is	rotated	to	loosen	and	cut	the	soils	and	penetrates	the	ground	under	an	applied	down	pressure	as	water	or	other	drilling	fluids	are	pumped	under	pressure	to	the	bit	through	the	interior	of	the	rods.	The	drilling	fluid	serves	to	both
cool	the	bit	and	lift	and	remove	the	soil	cuttings	as	it	circulates	to	the	surface	through	the	annular	space	between	the	drill	rods	and	borehole.	Additional	lengths	of	drill	rod	are	added	as	the	drill	bit	is	advanced.	Sampling	of	soil	or	rock	is	accomplished	by	removal	of	the	drill	string	and	replacement	of	the	bit	with	an	appropriate	sampler,	followed	by
lowering	of	the	sampler	to	the	bottom	of	the	hole.	The	use	of	side	discharge	drill	bits,	such	as	tricone	roller	bits	that	laterally	deflect	the	circulating	drilling	fluid,	are	recommended.	Drill	bits	that	allow	bottom	discharge	or	vertical	jetting	of	the	drilling	fluid	and	cause	disturbance	to	the	bottom	of	the	hole	should	not	be	used.	Jetting	through	an	open
drill	rod	or	sampler	to	clean	out	the	borehole	should	never	be	permitted.	Changes	in	soil/rock	strata	are	indicated	by	the	rate	of	advance,	reaction	of	drilling	tools	during	advance	(i.e.,	drill	rod	‘‘chatter’’),	and	examination	of	soil	cuttings	in	the	drilling	fluid.	The	use	of	drilling	mud	may	mask	and	make	the	identification	of	such	changes	more	difficult.
Steel	casing	or	drilling	mud	is	typically	used	to	support	the	sides	of	the	borehole	during	boring	advance.	Where	casing	is	used,	care	must	be	exercised	when	drilling	below	the	water	table	to	maintain	a	head	of	water	within	the	casing	above	the	prevailing	groundwater	level,	particularly	when	removing	the	drill	rods.	Heave	or	disturbance	to	the	bottom
of	the	borehole	may	result	if	such	a	positive	head	is	not	156	THEORY	Figure	11.1	Schematic	illustration	of	hollow	stem	auger	drilling.	(a)	Truck	mounted	drill	rig	equipped	with	hollow	stem	augers.	(b)	Hollow	stem	auger	components.	(c)	Hollow	stem	auger	sampling.	After	ASTM	D	4700.	maintained.	In	lieu	of	casing,	bentonite	or	polymer	additives	are
frequently	used	to	increase	the	viscosity	and	density	of	the	drilling	fluid.	The	drilling	muds	improve	the	removal	of	soil	cuttings,	provide	a	stabilizing	force	on	the	sides	of	the	borehole,	and	minimize	the	stress	reduction	at	the	bottom	of	the	hole.	Good	practice	is	to	maintain	the	level	of	the	drilling	fluid	at	or	above	the	ground	surface,	particularly	when
attempting	undisturbed	sampling	in	soft	clays	or	where	a	shallow	groundwater	table	exists.	Special	precautions	such	as	the	use	of	a	weighted	drilling	fluid	or	elevated	work	platform	are	necessary	where	artesian	conditions	are	encountered.	Rotary	drilling	is	suitable	for	use	in	most	soils	and	rock	and	is	most	appropriate	when	drilling	in	cohesionless
soils	below	the	groundwater	table.	Soils	with	a	significant	percentage	of	gravel	can	be	problematic,	depending	on	the	size	of	drilling	equipment	and	mud	pump	used,	since	coarser	particles	may	be	too	heavy	to	remove	and	will	accumulate	at	the	bottom	of	the	hole	and	within	every	split-spoon	sample.	A	large-diameter	split-spoon	sampler	may	be	used
to	clean	the	bottom	of	the	boring	prior	to	sampling	in	such	cases.	Bucket	augers	are	particularly	useful	in	drilling	largediameter	borings	in	soils	containing	large	gravel	or	cobbles	where	other	drilling	methods	will	either	encounter	refusal	or	are	unable	to	provide	representative	samples	for	visual	examination	or	laboratory	testing.	The	sonic	drill,	also
frequently	referred	to	as	a	rotosonic	drill	or	sonicore,	uses	a	hydraulically-powered	oscillating	drill	head	to	generate	high-frequency	vibrations	that	are	transmitted	through	a	dual-cased	drill	string	with	leading	drill	bit	or	core	barrel.	The	energy	imparted	by	the	high-	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	157	Figure	11.2	Schematic
illustration	of	wash	rotary	drilling	and	equipment.	After	Hvorslev.	frequency	vibrations	is	coupled	with	a	down	pressure	and	sometimes	low-speed	rotation	to	advance	the	dual	casing	system	into	the	ground	with	or	without	the	use	of	drilling	fluids.	The	frequency	of	vibration	(generally	between	50	and	180	cycles	per	second)	can	be	varied	to	produce
resonance	with	the	ground	and	optimum	penetration	of	various	subsurface	materials.	The	method	is	suitable	for	drilling	in	most	soils	and	can	even	readily	penetrate	difficult	soils	containing	cobbles,	boulders,	concrete,	and	other	debris.	Drilling	in	softer	rock	formations	such	as	sandstone,	shale,	and	lime-	stone	is	also	possible.	The	primary	advantage
of	the	method	is	its	ability	to	obtain	continuous,	although	disturbed,	coretype	samples	of	soil	and	rock	(Fig.	11.3).	Cores	can	be	obtained	ranging	from	3	to	10	in.	(75	to	250	mm)	diameter	and	in	lengths	varying	from	1	to	30	ft	(0.3	to	9.1	m).	Such	continuous	sampling	is	particularly	advantageous	in	stratified	soils	or	variable	rock	where	thin	seams	or
joints	having	significant	effect	on	groundwater	flow	can	be	missed	by	more	conventional	sampling	techniques.	Drilling	and	sampling	are	also	possible	without	the	use	of	drilling	fluid,	offering	an	158	THEORY	Figure	11.3	Sonic	core	sampling.	(a)	Soil	sample	extruded	from	sonic	core	barrel	into	plastic	sleeves	at	surface.	(b)	Soil	sample	removed	from
plastic	sleeve.	Courtesy	Boart	Longyear.	(a)	advantage	compared	to	other	drilling	methods	when	working	on	contaminated	sites	where	the	handling	and	disposal	of	drilling	wastes	can	become	costly.	However,	the	method	does	not	provide	an	indication	of	the	relative	density	of	the	soil	penetrated.	It	can	also	cause	signification	alteration	of	loose	sands
and	soft	clays	and	silts.	Frank	and	Chapman	[11-4]	discuss	the	use	of	sonic	drilling	in	the	investigation	for	a	tunnel	project	planned	in	variable	glacial	soils	with	a	significant	percentage	of	gravel,	cobbles,	and	boulders.	Hydraulically	powered,	direct	push	machines	as	developed	by	Geoprobe,	Powerprobe,	and	others,	are	available	that	use	the	static
weight	of	the	machine	as	reaction	to	advance	small-diameter	sampling	and	logging	tools	into	the	ground	(Fig.	11.4).	Shallow	anchors	attached	to	the	machine	and	screwed	in	the	ground	are	often	used	to	provide	increased	reaction	force	and	tool	penetration.	Tools	and	accessories	are	available	that	facilitate	continuous	soil	sampling,	in	situ	testing
using	the	SPT	and	cone	penetrometer,	groundwater	sampling	and	testing,	pneumatic	slug	testing,	electrical	conductivity	and	contaminant	logging,	and	even	grouting	of	the	borehole.	The	installation	of	groundwater	monitoring	wells	with	prepacked	screens	and	seals	in	diameters	ranging	from	0.5	to	1.5	in.	(12.5	to	38	mm)	is	also	possible.	When
sampling	in	cohesionless	soil	strata	below	the	water	table,	the	drill	rods	must	be	filled	with	water	to	balance	the	hydrostatic	head	and	prevent	heave	in	the	bottom	of	the	hole.	The	direct	push	method	is	quick	and	economical,	allowing	more	efficient	vertical	and	horizontal	characterization	and	delineation	of	soil	and	groundwater	properties	or
contamination.	Equipment	is	small,	lightweight,	and	maneuverable,	facilitating	its	use	on	sites	with	limited	access	or	variable	topography.	The	method	also	generates	little	spoil	compared	to	conventional	drilling	methods,	which	is	advantageous	on	contaminated	sites.	The	method	is	most	suitable	in	loose	to	medium	dense	sands	and	soft	to	medium	stiff
clays.	Penetration	in	dense	soils	or	soils	containing	signifi-	(b)	cant	percentages	of	gravel,	cobbles,	and	boulders	is	problematic	and	usually	requires	supplemental	measures	such	as	percussion	hammers	or	rotary	drilling,	generally	at	increased	cost.	Some	soil	disturbance	must	also	be	expected	as	a	result	of	the	compression	caused	during	the	pushing
of	drill	rods	and	sampling	tools	and	may	include	smearing	of	silts	and	clays	over	the	more	permeable	sand	layers	in	stratified	soils.	These	effects	must	be	considered	if	borehole	seepage	tests	or	the	installation	of	piezometers	is	planned	in	such	soils.	Groundwater	Observations	During	Drilling	To	be	meaningful,	groundwater	observations	during	drilling
require	an	understanding	of	the	soil	penetrated,	the	drilling	method,	and	the	possible	hydrologic	situation.	Observed	water	levels	in	clay	have	little	significance.	But	when	waterbearing	sands	are	penetrated,	it	is	important	to	note	where	water	is	first	encountered	and	whether	it	subsequently	rises,	indicating	artesian	pressure,	or	falls,	indicating	a
perched	condition.	Which	soil	strata	make	connection	with	the	hole	at	the	time	the	observation	is	made	should	be	logged.	In	the	case	of	the	wash	boring,	the	casing	usually	cuts	off	connection	with	the	upper	strata,	and	the	water	level	observed	represents	only	the	stratum	last	sampled.	It	is	uneconomic	to	delay	the	rig	for	making	water	observations	so
equilibrium	is	rarely	obtained,	particularly	in	fine-grained	soils.	Leakage	through	casing	joints	may	also	affect	water	levels.	When	the	hole	is	completed	and	the	casing	retrieved,	collapse	may	distort	water	levels	measured	subsequently.	Similar	concerns	apply	to	borings	advanced	using	direct	push	methods.	The	hollow	stem	auger	makes	direct	contact
only	with	the	last	stratum	sampled,	but	leaky	joints	may	cause	water	levels	to	average.	When	the	auger	is	removed,	collapse	may	occur.	Rotary	drilling	masks	the	groundwater	level	because	of	the	circulating	fluid.	If	bentonite	mud	is	used,	reliable	water	levels	cannot	be	measured	during	drilling.	Even	without	GEOTECHNICAL	INVESTIGATION	FOR
DEWATERING	159	Figure	11.4	Soil	sampling	and	monitoring	well	installation	by	direct	push	methods.	bentonite,	in	stratified	natural	soils,	natural	silts	and	clays	mixed	by	the	rotating	and	circulating	action	may	form	a	slurry	that	produces	the	same	‘‘muddle	hole’’	effect.	An	indication	can	be	obtained	by	flushing	the	rotary	hole	thoroughly	with	clean
water	after	completion	to	remove	the	drilling	debris	and	mud	cake,	then	waiting	for	the	water	level	to	decline	to	equilibrium.	The	length	of	time	for	water	levels	to	stabilize	in	a	borehole	is	inversely	proportional	to	the	hydraulic	conductivity	of	the	soils	penetrated.	Typically,	the	most	reliable	readings	are	made	at	the	start	of	a	workday	after	the
overnight	period	has	allowed	water	levels	to	equilibrate	in	the	borehole.	However,	this	is	sufficient	only	if	the	soils	are	pervious	and	have	not	been	damaged	excessively	by	the	drilling	process.	The	water	level	will	be	an	average	of	the	water	levels	from	all	strata	within	the	length	of	the	exposed	borehole.	From	the	above	it	can	be	seen	that	water	level
observations	in	borings,	while	they	are	useful	and	should	be	made,	must	be	interpreted	carefully.	They	may	not	be	reliable	indications	of	true	conditions.	The	field	engineer	should	note	the	situation	at	the	time	of	measuring	the	level,	including	the	date	and	time,	depth	of	boring,	depth	of	casing	or	auger,	use	of	drilling	mud,	soil	strata	in	connection
with	the	borehole,	and	any	other	relevant	factors	such	as	weather	or	tide	levels,	so	that	the	significance	of	the	readings	can	be	subsequently	evaluated.	And	it	is	imperative	that	at	least	selected	borings	be	completed	as	observation	wells	or	piezometers,	as	discussed	below,	and	in	Chapter	8.	Soil	Sampling	Soil	samples	obtained	during	drilling	are
generally	described	as	either	disturbed	or	undisturbed,	depending	on	the	degree	of	alteration	of	their	physical	structure	and	properties	during	drilling	and	sampling.	Disturbed	samples	are	samples	that	have	suffered	damage	to	their	structure	but	still	remain	representative	of	the	composition	of	the	ground.	Such	samples	are	suitable	for	classification
purposes	and	index	testing	such	as	grain	size	analysis	and	Atterberg	limits.	Undisturbed	samples	are	samples	where	care	is	exercised	to	preserve	the	in	situ	structure	of	the	soil.	Undisturbed	samples	are	most	often	160	THEORY	obtained	of	cohesive	soils	for	the	purposes	of	laboratory	evaluation	of	engineering	properties	such	as	strength	and
compressibility.	The	more	common	sampling	methods	and	their	general	applicability	in	various	soils	are	summarized	in	Table	11.1.	The	split-spoon	sampler	(Fig.	11.5)	is	by	far	the	most	frequently	used	sampling	tool,	primarily	because	of	its	use	in	performance	with	the	Standard	Penetration	Test	(SPT).	Common	practice	is	to	obtain	split-spoon	samples
and	SPT	N-values	at	5-ft	(1.5-m)	intervals	with	depth.	However,	nature	is	not	so	regular	and	the	frequency	of	samples	should	be	adjusted	from	time	to	time	to	suit	the	particular	geological	conditions	and	the	problem	being	investigated.	For	example,	on	tunnel	projects	it	is	advisable	to	take	continuous	samples	starting	one	tunnel	diameter	above	the
crown	and	continuing	to	one	tunnel	diameter	below	invert,	particularly	in	stratified	soils	where	the	position	of	a	clay	layer	may	be	critical	to	the	effectiveness	of	predrainage	and	water	conditions	at	the	tunnel	face	(Fig.	11.6).	The	field	engineer	or	geologist	should	have	authority	to	vary	the	sampling	frequency	based	on	observed	changes	in	soil	type	or
drilling	rate	or	when	other	situations	considered	significant	are	encountered.	Undisturbed	sampling	is	warranted	in	the	investigation	of	certain	soils	and	dewatering	methods.	Where	cohesive	or	highly	organic	soils	such	as	clays,	silts,	and	peats	are	encountered,	undisturbed	samples	should	be	obtained	using	a	fixed	piston	sampler	for	consolidation
testing	and	evaluation	of	the	potential	of	ground	settlement	or	subsidence	due	to	dewatering.	Where	an	aquiclude	or	aquitard	is	considered	to	provide	cutoff	to	groundwater	flow,	continuous	undisturbed	samples	should	be	obtained	to	study	stratification	and	perform	laboratory	hydraulic	conductivity	tests.	Closely	spaced	borings,	between	100	and	500
ft	(30	and	50	m)	on	center	depending	on	subsurface	variability	and	wall	length,	should	be	made	to	evaluate	depth	and	continuity	of	the	aquitard	along	the	cutoff	alignment.	Collection	of	bulk	samples	for	design	and	testing	of	backfill	mixes	may	also	be	appropriate	if	slurry	trenches	or	deep	soil	mixing	is	considered	for	groundwater	cutoff.	Rock	Coring
Sampling	of	rock	is	required	where	rock	is	present	at	or	near	excavation	subgrade	or	has	the	potential	to	contribute	significantly	to	groundwater	flow	to	the	excavation.	The	waterbearing	characteristics	of	rock	are	a	function	of	the	number,	size,	and	degree	of	interconnection	of	joints	and	fissures	in	the	rock	mass.	The	upper	zone	of	most	rocks	just
below	the	soil	mantle	is	generally	the	most	weathered	and	fractured.	This	upper	weathered	zone	can	be	very	permeable,	sometimes	more	permeable	than	the	overlying	soil.	Rock	cores,	NX	size	or	larger,	should	be	obtained	using	a	double-tube	core	barrel	through	the	zone	of	weathered	rock	to	evaluate	joint	frequency,	joint	size,	and	character	of	joint
infilling.	The	length	of	individual	core	runs	should	be	limited	to	5	ft	(1.5	m),	as	shorter	core	lengths	generally	Table	11.1	Common	Sampling	Methods	Sampler	Disturbed	/	undisturbed	Appropriate	soil	types	Method	of	penetration	ASTM	standard	%	use	in	practice	Split-barrel	(split-spoon)	Disturbed	Sands,	silts,	clays	Hammer	driven	D	1586	[11-5]	85
Thin-walled	Shelby	tube	Undisturbed	Clays,	silts,	fine	grained	soils,	clayey	sands	Mechanically	pushed	D	1587	[11-6]	6	Continuous	push	Partially	undisturbed	Sands,	silts,	clays	Hydraulic	push	with	plastic	lining	D	6282	[11-7]	4	Piston	Undisturbed	Silts,	clays	Hydraulic	push	D	6519	[11-8]	1	Pitcher	Undisturbed	Stiff	to	hard	clay,	silt,	sand,	partially
weathered	rock,	frozen	or	resinimpregnated	granular	soil	Rotation	and	hydraulic	pressure	—	⬍1	Denison	Undisturbed	Stiff	to	hard	clay,	silt,	sand,	partially	weathered	rock	Rotation	and	hydraulic	pressure	—	⬍1	Modified	California	Disturbed	Sands,	silts,	clays,	gravels	Hammer	driven	(large	split-spoon)	D	3550	[11-9]	⬍1	Continuous	auger	Disturbed
Cohesive	soils	Drilling	w	/	hollow	stem	augers	D	6151	[11-10]	⬍1	Bulk	Disturbed	Gravels,	sands,	silts,	clays	Hand	tools,	bucket	augering	D	1452	[11-11]	⬍1	Block	Undisturbed	Cohesive	soils,	frozen	or	resinimpregnated	granular	soil	Hand	tools	D	7015	[11-12]	⬍1	Source.	Modified	from	FHWA	[11-2].	GEOTECHNICAL	INVESTIGATION	FOR
DEWATERING	161	Figure	11.5	Standard	2	in.	(50	mm)	O.D.	splitspoon	sampler.	(a)	Schematic.	After	ASTM	D1586.	(b)	Sampler	opened	in	the	field	with	recovered	core	sample.	(a)	(b)	improve	sample	recovery	and	avoid	excessive	data	gaps	if	poor	recovery	occurs	due	to	blockage	of	the	core	barrel.	Coring	should	continue	until	relatively	sound	rock	is
encountered.	Limestone,	dolomite,	and	coral	are	susceptible	to	solutionization	and	as	a	result	can	be	highly	permeable,	even	at	great	depth	below	their	surface.	Where	limestone	or	dolomite	is	encountered	at	or	near	subgrade,	cores	should	be	obtained	to	at	least	1.5	times	the	excavation	depth.	Groundwater	flow	in	rock	is	controlled	by	flow	through
joints,	fissures,	and	solution	cavities	within	the	rock	mass.	This	secondary	permeability	is	usually	several	orders	of	magnitude	greater	than	the	permeability	of	the	solid	rock	mass.	Careful	logging	of	rock	cores,	including	rock	recovery	and	rock	quality	designation	(RQD),	joint	spacing,	joint	width,	and	descriptions	of	any	joint	infilling,	is	therefore
required	to	assess	the	flow	of	water	within	the	rock	and	performance	of	dewatering	systems	penetrating	the	rock.	RQD	is	a	modified	core	recovery	percentage	determined	as	the	sum	of	all	pieces	of	sound	core	greater	than	4	in.	(100	mm)	in	length	divided	by	the	length	of	the	core	run.	This	is	an	index	of	core	quality	since	sound	rock	with	few	joints
will	have	high	RQD	and	soft,	weathered	rock	and	fractured	rock	will	typically	have	low	RQD.	Poor	rock	recovery,	low	RQD,	and	any	losses	of	drilling	fluid,	sudden	drops	or	changes	in	the	rate	of	penetration	of	the	drill	rods,	or	other	unusual	drilling	action	(i.e.,	chatter,	bouncing)	can	be	indicators	of	open	joints,	fractured	zones,	or	solution	cavities	in
the	rock	and	a	potential	source	of	groundwater	problems	that	require	further	investigation.	In	situ	permeability	testing	of	the	rock	can	be	performed	in	the	cored	hole	(Section	11.6).	ASTM	D	2113	[11-13]	summarizes	recommended	practice	for	the	coring	and	logging	of	rock	in	boreholes.	Contamination	During	the	drilling	and	sampling,	the	engineer
or	geologist	should	be	alert	for	any	indication	of	contamination.	On	projects	in	commercial	or	industrial	areas	this	problem	occurs	with	disturbing	frequency.	Early	warning	is	beneficial.	Observations	of	petroleum	odors,	acrid	fumes,	discolorations	in	soil	or	groundwater,	and	odd-looking	wastes	in	a	fill	should	be	logged	and	brought	to	the	attention	of
an	environmental	specialist.	Special	considerations	in	the	investigation	of	contaminated	sites	include	the	following:	•	Preventing	transfer	of	contamination	from	the	drilling	•	•	•	and	sampling	equipment	between	samples	and	between	borings	Preventing	cross-contamination	of	aquifers	through	the	use	of	proper	drilling	and	backfilling	methods	Field
screening	of	contaminants	and	protocols	for	the	preservation	of	contaminated	samples	Containment	and	disposal	of	soil	cuttings	and	drilling	wastes	162	THEORY	Figure	11.6	Effects	of	sand	/	clay	interface	in	tunnel	dewatering	with	open	face	machine.	•	Health	and	safety	procedures	and	monitoring	for	onsite	personnel	The	U.S.	Environmental
Protection	Agency	[11-14,	11-15]	provides	additional	guidance	on	subsurface	investigation	and	sampling	at	contaminated	sites.	Boring	Depth	and	Backfill	The	depth	of	the	borings	is	a	significant	factor.	The	dewatering	designer	is	very	much	concerned	with	the	stratigraphy	of	the	proposed	excavation	to	some	depth	below	subgrade.	As	discussed	in
Chapter	6,	decisions	as	to	the	total	volume	of	water	to	be	pumped	Q	and	the	volume	expected	per	well	Qw	are	strongly	affected	by	the	depth	of	the	aquifer	below	subgrade.	A	reasonably	good	practice	on	a	linear	project	such	as	a	sewer	trench	or	a	tunnel	is	to	extend	at	least	every	other	boring	to	a	depth	below	subgrade	equal	to	0.5	times	the
drawdown	required.	Where	clay	or	rock	exists	within	10	ft	(3	m)	below	subgrade,	every	boring	should	be	extended	to	it.	On	a	deep	building	excavation,	the	extension	below	subgrade	of	at	least	one	boring	may	properly	be	equal	to	the	total	drawdown	required	to	investigate	for	the	presence	of	any	pervious	strata	that	could	cause	heave	or	piping	in	the
bottom	of	the	excavation	if	not	pressure	relieved.	Where	a	permeable	sand	or	gravel	stratum	exists	below	subgrade,	the	boring	should	extend	to	such	depth	necessary	to	establish	its	full	thickness.	Deep	borings	should	not	be	located	within	the	footprint	of	the	excavation,	and	they	must	be	tremie-grouted	with	cement	at	completion	of	drilling.	There	is
a	history	of	major	problems	where	pressure	was	violently	relieved	into	the	excavation	through	an	old	ungrouted	boring	(Fig.	11.7)	with	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	163	Detailed	soil	descriptions	are	necessary	for	dewatering	system	design.	A	highly	problematic	condition	to	dewatering	that	is	often	disregarded	in	the	field
logging	of	split-spoon	samples	is	the	presence	of	thin	silt	or	clay	layers	similar	to	those	indicated	in	Fig.	3.2a.	The	silt	or	clay	lenses	will	act	to	keep	water	perched	above	them	and	hinder	the	vertical	percolation	of	water	through	the	aquifer,	which	is	necessary	for	physical	dewatering	of	the	soils.	The	effects	are	most	detrimental	in	situations	where
widely	spaced	deep	wells	are	utilized	and	the	clay	layers	are	within	and	just	below	the	depths	of	excavation.	The	impact	will	vary	with	the	frequency	and	continuity	of	the	layers	as	well	as	the	hydraulic	conductivity	of	the	formation	as	a	whole.	Occasional	and	laterally	discontinuous	silt	or	clay	layers	may	have	no	impact	or	result	in	localized	slow
drainage,	but	widespread,	frequent,	and	laterally	continuous	layers	can	be	highly	debilitating.	The	impact	will	be	greater	in	lower	permeability	soils	where	the	drainage	of	water	off	the	‘‘perching’’	silt	or	clay	lenses	requires	more	time.	Unless	indicated	in	the	soil	description,	this	condition	will	more	than	likely	not	be	perceived	upon	the	installation	of
the	wells	or	wellpoints.	Nor	will	it	be	indicated	with	an	aquifer	pumping	test	which	in	essence	provides	information	only	on	the	horizontal	permeability.	The	condition	evidences	itself	only	after	extended	pumping	time	and	some	dewatering	of	the	formation.	In	the	absence	of	this	condition,	well	yields	will	decrease	with	time	due	to	the	dewatering	of	the
aquifer	and	the	decreased	saturated	aquifer	thickness.	The	‘‘telltale’’	indication	of	the	silt	or	clay	lens	condition	is	a	significant	decrease	in	well	yield	without	a	corresponding	decrease	in	drawdown.	When	this	condition	is	experienced,	the	only	remedy	short	of	installing	a	groundwater	cutoff	is	to	significantly	decrease	the	spacing	between	dewatering
devices.	Most	often	this	means	splitting	the	spacing	between	wells	several	times	with	additional	deep	wells.	Figure	11.7	A	violent	boil	in	an	excavation	bottom	shown	after	the	upward	flow	of	groundwater	was	brought	under	control	by	pressure	relief	of	a	deeper	soil	stratum.	The	boil	was	caused	by	an	ungrouted	borehole	that	provided	a	preferential
seepage	path	and	led	to	concentrated	groundwater	flow	through	the	excavation	bottom.	The	size	of	the	resulting	crater	(a	2		4	is	shown	for	scale)	is	an	indication	of	the	magnitude	of	upward	flow	and	ground	loss.	The	boring	was	made	outside	the	original	building	footprint,	but	the	structure	was	subsequently	moved.	Such	experiences	reinforce	the
importance	of	the	proper	grouting	of	all	boreholes	following	completion.	consequent	impact	to	the	integrity	of	foundation	soils.	Similarly,	FHWA	[11-2]	warns	that	proper	closure	of	a	boring	is	particularly	important	for	tunnel	projects	since	an	open	borehole	exposed	during	tunneling	may	lead	to	uncontrolled	inflow	of	water	or	escape	of	compressed
air.	Good	practice	is	to	grout	all	borings	at	completion.	In	fact,	environmental	laws	generally	require	that	a	borehole	penetrating	more	than	one	aquifer	must	be	grouted	to	prevent	cross-contamination.	Materials	and	procedures	required	in	backfilling	borings	and	piezometers	are	frequently	subject	to	local	and	state	regulation.	Such	regulations	should
be	consulted	before	embarking	on	a	geotechnical	investigation.	Test	Pits	and	Large-diameter	Borings	Boulders,	cobbles,	and	large	gravel	can	have	considerable	influence	on	well	drilling	costs;	if	nested	or	present	as	openwork	seams	they	can	produce	large,	concentrated	flows	to	the	excavation.	However,	such	large	sizes	cannot	be	sampled	with
conventional	sampling	methods.	Therefore,	where	a	significant	percentage	of	gravel,	cobbles,	or	boulders	are	indicated	as	present	by	the	borings,	additional	exploration	methods	should	be	considered,	such	as	test	pits	or	largediameter	boreholes	drilled	using	bucket	augers	or	sonic	drilling	methods,	to	provide	better	characterization	of	the	size	and
frequency	of	such	materials.	Collection	of	representative	bulk	samples	for	laboratory	testing	is	also	possible.	Test	pits	are	usually	excavated	as	relatively	shallow	open	pits,	but	can	be	sheeted	and	shored,	with	temporary	dewatering	provided	to	facilitate	deeper	excavation	and	penetration	below	the	water	table.	Tests	pits	are	also	useful	in	investigating
the	character	of	man-made	fills	laden	with	timber,	concrete,	or	other	debris	and	for	examination	of	buried	features	such	as	former	rock-filled	cribs	and	foundations	that	may	affect	dewatering	operations	and	installations.	Ground-	164	THEORY	water	levels,	seepage	rates,	and	stability	of	excavation	side	slopes	may	be	indicative	of	groundwater
conditions	and	should	be	recorded.	However,	similar	to	borings,	groundwater	levels	in	test	pits	may	take	considerable	time	to	stabilize,	depending	on	the	hydraulic	conductivity	of	the	soils	penetrated.	Seepage	rates	are	affected	by	the	types	of	soil	encountered	and	by	the	sudden	drainage	of	groundwater	storage.	Preservation	of	Samples	Samples
collected	in	the	geotechnical	investigation	should	be	preserved	in	accordance	with	applicable	ASTM	standards	and	maintained	for	future	viewing	by	prospective	bidders.	11.4	IN	SITU	TEST	METHODS	In	situ	test	methods	are	useful	in	the	definition	of	soil	stratification	and	evaluation	of	engineering	properties	of	soils.	The	more	common	tests	used	in
the	investigation	of	groundwater	conditions	are	the	Standard	Penetration	Test	(SPT)	and	Cone	Penetration	Test	(CPT).	The	Pressuremeter	Test	(PMT),	Dilatometer	Test	(DMT),	and	Vane	Shear	Test	(VST)	have	special	uses	where	soil	strength	and	compressibility	are	important	to	the	stability	of	excavations	and	cut	slopes	or	potential	for	ground
subsidence	exists	when	groundwater	levels	are	lowered.	A	detailed	description	of	the	methods	is	beyond	the	scope	of	this	text.	A	brief	discussion	of	the	more	common	tests	and	their	principal	uses	in	the	investigation	of	groundwater	problems	follows.	Table	11.2	summarizes	the	general	applicability	of	the	methods	and	common	engineering	properties
determined	by	each	of	the	test	methods.	Standard	Penetration	Test	(SPT)	The	Standard	Penetration	Test	(SPT)	was	introduced	by	the	Raymond	Pile	Company	in	1902	and	remains	the	most	common	in	situ	test	method	worldwide	[11-2].	The	test	(Fig.	11.8)	involves	driving	a	2-in.	(5-mm)	diameter	splitspoon	sampler	18	in.	(450	mm)	into	the	ground
using	a	140-lb	(63.5-kg)	hammer	free-falling	30	in.	(750	mm).	Hammer	blows	are	counted	for	each	6-in.	(150-mm)	increment	of	sampler	penetration.	The	sampler	SPT	resistance,	or	N-value,	is	the	sum	of	the	second	and	third	increment	expressed	in	blows	per	foot	and	is	an	indicator	of	the	density	of	the	soil.	The	hydraulic	conductivity	and	the	stability
of	granular	soils	in	the	presence	of	moving	water	is	related	to	their	density.	The	SPT	N-value	is	affected	by	drilling	and	operational	procedures,	by	the	presence	of	gravel,	or	by	cementation.	Accordingly,	special	attention	must	be	paid	to	the	use	of	proper	drilling	and	sampling	practices	to	obtain	representative	SPT	N-values.	Primary	among	these	are
the	use	of	drive	casing	and/or	positive	head	of	drilling	fluid	to	stabilize	the	sides	of	the	drill	hole	and	prevent	heaving	at	the	bottom	of	the	hole	during	drilling	and	grouting.	Unusually	high	or	low	blow	counts	may	be	due	to	improper	drilling	or	sampling	practices.	The	presence	of	gravel	at	the	same	depth	may	clog	the	spoon	tip	and	lead	to	a	sudden
increase	in	blow	counts	and	poor	sample	recovery.	Weak	cementation	of	soil	may	also	cause	unusually	high	blow	counts.	The	need	for	an	experienced	and	qualified	drilling	contractor	with	oversight	by	a	qualified	geologist	or	geotechnical	engineer	is	imperative	to	avoid	such	potentially	misleading	results.	Cone	Penetration	Test	(CPT)	The	Cone
Penetration	Test	(CPT)	consists	of	hydraulically	pushing	a	cylindrical	steel	rod	with	conical	tip	into	the	ground	and	measuring	the	resistance	to	penetration.	Cone	penetrometers	were	first	used	in	the	Netherlands	as	early	as	the	1930s.	This	‘‘Dutch	cone’’	was	a	mechanical	penetrometer	consisting	of	a	steel	rod	with	a	conical	tip	and	follower	sleeve
that	were	alternately	pushed	into	the	ground	in	increments.	The	cone	tip	resistance	and	sleeve	resistance	(or	Table	11.2	Summary	of	in	Situ	Test	Methods	Common	engineering	properties	Test	Applicable	soils	Inappropriate	soils	ASTM	standard	SPT	Sands,	sand–silt	mixtures,	weak	rocks	Soft	clays	and	silts,	gravels,	soils	w	/	cobbles	and	boulders	DR,	ø
D	1586	[11-5]	CPT	Sands,	silt,	clay	Gravels,	soils	w	/	cobbles	and	boulders	DR	and	ø	of	sands,	su,	OCR,	E	of	clays	D	3441	[11-16]	D	5778	[11-17]	PMT	Dense	sands,	stiff	cohesive	soils	Gravels,	soft	cohesive	soils	ø	and	Ko	of	sands,	su,	OCR,	Ko,	ch,	E	of	clays	D	4719	[11-18]	DMT	Sands,	silts,	clay	Gravels,	soils	w	/	cobbles	and	boulders	DR,	ø,	Ko	of	sands
su,	OCR,	Ko,	E	of	clays	D	6635	[11-19]	VST	Clays,	cohesive	silts	Sands,	gravel	su	D	2573	[11-20]	Note.	DR,	relative	density;	ø,	friction	angle;	su,	undrained	shear	strength;	Ko,	at-rest	earth	pressure	coefficient;	OCR,	overconsolidation	ratio;	E,	elastic	modulus;	ch,	coefficient	of	consolidation.	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	165
Figure	11.8	Standard	Penetration	Test.	(a)	Test	equipment	and	set-up.	(b)	Test	procedures.	After	FHWA	Manual	on	Subsurface	Investigations.	166	THEORY	Figure	11.9	Various	piezocone	arrangements.	(a)	Piezocones	with	single	(shoulder)	porous	element	and	triple	(midface,	shoulder	and	sleeve)	porous	elements	for	pore	pressure	measurement.	(b)
Close-up	of	piezocone	tip	with	porous	elements	positioned	at	midface	(ut	or	u1)	and	shoulder	(ub	or	u2)	positions.	Courtesy	Rutgers	University.	friction)	were	separately	measured.	In	the	1960s,	electronic	pressure	transducers	were	added	to	the	cone	for	continuous	force	measurement	and	the	cone	was	improved	to	allow	simultaneous	measurement	of
tip	and	sleeve	resistance.	The	cone	tip	resistance	and	the	ratio	between	the	friction	sleeve	and	cone	tip	resistance	have	been	correlated	to	soil	type	and	strength/density.	In	the	1970s,	porous	filter	elements	and	additional	transducers	were	added	to	the	electric	cone	to	form	the	piezocone	that	can	measure	the	porewater	pressure	generated	as	the	cone
penetrates	the	ground.	The	rate	of	dissipation	of	the	pore	pressure	bulb	is	an	indication	of	hydraulic	conductivity.	Figure	11.10	Procedure	and	components	of	the	Cone	Penetration	Test.	From	FHWA	Manual	on	Subsurface	Investigations.	The	standard	cone	penetrometer	(Fig.	11.9)	has	a	conical	tip	with	a	60⬚	point	angle	and	1.4-in.	(36-mm)	base
diameter,	and	friction	sleeve	with	23.2	in2	(150	cm2)	surface	area.	In	the	piezocone,	porous	filter	elements	are	located	either	midface	of	the	tip	(designated	the	ut	or	u1	position)	or	just	behind	the	cone	tip	(designated	the	ub	or	u2	position).	The	standard	piezocone	has	the	filter	element	located	behind	the	tip	to	allow	for	correction	of	the	measured	tip
resistance	for	pore	pressures	acting	on	unequal	areas	of	the	cone	tip.	The	basic	test	(Fig.	11.10)	consists	of	hydraulically	pushing	the	cone	into	the	ground	at	a	uniform	rate	of	penetration	of	0.8	in./sec	(20	cm/sec)	while	continuously	measuring	the	cone	tip	resistance	(qc),	sleeve	resistance	(fs),	and	pore	water	pressure	(u1	or	u2)	in	the	case	of	the
piezocone.	New	features	appear	each	year.	Cone	configurations	are	available	that	permit	taking	of	water	samples	when	tracking	a	contaminant	plume.	Ghalib	et	al.	[11-21]	discuss	the	development	of	a	Vision	Cone	Penetrometer	(VisCPT)	that	uses	a	miniature	video	camera	to	capture	continuous	video	images	of	the	soil	profile.	The	VisCPT	reportedly
provides	more	detailed	delineation	in	highly	stratified	soils	than	a	conventional	CPT,	with	detection	of	individual	soil	layers	or	lenses	as	thin	as	0.5	in.	(12.5	mm)	possible.	A	variety	of	different	sensors	have	been	incorporated	with	the	CPT	to	allow	measurement	or	correlation	of	soil	properties	and	groundwater	chemistry,	including,	among	others,	soil
resistivity	(resistivity	cone),	shear	wave	velocities	(seismic	cone),	lateral	stresses,	and	ultraviolet	emissions	for	evaluation	of	hydrocarbon	contamination.	The	CPT	has	proven	on	many	projects	to	be	a	quick,	reliable,	and	economical	supplement	to	borings,	used	most	often	to	assist	in	interpolating	variations	in	depths	and	thickness	of	soils	between
borings.	For	example,	if	one	is	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	tracking	a	clay	deposit	whose	vertical	position	or	horizontal	configuration	is	significant	to	groundwater	control,	variations	in	the	clay	surface	can	be	traced	with	increased	detail	as	many	more	tests	can	be	performed	in	one	day	than	can	borings.	A	primary	advantage
of	the	method	is	that	it	provides	a	continuous	log	of	variations	in	soil	properties	with	depth	and	is,	therefore,	particularly	well	suited	for	stratified	soils	(Fig.	11.11)	where	thin	layers	or	lenses	of	markedly	different	properties	(i.e.,	higher	or	lower	hydraulic	conductivity)	having	significant	impacts	on	dewatering	can	be	missed	by	conventional	borings
with	fixed	sampling	intervals.	The	method	is	not	suitable	in	all	soils.	Fills	containing	rubble	and	other	debris,	and	soils	that	are	very	dense	or	contain	boulders	or	cobbles,	can	be	troublesome.	Drilling	can	be	used	to	advance	the	cone	beyond	obstructions,	but	the	comparative	economy	of	the	method	is	lost.	The	main	drawback	of	the	method,	of	course,
is	its	inability	to	provide	a	physical	sample	for	direct	observation	and	determination	of	the	soils	penetrated.	However,	empirical	correlations	developed	between	penetration	resistance	and	soil	type	allow	the	method	to	differentiate	with	reasonable	success	between	sands	and	clays	and	even	distinguish	clean	sands	from	silty	sands.	FHWA	[11-2]	report
as	a	general	rule	of	thumb	that	the	corrected	tip	resistance	(qt)	in	sands	is	generally	greater	than	40	tsf	(4	MPa),	while	in	many	soft	to	stiff	clays	and	silts	it	is	less	than	20	tsf	(2	MPa).	In	clean	sands,	penetration	porewater	pressures	(u2)	are	near	hydrostatic	pressures	(u0)	since	the	hydraulic	conductivity	is	high,	while	in	soft	to	stiff	intact	clays,
measured	u2	is	often	167	3	to	10	times	u0.	In	fissured	and	overconsolidated	clays	and	silts,	u2	can	be	zero	or	negative.	The	friction	ratio	(FR	or	R	f),	defined	as	the	ratio	of	sleeve	friction	fs	to	tip	resistance	qt,	and	induced	pore	pressures	u2	are	also	used	as	indicators	of	soil	type	(Fig.	11.12).	Fine-grained	and	cohesive	soils	such	as	silts	and	clays	have
a	high	friction	ratio.	Clean,	granular	soils	have	a	low	friction	ratio.	11.5	PIEZOMETERS	AND	OBSERVATION	WELLS	Observation	wells	and	piezometers	are	the	fundamental	tools	available	to	the	engineer	for	determining	reliable	groundwater	levels	for	use	in	design	and	evaluating	the	performance	of	dewatering	systems	during	construction.
Piezometers	are	also	useful	in	establishing	vertical	and	horizontal	hydraulic	gradients	that	can	have	impact	in	seepage	estimates	and	are	critical	to	the	feasibility	of	such	methods	as	ground	freezing.	Piezometers	installed	in	a	triangular	arrangement	(Fig.	11.13)	can	determine	both	the	hydraulic	gradient	and	direction	of	groundwater	movement,
provided	that	the	total	head	at	each	piezometer	and	relative	distance	between	piezometers	is	known.	A	representative	piezometer	well	can	be	constructed	only	with	an	accurate	knowledge	of	the	soils	penetrated	and	a	general	understanding	of	the	aquifers	to	be	monitored.	Chapter	8	on	piezometers	should	be	reviewed.	Where	multiple	aquifers	or
perched	water	tables	are	encountered,	it	is	necessary	to	install	properly-sealed	piezometers	at	several	Figure	11.11	Geologic	section	where	a	tunnel	alignment	crosses	a	bedrock	valley	filled	with	stratified	alluvium.	Prior	to	tunneling	through	the	valley,	cone	penetrometer	testing	was	used	between	borings	to	demonstrate	the	presence	of	permeable
sand	strata	within	the	tunnel	horizon	with	groundwater	levels	well	above	the	tunnel	crown.	168	THEORY	Figure	11.12	Chart	for	soil	behavior	classification	by	CPT.	From	Robertson	et	al.	levels.	The	field	engineer	can	select	appropriate	completion	details	for	a	piezometer	well	only	after	the	borehole	has	been	logged.	The	primary	objective	in	the
installation	of	an	observation	well	or	piezometer	is	to	ensure	good	communication	with	the	aquifer	across	the	borehole	wall.	Drilling	methods	must	avoid	smearing	or	clogging	the	borehole	wall.	Jetting	and	rotary	methods	of	drilling	are	most	suitable	for	piezometer	installations	in	most	soils.	In	stratified	deposits,	augers	and	direct	push	methods	tend
to	smear	the	borehole	walls	with	fines	as	they	are	advanced.	Drilling	muds,	if	used,	should	be	biodegradable.	Even	if	drilling	muds	are	not	used,	when	installing	piezometers	in	stratified	soils	with	rotary	drilling	methods	a	natural	mud	is	typically	formed	as	drilling	proceeds.	In	these	cases,	it	is	good	practice	to	dump	the	mud	tub	and	use	fresh	water	or
drilling	fluid	to	penetrate	the	screen	interval.	The	screen	interval	should	always	be	flushed	with	clean	water	to	remove	drilling	mud	and	sediment	prior	to	placement	of	filter	sand.	Piezometers	installed	during	the	geotechnical	program	can	be	useful	for	an	extended	period	to	monitor	seasonal	variations	in	water	level,	to	instrument	tests	conducted
prior	to	bidding	or	when	construction	begins,	and	for	monitoring	the	performance	of	the	eventual	dewatering	system.	To	ensure	their	survival,	the	wells	should	be	constructed	of	noncorrosive	materials	and	protected	at	the	surface	with	steel	cover	boxes	embedded	in	concrete.	If	possible,	the	riser	pipe	of	the	observation	well	should	be	large	enough	to
accom-	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	169	Figure	11.13	Triangular	piezometer	arrangement	for	evaluating	hydraulic	gradient	and	direction	of	groundwater	movement	for	ground	freezing	at	a	deep	shaft	excavation.	Flow	line	sketched	perpendicular	to	groundwater	contours	shows	direction	of	water	movement.	Groundwater
contours	are	shown	prior	to	the	start	of	freezing.	modate	measuring	probes	and	data	loggers	and	to	facilitate	periodic	cleaning.	A	minimum	of	–34	-in.	(20-mm)	or	preferably	2-in.	(50-mm)	diameter	is	suggested	to	fit	conventional	equipment	for	measuring	water	levels.	A	recommended	construction	is	shown	in	Fig.	8.7.	Where	the	piezometers	will	be
used	for	performing	borehole	seepage	tests	and	evaluation	of	hydraulic	conductivity,	they	should	be	developed	following	installation	by	pumping	or	air	lifting.	Air	lifting	(Chapter	18)	is	typically	more	effective.	If	a	biodegradable	drilling	mud	was	used	in	well	construction,	a	breakdown	additive	should	be	added	during	development	or	sufficient	time
allowed	for	the	mud	to	breakdown	naturally	prior	to	development.	Development	should	include	several	cycles	of	pumping	or	air	lifting	and	continue	until	there	are	no	fines	visually	evident	in	the	discharge.	At	the	completion	of	development,	rising	head	tests	(Section	11.6)	should	be	performed	to	check	the	proper	functioning	of	the	well	or	piezometer.
The	data	can	be	used	to	evaluate	the	hydraulic	conductivity	of	the	soils	opposite	the	screen	interval	(Section	11.6).	11.6	BOREHOLE	SEEPAGE	TESTS	FOR	EVALUATION	OF	HYDRAULIC	CONDUCTIVITY	Borehole	tests	commonly	used	for	evaluation	of	hydraulic	conductivity	of	soils	include	the	rising	head,	falling	head,	and	constant	head	test
methods.	A	slug	test	is	an	alternative	technique	for	performing	either	rising	or	falling	heat	tests.	All	of	the	tests	either	add	to,	remove,	or	displace	from	the	borehole	and	then	monitor	the	resulting	rate	of	flow	into	or	out	of	the	borehole	under	gravity	forces	as	an	indicator	of	hydraulic	conductivity.	The	tests	can	be	performed	as	the	boring	is	advanced
or	in	completed	observation	wells	or	piezometers.	In	contrast,	packer	tests	inject	water	under	pressure	and	are	used	principally	in	the	evaluation	of	the	hydraulic	conductivity	and	quality	of	rock.	Borehole	test	results	are	sensitive	to	the	quality	of	the	borehole	and	test	method.	Borehole	Seepage	Tests	in	Soil	Test	procedures	are	relatively
straightforward.	All	tests	require	determination	of	a	stabilized	water	level	prior	to	testing	for	use	as	a	reference	for	subsequent	measurement	of	changes	in	applied	head.	In	falling	or	rising	head	tests,	once	a	stabilized	water	level	is	recorded	in	the	boring,	water	is	either	added	to	or	removed	from	the	borehole	and	the	subsequent	rate	of	recovery	of
water	levels	is	monitored	as	water	levels	return	to	equilibrium.	In	a	constant	head	test,	water	is	added	to	the	borehole	at	a	rate	sufficient	to	maintain	a	constant	water	level	(generally	at	or	near	the	top	of	the	casing)	and	the	rate	of	flow	and	applied	head	are	measured.	Formulas	for	the	determination	of	hydraulic	conductivity	of	soil	for	various	test
methods	and	borehole	configurations	are	summarized	in	Fig.	11.15.	Good	practice	is	to	obtain	a	soil	sample	from	the	interval	of	borehole	testing	for	comparison	with	hydraulic	conductivity	estimated	from	visual	classification	or	grain	size	analyses.	Falling	and	rising	head	tests	are	appropriate	in	soils	that	are	of	sufficiently	low	hydraulic	conductivity	to
allow	reliable	measurement	of	rising	or	falling	water	levels.	The	constant	head	test	is	used	where	the	hydraulic	conductivity	is	so	high	170	THEORY	Case	History:	Vertical	Gradients	A	geotechnical	investigation	for	construction	of	a	mined	earth	tunnel	through	stratified	deposits	(Fig.	11.14)	and	beneath	historic	structures	in	Puerto	Rico	included	the



installation	of	several	piezometers	groups	and	performance	of	two	pumping	tests	where	borings	indicated	the	presence	of	pervious	soils.	Each	piezometer	group	consisted	of	separate	piezometers	with	discrete	screen	intervals	sealed	at	shallow,	intermediate,	and	deep	intervals	within	the	stratified	profile.	The	investigation	revealed	that	the
groundwater	regime	departs	greatly	from	the	basic	assumptions	of	an	ideal	aquifer,	with	important	implications	on	the	design	and	performance	of	dewatering	systems.	The	departures	from	ideal	conditions	included	the	following.	Heterogeneous,	anisotropic	conditions.	The	pumping	test	and	relative	response	of	piezometers	at	different	elevations
when	pumping	indicated	that	the	groundwater	regime	acts	not	so	much	as	a	single	aquifer	but	as	a	series	of	aquifers	with	leakage	among	them.	These	conditions	were	expected	to	result	in	perched	water	conditions	that	could	affect	construction	operations,	depending	on	the	mining	methods	employed.	Slow	drainage	in	the	variable	deposits	was	also
expected,	with	provision	for	extended	pumping	time	in	advance	of	excavation	encouraged	in	planning	the	dewatering	operations.	Vertical	component	to	groundwater	flow.	Because	of	the	anisotropic	nature	of	the	soils,	a	vertical	component	to	groundwater	flow	exists	and	was	amplified	during	the	test	pumping.	Typically,	the	higher	the	piezometer
screen,	the	higher	the	water	level	observed	(Fig.	11.14).	This	vertical	component	complicated	the	pumping	test	analysis	and	extrapolation	of	pumping	test	results	in	the	design	of	dewatering	systems	since	it	will	affect	the	groundwater	level	achievable	between	wells	in	a	system.	Recharge.	The	pumping	test	demonstrated	that	not	all	of	the	water
pumped	during	the	test	was	from	storage.	There	was	indication	in	the	time-drawdown	data	of	recharge	from	surface	infiltration,	leaky	utilities	and	possibly	from	flow	off	the	surrounding	hillsides	in	surficial	aquifers.	Along	the	overlying	streets,	there	were	house	connections	for	each	dwelling	unit,	not	just	each	building,	and	some	of	these	visibly
leaked,	as	indicated	by	water	boiling	at	the	pavement	surface.	In	addition,	a	sewage	odor	existed,	indicating	the	likelihood	of	leaking	sewers.	A	nearby	combined	sewer	also	became	surcharged	during	heavy	rains,	with	its	manholes	exhibiting	overflow	conditions.	As	a	result,	prospective	bidders	were	encouraged	to	have	utility	relocation	precede	other
construction	to	enhance	the	effectiveness	of	planned	dewatering	systems.	Figure	11.14	Geologic	section	illustrating	multilevel	piezometer	installations	in	stratified	aquifer	with	downward	gradient	due	to	shallow	recharge	from	surface	infiltration	and	leaky	utilities.	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	(a)	(b)	Figure	11.15	Formulas
for	in	situ	determination	of	hydraulic	conductivity	for	various	borehole	configurations.	From	Hvorslev.	171	172	THEORY	Figure	11.16	Borehole	tests,	penetration	error.	(a)	Full	penetration.	(b)	Partial	penetration	at	top	of	aquifer.	(c)	partial	penetration	to	intermediate	depth	in	aquifer.	that	accurate	water	level	measurements	are	not	possible	with
rising	or	falling	head	tests.	Borehole	tests	may	not	be	possible	in	soils	with	hydraulic	conductivity	greater	than	2000	gpd/ft2	(0.000943	m/sec)	as	water	cannot	be	added	or	removed	quickly	enough	to	effect	a	measurable	rise	or	fall	in	water	level.	The	rising	head	test	is,	in	many	cases,	more	reliable	than	the	falling	head	or	constant	head	tests.	In	the
latter	methods,	fines	caked	on	the	exposed	portion	of	the	aquifer	act	like	a	check	valve.	They	present	error-producing	resistance	to	flow	when	injecting	water	because	they	are	supported	by	the	soil.	On	a	rising	head	test,	the	fines	are	more	readily	pushed	into	the	hole,	and	resistance	to	flow	is	much	less.	Comparative	tests	on	one	project	showed	rising
head	tests	in	the	same	or	similar	strata	consistently	estimating	hydraulic	conductivity	significantly	higher	than	falling	head	tests,	sometimes	by	more	than	an	order	of	magnitude.	In	uniform	sands,	rising	head	tests	may	cause	the	open	borehole	to	collapse,	but	the	error	introduced	may	be	less	than	that	from	the	‘‘check	valve	effect’’	of	falling	head
tests.	Conventional	borehole	testing	in	soil	has,	on	the	basis	of	experience,	given	mixed	results	[11-22,	11-23].	Hydraulic	conductivity	analyses	from	falling	head	or	constant	head	tests	have	underestimated	the	in	situ	value	by	as	much	as	an	order	of	magnitude.	When	the	true	hydraulic	conductivity	has	been	established,	by	pumping	tests	or	by	the
actual	dewatering	operation,	comparison	with	the	results	of	borehole	tests	may	show	poor	correlation.	The	problem	can	be	difficulties	in	both	drilling	and	testing	procedures.	The	horizon	being	tested	may	become	clogged	with	natural	fines	that	have	concentrated	in	the	hole,	or	by	drilling	detritus.	There	have	been	instances	where,	due	to
carelessness,	the	water	injected	contained	suspended	solids,	affecting	the	results.	When	one	considers	that	the	technician	is	working	blind	at	a	depth	of	30	or	40	ft	(9	or	12	m)	or	more	below	the	surface,	the	difficulty	of	ensuring	unobstructed	contact	with	the	formation	can	be	appreciated.	In	some	cases	the	borehole	test	overestimates	hydraulic
conductivity.	The	problem	can	be	in	the	analysis.	The	for-	mulas	summarized	in	Fig.	11.15	for	the	most	part	calculate	some	value	of	transmissivity	T	of	the	stratum	being	tested.	Figure	11.16a	shows	a	test	where	the	full	thickness	of	a	sand	stratum	is	intercepted.	Given	good	technique,	the	transmissivity	indicated	is	likely	to	be	representative,	and
average	horizontal	hydraulic	conductivity	K	can	be	estimated	by	dividing	T	by	the	thickness	B.	In	Fig.	11.16a,	b,	and	c,	the	borehole	is	open	over	only	a	portion	x	of	the	stratum.	The	typical	analyst	will	use	the	length	x	as	the	effective	acquifer	thickness.	The	analysis	gives	a	false	T,	which	lies	somewhere	between	the	T	of	the	intercepted	zone	and	the	T
of	the	entire	stratum.	If	Kv	is	high,	the	indicated	T	may	be	much	higher	than	that	of	the	intercepted	zone,	and	the	value	of	Kh	calculated	from	dividing	T	by	x	will	be	much	higher	than	the	true	Kh	of	the	zone.	Slug	Tests	Experience	indicates	that	the	problem	just	described,	with	a	screen	or	exposed	borehole	of	length	less	than	the	total	thickness	of	the
aquifer,	is	mitigated	by	the	slug	test,	first	proposed	by	Hvorslev	[11-24],	and	modified	by	Cooper,	Bredehoeft,	and	Papadopulos	[11-25]	and	Bouwer	[11-26].	In	a	slug	test,	the	concept	is	to	cause	a	sudden	change	in	head	in	a	borehole	or	piezometer	and	then	measure	the	subsequent	recovery	of	water	to	its	original	level.	The	head	change	is	induced	by
rapidly	adding,	removing,	or	displacing	a	known	volume	or	‘‘slug’’	of	water	from	the	borehole	or	piezometer.	Where	soils	are	permeable,	rapid	recovery	will	occur	and	data	loggers	are	required	to	capture	the	critical	early	time	data	(Fig.	11.17)	for	analysis.	This	‘‘instantaneous’’	change	and	response	of	water	levels	distinguishes	a	slug	test	from	other
borehole	test	methods	and	appears	to	minimize	vertical	leakage	that	might	distort	the	results.	Figure	11.18	illustrates	the	more	common	slug	test	methods.	Typically,	a	solid	metal	or	weighted	PVC	cylinder	is	lowered	into	the	hole	to	just	below	the	initial	static	water	level	and	once	the	water	level	returns	to	equilibrium	the	cylinder	is	rapidly	withdrawn
to	cause	an	‘‘instantaneous’’	lowering	of	the	water	table.	A	rising	head	slug	test	has	begun.	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	173	Figure	11.17	Water	level	response	curve	from	a	slug	test.	Note	that	the	straight	line	necessary	for	analysis	can	only	be	discerned	in	very	early	time.	Pneumatic	slug	test	systems	using	compressed	air
are	also	employed.	The	compressed	air	is	used	to	cause	a	water	level	decline	and	is	then	released	while	the	water	level	rise	is	monitored.	Alternatively,	a	vacuum	is	used	to	raise	the	water	level,	then	the	vacuum	is	suddenly	broken	and	a	falling	head	slug	test	is	under	way.	It	is	important	to	displace	the	slug	of	water	as	rapidly	as	possible	because	the
analytical	models	assume	an	‘‘instantaneous’’	change	in	head.	The	injection	of	a	slug	of	water	is	therefore	a	seldom-used	test	method	since	it	tends	to	produce	a	less	than	instantaneous	change	in	head.	The	change	in	head	must	be	sufficient	to	allow	definition	of	the	water	level	response	curve	(Fig.	11.17)	using	the	available	apparatus	for	water	level
measurement.	Generally,	a	head	change	of	between	1	and	3	ft	(0.3	and	1	m)	is	adequate,	particularly	where	a	data	logger	is	used	for	water	level	measurement.	Accurate	measurement	of	the	initial	static	water	level	is	also	important.	Slug	tests	are	not	recommended	where	significant	water	level	fluctuations	may	occur	within	the	test	period.	ASTM	D
4044	provides	further	guidance	on	performing	slug	tests.	A	number	of	analytical	models	and	techniques	are	available	for	evaluating	hydraulic	conductivity	from	the	results	of	slug	tests.	The	Hvorslev	[11-24]	method	is	the	simplest	and	can	be	applied	to	a	variety	of	borehole	and	well	geometries.	Cooper	et	al.	[11-25]	subsequently	developed	a	graphical
curve-matching	technique	(Fig.	11.19)	for	the	evaluation	of	both	aquifer	transmissivity	and	storage	coefficient	for	a	fully	penetrating	well	in	a	confined	aquifer.	More	recently,	Bouwer	[11-26]	developed	methods	(Fig.	11.20)	for	evaluating	slug	test	data	for	use	with	both	fully	and	partially	penetrating	wells	in	either	a	confined	or	an	unconfined	aquifer.
Slug	tests	performed	in	highly	permeable	soils	often	yield	artificially	low	estimates	of	hydraulic	conductivity	because	the	slug	injection/extraction	rate	relative	to	the	rate	of	induced	inflow/outflow	from	the	well	does	not	sufficiently	approximate	an	instantaneous	response.	Butler	and	Garnett	[11-27]	summarize	procedures	for	analysis	of	slug	tests	in
partially	penetrating	wells	in	highly	permeable	confined	and	unconfined	aquifers.	Slug	tests	are	quick	and	relatively	economical.	In	comparison	to	pumping	tests,	they	do	not	require	the	handling	and	disposal	of	large	quantities	of	water,	which	is	advantageous	at	contaminated	sites.	Slug	tests	are	possible	in	aquifers	of	lower	hydraulic	conductivity
than	are	usually	considered	suitable	for	pumping	tests.	However,	as	with	conventional	borehole	tests,	they	test	only	a	limited	thickness	of	aquifer	and	are	subject	to	similar	concerns	with	borehole	quality	and	smear,	leakage	through	casing	(or	drill	rods	with	direct	push	methods),	poor	well	development,	and	water	level	fluctuations	during	the	test
interval	due	to	outside	influences	such	as	tides.	Error	in	measurement	due	to	the	rapid	response	in	water	levels	is	frequently	a	problem	and	makes	data	loggers	a	preferred	tool	and	often	essential	in	testing.	174	THEORY	Figure	11.18	Common	slug	test	methods.	(a)	Rising	head	test	with	mechanical	slug	used	to	displace	water	level.	(b)	Falling	head
test	with	vacuum	used	to	raise	water	level.	Packer	Tests	in	Rock	Packer	tests	are	useful	where	fractured	or	porous	rock	is	suspected,	since	the	hydraulic	conductivity	of	rock	is	not	as	easily	estimated	as	it	can	be	for	soil	by	grain	size	analysis	or	visual	examination.	Packer	tests	involve	the	injection	of	water	under	pressure	into	the	sides	of	an	open
borehole	in	rock.	The	test	data	are	used	in	the	evaluation	of	the	equivalent	hydraulic	conductivity	of	the	rock	mass	for	use	in	seepage	estimates.	It	is	also	useful	as	a	guide	in	estimating	grouting	requirements	and	effectiveness	during	grouting	for	groundwater	cutoff.	Test	procedures	and	arrangements	will	vary,	as	shown	in	Fig.	11.21,	depending	on
the	equipment	used	and	condition	of	the	rock.	The	packer	assembly	consists	of	a	series	of	drill	rods	or	pipe	with	either	one	(single)	or	two	(double)	expandable	cylindrical	rubber	sleeves	(‘‘packers’’)	attached	at	the	bottom.	The	expandable	packers	provide	a	mechanism	for	sealing	off	a	discrete	length	of	borehole	for	testing.	The	packers	may	be
actuated	mechanically,	pneumatically,	or	hydraulically;	pneumatic	or	hydraulic	packers	are	generally	preferred	since	they	are	better	able	to	seal	an	oversized	or	irregular	borehole.	A	single	packer	arrangement	is	used	when	testing	is	performed	as	drilling	progresses.	This	technique	is	usually	used	where	rock	is	unstable	and	the	maximum	length	of
unsupported	borehole	that	will	remain	open	dictates	test	intervals.	It	is	advantageous	because	it	reduces	the	amount	of	drill	cuttings	available	for	clogging	fissures,	since	each	section	is	tested	before	being	exposed	by	further	drilling.	The	errors	due	to	packer	leakage	are	also	reduced	by	the	use	of	a	single	packer.	A	double-packer	arrangement	is
typically	used	where	rock	is	stable	and	testing	performed	after	drilling	and	rock	coring	is	completed.	Piping	with	an	inside	diameter	of	1.25	in.	(32	mm)	is	commonly	used;	however,	depending	on	the	anticipated	hydraulic	conductivity	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	175	Figure	11.19	Cooper	et	al.	method	for	determination	of
transmissivity	from	a	slug	test	in	a	fully	penetrating	well	in	a	confined	aquifer.	(a)	Well	geometry	and	test	variables.	(b)	Type	curves	for	instantaneous	charge	in	well	of	finite	diameter.	(c)	Example	plot	of	test	data	superimposed	on	type	curve	(␣		10⫺3).	With	the	arithmetic	axes	coincident,	the	data	plot	is	translated	horizontally	to	the	position	where	it
best	fits	the	type	curves.	In	the	example,	shown,	this	occurs	where	t		11	sec	on	the	data	plot	overlies	Tt	/	rc2		1.0	on	the	type	curves	coordinates.	The	transmissivity	is	then	calculated	as	shown.	Figure	11.20	Bouwer	and	Rice	method	for	determination	of	hydraulic	conductivity	from	a	slug	test	in	a	fully	or	partially	penetrating	well	in	confined	or
unconfined	aquifer.	(a)	Well	geometry	and	test	variables.	(b)	Equation	for	evaluation	of	hydraulic	conductivity	from	the	rise	/	fall	of	water	levels	after	suddenly	removing	a	slug	of	water.	The	term	1	/	t	ln(yo	/	yt)	is	evaluated	from	data	obtained	from	the	best	fitting	straight	line	in	a	plot	of	ln	y	versus	t	(See	Fig.	11.17).	(c)	Curves	relating	coefficients	A,	B
and	C	for	evaluation	of	ln	Re	/	rw.	176	THEORY	Figure	11.21	Packer	test	arrangements	for	determining	the	hydraulic	conductivity	of	rock.	(a)	single	packer	arrangement	is	performed	as	drilling	progresses	and	generally	in	unstable	rock.	(b)	double	packer	arrangement	is	typically	used	where	rock	is	stable	and	testing	performed	after	drilling	and	rock
coring	is	completed.	and	flow	rates,	the	use	of	larger	pipe	sizes	may	be	appropriate	to	reduce	pressure	losses	between	the	ground	surface	and	test	interval.	Prior	to	testing,	the	borehole	must	be	flushed	with	clean	water	to	remove	suspended	solids	and	drilling	detritus.	The	test	consists	of	lowering	the	packer	assembly	to	just	below	the	top	of	the	rock
surface.	The	packers	are	inflated	to	establish	a	tight	seal	against	the	borehole	wall.	Water	is	then	pumped	under	pressure	and	the	resulting	flow	rate	versus	time	measured	until	steady-state	conditions	are	achieved.	Pressure	is	commonly	measured	at	the	ground	surface	using	pressure	gauges,	but	can	also	be	measured	within	the	test	interval	using	a
pressure	transducer.	When	measured	at	the	surface,	pressures	used	in	calculations	of	hydraulic	conductivity	require	correction	for	the	head	loss	occurring	between	the	surface	and	test	interval.	Flow	rate	is	measured	at	the	surface,	preferably	using	a	calibrated	flowmeter,	but	can	also	be	calculated	as	the	volume	of	flow	over	a	known	time	period.
Upon	completion	of	the	test,	the	single-packer	arrangement	is	removed	and	the	borehole	is	advanced	for	testing	at	the	next	depth	interval.	With	a	double-packer	arrangement,	the	apparatus	is	simply	raised	or	lowered	a	distance	equal	to	the	space	between	the	packers	and	the	test	repeated.	Hydraulic	conductivity	is	typically	calculated	as-	suming	the
rock	is	a	continuous	and	isotropic	porous	medium	(Fig.	11.22);	however,	the	U.S.	Army	Corp	of	Engineers	[11-28]	also	provides	methods	for	evaluation	of	the	hydraulic	conductivity	assuming	a	rock	mass	with	individual	fissures	or	fissure	sets.	Generally,	a	borehole	is	tested	in	discrete	lengths	to	establish	a	profile	of	hydraulic	conductivity	with	depth.
Test	lengths	may	be	dictated	by	rock	quality,	but	even	in	stable	rock	are	usually	limited	to	between	5	and	10	ft	(1.5	and	3	m)	to	improve	detection	of	zones	of	significantly	higher	and	lower	hydraulic	conductivity.	Testing	at	multiple	pressures	with	a	stepped	progression	of	15,	30,	45,	30,	and	15	psi	(100,	200,	300,	200,	and	100	kPa)	above	the	natural
piezometric	level	is	also	common	[11-1].	However,	the	maximum	test	pressure	is	typically	limited	to	a	value	equivalent	to	1	psi/ft	(23	kPa/m)	of	depth	above	the	water	table	and	0.57	psi/ft	(13	kPa/m)	of	depth	below	the	piezometric	level.	This	limitation	is	specified	to	prevent	possible	hydraulic	fracturing	and	resulting	damage	to	the	foundation.	U.S.
Army	Corps	of	Engineers	[11-28]	indicates	that	this	limit	is	conservative	for	massive	igneous	and	metamorphic	rocks,	but	should	be	closely	adhered	to	for	tests	in	horizontally-bedded	sedimentary	rock	and	other	similar	formations.	In	dam	projects,	test	pressures	are	usually	selected	that	cor-	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	177
Figure	11.22	Evaluation	of	hydraulic	conductivity	from	packer	test	data.	(a)	Test	geometry	and	variables.	(b)	Formulas	for	evaluation	of	hydraulic	conductivity	(from	Earth	Manual,	U.S.	Bureau	of	Reclamation,	1960).	(c)	Head	loss	per	10	ft	(3	m)	of	pipe	vs.	flow	for	1-–14	in.	(31	mm)	steel	pipe.	Actual	head	losses	should	be	determined	in	the	field	by
pumping	through	packers	and	various	lengths	of	piping	while	measuring	flow	and	corresponding	head	loss.	respond	to	future	reservoir	levels.	Testing	at	multiple	pressures	can	indicate	if	laminar	(i.e.,	water	inflow	is	directly	proportional	to	the	total	applied	pressure)	or	turbulent	flow	is	occurring	and	if	rock	joints	are	contracting	or	dilating	in
response	to	pressure	changes.	Houlsby	[11-29]	and	the	U.S.	Bureau	of	Mines	[11-30]	are	recommended	for	further	discussion	of	packer	test	procedures	and	test	interpretation.	Packer	tests	offer	similar	conveniences	in	time	and	cost	as	other	borehole	tests.	However,	the	nature	of	rock	and	poor	techniques	can	produce	shortcomings.	Groundwater	flow
primarily	occurs	through	discrete	fractures	and	fissures	in	the	rock.	Testing	is	therefore	more	sensitive	to	any	damage	caused	by	the	drilling	process.	Stress	relief	from	drilling	of	the	borehole	may	also	lead	to	local	changes	in	hydraulic	conductivity	around	the	borehole.	Failure	to	obtain	a	good	packer	seal	will	allow	leakage	from	the	test	interval	and
can	result	in	a	gross	overestimate	of	the	hydraulic	conductivity.	Careful	review	of	the	drilling	records	and	core	samples	is	therefore	essential	in	selection	of	appropriate	packer	depths,	particularly	in	poor	quality	rock.	Observation	of	the	water	level	in	the	casing	above	the	packers	during	testing	can	help	detect	leaks.	Excessive	test	pressures	may	also
cause	hydro-	fracturing	of	the	ground	with	consequent	influence	of	test	results.	Piezocone	Dissipation	Tests	Excess	pore	pressures	are	generated	when	the	cone	penetrometer	is	pushed	into	the	ground,	particularly	in	silts	and	clays.	The	piezocone	is	equipped	with	a	pressure	transducer	in	the	cone	tip	that	can	measure	the	rate	of	pore	pressure
dissipation	after	the	cone	is	pushed	into	the	soil.	The	rate	of	dissipation	is	a	function	of	the	hydraulic	conductivity.	In	clean	sands	and	gravel,	an	essentially	drained	response	occurs	at	the	time	of	penetration	and	the	measured	porewater	pressure	is	representative	of	the	hydrostatic	pressure.	FHWA	[11-2]	indicates	that	in	most	other	cases,	an	initial
undrained	response	occurs	that	is	followed	by	drainage.	For	example,	in	silty	sands,	generated	excess	pressures	may	dissipate	in	1	to	2	minutes,	while	fat	plastic	clays	may	require	2	to	3	days	for	complete	equalization.	The	piezocone	dissipation	test	consists	of	pushing	the	cone	into	the	ground	and	then	measuring	the	dissipation	of	excess	pore
pressure	versus	time	while	the	cone	is	maintained	in	a	stationary	position.	The	test	is	usually	continued	178	THEORY	only	to	a	time	(t50)	when	50%	of	the	excess	pore	pressure	is	dissipated.	This	requires	the	initial	hydrostatic	pressure	at	the	test	depth	to	be	known.	Parez	and	Fareil	[11-31]	developed	correlations	between	the	measured	t50,	hydraulic
conductivity	and	soil	type	[Fig.	11.23].	The	principal	limitations	of	the	use	of	piezocone	dissipation	tests	to	determine	hydraulic	conductivity	include:	•	Only	the	soil	in	the	immediate	vicinity	of	the	porous	•	stone	is	tested	Smear	resulting	from	pushing	the	cone	may	reduce	the	hydraulic	conductivity	in	the	vicinity	of	the	cone.	Advantages	and
Limitations	of	Borehole	Tests	As	discussed	in	Chapter	9,	full-scale	pumping	tests	are	much	more	reliable	than	borehole	tests	for	evaluating	the	true	overall	transmissivity	of	the	aquifer	to	be	dewatered.	However,	borehole	tests	can	be	useful	in	two	ways.	Through	their	use	we	can	obtain	approximations	of	K	in	the	early	stages	of	the	geotechnical
investigation,	at	moderate	cost.	The	tests	are	even	more	valuable	when	used	in	conjunction	with	pumping	tests	to	evaluate	differences	in	K,	both	horizontally	and	vertically,	in	strata	within	the	aquifer.	Figures	3.8	and	18.36	illustrate	the	impact	variations	in	K	can	have	on	dewatering	performance.	Evaluation	of	such	variations	by	means	of	borehole
tests	can	aid	the	analyst	in	developing	reliable	designs.	Because	of	these	advantages,	borehole	tests	are	recommended	despite	their	limitations.	Clear	understanding	of	the	various	methods	and	analysis	techniques	is	essential.	11.7	LABORATORY	ANALYSIS	OF	SAMPLES	It	is	good	practice	to	have	all	the	samples	reexamined	in	the	laboratory,	and	the
field	descriptions	checked.	Even	the	Figure	11.23	Hydraulic	conductivity	from	measure	time	to	50%	consolidation	(t50)	for	monotonic	type	2	piezocone	dissipation	tests.	From	Parez	&	Fareil.	same	engineer	will	do	a	better	job	in	the	lab	than	can	be	done	in	the	field	with	rain	dripping	down	the	spectacles	and	a	cold	wind	on	the	back.	Microscopes	and
other	lab	equipment	enable	clearer	identification	of	samples	for	example,	the	delineation	between	various	geologic	formations	by	color,	texture,	grain	shape,	and	mineral	content.	Soil	samples	recovered	in	the	field	investigation	should	be	classified	in	accordance	with	the	Unified	Soil	Classification	System	(Chapter	3)	and	accompanying	detailed
written	description	of	the	soil	that	adequately	portrays	the	character	and	potential	behavior	of	the	soil.	Significant	judgment	regarding	the	hydraulic	conductivity	and	potential	behavior	of	soils	is	possible	based	on	the	properly	assigned	USCS	group	symbol.	Particular	attention	is	necessary	in	estimating	the	quantity	of	fines	in	sand	and	gravel	samples
as	this	has	a	pronounced	effect	on	hydraulic	conductivity.	Some	samples	of	permeable	sands	should	be	selected	for	grain	size	analysis.	The	most	useful	tests	are	on	representative	samples	from	strata	that	are	suspected	to	be	significant	aquifers.	Knowing	the	grain	size	analysis	and	the	approximate	density	from	SPT	blow	counts,	the	hydraulic
conductivity	of	the	sample	can	be	reasonably	estimated.	Figure	3.7	illustrates	one	such	method	of	estimating	hydraulic	conductivity.	Where	borehole	tests	have	been	performed,	results	can	be	cross-checked,	with	K	determined	by	grain	size	analysis	of	samples	from	the	same	horizons.	Grain	size	analysis	is	also	helpful	in	judging	appropriate
dewatering	methods	and	is	required	to	design	appropriate	filters	for	wells,	wellpoints,	and	drains.	Methods	are	available	for	determining	the	hydraulic	conductivity	of	granular	soils	in	the	laboratory,	but	typically	do	not	give	results	indicative	of	the	in	situ	hydraulic	conductivity.	Sample	disturbance	caused	by	drilling,	remolding	during	handling	and
setup	in	the	permeameter,	entrapped	air,	and	sample	contamination	with	drilling	fluids	cause	lab-	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	179	Case	History:	Packer	Testing	to	Investigate	Variable	Limestone	Proposed	construction	of	a	new	subway	alignment	in	Puerto	Rico	required	mining	of	two	650-ft	(200-m)	long	stations.	The
preliminary	geotechnical	investigation	revealed	that	the	general	subsurface	profile	consists	of	surficial	fills	and	silty	sands	overlying	thick	deposits	of	stiff	clay.	The	clay	is	underlain	by	limestone.	The	limestone	is	a	complex	erosional	surface	with	a	highly	irregular	surface.	Station	construction	required	excavation	to	a	depth	of	25	ft	(7.5	m)	below	the
groundwater	table	and	near	or	below	the	top	of	the	limestone.	Based	on	observations	in	the	initial	test	borings,	the	limestone	was	expected	to	be	a	significant	source	of	water	to	the	excavation.	Initial	test	pumping	confirmed	that	the	limestone	was	a	high-yield	aquifer	with	proximate	recharge	and	an	estimated	transmissivity	of	200,000	gpd	/	ft	(0.03
m2	/	sec).	Packer	testing	of	the	limestone	was	proposed	as	an	economical	alternative	to	further	test	pumping	as	it	facilitated	testing	at	three	locations	within	the	station	interval	for	the	same	cost	as	a	single	pumping	test.	When	performed	in	discrete	intervals,	it	offered	the	additional	benefit	of	evaluating	the	variation	in	quality	and	hydraulic
conductivity	of	the	limestone	with	depth.	Conventional	packer	testing	apparatus	was	not	considered	of	sufficient	size	and	capacity	to	provide	enough	flow	to	produce	reliable	test	results	in	limestone	of	the	quality	suggested	by	test	pumping.	Using	the	results	of	the	pumping	test	as	a	guide,	an	injection	pipe	with	a	minimum	diameter	of	3	in.	(75	mm)
was	specified	and	used	in	testing.	A	much	larger	pump	with	a	capacity	of	600	gpm	(2270	L	/	min)	was	also	used	in	testing.	Coring	of	the	limestone	revealed	it	to	be	of	variable	quality,	ranging	from	soil-like	zones	of	weathered	and	broken	limestone	held	together	by	a	clay	matrix	to	zones	of	highly	solutionized	limestone	(Fig.	11.24),	absent	of	any	clay
infilling.	Solutionization	was	typically	in	the	form	of	vugs	and	small	channels	or	cavities	in	the	limestone	that	appeared	to	be	interconnected.	Packer	testing	was	performed	in	discrete	intervals	of	length	dependent	on	the	quality	and	stability	of	the	limestone.	At	two	of	the	three	test	locations	and	multiple	intervals	at	depth,	the	limestone	was	so
permeable	that	water	was	injected	near	the	maximum	output	of	the	pump,	with	limited	backpressure	achieved	in	the	limestone.	Packer	testing	confirmed	that	the	high-yield	limestone	encountered	at	the	initial	pumping	test	location	was	pervasive	across	the	proposed	station	excavations.	Figure	11.24	Limestone	cores	recovered	from	packer	test	holes.
oratory	methods	to	typically	underestimate	the	in	situ	hydraulic	conductivity.	Laboratory	tests	have	more	success	in	determining	the	hydraulic	conductivity	of	fine-grained	deposits,	which	have	sufficient	cohesion	to	maintain	their	shape	when	sampled	and	subsequently	extruded	in	the	lab.	Because	of	the	orientation	of	sampling	and	testing,	values
obtained	from	laboratory	permeameters	are	usually	representative	of	the	vertical	hydraulic	conductivity.	As	a	result,	laboratory	tests	are	frequently	used	in	evaluating	the	hydraulic	conductivity	of	an	aquitard	and	its	suitability	as	a	barrier	to	groundwater	flow	in	cutoff	applications.	If	layers	of	cohesive	soil	have	been	discovered	in	the	borings,
undisturbed	samples	should	be	obtained	for	strength	testing	in	the	laboratory.	Such	information	is	helpful	in	evaluating	potential	instability	in	excavations	and	cut	slopes	when	groundwater	levels	are	lowered.	Where	organic	silts	and	clays,	peats,	or	other	weak,	compressible	soils	are	encountered	in	the	borings,	consolidation	tests	are	also
recommended	to	determine	the	maximum	preconsolidation	pressure,	compression	indices,	and	coefficient	of	consolidation.	Such	testing	will	be	a	part	of	the	evaluation	of	potential	settlement	due	to	dewatering.	Testing	of	samples	from	sev-	180	THEORY	eral	depths	is	recommended	to	establish	the	variation	of	preconsolidation	pressure	with	depth,	as
such	changes	will	influence	the	magnitudes	of	predicted	settlements.	Only	high-quality	undisturbed	samples	should	be	used	in	testing.	Samples	should	be	extruded	in	the	lab	and	examined	for	signs	of	disturbance	(jetting,	variations	in	soil	consistency	over	the	sample	cross-section,	etc.)	prior	to	placement	in	the	consolidometer.	In	stratified	soils
containing	layers	of	clay	and	silt,	testing	of	the	more	plastic	samples	is	recommended	as	these	typically	exhibit	a	sharp	break	in	pressure–void	ratio	(e–log	p)	curve	when	the	preconsolidation	pressure	has	been	exceeded.	Where	initial	testing	suggests	that	the	soils	are	overconsolidated,	subsequent	tests	should	include	an	intermediate	unload–reload
cycle	to	provide	a	reliable	evaluation	of	the	recompression	index.	Estimating	the	recompression	index	from	the	initial	portion	of	the	e–log	p	curve	below	the	preconsolidation	pressure	or	from	the	rebound	portion	of	the	curve	tends	to	overestimate	recompression	index	and	consequent	prediction	of	the	magnitude	of	settlement.	11.8	CHEMICAL
TESTING	OF	GROUNDWATER	Maintenance	costs	of	dewatering	systems	can	be	significantly	increased	because	of	dissolved	elements	in	the	groundwater.	Corrosive	agents	can	damage	pumps,	motors,	screens,	and	piping.	Incrusting	agents	can	clog	screens,	filters	and	piping,	requiring	periodic	chemical	and	mechanical	cleaning.	Groundwater
chemistry	may	also	affect	grouts,	slurries,	and	backfills	used	in	construction	of	groundwater	cutoffs	and	impose	special	requirements	in	the	treatment	and	disposal	of	groundwater	discharge.	It	is	good	practice,	therefore,	to	include	groundwater	sampling	and	testing	in	the	geotechnical	investigation	of	groundwater	problems.	Chapter	13	discusses	the
chemical	constituents	in	groundwater	that	have	the	potential	to	cause	corrosion	or	incrustation	problems	and	advises	on	appropriate	testing.	If	the	site	is	near	industrial,	power	generation,	or	water	treatment	facilities,	testing	for	priority	pollutants	should	also	be	considered.	Chapter	14	discusses	the	contaminants	frequently	encountered	in
groundwater	and	alternative	practices	for	dewatering	and	groundwater	treatment	where	testing	reveals	contamination.	11.9	GEOPHYSICAL	METHODS	Geophysical	methods	have	been	effective	in	developing	useful	data	on	soils	and	groundwater	conditions	during	the	geotechnical	investigation.	Most	geophysical	methods	measure	indirectly	the	soil	or
water	property	under	study.	They	function	best	when	they	are	part	of	a	program	that	includes	drilling,	sampling,	and	laboratory	testing.	Within	that	limitation,	geophysics	can	be	invaluable	in	interpolating	soil	and	rock	conditions	between	borings,	both	horizontally	and	vertically,	and	in	generating	a	great	deal	of	useful	information	at	modest	cost	[11-
32].	Seismic	methods	have	been	used	to	estimate	the	contours	of	bedrock,	so	that	the	probable	course	of	major	aquifers	can	be	traced.	The	most	permeable	zone	of	the	aquifer	may	not	coincide	with	the	deepest	depression	in	the	bedrock.	It	is	possible	to	supplement	the	seismic	data	by	electric	resistivity	surveys	that	can	indicate	the	hydraulic
conductivity	of	zones	above	the	rock.	It	is	advisable	to	confirm	the	seismic	and	resistivity	data	by	drilling	and	sampling,	and	perhaps	borehole	testing.	However,	the	greater	quantity	of	geophysical	data	is	useful	in	selecting	sites	for	drilling	and	sampling,	in	evaluating	the	pattern	of	soil	layers	between	borings,	and	in	selection	of	a	favorable	location	for
a	pumping	test.	Crosshole	seismic	and	gravimetric	studies	have	been	used	with	some	success	in	locating	cavernous	zones	in	karstic	limestone	[11-33].	Electric	resistivity	studies	have	frequently	given	reasonable	identifications	of	major	aquifers.	The	method	is	not	always	reliable,	for	example,	where	varying	dissolved	solids	contents	mask	variations	in
hydraulic	conductivity.	The	results	should	be	confirmed	by	soil	sampling	or	borehole	testing.	Electric	logging	and	gamma-ray	logging	have	been	used	to	differentiate	zones	of	varying	hydraulic	conductivity	in	boreholes.	The	method	is	widely	used	in	test	holes	for	wells,	where	samples	have	not	been	recovered.	It	may	also	be	suitable	for	logging	a	soil
boring	hole	to	identify	conditions	between	samples.	Thermography	has	been	used	for	favorable	siting	of	dewatering	wells.	The	technique	utilizes	the	vertical	thermal	gradient	that	normally	exists	in	the	groundwater	body	as	a	result	of	conduction,	and	perhaps	convection,	of	heat	outward	from	the	earth’s	magma	toward	the	surface.	Vertical
temperature	traverses	are	conducted	in	boreholes	usually	cased	with	PVC,	with	careful	attention	to	accuracy.	If	the	traverse	reveals	a	change	in	gradient,	a	zone	cooler	than	normal,	it	suggests	lateral	groundwater	movement	and	a	prolific	aquifer.	When	the	method	is	used	to	supplement	natural	gradients	measured	in	piezometers	and	stratigraphy
determined	from	borings	and	well	logs,	it	has	provided	a	useful	guidance	on	groundwater	flow	patterns,	with	some	notable	successes.	On	one	tunnel	project	that	had	bankrupted	a	contractor	who	attempted	his	drive	under	compressed	air,	a	subsequent	contractor	used	thermography	to	locate	some	very	highly	productive	well	sites,	one	yielding	4000
gpm	(20,000	L/min).	The	tunnel	was	dewatered	and	driven	under	free	air.	Sometimes,	however,	thermography	data	can	be	misleading.	On	one	excavation	through	glacial	outwash	that	penetrated	into	underlying	till,	a	system	of	deep	wells	could	not	lower	the	water	close	enough	to	the	till	to	make	lagging	feasible.	A	thermography	specialist	was
brought	in,	but	his	temperature	gradients	were	distorted	by	water	movement	to	the	existing	pumping	wells.	The	specialist,	based	on	the	thermography	data,	selected	a	well	site	that	was	the	lowest	producer	on	the	job.	Many	geophysical	methods	carried	out	in	urban	areas	are	distorted	by	traffic	vibrations,	buried	utilities,	and	other	factors	that	limit
their	usefulness.	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	181	Figure	11.25	Potential	for	permanent	changes	in	the	groundwater	table.	(a)	A	subway	structure	perpendicular	to	the	direction	of	normal	groundwater	flow	can	have	a	damming	effect.	(b)	A	sewer	line	in	gravel	bedding	running	parallel	to	the	direction	of	normal	groundwater
flow	can	permanently	depress	the	water	table.	(c)	A	deep	building	foundation	with	a	relieved	slab	requires	pumping	that	may	permanently	depress	the	groundwater	table.	11.10	PUMPING	TESTS	As	the	geotechnical	investigation	continues,	the	dewatering	engineer	will	begin	to	perceive	the	scope	of	potential	groundwater	control	methods	and	will
make	a	judgment	as	to	the	feasibility	of	effective	dewatering	and	whether	temporary	or	long-term	effects	to	third	parties	will	result	from	the	dewatering.	If	the	groundwater	condition	has	potentially	significant	effect	on	costs,	schedules,	construction	methods,	or	third	parties,	then	a	pumping	test	is	probably	warranted,	as	discussed	in	Chapter	9.
Pumping	tests	can	be	expensive.	There	is	understandable	reluctance	to	budget	the	money	in	the	early	phases	of	a	project,	but	the	arguments	in	favor	of	testing	are	persuasive.	With	test	data,	knowledgeable	contractors	can	limit	their	contingencies,	and	the	savings	at	bidding	can	pay	for	the	test	many	times	over.	The	authors	have	heard	opinions
expressed	that	a	pumping	test	may	reveal	a	problem	greater	than	anticipated,	and	result	in	higher	bids.	This	is	shortsighted.	If	an	unknown	problem	exists,	it	must	be	faced	sooner	or	later.	If	the	costs	escalate	after	a	contract	is	awarded	and	construction	begins,	and	if	the	owner	seeks	to	put	the	burden	on	the	contractor,	claims	and	litigation	are	the
likely	outcome.	When	there	is	a	potential	for	thirdparty	damage,	the	arguments	in	favor	of	a	pumping	test	are	even	stronger.	11.11	PERMANENT	EFFECTS	OF	STRUCTURES	ON	THE	GROUNDWATER	BODY	Major	projects,	such	as	sewers	or	mass	transit	systems,	can	create	significant	changes	in	groundwater	levels	and	movements	under	a	city.
Alignments	perpendicular	to	the	general	direction	of	groundwater	flow	can	create	underground	dams,	resulting	in	higher	levels	upstream	and	lower	levels	downstream.	Relieved	sections	of	retained	earth	structures	can	cause	permanent	depressions	in	the	groundwater	table,	as	can	structures	that	are	imperfectly	waterproofed	and	must	be	pumped	on
a	continuous	basis.	Sewers	running	parallel	to	the	direction	of	groundwater	flow,	if	they	have	been	laid	in	gravel	bedding,	may	cause	permanent	lowering	of	the	groundwater	table	since	they	may	act	as	drains.	Where	deep	building	foundations	are	designed	with	relieved	slabs	and	walls,	the	pumping	of	the	relief	system	will	usually	depress	the	water
table	permanently.	Figure	11.25	illustrates	some	of	the	potential	permanent	effects	on	the	groundwater	body	caused	by	various	structures.	Long-term	changes	may	or	may	not	be	significantly	detrimental.	If	permanently	lowered	water	levels	result	in	damage	to	existing	structures,	then,	of	course,	steps	should	be	taken	to	prevent	them.	Relieved
structures	should	be	avoided	or	provided	with	deep	cutoffs	that	minimize	the	effect	on	the	surrounding	water	table.	Often,	in	urban	areas,	almost	182	THEORY	as	many	problems	are	observed	when	longterm	groundwater	lowering	ceases	and	water	levels	rise	after	decades	of	new	construction	has	taken	place.	Artificial	paths	have	been	employed	to
bypass	natural	drainage	under	line	structures	and	stations	to	cancel	the	damming	effect.	Before	such	designs	are	undertaken,	an	adequate	understanding	of	the	natural	groundwater	movement	is	necessary.	The	natural	gradients	can	be	established	by	an	appropriate	grid	of	observation	wells.	It	is	then	necessary	to	determine	the	transmissivity	of	the
aquifers	by	pumping	tests.	The	test	site	should	be	selected	on	the	basis	of	areal	geology,	since	typically	the	bulk	of	the	water	moves	along	preferential	zones	of	higher	hydraulic	conductivity.	When	the	transmissivity	and	the	gradients	are	known,	the	total	flow	can	be	estimated.	Adjustments	for	seasonal	variations	must,	of	course,	be	made,	and	the
drainage	structures	designed	to	suit.	11.12	INVESTIGATION	OF	THE	POTENTIAL	SIDE	EFFECTS	OF	DEWATERING	When	groundwater	is	a	significant	problem	on	a	construction	project,	there	is	potential	risk	that	lowering	the	water	table	may	result	in	undesirable	side	effects.	ASCE	[11-34]	has	addressed	the	problem	in	detail.	Various	undesirable
occurrences	have	been	encountered.	Settlement	due	to	increase	in	effective	stress	has	occurred	when	the	water	table	is	lowered	under	or	above	compressible	soils	(Section	3.15).	Loose	granular	soils	also	have	the	potential	to	compress	and	densify	when	the	water	table	is	lowered	and	effective	stress	is	increased.	We	will	assume	that	the	dewatering	is
to	be	carried	out	in	a	proper	manner,	that	no	loss	of	ground	occurs	due	to	open	pumping,	and	that	there	is	not	continuous	pumping	of	fines	from	wells.	If	that	is	the	case,	then	settlement	damage	is	unlikely	to	occur,	unless	there	is	some	special	condition	of	weak	soil	in	the	vicinity	such	as	normally	consolidated	clays,	silts,	peats,	or	loose,	granular
deposits.	The	purpose	of	the	geotechnical	investigation	is	to	establish	whether	such	soils	exist,	and	what	the	effect	of	the	dewatering	will	be	upon	them.	The	first	step	is	to	review	the	areal	geology	to	see	if	weak	soils	are	likely	to	be	encountered.	In	tidal	estuaries,	for	example,	and	in	the	lower	reaches	of	rivers,	particularly	the	deltas,	and	in	various
types	of	lake	deposits,	organic	silts	or	peats	may	present	problems.	If	the	geology	suggests	the	presence	of	weak	soils,	a	general	survey	of	foundation	experience	in	the	area	should	be	undertaken.	With	weak	soils	there	is	usually	a	history	of	problems.	If	buildings	are	founded	on	piles,	the	difficulty	may	be	evidenced	as	differential	settlement	in	the
paving,	the	utilities,	and	porches,	aprons,	and	other	appendages.	The	next	step	is	to	estimate	the	radius	of	influence	of	the	dewatering,	for	which	we	rely	again	on	the	pumping	test.	If	the	aquifer	to	be	dewatered	is	a	relatively	thin	sand	layer	above	the	weak	soil,	the	radius	of	influence	may	be	quite	small.	But	if	the	weak	soil	is	underlain	by	a	major
aquifer	into	which	the	excavation	penetrates,	the	influence	can	be	very	large.	In	an	extreme	example	of	the	latter	case,	measurable	settlements	were	observed	over	1000	ft	(300	m)	from	the	nearest	dewatering	well.	On	major	projects	the	boring	program	should	extend	well	out	into	the	expected	zone	of	influence	of	dewatering,	and	some	borings
should	be	completed	as	piezometers	or	observation	wells.	Where	weak	soils	are	found	to	exist,	undisturbed	samples	should	be	recovered	for	laboratory	analysis.	The	consolidation	of	compressible	soils	is	time	dependent;	the	tests	selected	should	consider	this	factor.	Where	weak	soils	are	discovered	within	the	expected	zone	of	influence,	buildings
founded	on	them	should	be	surveyed	to	determine	their	susceptibility	to	settlement	damage.	It	is	apparent	that	a	properly	conducted	investigation	of	potential	settlement	can	be	a	costly	one;	it	is	sometimes	difficult	to	persuade	the	owner	to	fund	such	a	program.	But	the	alternatives	in	terms	of	third	party	litigation	can	be	significantly	more	costly.
When	there	is	doubt	about	the	settlement	risk,	the	tendency	is	to	restrict	dewatering	by	specifying	cutoffs,	artificial	recharge,	and	compressed	air	tunneling.	These	measures	are	expensive.	When	the	risk	is	real,	the	expense	may	be	more	than	justified.	But	we	have	observed	projects	on	which	such	restrictions	unnecessarily	increased	the	project	cost.
Perhaps	the	poorest	alternative	in	doubtful	situations	is	to	shift	the	responsibility	to	the	contractor.	If	damage	to	third	parties	occurs,	it	is	almost	certain	that	claims	and	litigation	will	result,	and	possibly	lengthy	project	delays.	The	case	for	an	adequate	investigation	of	the	settlement	potential	is	a	very	strong	one,	and	should	be	performed	during	the
design	stage.	Groundwater	supplies	have	suffered	temporary	or	longterm	problems	from	nearby	dewatering	(Section	3.17).	Temporary	harm	includes	reduction	in	well	capacity;	longterm	damage	can	occur	from	saltwater	intrusion	or	the	accelerated	migration	of	contaminant	plumes.	Investigating	the	potential	risk	is	straightforward.	If	there	are	large
municipal,	industrial,	or	commercial	users	in	the	area,	there	will	be	records	at	the	local	regulating	agency.	In	the	United	States	this	is	usually	a	department	of	the	relevant	state.	During	the	permit	process,	large	users	will	have	reported	the	location,	depth,	and	yield	of	their	wells	and	the	monthly	or	annual	withdrawals.	The	U.S.	Geological	Survey	may
have	records	that	are	helpful.	In	suburban	or	rural	areas	there	may	be	individual	domestic	supplies,	frequently	drawing	from	relatively	shallow	aquifers.	Data	may	be	available	from	municipal	health	departments	or	local	well	drillers.	Data	on	irrigation	wells	are	usually	available	from	state	agencies	and	well-drilling	companies.	With	such	information
the	engineer	can	evaluate	whether	pumping	the	aquifer	to	be	dewatered	may	affect	groundwater	supplies	in	the	vicinity.	If	there	is	risk,	a	pumping	test	is	recommended	to	quantify	the	potential	effects.	The	dewatering	flow	and	the	probable	drawdown	in	the	vi-	GEOTECHNICAL	INVESTIGATION	FOR	DEWATERING	cinity	of	water	supply	wells	can	be
estimated.	Consideration	is	given	to	the	proposed	period	of	pumping,	which	significantly	affects	the	risk.	If	there	is	risk	of	contamination,	the	planning	described	in	Chapter	14	is	recommended.	Various	methods	have	been	employed	to	protect	adjacent	supplies	during	the	period	of	dewatering	operations.	The	owner	may	elect	to	provide	a	temporary
water	supply	to	users,	perhaps	from	the	dewatering	system.	If	so,	special	sanitary	procedures	must	be	followed	in	constructing	the	wells.	It	may	be	viable	to	provide	permanent	water	service,	for	example,	by	extending	water	mains	into	a	suburban	area.	The	owner	may	offer	to	deepen	third-party	wells	at	his	expense,	and	provide	pumps	with	higher
head	capacity.	The	effect	may	be	reduced	by	partial	penetration,	Section	6.9,	or	the	optimum	solution	may	be	to	excavate	within	cutoffs	so	that	the	effects	of	dewatering	are	minimized.	In	some	cases	the	dewatering	flow	has	been	returned	to	the	aquifer	by	artificial	recharge.	The	choice	is	based	on	complex	economic	and	legal	considerations.	The
geotechnical	investigation	must	provide	the	technical	data	necessary	for	evaluating	the	options.	In	many	areas	where	groundwater	is	an	important	economic	resource,	agencies	have	been	established	to	regulate	withdrawals.	It	may	be	necessary	to	obtain	permits	before	commencing	a	major	dewatering	operation.	Detailed	submittals	and	even	public
hearings	may	be	required.	The	process	can	be	time-consuming.	Untreated	timber	piles	and	other	underground	timber	structures	have,	on	occasion,	been	damaged	when	the	water	table	is	lowered	around	them.	If	oxygen	reaches	the	piles	they	may	be	attacked	by	aerobic	organisms.	If	the	piles	are	socketed	in	mud,	they	may	remain	protected,	and	no
harm	ensues.	If	the	piles	are	in	sand	they	are	sometimes	protected	by	artificial	recharge,	a	common	practice	in	Boston,	Massachusetts.	Wetlands,	and	trees	in	urban	parks	have	been	cause	for	concern	in	New	York	City,	Washington,	DC,	and	Boston	and	Cambridge,	Massachusetts.	The	appropriate	procedure	is	to	retain	a	botanist	or	other	specialist	to
monitor	conditions	and	implement	protective	measures	as	necessary.	11.13	PRESENTATION	IN	THE	BIDDING	DOCUMENTS	How	the	information	from	the	geotechnical	investigation	should	be	presented	to	bidders	has	been	a	matter	of	much	controversy	over	the	years.	Current	recommended	practice	is	described	in	Chapter	29.	References	11-1	11-2
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bedrock.’’	Woodward	Clyde	Consultants	Technical	Bulletin.	11-34	Powers,	J.	P.	(ed.)	(1985).	Dewatering—Avoiding	Its	Unwanted	Side	Effects.	ASCE,	New	York,	NY.	CHAPTER	12	Pump	Theory	he	pump	is	basic	to	any	dewatering	system.	Compared	to	the	complexities	of	soils	and	groundwater,	the	pump	is	a	rather	straightforward	mechanical	device
whose	performance	should	be	predictable	and	reliable.	Yet	many	job	difficulties	can	be	traced	to	the	pumps,	usually	because	of	misapplication,	faulty	installation,	or	improper	operation	and	maintenance.	The	dewatering	engineer	should	be	familiar	with	the	theory	and	application	of	pumps,	so	that	inherent	difficulties	are	not	compounded	with
problems	that	should	be	avoidable.	Dewatering	pumps	are	nearly	always	selected	with	capacity	larger	than	they	will	normally	deliver.	The	extra	capacity	is	necessary	to	handle	storage	depletion	during	the	early	stages	of	dewatering,	rain	falling	in	the	excavation,	and	other	transient	effects	that	may	influence	pumping	quantities,	such	as	tidal	cycles	or
changes	in	river	stage.	Light-duty	pumps	that	have	been	designed	for	less	demanding	service	such	as	residential	use	may	be	damaged	when	operated	in	these	situations.	For	this	reason,	only	heavy-duty	pumps	specifically	designed	for	dewatering	or	severe	conditions	should	be	used	in	construction.	T	12.1	TYPES	OF	PUMPS	USED	IN	DEWATERING	A
number	of	types	of	pumps	have	been	developed	to	meet	specific	dewatering	applications.	The	contractor’s	submersible	pump	(Fig.	12.1)	has	gained	wide	acceptance	in	recent	years	because	of	its	convenience	in	handling	water	from	sumps	and	shallow	wells.	No	priming	is	required.	Units	are	available	from	fractional	to	more	than	100	hp	(74.6	kW)	or
over	2000	gpm	(7570	L/min),	depending	on	the	head	requirement,	in	single-	and	threephase	and	in	various	voltages.	The	submersible	electric	motor	is	sealed	and	usually	runs	in	nontoxic,	environmentally	safe	oil.	Most	models	are	designed	to	handle	modest	amounts	of	suspended	solids,	but	if	the	water	contains	significant	amounts	of	sharp-grained
sand,	rapid	wear	of	impellers	and	diffusers	will	occur,	resulting	in	loss	of	capacity	or	seal	damage	and	motor	burnout.	Some	models	employ	rubber	lining	or	hardened	metals	to	resist	wear,	but	a	better	solution	is	to	construct	effective	sumps	(Chapter	17)	and	wells	(Chapter	18).	The	contractor’s	submersible	pump	is	capable	of	handling	large	solids
content.	However,	this	limits	its	efficiency	(50	to	60%	is	common).	In	addition,	when	large	quantities	of	water	are	to	be	pumped,	cost	of	power	becomes	a	factor.	The	units	are	bulky,	and	large-diameter	well	casings	and	screens	must	be	used.	Hydraulic	submersible	pumps	(Fig.	12.2)	use	pressurized	hydraulic	oil	to	power	the	pump	end.	The	pressure
can	be	up	to	several	thousand	psi	(kPa)	and	must	be	provided	by	a	hydraulic	power	pack	or	from	the	hydraulic	system	of	an	appropriate	piece	of	hydraulically	powered	construction	equipment,	such	as	a	backhoe.	Hydraulic	hoses	are	needed	for	a	supply	and	return	and	must	be	carefully	placed	and	protected	through	the	construction	site	to	prevent
damage.	Hydraulic	pumps	are	commonly	used	for	pumping	fluids	with	considerable	solids	and	are	typically	not	seen	in	the	dewatering	industry	outside	of	sumping	applications.	Hydraulic	pumps	range	in	flow	capacity	from	30	to	18,000	gpm	(115	to	68,000	L/min)	or	up	to	1000	hp	(746	kW),	again	depending	on	the	head	requirements.	Although	these
types	of	pumps	are	designed	to	handle	solids,	this	impacts	their	efficiency,	which	is	typically	less	than	50%.	They	do	not	require	an	electrical	distribution	system.	Turbine	submersible	pumps	(Fig.	12.3),	originally	developed	for	groundwater	supply,	are	widely	used	in	dewatering,	especially	for	deeper	wells.	They	are	relatively	slender	for	the	capacity
delivered,	and	can	be	used	in	small-diameter	wells.	Units	are	available	with	motor	rating	from	fractional	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	185	186	THEORY
Figure	12.1	Contractor’s	submersible	pump.	Courtesy	Moretrench.	Figure	12.2	Hydraulic	submersible	pump.	Courtesy	Hydra-Tech	Pumps	Inc.	Figure	12.3	Turbine	submersible	pump.	Courtesy	Moretrench.	PUMP	THEORY	to	several	hundred	horsepower.	Sizes	up	to	100	gpm	(378.5	L/min)	are	available	with	molded	plastic	impellers	and	diffusers;
larger	sizes,	up	to	1500	gpm	(5678	L/min),	are	constructed	of	cast	iron	or	bronze	or	in	special	metals	for	corrosive	applications.	These	pumps	wear	rapidly	when	handling	abrasive	sand,	the	plastic	units	particularly.	Turbine	submersibles	should	not	be	installed	in	wells	until	the	wells	have	been	developed	and	cleaned	so	that	they	pump	water	free	of
suspended	solids.	Because	of	their	tight	internal	tolerances,	these	units	are	efficient,	70	to	80%	being	common.	Turbine	submersible	pumps	are	lubricated	with	a	mixture	of	deionized	water	and	food-grade	propylene	glycol	instead	of	oil	to	eliminate	harmful	contamination	of	the	groundwater	in	the	event	of	a	severe	pump	malfunction.	Vertical	lineshaft
pumps	with	the	engine	or	electric	drive	motor	at	the	surface	(Fig.	12.4)	are	used	in	dewatering,	par-	Figure	12.4	Vertical	lineshaft	pump.	Courtesy	Fairbanks	Morse	Pump.	187	ticularly	for	high-volume,	high-horsepower	(or	kilowatt)	applications.	With	turbine-type	pump	ends,	vertical	lineshaft	units	are	used	for	moderate	to	high	volumes	and	heads	in
deep	wells	and	as	vertical	wellpoint	pumps	(Section	19.12).	With	mixed	flow	and	propeller	type	pump	ends,	the	vertical	lineshaft	configuration	is	used	to	pump	large	volumes	at	low	heads	for	emptying	ponds,	diverting	streams,	and	similar	applications.	Vertical	lineshaft	units	are	available	with	many	styles	of	pumps,	from	a	few	horsepower	to	over
1000	hp	(746	kW),	with	flows	over	10,000	gpm	(37,854	L/min),	again	dependent	on	the	head	requirement.	However,	the	very	small	and	very	large	units	are	rarely	seen	in	construction	applications.	When	compared	with	turbine	submersible	pumps,	the	initial	cost	of	lineshaft	units	is	greater	in	the	smaller	horsepower	(kW)	size	and	less	with	larger	units.
For	lineshaft	units,	the	well	must	be	plumb.	Installation	requires	skilled	mechanics	and	special	tools.	Vertical	pumps	are	available	with	water-lubricated	or	oillubricated	line-shaft	bearings.	The	oil-lubricated	type	is	usually	preferred	in	construction.	Care	is	required	to	prevent	leaky	joints	in	the	column	from	releasing	petroleum-based	oils	into	the
aquifer.	Many	practitioners	use	vegetable-based	oils	to	avoid	pollution	if	leakage	occurs.	Wellpoint	pumps	(Fig.	12.5)	employ	a	centrifugal	unit	to	pump	water,	a	vacuum	unit	to	pump	air,	and	a	chamber	with	a	float	valve	to	separate	the	air	from	the	water.	The	vacuum	pump	provides	continuous	prime	to	the	unit,	which	is	essential	to	good	performance
on	a	wellpoint	system.	Units	are	available	from	20	to	250	hp	(15	to	185	kW),	with	flows	over	5000	gpm	(18,930	L/min),	in	either	engine	or	electric	drive	motor.	Smaller	units	can	be	wheel-mounted.	Because	wellpoint	pumps	operate	at	consistently	high	vacuums,	they	are	subject	to	cavitation	(Section	12.5).	When	selecting	a	unit,	it	is	advisable	to	check
its	net	positive	suction	head	(NPSH)	rating	to	make	sure	it	is	low	enough	for	the	application.	By	using	standard	or	special	centrifugal	pumps,	the	wellpoint	pump	configuration	can	be	adapted	for	various	services	requiring	continuous	prime	such	as	sewage	bypass,	bentonite	slurry	handling,	stream	diversion,	jetting,	and	emergency	flood	control.	The
contractor’s	self-priming	pump	(Fig.	12.6)	utilizes	a	recirculation	arrangement	to	prime	itself.	It	is	not	continuously	primed	as	is	a	wellpoint	pump;	once	prime	is	lost,	the	unit	stops	pumping	until	the	sump	becomes	flooded	and	the	priming	process	is	repeated.	Minor	leaks	in	the	suction	hose	and	fittings	can	be	troublesome.	Because	of	such	difficulties,
the	self-priming	pump	is	used	less	often	in	groundwater	control	today,	being	replaced	by	contractor’s	submersibles	or	by	wellpoint	pumps.	Some	contractor’s	self-priming	pumps	have	been	fitted	with	ejectors	powered	by	compressed	air	to	provide	continuous	prime.	Contractor’s	recirculating	self-priming	pumps	in	the	smaller	sizes,	such	as	the	2-in.
(50-mm)	model	shown	in	Fig.	12.6,	are	widely	used	in	dewatering	for	testing	piezom-	188	THEORY	Figure	12.5	Wellpoint	pump.	Courtesy	Moretrench.	Figure	12.6	A	small	contractor’s	self-priming	pump,	used	for	testing.	Courtesy	Moretrench.	189	PUMP	THEORY	eters	and	wellpoints,	and	for	collecting	groundwater	samples	for	testing	of	water
quality	and	contamination.	Jetting	pumps	(Fig.	12.7)	are	used	for	installing	wellpoints,	wells,	sand	drains,	bearing	piles,	and	steel	sheet	piling,	and	in	other	applications	requiring	water	under	pressure.	Engine-	or	electric-powered	units	are	available	in	capacities	from	200	to	3000	gpm	(800	to	12,000	L/min)	at	pressures	from	60	to	330	psi	(415	to	2275
kPa).	Smaller	units	can	be	wheel-mounted.	12.2	TOTAL	DYNAMIC	HEAD	The	work	a	pump	must	accomplish,	termed	the	water	horsepower	(WHP),	is	the	product	of	the	volume	pumped	times	the	total	dynamic	head	(TDH)	on	the	unit.	TDH	is	the	sum	of	all	energy	increase,	dynamic	and	potential,	that	the	water	receives.	Figure	12.8	illustrates	the
calculation	of	TDH	in	various	pumping	applications.	The	well	pump	in	Fig.	12.8a	faces	a	static	discharge	head	hD	measured	from	the	operating	level	in	the	well	to	the	elevation	of	final	disposal	from	the	discharge	manifold.	In	addition,	the	pump	must	provide	the	kinetic	energy	represented	by	the	velocity	head	hv.	And	it	must	overcome	the	friction	f1	in
the	discharge	column	and	fittings	and	f2	in	the	discharge	manifold:	TDH		hD	⫹	hv	⫹	f1	⫹	f2	(12.1)	The	velocity	head	hv	is	calculated	at	the	point	of	maximum	velocity:	hv		v2	2g	(12.2)	where	v	is	the	velocity	and	g	the	acceleration	of	gravity.	Chapter	15	gives	methods	for	estimating	friction	in	the	piping	of	dewatering	systems.	The	sump	pump	in	Fig.
12.8b	faces	a	discharge	head	hD,	plus	a	suction	head	hs,	plus	the	velocity	head	hv	and	friction	heads	f1	and	f2.	For	the	wellpoint	pump	in	Fig.	12.8c,	it	is	not	practical	to	measure	the	suction	head	hs.	An	approximate	value	can	be	estimated	for	hs	as	equal	to	the	maximum	operating	vacuum	of	the	wellpoint	pump,	usually	25	in.	(635	mm)	of	mercury
(Hg)	at	sea	level,	or	28	ft	(8.6	m)	of	water	head.	The	wellpoint	pump	also	faces	a	discharge	head	hD	plus	the	velocity	hv	and	friction	heads	f.	When	selecting	pumps	for	any	dewatering	service,	10	to	15%	should	be	added	to	the	calculated	TDH	to	allow	for	pump	wear	and	unforeseen	conditions.	12.3	PUMP	PERFORMANCE	CURVES	Figure	12.9	shows
the	basic	performance	curve	of	a	centrifugal	wellpoint	pump.	The	head	(TDH)–capacity	curve	shows	the	capacity	of	the	pump	at	various	values	of	total	dynamic	head.	The	water	horsepower	(WHP)	the	pump	is	producing	is	the	product	of	head	and	capacity,	with	appropriate	conversion	factors:	Figure	12.7	Jetting	pump.	Courtesy	Moretrench.	190
THEORY	The	BHP	has	been	precalculated	in	Fig.	12.9,	using	the	head–capacity	and	efficiency	curves.	A	power	unit,	either	motor	or	engine,	suitable	for	the	pump	in	Fig.	12.9	must	have	sufficient	output	horsepower	to	meet	the	required	BHP	of	the	centrifugal,	plus	reserve	for	the	vacuum	pump	and	any	other	accessories.	12.4	VACUUM	PUMPS	Figure
12.8	Calculating	total	dynamic	head	(TDH).	(a)	TDH	of	a	well	pump.	(b)	TDH	of	a	sump	pump.	(c)	TDH	of	a	wellpoint	pump.	WHP		TDH	(ft)		Q	(gpm)	(U.S.)	3960	(12.3)	WHP		TDH	(m)		Q	(L	/	min)	(metric)	4569	(12.4)	The	brake	horsepower	(BHP)	is	the	amount	of	power	that	must	be	applied	to	the	pump.	It	is	greater	than	the	WHP	by	the	amount	of
hydraulic	and	mechanical	losses	in	the	pump.	The	efficiency	e	of	the	pump	is	e	WHP	BHP	(12.5)	Figure	12.9	shows	the	efficiency	of	the	pump	at	various	operating	points.	For	any	given	speed	of	operation	of	the	pump,	there	is	a	particular	discharge	rate	where	efficiency	is	maximum.	This	is	the	rated	capacity	of	the	pump	at	that	speed.	To	calculate	the
BHP	required	by	the	pump	in	Fig.	12.9	at	any	condition:	BHP		TDH		Q	(U.S.)	3960e	(12.6)	BHP		TDH		Q	(metric)	4569e	(12.7)	Various	designs	of	vacuum	pumps	have	been	adapted	for	dewatering,	usually	with	special	modifications	to	survive	the	rigorous	service.	Vacuum	pumps	are	typically	rated	by	their	air-handling	capacity	in	cubic	feet	per	minute
at	a	specific	vacuum	(ACFM)	or	liters	per	minute	(ALM)	at	the	vacuum.	It	should	be	noted	that	vacuum	pumps,	although	they	are	in	effect	air	compressors,	are	rated	differently.	Typical	practice	is	to	rate	compressors	at	their	capacity	to	handle	free	air	at	standard	conditions	of	temperature	and	pressure,	whereas	vacuum	pumps	are	rated	at	their
capacity	to	handle	air	at	the	vacuum.	Oil-sealed	vane	type	vacuum	pumps	with	capacities	up	to	350	ACFM	(1400	ALM)	are	available	(Fig.	12.5),	as	are	liquid	ring	vacuum	pumps	with	capacities	up	to	650	ACFM	(2600	ALM).	When	used	with	wellpoint	systems	and	vacuum	wells,	the	pump	operates	continuously	over	a	range	from	very	low	to	very	high
vacuums,	depending	on	the	quantity	of	air	that	must	be	handled.	At	low	vacuums,	high	air	capacity	is	required	for	rapid	and	reliable	prime.	Especially	with	wellpoint	systems,	high	air	capacity	may	be	required	to	handle	air	entering	the	wellpoints	with	the	water	and	through	leaks	in	the	piping.	At	high	vacuums,	the	pump	must	be	able	to	function
without	damage	while	handling	very	small	volumes	of	air.	The	heat	generated	under	these	conditions	can	be	considerable.	Automatic	vacuum	breakers	that	open	to	admit	air	so	that	vacuum	does	not	rise	above	a	preset	level,	such	as	25	in.	(635	mm)	Hg,	are	advisable.	The	heat	generated	by	the	vacuum	pump	must	be	dissipated	by	means	of	a	reliable
system,	either	to	the	water	being	pumped	or	to	the	atmosphere.	Typical	arrangements	include	heat	exchangers,	transferring	the	heat	from	the	vacuum	pump	fluid	to	the	water	being	pumped.	Another	arrangement	uses	a	finned	heat	exchanger	and	a	fan	to	transfer	heat	from	the	vacuum	pump	fluid	directly	to	the	atmosphere.	When	the	pumped	water
is	corrosive	or	otherwise	objectionable,	a	heat	exchanger	that	operates	with	the	engine	coolant	rather	than	the	pumped	water,	or	other	special	arrangements,	should	be	considered.	A	typical	vacuum	pump	performance	curve	is	shown	in	Fig.	12.10.	Figure	12.11	shows	a	liquid	ring	vacuum	pump	that	has	been	used	in	dewatering	service,	particularly	in
special	applications	requiring	very	high	air	capacity.	When	operating	at	high	vacuums,	the	liquid	ring	design	using	water	may	encounter	problems	with	elevated	temperatures	and	cavitation.	Special	cooling	arrangements	and	vacuum	breakers	should	be	provided.	Typically,	potable	water	is	used	to	op-	PUMP	THEORY	191	Figure	12.9	Basic	pump
performance	curve.	Courtesy	Moretrench.	Figure	12.10	Vane	type	vacuum	pump	performance	curve.	Courtesy	Moretrench.	192	THEORY	Figure	12.11	Liquid	ring	vacuum	pump.	Courtesy	Nash	Elmo.	erate	the	liquid	ring	vacuum	pump,	since	groundwater	may	be	corrosive	and	have	a	minor	amount	of	suspended	solids	that	could	damage	the	pump.	On
standard	wellpoint	pumps,	the	vacuum	unit	is	usually	belt-driven	off	the	main	driveshaft.	On	vertical	wellpoint	pumps	and	vacuum	wells,	electric	motor-driven	vacuum	pumps	can	be	used.	The	operating	tolerances	in	all	vacuum	pumps	are	extremely	close.	Even	minor	wear	from	abrasion	or	corrosion	can	result	in	considerable	loss	of	capacity.	It	is
important	that	the	air	separation	be	such	that	no	carryover	of	corrosive	water	or	suspended	solids	to	the	vacuum	pump	can	occur.	12.5	AIR	LIFT	PUMPING	The	air	lift	method	has	rarely	been	practical	for	continuous	pumping,	but	it	can	be	a	convenient	device	for	short-term	testing	and	for	developing	and	cleaning	wells.	Figure	12.12	illustrates	a
practical	air	lift	arrangement.	A	conductor	pipe	is	lowered	to	close	to	the	bottom	of	the	well.	An	air	hose	is	connected	by	a	U-shaped	fitting	at	the	bottom	of	the	conductor	pipe	to	an	interior	nipple	perforated	with	holes	about	–18	in.	(3	mm)	in	diameter.	A	sufficient	number	of	holes	is	provided	to	pass	the	necessary	air	capacity	without	excessive	loss.
The	holes	release	the	air	into	the	conductor	pipe	in	a	series	of	small	streams	that	break	up	into	bubbles,	substantially	reducing	the	specific	gravity	of	the	fluid	within	the	conductor	pipe.	It	is	this	difference	in	specific	gravity	that	causes	the	air	lift	to	function;	the	water	outside	the	conductor	pipe,	being	of	normal	weight,	forces	the	lighter	fluid	within
the	conductor	pipe	to	the	surface.	It	is	probable	that	additional	velocity	is	gained	from	the	action	of	the	air	bubbles	rising.	In	Fig.	12.12,	B	is	the	submergence	of	the	air	lift	and	C	is	the	total	height	to	the	discharge	point.	The	ratio	B	/C	is	termed	the	submergence	ratio	and	is	critical	to	air	lift	performance.	Table	12.1	gives	the	pressure	and	volume	of
air	required	at	various	depths	and	submergence	ratios.	Note	that	at	lower	submergence	ratios	the	air	lift	becomes	inefficient	and	below	a	ratio	of	about	0.4	it	essentially	ceases	to	function.	Table	12.2	gives	recommended	pipe	sizes	for	air	lift	pumping.	A	simple	air	lift	can	be	constructed	by	installing	only	the	air	hose	in	the	well,	and	using	the	well
casing	as	the	conductor	pipe.	In	most	cases,	the	method	is	unsatisfactory	since	it	is	inefficient	and	air	may	be	lost	through	the	screen	to	the	formation.	But	for	special	applications,	such	as	cleaning	small-diameter	piezometers,	the	simple	airlift	serves	the	purpose.	In	such	applications,	even	if	the	submergence	ratio	is	less	than	0.4,	some	pumping	can
be	ac-	PUMP	THEORY	193	Table	12.2	Recommended	Pipe	Sizes	for	Air	Lifts	Minimum	well	diameter	in.	(mm)	Size	of	pumping	pipe	in.	(mm)	30–60	(113–227)	4	(101.6)	2	(50.8)	60–80	(227–303)	5	(127.0)	3	(76.2)	1	(25.4)	80–100	(303–378)	6	(152.4)	3–12	(88.9)	1	(25.4)	100–150	(378–568)	6	(152.4)	4	(101.6)	1–14	(31.75)	150–250	(568–946)	8	(203.2)	5
(127.0)	1–12	(38.1)	250–400	(946–1514)	8	(203.2)	6	(152.4)	2	(50.8)	400–700	(1514–2649)	10	(254.0)	8	(203.2)	2–12	(63.5)	Pumping	rate	gpm	(L	/	min)	Size	of	air	line	in.	(mm)	–12	(12.7)	complished	by	removing	the	perforated	nipple	and	injecting	the	air	in	intermittent	bursts,	forcing	cylinders	of	water	to	the	surface.	12.6	TESTING	OF	PUMPS	When	a
dewatering	pump	fails	to	meet	the	standards	of	its	performance	curve,	the	difficulty	may	be	in	the	pump	or	in	other	parts	of	the	dewatering	system.	In	the	authors’	experience,	system	problems	are	more	common.	However,	if	the	pump	itself	is	suspected,	a	test	should	be	conducted	under	controlled	conditions	essentially	the	same	as	those	used	by	the
manufacturer	that	constructed	the	performance	curve.	The	specifications	of	the	Hydraulic	Institute	[12-1]	are	recommended.	Significant	items	include	the	following:	Figure	12.12	Air	lift	pumping.	Table	12.1	Performance	of	Air	Lift	Pumps	Lift	C–B	ft	(m)	Total	depth	C	ft	(m)	Submergence	B	ft	(m)	Submergence	ratio	B/C	Ft3	of	air	per	gallon	of	watera
(m3	of	air	per	liter	of	water)	Starting	pressure	psi	(kPa)	25	(7.62)	54	(46.9)	29	(8.8)	0.54	0.22	(16.5		10⫺4)	13	(89.6)	25	(7.62)	78	(54.2)	53	(16.1)	0.68	0.12	(9.0		10⫺4)	23	(158.6)	25	(7.62)	104	(31.7)	79	(24.1)	0.76	0.07	(5.2		10⫺4)	34	(234.4)	50	(15.2)	102	(31.1)	52	(15.8)	0.51	0.40	(29.9		10	)	23	(158.6)	50	(15.2)	143	(43.6)	93	(28.3)	0.65	0.23	(17.2	
10⫺4)	40	(275.8)	50	(15.2)	179	(54.6)	129	(29.3)	0.72	0.15	(11.2		10⫺4)	56	(386.1)	100	(30.5)	189	(57.6)	89	(27.1)	0.47	0.70	(52.4		10⫺4)	38	(262.0)	⫺4	100	(30.5)	250	(76.2)	150	(45.7)	0.60	0.37	(27.7		10	)	65	(448.2)	100	(30.5)	303	(92.3)	203	(61.9)	0.67	0.27	(20.2		10⫺4)	88	(606.7)	150	(45.7)	263	(80.2)	113	(34.4)	0.43	0.95	(71.1		10⫺4)	49	(337.8)
150	(45.7)	333	(101.5)	183	(55.8)	0.55	0.49	(36.7		10⫺4)	79	(544.7)	0.62	0.37	(27.7		10	)	106	(730.8)	150	(45.7)	395	(102.4)	245	(74.7)	Source.	Army	Manual	TM	5-297.	a	Air	volume	is	given	at	U.S.	Standard	Conditions,	60⬚F	(16⬚C)	and	14.7	psi	(101.3	kPa).	⫺4	⫺4	194	THEORY	•	The	water	should	be	clean,	cool,	and	free	of	entrained	•	•	•	•	air	or
gas	or	suspended	solids.	The	suction	and	discharge	heads	should	be	measured	accurately	with	calibrated	gauges.	The	flow	should	be	metered	accurately.	A	correction	should	be	made	for	velocity	head.	A	smooth	suction,	without	air	pockets,	must	be	provided.	Elbows,	valves,	and	other	fittings	should	be	six	or	eight	pipe	diameters	away	from	the	pump
suction.	Frequently,	field	conditions	are	unsuitable	for	a	controlled	test	and	a	special	setup	may	be	necessary.	Reference	12-1	Pipe	Friction	Manual.	(1961).	Hydraulic	Institute,	New	York,	NY.	CHAPTER	13	Groundwater	Chemistry,	Bacteriology,	and	Fouling	of	Dewatering	Systems	here	are	mineral	and	biological	constituents	in	groundwater	that	can
affect	dewatering	systems	by	corrosion	of	the	metal	components	or	by	incrustation	with	precipitates	that	clog	screens,	pumps,	and	piping.	Simply	put,	corrosion	is	the	deterioration	or	‘‘eating	away’’	of	a	material	and	incrustation	is	the	precipitation	or	deposition	of	material	onto	a	surface.	Technically,	although	a	corrosion-like	process	can	occur	with
any	material	(e.g.,	decay,	decomposition,	disintegration,	oxidation,	and	so	forth),	it	is	most	often	associated	with	metals,	while	incrustation	can	and	does	form	on	almost	any	material.	Essentially	all	dewatering	devices	(referred	to	hereinafter	in	this	chapter	as	simply	‘‘wells’’)	are	influenced,	to	some	extent,	by	the	processes	that	lead	to	corrosion	and/or
incrustation,	depending	on	the	existing	water	quality	and	potential	changes	in	water	chemistry	that	may	occur	within	the	well	(e.g.,	oxygen	levels,	and/or	pH).	The	majority	of	projects	will	never	have	a	problem,	but	when	a	corrosion	or	incrustation	problem	does	occur	it	tends	to	be	severe,	often	with	rapid	deterioration	of	the	system.	Preventive
measures	are	less	costly	if	a	problem	is	anticipated.	It	is	therefore	advisable	to	be	familiar	with	the	agents	that	cause	difficulty,	the	groundwater	conditions	under	which	these	agents	are	likely	to	be	encountered,	and	analytical	methods	to	identify	them.	However,	corrosion	and	incrustation	involve	complex	chemical	and	biological	relationships.	If	a
significant	problem	is	suspected,	consultation	with	a	specialist	should	be	considered.	Schnieders	[13-1]	and	Driscoll	[13-2]	are	two	excellent	resources	for	additional	information	on	this	subject.	T	13.1	TYPES	OF	CORROSION	In	nature,	all	materials	tend	to	break	down	in	time	into	a	more	stable	form	or	corrode.	Corrosion	can	also	be	thought	of	as	the
deterioration	or	oxidation	of	a	substance	(usually	a	metal),	due	to	its	interaction	with	the	environment,	to	form	more	stable	oxides	or	oxidized	forms.	Metals	will	tend	to	revert	to	their	more	stable	ore	forms.	The	groundwater	conditioning	will	stimulate	corrosion.	Wells	might	develop	problems	due	to	corrosive	groundwater	if	•	•	•	•	•	•	•	Total
dissolved	solids	(TDS)	are	greater	than	600	ppm	There	are	stray	dc	currents	The	pH	is	less	than	7.0	Dissolved	oxygen	concentration	is	greater	than	2	ppm	Carbon	dioxide	concentration	is	greater	than	10	ppm	Chloride	concentration	is	greater	than	500	ppm	Hydrogen	sulfide	concentration	is	greater	than	2	ppm	As	far	as	water	wells	are	concerned,
almost	all	corrosion	is	either	galvanic	(also	known	as	electrochemical	or	bimetallic)	or	chemical.	Galvanic	corrosion	refers	to	corrosion	created	when	two	dissimilar	materials	(e.g.,	metals)	are	coupled	in	an	electrolyte	solution.	For	example,	galvanic	corrosion	occurs	when	two	(or	more)	dissimilar	metals	are	brought	into	contact	under	certain
groundwater	conditions.	For	galvanic	corrosion	to	occur,	the	following	conditions	must	be	present	in	the	well	environment:	•	There	must	be	elements	of	the	well	that	will	act	as	an-	•	odic	and	cathodic	areas.	Anodic	areas	are	those	where	current	(i.e.,	electrons)	leaves	the	metal	and	corrosion	occurs.	Cathodic	areas	are	those	where	current	flows	to	the



metal	and	where	plating	or	incrustation	may	occur.	Typically	these	will	be	dissimilar	metals.	There	must	be	a	difference	in	electrical	potential	between	anodic	and	cathodic	regions.	The	electrical	potential	of	a	metal	in	a	solution	is	the	measure	of	the	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.
P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	195	196	•	•	THEORY	energy	released	(electron	transfer)	as	that	metal	corrodes.	As	the	difference	in	this	potential	increases	between	two	metals,	the	driving	force	of	the	corrosion	rate	will	also	increase.	The	groundwater
must	be	able	to	act	as	a	conductive	electrolyte,	containing	adequate	levels	of	salts	or	minerals	to	enable	electron	transfer	across	the	electrolyte	from	the	anodic	area	to	the	cathodic	area.	Water	with	higher	concentrations	of	dissolved	solids	(e.g.,	brackish	water)	is	generally	more	highly	conductive	and,	therefore,	very	efficiently	acts	as	an	electrolyte
for	the	corrosion	process.	There	must	be	a	metallic	connection	for	electrical	current	to	flow	between	the	anodic	and	cathodic	elements.	The	connection	is	generally	the	well	casing	or	screen.	Galvanic	corrosion	can	develop	between	any	dissimilar	metals.	Table	13.1	shows	the	electromotive	series,	which	lists	various	metals	and	alloys	of	common	use	in
dewatering.	Metals	higher	in	the	series	will	tend	to	corrode	when	in	contact	with	a	metal	lower	in	the	series	due	to	the	difference	in	their	electrical	potentials;	therefore,	these	metals	higher	in	the	series	can	be	used	to	sacrifice	themselves	to	protect	those	lower	in	the	series	in	the	same	manner	that	the	zinc	coating	on	galvanized	pipe	will	deteriorate
to	protect	the	underlying	steel.	The	zinc	coating	acts	as	a	sacrificial	anode.	This	is	known	as	cathodic	protection.	The	galvanic	effect	is	most	pronounced	when	the	water	being	pumped	is	highly	conductive,	and	when	the	dissimilar	metals	are	widely	separated	in	the	electromotive	series.	Note	that	aluminum’s	position	in	the	series	is	high;	if	it	is
immersed	while	in	contact	with	steel	or	other	metals	lower	in	the	series,	damage	to	the	aluminum	can	be	rapid	and	severe.	When	two	dissimilar	metals,	are	in	contact	and	immersed	in	an	electrolyte	such	as	mineralized	or	brackish	water,	severe	corrosion	can	destroy	the	metals	in	a	matter	of	weeks.	To	the	unsuspecting	practitioner,	the	classic
example	of	galvanic	corrosion	in	dewatering	work	manifests	itself	in	the	rapid	deterioration	of	carbon	steel	discharge	piping	coupled	directly	to	a	stainless	steel	submersible	pump	in	a	saltwater	or	brackish	water	environment.	Pits	or	grooves	on	pumps	or	discharge	risers	are	early	indicators	of	a	condition.	Iron	will	be	anodic	to	copper	or	brass.	A
welded	area	of	pipe	may	rust	because	the	weld	material	is	a	different	composition.	A	material	stress	point	from	bending,	or	other	handling,	may	create	dissimilar	composition	and	resulting	corrosion.	Corrosion	and	incrustation	often	occur	hand	in	hand.	When	electrochemical	corrosion	occurs,	the	corrosion	byTable	13.1	Metals	in	the	Electromotive
Series	Aluminum	products	(e.g.,	ferric	oxides)	may	be	deposited	in	significant	quantities	at	the	cathode	(e.g.,	a	metal	well	surface).	This	buildup	or	incrustation	may	result	in	plugging	of	the	well.	Chemical	corrosion,	like	galvanic	corrosion,	is	an	electrochemical	process.	It	occurs	due	to	the	reaction	of	the	well	materials	with	compounds	or	elements
such	as	carbon	dioxide,	oxygen,	hydrogen	sulfide,	chlorine,	and	many	acids	that	are	present	in	the	water	in	a	concentration	sufficient	to	cause	corrosion	to	occur.	Removing	these	elements	from	the	water	is	generally	not	feasible.	Chemical	corrosion	generally	occurs	in	waters	with	a	low	pH,	whereas	electrochemical	corrosion	may	occur	in	waters	with
higher	pH	values	and	high	levels	of	total	dissolved	solids.	Corrosion	can	also	occur	due	to	the	presence	of	certain	bacteria.	The	various	bacteria	process	their	nutrients	differently,	creating	acidic	by-products	that	will	have	differing	corrosive	effects.	Some	aerobic	iron	bacteria	such	as	Gallionella	can	secrete	a	very	corrosive	enzyme	that	will	dissolve
metals.	This	will	generally	occur	in	the	upper,	more	aerated	zone	of	the	well.	Anaerobic	sulfate-reducing	bacteria,	which	typically	dwell	in	the	lower,	less	aerated	zone	of	the	well,	also	release	an	organic	acid	that	is	highly	corrosive	(Fig.	13.2).	13.2	CORROSIVE	GROUNDWATER	CONDITIONS	The	processes	of	chemical	corrosion	are	complex	and	can
take	many	forms.	Corrosive	groundwater	conditions	can	be	associated	with	specific	compounds	or	elements	in	groundwater.	Higher	potential	Zinc	↑	Iron	and	steel	↓	Stainless	steel,	copper,	brass,	bronze	Figure	13.1	When	two	dissimilar	metals	are	coupled	in	water-saturated	environments,	the	less	corrosion-resistant	metal	corrodes	faster	from	the
galvanic	cell	created.	In	a	well,	this	corrosion	can	be	mitigated	at	the	connection	between	the	discharge	riser	and	the	pump	by	eliminating	the	contact	between	the	two	metals	with	a	dielectric	couplings	shown.	Courtesy	Johnson	Screens.	兩	Lower	potential	Carbon	Dioxide	Free	carbon	dioxide	(CO2)	occurs	to	some	extent	in	many	groundwater
conditions.	Carbon	dioxide	is	introduced	from	the	atmosphere	by	falling	rain,	bacterial	activity,	or	the	dis-	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	Figure	13.2	Corrosion	at	the	bottom	of	a	stainless	steel	wellscreen,	most	likely	due	to	the	presence	of	sulfur-reducing	bacteria.	sociation	of	bicarbonate	molecules.	Well	water	that
is	extracted	from	soils	rich	in	CO2	may	contain	from	10	to	over	100	ppm	of	dissolved	CO2.	When	CO2	gas	is	dissolved	in	water	it	reaches	equilibrium	with	carbonic	acid,	a	weak	acid,	which	also	dissociates	into	hydrogen	and	bicarbonates	ions.	Water	with	free	CO2	concentrations	greater	than	10	to	15	ppm	can	be	corrosive	to	steel	and,	to	a	lesser
degree,	to	cast	iron.	The	rate	of	corrosion	depends	to	some	extent	on	the	temperature	and	the	concentration	of	electrolytes	or	buffering	agents	in	the	water.	Free	CO2	has	been	observed	at	concentrations	as	high	as	70	ppm	and	when	such	concentrations	occur	in	warmer	subtropical	groundwater	at	70	to	75⬚F	(20	to	23⬚C),	the	rate	of	corrosion	can
be	so	severe	that	steel	pipe	fails	in	a	few	weeks.	Where	CO2	concentrations	may	be	a	problem,	piping	systems	should	be	made	of	plastic,	and	the	metal	parts	of	pumps	should	be	bronze	or	300	series	stainless	steel,	which	are	essentially	unaffected	by	the	CO2	gas.	Identification	of	CO2	requires	field	testing,	since	the	gas	may	escape	from	the	sample
before	it	reaches	the	laboratory.	Hydrogen	Sulfide	In	tidal	estuaries,	oceanfront	marshes,	and	certain	deposits,	hydrogen	sulfide	(H2S)	may	be	encountered,	with	its	distinctive	odor	of	rotten	eggs.	Concentrations	greater	than	about	0.5	ppm	can	be	detected	by	smell	and	concentrations	greater	than	2	to	3	ppm	can	be	corrosive,	particularly	in	salt	or
brackish	waters.	Corrosion	rates	accelerate	with	warmer	water	temperatures.	Hydrogen	sulfide	attacks	steel,	cast	iron,	brass,	and	ordinary	bronze.	Hydrogen	sulfide	is	corrosive	because	it	ionizes	into	bisulfide	and	hydrogen,	producing	a	weak	acid.	OF	DEWATERING	SYSTEMS	197	Hydrogen	sulfide	gas	can	be	produced	within	a	well	by	sulfate-
reducing	bacteria	that	can	be	found	at	the	anaerobic	well	bottom	of	both	active	and	inactive	wells.	The	sulfatereducing	bacteria	are	able	to	grow	and	reduce	sulfate	to	sulfide,	which	in	turn	reacts	with	hydrogen	to	produce	hydrogen	sulfide.	Aeration	of	a	well	borehole	during	drilling	may	be	sufficient	to	promote	a	high	growth	surge	of	aerobic	bacteria,
which	will	quickly	die	off	as	the	oxygen	is	depleted	and	fall	to	the	bottom	of	the	well	to	become	a	food	source	for	the	anaerobic	sulfate-reducing	bacteria.	This	condition	can	take	place	in	weeks	or	months	and	can	be	exacerbated	by	a	static	condition	or	long	intervals	of	no	pumping.	When	hydrogen	sulfide	is	present	in	a	metal-cased	well,	iron	sulfide	is
deposited	on	the	well	wall.	These	deposits	become	a	cathodic	area	and	the	base	metal	becomes	the	anodic	area.	Severe	pitting	occurs	beneath	the	iron	sulfide	deposit.	If	oxygen	is	present	the	corrosion	rate	may	accelerate.	Carbon	dioxide	mixed	with	hydrogen	sulfide	also	causes	much	more	aggressive	corrosion	than	either	compound	alone.	Corrosion
will	also	occur	due	to	contact	with	hydrogen	sulfide	gas	within	the	well	casing	above	the	water	table.	Zincless	bronze	and	300	series	stainless	steel	are	less	affected,	although	the	pH	can	be	low	enough	in	the	well	bottom	to	corrode	stainless	steel.	Hydrogen	sulfide	also	presents	problems	in	disposal	of	dewatering	discharge	because	of	its	toxicity	to
water-borne	life	and	the	nuisance	to	third	parties	due	to	its	noxious	odor.	It	can	pose	serious	health	and	safety	concerns	when	there	will	be	physical	contact	with	the	well(s)	or	discharge.	Tests	for	hydrogen	sulfide	should	be	conducted	in	the	field	whenever	the	odor	is	detected.	For	remedial	treatment	of	hydrogen	sulfide	see	Chapter	14.	Chlorides
Most	chlorides	are	highly	soluble	and	are	common	constituents	in	fresh	water.	Typically,	chloride	concentrations	in	freshwater	supplies	range	from	10	to	100	ppm.	Seawater	may	contain	greater	than	30,000	ppm	chloride	concentration.	Salt	or	brackish	waters	are	corrosive	to	both	stainless	and	carbon	steel	and	mildly	so	to	cast	iron.	Because	of	its
relatively	high	electrical	conductivity,	saltwater	aggravates	the	galvanic	corrosion	process	between	dissimilar	metals.	Plastic	piping	and	bronze	pumps	should	be	considered	for	systems	that	will	operate	for	extended	periods	in	brackish	or	saltwater.	Miscellaneous	Salts	Most	sodium	salts	are	highly	soluble	in	water.	The	high	chloride	content	of	brines
and	seawater	is	usually	associated	with	the	sodium	ion.	In	fresh	water,	sodium	is	typically	present	in	the	range	of	10	to	100	ppm.	The	discharge	from	various	industrial	and	commercial	facilities	can	also	increase	the	sodium	levels	in	groundwater.	A	high	sodium	concentration	will	coincide	with	an	increased	total	dissolved	solids	concentration.
Sometimes	related	to	high	sodium	concentrations,	high	concentrations	of	chlorides	or	sulfates	may	be	198	THEORY	an	indication	of	an	acidic	condition	occurring	in	groundwater.	Since	a	low	pH	always	represents	the	possibility	of	a	chemically	corrosive	environment,	further	investigation	is	warranted	to	assess	the	effect	of	the	potentially	corrosive
condition	on	the	well,	process	piping,	and/or	storage	tanks	that	may	be	in	use	for	a	particular	project.	Dissolved	Oxygen	The	presence	of	dissolved	oxygen	in	water	is	an	indication	of	the	potential	for	corrosion	because	oxygen	plays	as	an	important	role	in	the	corrosion	process	by	transferring	electrons	from	the	anode	to	the	cathode	to	complete	the
electrical	(corrosion)	circuit.	Corrosion	associated	with	oxygen	can	be	highly	localized,	creating	pits	or	pinholes,	or	occurring	over	extensive	areas.	Beneath	deposits	on	metal	surfaces,	oxygen—even	at	low	concentrations—participates	in	the	electron-transfer	process	between	the	metal	surface	anodic	area	and	the	deposit-free	cathodic	area.	Control	of
oxygen-accelerated	corrosion	requires	effort	to	maintain	as	close	to	an	oxygen-free	environment	as	feasible	on	well	casing	and	metal	surfaces.	Anodic	corrosion	methods	(e.g.,	protective	coatings)	are	used	to	protect	a	metal	surface	from	oxygen-accelerated	corrosion.	However,	any	small	defect	in	the	protective	coating	may	cause	corrosion	to	be
focused	at	that	defect,	which	may	cause	an	accelerated	corrosion	rate,	resulting	in	a	failure	(e.g.,	leak)	at	that	spot	in	a	relatively	short	period	of	time.	Since	the	presence	of	oxygen	promotes	a	corrosive	environment,	excessive	dissolved	oxygen	may	aggravate	corrosion	problems	in	dewatering.	As	with	other	gases,	identification	requires	field	testing	of
the	sample.	13.3	DEWATERING	IN	CORROSIVE	GROUNDWATER	CONDITIONS	The	effects	of	corrosion	on	a	dewatering	system	can	be	potentially	severe.	When	corrosion	is	suspected	because	of	indications	in	the	chemical	analysis	or	from	previous	experience	in	the	area,	materials	for	the	dewatering	system	should	be	selected	with	care.	Corrosion	of
wellscreens	can	have	several	detrimental	effects,	including	opening	of	the	well	slots	and	the	pumping	of	sand,	loss	of	structural	strength	that	leads	to	collapse,	and	deposition	of	corrosion	by-products	(incrustation)	that	may	plug	the	well.	Protection	of	well	casings	and	screens	from	corrosion	involves	a	careful	examination	of	all	water	quality
parameters	as	well	as	the	selection	of	materials.	This	can	include	using	polyvinyl	chloride	(PVC),	acrilonitrile–butadiene–styrene	(ABS),	fiberglass,	or	stainless	steel	well	casing	and	screens,	and	avoiding	direct	connection	of	dissimilar	metallic	materials	Corrosion	mechanisms	can	be	quite	complex,	with	a	wide	variety	of	chemical	agents	acting	in
various	ways	on	different	metals	under	different	conditions	of	temperature,	pH,	and	pressure.	For	example,	bronze	has	good	corrosion	resistance	in	brackish	water.	But	if	hydrogen	sulfide	is	present	in	brackish	water,	bronze	can	fail	rapidly	from	loss	of	zinc	from	the	alloy.	Stainless	steel	is	resistant	to	many	corroding	agents,	but	if	the	hard	passive
surface	layer	is	penetrated	it	can	deteriorate	rapidly.	Under	some	conditions,	such	as	high	chloride	deposition,	stainless	steel	can	be	subject	to	stress	corrosion	cracking.	In	conditions	where	aggressive	corrosion	may	be	established	(e.g.,	highly	conductive	electrolyte	solution,	dissimilar	metals	and	anaerobic	conditions)	stainless	steel	can	be	very
susceptible	to	corrosion	and	is	slightly	better	than	mild	steel	at	corrosion	resistance.	In	corrosive	groundwater	conditions	that	may	attack	stainless	steel,	higher	grades	should	be	used.	There	are	many	types	of	stainless	steel	available.	The	400	series	is	less	resistant	than	the	300	series.	Some	of	the	400	series	stainless	steels	are	more	resistant	to
chlorides.	Type	304	is	less	resistant	to	brackish	and	acidic	waters	than	type	316,	which	has	some	molybdenum	added.	Aluminum	piping	is	resistant	to	some	forms	of	corrosion	because	of	the	hard	layer	of	aluminum	oxide	that	forms	on	its	surface.	Corrosive	agents	that	attack	the	coating	can,	however,	shorten	the	life	of	aluminum	piping.	Mildly
brackish	waters	may	not	be	an	issue,	but	acid	waters	can	attack	quickly.	Iron	in	the	water	can	be	damaging;	if	iron	deposits	form	on	the	aluminum,	galvanic	cells	can	develop	and	if	the	water	is	also	brackish	the	corrosion	can	be	severe.	Where	galvanic	corrosion	is	a	possibility,	and	where	metallic	materials	must	be	used	for	the	well	or	piping
construction,	sacrificial	anode	materials	such	as	zinc	have	been	adapted	as	cathodic	protection	for	pumps	in	dewatering	systems.	Plastics	are	inert	and	therefore	resistant	to	most	corrosive	groundwater,	and	where	feasible	they	should	be	used.	Piping	systems	are	frequently	made	of	PVC	because	of	its	ready	availability,	reasonable	cost,	and	ease	of
installation.	Pumps	in	the	smaller	sizes	are	available	with	critical	parts	manufactured	of	plastic.	Those	components	that	must	be	made	of	metal,	such	as	medium	to	large	valves	and	pumps,	should	have	their	critical	parts	formed	of	materials	resistant	to	the	specific	corrosive	environment	anticipated.	Some	suggestions	have	been	offered	in	the
preceding	paragraphs.	But,	because	the	selection	is	complex,	compatibility	of	the	materials	should	be	confirmed	with	the	manufacturer.	13.4	INCRUSTATION	The	effect	of	incrustation	is	the	blockage	of	screen	openings	and	flow	spaces	in	the	gravel	packs	and/or	surrounding	formation	and	clogging	of	pumps.	Incrustation	or	blockage	of	water	flow	in	a
well	system	takes	many	forms	but	in	general	can	be	divided	into	the	following:	•	Biological	incrustation,	which	is	usually	slimy	and	com•	posed	of	predominately	bacterial	growth,	or	what	is	commonly	referred	to	as	biofilm	Mineral	incrustation,	which	results	from	precipitation	of	calcium	salts,	dehydrated	ferric	iron,	manganese	oxides,	and	so	forth
GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	Very	often,	the	problem	is	a	combination	of	both	biological	and	mineral	incrustation.	However,	whether	singularly	or	in	combination	it	is	generally	referred	to	as	simply	incrustation	or	fouling.	Controlling	incrustation	is	of	extreme	importance	because	as	the	flow	pathways	or	pore
spaces	of	the	well	gradually	plug,	the	yield	of	the	system	will	diminish,	surrounding	groundwater	levels	will	rise,	and	the	effects	will	be	felt	within	the	excavation.	Wells	might	develop	problems	due	to	incrustation	if	•	•	•	•	•	•	•	pH	is	greater	than	7.0	Calcium	hardness	is	greater	than	200	ppm	Carbonates	are	present	Iron	is	greater	than	1.0	ppm
Manganese	is	greater	than	0.1	ppm	Sulfates	are	greater	than	50	ppm	Phosphates	are	greater	than	1	ppm	13.5	MINERAL	INCRUSTATION	Mineral	incrustation	usually	results	in	the	formation	of	a	deposit	or	a	scale	that	causes	a	reduction	in	effective	pipe	diameter	or	bridges	across	wellscreen	openings,	reducing	the	open	area	available	for	water	to
flow	through	the	screen	and	ultimately	reducing	water	flow	through	the	soil	zone	opposite	the	screen.	The	more	common	forms	of	mineral	incrustation	are	the	precipitation	of	calcium	or	magnesium	carbonates	(calcite)	or	their	sulfates,	and	the	precipitation	of	oxides	of	both	iron	and	manganese.	The	carbonates	tend	to	occur	in	conditions	of	high
hardness	and	alkalinity	and	the	oxides	tend	to	occur	in	aerobic	(aerated)	conditions.	0	10	5	Rise	in	operating	levels	with	iron	buildup	in	the	wellse	wells	10	40	15	50	60	20	70	25	80	4	6	8	Pumping	time	(months)	10	12	14	Depth	to	water	(m)	Depth	to	water	(ft)	20	2	199	Carbonates	and	Bicarbonates:	Hardness	The	precipitation	of	calcium	and
magnesium	carbonates	is	much	less	common	than	iron	deposition,	but	it	can	be	severe	in	certain	limestone	aquifers	and	in	groundwater	that	has	been	chemically	altered	from	contact	with	cements	or	the	slag	deposits	commonly	found	in	many	industrial	settings	or	0	0	DEWATERING	SYSTEMS	While	there	are	many	reasons	for	mineral	incrustation	to
form	in	water	well	systems,	the	primary	cause	is	water	chemistry.	Water	with	a	high	concentration	of	dissolved	solids	tends	to	deposit	certain	minerals	when	an	environmental	change	upsets	the	natural	groundwater	chemistry	equilibrium,	resulting	in	the	precipitation	of	carbonates,	sulfates,	and	so	forth.	Reactions	can	also	take	place	in	the	aquifer
that	dissolve	metals	(e.g.,	iron)	into	the	groundwater.	The	dissolved	metal	may	be	oxidized	as	the	groundwater	moves	toward	the	dewatering	well	and	form	deposits	such	as	iron	or	manganese	oxide.	The	greatest	disturbance	to	the	groundwater	equilibrium	occurs	at	the	well.	As	water	flows	toward	a	well,	the	chemical	constituents	from	possibly
multiple	soil	strata	converge	and	interact	to	form	compounds	and	eventually	crystals	(particulate	matter	too	heavy	to	stay	in	solution).	Eventually	they	fall	into	flow	pathways,	and	the	deposit	grows	larger	until	the	flow	path	is	blocked.	This	phenomenon	can	be	due	to	a	single	mineral,	as	in	the	formation	of	calcite	(calcium	carbonate),	or	it	can	be	an
accumulation	of	separate	crystals	held	together	with	clays	or	organic	matter	deposited	by	the	flow.	The	mineral	buildup	will	typically	be	greater	in	sections	of	wellscreen	where	the	water	velocity	and	pressure	drop	is	the	greatest.	System	activation	30	OF	Figure	13.3	If	incrustation	is	not	addressed	in	a	timely	manner,	the	system	performance	may
deteriorate	rapidly.	The	plot	shown	indicates	the	operating	levels	in	a	system	of	deep	wells	steadily	rising	as	the	well	system	incurred	significant	buildup	of	iron.	The	contractor	was	forced	to	replace	the	fouled	dewatering	system	with	several	wellpoint	systems	from	within	the	excavation	at	a	significant	added	cost	and	a	hindrance	to	the	construction
activities.	Courtesy	Moretrench.	200	THEORY	rubble	fill.	When	the	water	hardness	exceeds	200	ppm,	there	is	a	possibility	of	troublesome	incrustation	with	the	typical	short-term	dewatering	system	operation.	Lesser	concentrations	can	occasionally	cause	problems	if	the	dewatering	is	to	continue	for	a	year	or	more.	The	potential	for	incrustation	is
dependent	not	solely	on	the	hardness	but	also	on	alkalinity,	total	dissolved	solids,	and	pH.	Bicarbonate	alkalinity	is	an	indication	of	potential	for	scale	buildup.	Calcium	bicarbonate,	Ca(HCO3)2,	is	relatively	soluble	in	neutral	water.	However,	when	the	water	pressure	is	reduced	by	pumping,	the	weakly	bound	CO2	breaks	away	from	the	bicarbonate
radical	in	this	reaction:	Ca(HCO3)2	→	CaCO3	⫹	H2O	⫹	CO2	(13.1)	Calcium	carbonate	(CaCO3),	is	the	chief	mineral	in	limestone	and	is	insoluble.	It	precipitates,	forming	a	hard	white	deposit	on	wellscreens,	pumps,	and	piping.	Oxides	Oxides	of	metals,	most	commonly	iron	and	manganese,	are	formed	in	aerobic	conditions	and	deposit	on	wellscreens.
Iron	or	manganese	concentrations	in	the	aquifer	may	be	the	source	of	oxide	incrustation	in	the	well,	or	the	oxides	may	be	a	result	of	corrosion	of	carbon	steel	in	the	well.	The	accumulation	of	iron	and	manganese	oxides	can	result	in	considerable	fouling.	Iron	Iron	is	found	in	most	soil	formations	and	is	the	most	commonly	encountered	incrusting	agent
in	dewatering.	Most	groundwater	contains	at	least	traces	of	iron.	Water	with	iron	in	amounts	greater	than	1.0	ppm	can	cause	noticeable	incrustation.	When	the	iron	concentration	exceeds	2	or	3	ppm	fouling	can	occur	within	days	to	weeks	in	relatively	highflow	situations	(Fig.	13.4).	On	occasion,	groundwater	has	been	encountered	with	iron
concentration	as	great	as	20	ppm.	When	iron	precipitates	out	in	a	well,	it	is	typically	in	the	form	of	iron	oxide.	In	general,	iron	oxides	should	be	considered	as	mineral	incrustations,	but	the	oxidation	reaction	may	be	either	chemically	or	biologically	driven.	The	biologically	driven	reaction	is	discussed	further	in	subsequent	sections	of	this	chapter.
Precipitation	can	occur	when	the	soluble	ferrous	ion	present	in	the	water	undergoes	a	valence	change	to	the	insoluble	ferric	ion.	Ferrous	iron	is	soluble	in	neutral	or	weakly	acidic	waters	at	concentrations	up	to	approximately	50	ppm.	Ferric	iron	is	almost	completely	insoluble	except	in	strong	acids.	The	valence	change	occurs	due	to	oxidation,	either
from	aeration	of	the	water,	exposure	to	sunlight,	chlorination,	or	other	oxidizing	reactions.	Although	iron	deposits	are	primarily	iron	oxides,	some	ferric	carbonates	and	ferrous	sulfides	can	be	formed	under	certain	conditions.	Manganese	Manganese	is	present	in	many	soils	and	sediments	as	well	as	in	metamorphic	rocks.	In	an	oxygen-deficient
environ-	Figure	13.4	If	iron	incrustation	is	not	treated	it	can	severely	limit	the	area	available	for	flow.	This	is	a	section	of	2-in.	(50-mm)	diameter	pump	discharge	riser	from	a	project	where	the	iron	concentration	was	measured	as	high	as	18	ppm.	This	is	approximately	5	months	of	iron	buildup.	Courtesy	Moretrench.	ment,	manganese	is	typically
soluble	and	may	be	found	in	well	water	at	concentrations	as	high	as	2	to	3	ppm.	In	the	oxidized	state,	manganese	exhibits	a	very	low	solubility.	Because	manganese	accumulates	in	sediments,	it	is	common	to	find	higher	levels	in	the	bottom	of	a	well	with	little	or	no	pressure	in	the	near	surface	water.	Manganese	typically	occurs	in	much	lower
concentrations	than	iron,	but	manganese	incrustation	can	be	severe	when	the	concentration	of	manganese	exceeds	only	0.1	ppm.	Manganese	incrustation	occurs	in	a	manner	similar	to	that	of	iron,	where	soluble	manganese	compounds	are	oxidized	to	insoluble	manganese	compounds.	13.6	BIOLOGICAL	INCRUSTATION	It	has	been	estimated	that
over	80%	of	the	blockage	of	water	supply	wells	is	caused	to	some	extent	by	biological	growth	[13-1].	Laboratory	work	and	the	experience	of	many	practitioners	in	the	field	attest	to	at	least	this	figure.	The	understanding	of	the	role	that	bacteria	play	in	the	well	environment	and	the	resulting	biological	incrustation	is	therefore	important.	Biofilm	All
bacteria	produce	a	non-water-soluble	product	known	as	a	polysaccharide.	These	are	long-chain	polymers	used	by	the	bacteria	to	adhere	to	surfaces,	entrap	nutrients,	and	provide	protection.	A	free	swimming	bacterium	will	attach	itself	to	a	surface	to	procreate	and	later,	as	the	cell	multiplies,	more	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,
AND	FOULING	OF	DEWATERING	SYSTEMS	201	pH	and	Alkalinity	pH	The	pH	is	a	measurement	of	the	acidity	of	a	solution	and	is	a	method	of	expressing	the	hydrogen	ion	concentration	within	a	solution.	As	the	hydrogen	ion	concentration	increases,	the	solution	becomes	more	acidic	and	the	pH	decreases.	As	the	hydrogen	ion	concentration
decreases,	the	solution	becomes	more	basic	and	the	pH	increases.	Since	pH	is	a	logarithmic	function,	as	the	hydrogen	ion	concentration	increases	by	a	factor	of	10,	the	pH	decreases	by	1	pH	unit.	Conversely,	if	the	hydroxide	concentration	increases	by	a	factor	of	10,	the	pH	increases	by	1	pH	unit.	Changes	in	pH	are	caused	by	addition	of	acids
(substances	that	add	hydrogen	ions	to	a	solution)	or	bases	(substances	that	add	hydroxides	to	a	solution).	pH	is	also	an	important	measurement	for	defining	the	alkalinity	equilibrium	levels	of	carbon	dioxide,	bicarbonate,	carbonate,	and	hydroxide	ions.	Alkalinity	Alkalinity	is	a	measure	of	the	buffering	capacity	of	water,	or	the	capacity	of	bases	to
neutralize	acids.	Alkalinity	does	not	refer	to	pH,	but	instead	refers	to	the	ability	of	water	to	resist	change	in	pH	(Fig.	13.5).	The	presence	of	buffering	materials	(dissolved	solids)	neutralizes	acids	as	they	are	added	to	the	water.	These	buffering	materials	are	primarily	bicarbonate	(HCO3⫺)	and	carbonate	(CO32⫺)	ions	and,	at	relatively	high	pH	values
(pH	⬎	9),	hydroxide	(OH⫺).	Water	with	low	alkalinity	is	very	susceptible	to	fast	changes	in	pH	when	an	acid	is	added	to	the	solution,	while	water	with	higher	alkalinity	is	more	able	to	resist	pH	change.	As	increasing	amounts	of	acid	are	added	to	a	water	body,	the	pH	of	the	water	decreases,	and	the	buffering	capacity	of	the	water	is	consumed.	Because
alkalinity	and	pH	are	so	closely	related,	changes	in	pH	can	also	affect	alkalinity,	especially	in	poorly	buffered	water.	Because	alkalinity	varies	greatly	due	to	differences	in	geology,	there	are	no	general	standards	for	alkalinity.	A	generally	typical	range	of	alkalinity	levels	in	groundwater	is	approximately	20	to	250	ppm.	In	this	range	of	alkalinity,	water
will	generally	exhibit	a	stable	pH.	Alkalinity	below	10	ppm	is	an	indication	that	water	is	poorly	buffered	and,	therefore,	very	susceptible	to	changes	in	pH	from	natural	and	man-made	sources.	Figure	13.5	Relationship	of	various	types	of	alkalinity	with	pH.	of	the	polysaccharide	exopolymer	is	produced	until	many	cells	live	in	the	formation	covered	with
this	protective	layer.	The	conglomerate	of	bacteria	and	their	polysaccharide	excretion	is	commonly	referred	to	as	biofilm.	Biofilm	will	cover	most	surfaces	in	a	well,	including	the	pump	and	discharge	piping,	but	the	buildup	in	the	wellscreen,	filter	pack,	and	natural	formation	is	what	will	eventually	plug	off	the	well.	The	collection	of	mineral	particles
trapped	within	a	biofilm	is	referred	to	as	a	biologically	induced	mineralization.	Biofilms	can	be	antagonized	and	will	respond	to	changing	conditions	in	the	well.	Increases	in	oxygen	content	from	aeration	due	to	in-well	mixing	and	cascading	water	often	result	in	excessive	growth	of	certain	bacterial	populations.	Food	sources	coming	into	the	well	with
the	groundwater	may	encourage	growth	and	increase	biofilms,	thus	blocking	more	flow	pathways.	Initial	growths	may	be	due	to	available	nutrients.	The	larger	the	nutrient	base,	the	greater	potential	for	a	problem.	Velocity	increases	due	to	higher	pumping	rates	often	result	in	thicker	biofilm	as	the	bacteria	produce	more	exopolymer	in	an	attempt	to
protect	themselves	from	the	higher	velocity	flow.	Each	bacterium	is	capable	of	producing	at	least	30	to	100	times	its	own	weight	in	exopolymer,	which	can	represent	a	major	maintenance	cost	in	the	frequency	of	maintenance	costs.	Biofilm	is	not	exclusively	one	type	of	bacteria	and	can	be	a	mixture	of	anaerobic	and	aerobic	bacteria	that	can	exist
throughout	the	well	system	and	nature.	Aerobic	bacteria,	which	require	oxygen,	exist	in	the	upper	aerated	portions	of	a	well.	Anaerobes,	bacteria	that	exist	in	oxygen-depleted	conditions,	can	be	found	in	the	deepest	regions	of	the	well	202	THEORY	Figure	13.6	Free-swimming	bacteria	can	attach	themselves	to	a	surface	and	begin	proliferating	to	form
a	mass	of	biofilm.	Courtesy	Water	Systems	Engineering,	Inc.	Figure	13.7	Slime	bacteria	buildup	on	a	submersible	pump.	Courtesy	Moretrench.	where	there	is	less	aeration.	Typically	a	dewatering	well	will	be	pumped	down	to	the	intake	of	the	pump,	which	will	be	set	at	the	bottom	of	the	well,	essentially	aerating	the	full	depth	of	the	well.	And,	as	such,
aerobic	bacteria	are	much	more	prevalent	with	dewatering	than	anaerobic	bacteria.	The	exponential	growth	rates	of	bacteria	can	cause	rapid	changes	in	the	well	environment;	odor	and	color	changes	can	appear	overnight	and	often	a	good	producing	well	loses	capacity	rapidly.	If	the	bacteria	double	every	20	minutes,	in	less	than	three	hours	each
bacterium	can	multiply	500	times.	The	average	growth	rate	of	bacteria	varies	considerably,	but	the	average	is	between	20	minutes	and	3	hours.	If	all	factors	were	perfect,	such	as	food	and	by-product	removal,	and	50%	of	the	flow	pathways	were	plugged,	it	would	take	only	one	generation	(20	minutes	to	3	hours)	to	fill	the	remaining	pathways.	Wells
that	deteriorate	rapidly	can	be	explained	by	the	fact	that	doubling	the	biogrowth	quickly	produces	excessive	populations.	Iron	Bacteria	The	most	prevalent	form	of	biological	incrustation	in	dewatering	work	is	due	to	iron	bacteria	(also	referred	to	as	iron-fixing	bacteria	or	iron-oxidizing	bacteria).	The	iron	bacteria	form	stalks	or	sheaths	of	iron	and	are
the	most	debilitating	biological	incrusting	agent	due	to	the	direct	blockage	of	well	screens	and	gravel	packs.	The	most	well	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	OF	DEWATERING	SYSTEMS	203	Figure	13.8	Biofilm	can	block	the	pathways	through	the	filter	pack	as	well	as	the	screen	openings.	Courtesy	Water	Systems
Engineering,	Inc.	Figure	13.9	The	borehole	interface,	filter	pack,	and	wellscreen	are	susceptible	to	many	forms	of	bacteria.	known	of	this	group	is	Gallionella	ferruginea.	Crenothrix,	Leptothrix,	and	Sphaerotilus	are	also	common.	However	they	facilitate	the	accumulation	of	ferric	(III)	oxide	by	different	mechanisms.	In	Fig.	13.10,	the	stalks	of	the
Gallionella	are	observable.	When	Gallionella	deposits	are	first	formed	they	are	often	found	in	a	soft	form	on	or	near	the	screen	or	intake	areas	of	the	well,	but	will	also	inhabit	the	borehole	walls.	Later,	the	iron	deposit	dehydrates	(chemically	loses	water)	and	forms	a	very	hard	matrix	and	a	formidable	barrier	to	water	flow.	Iron	bacteria	grow	by
producing	enzymes	that	promote	chemical	reactions	involving	iron	within	the	groundwater.	A	by-product	of	the	chemical	reaction	is	the	release	of	a	small	amount	of	energy	that	the	bacteria	then	use	to	grow	and	204	THEORY	Figure	13.10	Stalks	of	Gallionella	at	⬎400	magnification.	The	stalks	can	easily	form	bridging	and	block	flow	paths.	Courtesy
Water	Systems	Engineering,	Inc.	multiply.	The	chemical	reaction	is	similar	to	the	inorganic	incrustation	of	iron,	which	involves	the	oxidization	of	soluble	ferrous	ion	(Fe2⫹)	to	a	ferric	ion	(Fe3⫹).	This	viscous	red	biofilm	covers	discharge	piping,	casing,	screens,	pumps,	filter	packs,	and	the	water	bearing	formation	itself.	Being	aerobic	bacterial
populations,	these	deposits	commonly	form	in	the	upper,	more	aerated	zones	of	the	well	and	plug	screens	and	other	well	flow	areas.	Iron	bacteria	are	native	to	the	ground,	generally	more	so	in	soils	of	higher	hydraulic	conductivity,	and	it	is	the	general	consensus	of	experts	in	the	field,	based	on	both	laboratory	and	field	studies,	that	the	iron	bacteria
are	not	introduced	or	communicated	by	drilling	activities	[13-1].	High	levels	of	iron	are	not	necessary	for	the	development	of	an	iron	bacteria	problem,	but	the	occurrence	is	more	dependent	on	the	right	combination	of	environmental	conditions	that	promote	their	growth.	Similarly,	the	simple	presence	of	the	iron	bacteria	does	not	conclusively	indicate
that	an	iron	incrustation	problem	will	occur.	Bacterial	growth	must	be	supported	primarily	with	the	presence	of	ferrous	ions	(dissolved	iron)	and	aeration	of	the	water	(oxygen),	but	will	also	be	dependent	on	water	temperature,	flow	rate,	concentration	of	inorganic	material,	pH,	and	soils	type.	Some	iron	oxidizing	bacteria	are	actually	associated	with,
or	enhanced	in	growth	by,	the	presence	of	oil	contamination	or	other	organic	nutrients.	Slime-forming	Bacteria	Slime-forming	bacteria	are	members	of	many	of	the	heterotrophic	species	that	inhabit	wells.	The	slime	bacteria	are	the	largest	group	of	water-borne	bacteria	and	include	the	well-known	coliforms.	The	most	common	of	the	slime	formers	are
from	the	families	of	Pseudamonas,	Aerobacter,	Acentobacter,	and	Flavobacter.	They	are	somewhat	more	evenly	spread	out	in	the	well	system	but	usually	collect	more	in	the	aerobic	aquifer	directly	adjacent	to	the	well.	Here,	where	the	aquifer	formation	is	much	closer,	they	are	able	to	build	biofilms	that	are	more	structurally	sound	and	here	they	are
responsible	for	accumulation	of	ferric	oxides.	The	slime	bacteria	can	be	accompanied	by	iron,	and	are	commonly	referred	to	as	iron	bacteria,	but	technically	the	slime	formers	are	not	iron	bacteria	in	the	true	sense.	The	slime	bacteria	can	be	any	color,	or	colorless.	Certain	slime	formers	have	the	ability	to	oxidize	iron	and	are	the	ones	responsible	for
the	iron	deposits	in	the	formation	adjacent	to	the	well.	Dried	slimes	will	have	a	fine,	powder-like	texture,	as	opposed	to	the	deposits	of	iron	bacteria,	which	will	typically	be	red,	and	with	greater	density.	Figure	13.11	Wellscreen	exposed	within	an	excavation.	The	staining	on	the	wellscreen	is	due	to	iron	precipitation	by	iron	bacteria.	Courtesy
Moretrench.	Anaerobic	Bacteria	Anaerobic	bacteria	exist	in	the	absence	of	oxygen	and	are	typically	found	in	the	bottom	of	water	supply	wells,	particularly	if	they	are	created	with	a	bottom	sump	that	sees	little	if	any	aeration.	Sulfate-reducing	bacteria	are	the	most	common	anaerobic	bacteria	encountered	in	dewatering	work.	The	sulfate	bacteria	are
more	prevalent	in	soils	with	low	hydraulic	conductivity	rather	than	more	permeable	clean	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	OF	DEWATERING	SYSTEMS	205	volves	photosynthesis,	which	requires	exposure	to	sunlight;	therefore,	algae	growth	does	not	occur	in	the	dark	environment	of	wells	and	piping	systems.	Algae
can	be	a	nuisance	in	open	pumping	operations,	however.	Once	the	organism	forms,	it	can	clog	pumps	and	piping.	If	the	water	is	to	be	used	for	artificial	recharge	(Chapter	25),	it	must	be	sterilized	to	destroy	the	growths	and	filtered	to	remove	the	residue.	With	ejector	systems,	open-topped	tanks	may	permit	algae	growth	in	the	recirculating	water.
13.7	DEWATERING	SYSTEMS	AND	INCRUSTATION	Figure	13.12	Slime	bacteria	can	form	a	thin	‘‘skin’’	on	pumps	and	motors,	which	restricts	the	proper	cooling	of	the	motors.	Courtesy	Moretrench.	sands	and	gravels.	In	dewatering	applications,	sulfatereducing	bacteria	are	less	common	because	the	entire	well	is	usually	aerated,	but	they	can	be
found	more	often	in	sealed,	vacuum-assisted	deep	wells,	non-operational	wells,	or	wells	that	are	pumped	intermittently	and	where	oxygen	is	depleted.	Sulfate-reducing	bacteria	also	release	hydrogen	sulfide,	which	is	very	corrosive.	Algae	Warm	groundwater	containing	the	proper	organic	nutrients	may	be	conducive	to	the	growth	of	algae.	The	process
in-	The	groundwater	in	most	aquifers	in	a	static	or	nonpumping	condition	is	in	a	state	of	chemical	equilibrium	defined	by	the	solubility	of	the	minerals	of	the	aquifer	soils,	the	pH	and	chemistry	of	the	water	itself,	and	the	nature	of	any	bacteria	that	may	be	present.	In	this	state	of	equilibrium,	it	would	not	be	expected	to	have	a	precipitate	formed	or	to
have	a	deposit	dissolved.	When	pumping	of	a	dewatering	system	commences,	the	balance	is	upset	and	incrustation	may	result.	The	equilibrium	balance	is	disturbed	first	with	just	the	installation	of	the	well.	When	a	water	well	is	drilled,	the	area	around	the	well	borehole	is	highly	aerated,	surrounded	by	the	less	oxygenated,	or	anaerobic,	aquifer
environment	at	depth.	This	condition	provides	a	hospitable	environment	for	aerobic	bacteria.	High	groundwater	velocities	at	the	edge	of	the	well	borehole	or	simply	the	extraction	of	water	from	a	confined	Figure	13.13	Slime	bacteria	buildup	revealed	in	impellers	of	a	disassembled	submersible	pump.	Courtesy	Moretrench.	206	THEORY	aquifer	can
produce	changes	in	pressure,	which	results	in	degassing,	i.e.,	the	release	of	dissolved	gases	from	the	groundwater.	This	pressure	change	or	off-gassing	of	dissolved	gases	from	the	water	entering	the	well	can	also	result	in	an	increase	in	a	specific	ion	or	a	rise	in	the	pH	that	can	subsequently	result	in	precipitation	of	products	like	calcium	carbonate	and
calcium	sulfate.	A	pressure	drop	within	close	proximity	of	a	well	can	release	CO2	gases,	causing	Ca2⫹,	Mg2⫹,	and	Fe2⫹	ions	to	react	with	bicarbonate	and	precipitate	calcium,	magnesium,	and	iron	carbonate	deposits.	The	velocity-induced	pressure	drop	results	in	the	precipitation	of	insoluble	deposits	of	iron	and	manganese	oxides	and	hydroxides.
Changes	in	temperature	can	also	disrupt	the	chemical	equilibrium.	These	temperature	changes	may	be	in	the	ground,	near	the	well,	or	in	the	system	piping.	As	the	temperature	increases,	some	minerals	like	calcium	carbonate	are	less	soluble	and	if	they	are	at	or	near	saturation	level	these	compounds	will	precipitate.	In	addition	to	the	chemical
changes,	slight	variations	in	temperature	can	encourage	the	growth	of	certain	organisms	or	changes	in	the	bacteria	of	an	aquifer	or	well	environment.	The	new	dominant	bacteria	may	alter	the	pH	of	the	water	or	may	directly	affect	the	concentration	of	certain	minerals	present.	Examples	of	direct	change	are	either	the	reduction	or	oxidation	of	iron	by
the	bacteria,	resulting	in	the	deposition	or	dissolving	of	that	metal.	The	soluble	iron	then	moves	toward	the	well,	resulting	in	deposition	after	oxidation	and	red	staining	in	the	distribution	system	Iron	is	the	most	common	incrusting	agent	that	must	be	considered	in	the	design	of	a	dewatering	system.	When	the	concentration	exceeds	2	or	3	ppm	the
problem	can	become	Figure	13.14	The	effects	of	water	velocity	are	pronounced	within	several	inches	(cm)	of	the	wellscreen	as	the	velocity	increases	exponentially	as	it	approaches	the	wellscreen.	This	figure	shows	the	groundwater	velocity	approaching	a	6-in	(75	mm)	wellscreen	for	three	different	flow	rates	with	a	constant	hydraulic	conductivity.
severe.	Iron	concentrations	greater	than	20	ppm	can	be	encountered	occasionally.	In	extreme	cases,	systems	have	lost	half	their	capacity	from	iron	deposition	in	a	matter	of	weeks.	More	commonly,	serious	loss	of	capacity	takes	place	over	a	period	of	months.	Since	the	required	capacity	of	a	dewatering	system	usually	decreases	with	time,	corrective
action	may	not	be	required,	except	in	long-term	dewatering.	The	iron	deposit	builds	up	on	discharge	lines,	reducing	their	capacity,	and	plugs	the	intake	screens	and	impellers	of	pumps,	sometimes	to	the	extent	that	they	overheat	and	seize,	with	resultant	damage.	Wellscreens	and	sand	filters	become	clogged,	restricting	water	inflow.	When	the
potential	exists	for	incrustation,	a	deep	well	system	should	be	constructed	with	the	following	considerations:	•	If	bacteriological	activity	is	anticipated,	a	polymer	•	•	•	drilling	fluid	rather	than	a	guar	gum-based	drilling	fluid	should	be	considered	if	drilling	mud	will	be	lost	to	the	formation.	A	guar	gum-based	drilling	fluid	may	provide	a	food	source	for
bacteria.	The	wells	should	not	be	constructed	with	‘‘sumps’’	(i.e.,	blank	casing	sections)	below	the	screen.	The	sump	is	a	haven	for	bacteriological	growth,	typically	sulfatereducing	bacteria.	Where	possible,	shrouds	should	not	be	installed	over	submersible	pumps.	A	shroud	is	also	a	breeding	ground	for	bacteriological	activity.	If	motor	cooling	is	a
problem,	a	bypass	line	(Chapter	26)	can	be	employed.	The	wellheads	should	be	constructed	with	the	appropriate	fittings	for	‘‘light’’	acid	treatments,	i.e.,	acid	recirculation	and	pumping.	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	•	High-quality	throttling	valves	should	be	installed	in	the	•	•	•	•	individual	well	discharge	swings
and	a	water	level	observation	tube	installed	within	the	well	casing	so	that,	if	at	all	possible,	the	wells	can	be	‘‘tuned’’	to	maintain	some	height	of	water	over	the	intake	of	the	pump	to	minimize	aeration	of	the	water,	which	will	encourage	bacterial	growth.	High-quality	wellscreen	with	a	high	percentage	of	open	area	will	minimize	screen	entrance
velocity,	which	will	in	turn	reduce	the	tendency	for	precipitation	at	the	screen	entrance.	Similarly,	proper	well	development	will	provide	assurance	that	the	flow	to	the	well	is	evenly	dispersed	out	through	the	borehole	interface	rather	than	channeling	through	the	more	open	areas	of	a	poorly	developed	well.	Galvanized	wellscreens	are	not
recommended,	since	they	may	be	damaged	by	acidization	treatments.	Plastic	or	stainless	steel	is	preferred.	Discharge	piping	may	be	oversized	to	permit	the	buildup	of	material	with	minimal	restriction	to	flow.	Recommended	additional	instrumentation	includes	extra	piezometers,	and	an	observation	tube	inside	the	well	casing	to	accurately	measure
the	well	operating	level.	Means	for	measuring	well	discharge	should	also	be	provided.	The	degree	of	iron	fouling	of	a	deep	well	system	is	significantly	influenced	by	the	exposure	of	the	pumps	to	the	atmosphere.	The	aeration	of	the	water	in	a	surging	submersible	pump	(i.e.,	one	that	is	‘‘sucking	air’’)	can	rapidly	oxidize	soluble	iron	and	create	an	iron
buildup	in	the	discharge	piping	downstream	of	the	pump(s).	There	are	ways	to	construct	and	operate	a	deep	well	system	so	that	the	operating	level	in	the	well	is	maintained	at	a	constant	level	OF	DEWATERING	SYSTEMS	207	above	the	intake	of	the	pump	and,	although	costly	to	install,	the	cost	may	be	a	fraction	of	the	cost	for	treatment	for	iron
bacteria	incrustation	over	the	life	of	a	long-term	dewatering	project.	In	a	competitive	bid	environment,	and	where	the	potential	impact	of	iron	incrustation	may	be	severe,	the	owner	or	engineer	should	perform	some	prebid	groundwater	analyses	to	evaluate	the	potential	severity	of	iron	fouling	and	specify	such	provisions	to	maintain	operating	levels	in
the	wells	if	the	potential	for	iron	fouling	is	high.	Ejector	systems	are	particularly	sensitive	to	iron	deposition	and	the	growth	of	iron	bacteria.	The	extreme	pressure	changes	that	the	water	experiences,	as	well	as	the	aeration	that	occurs	at	the	nozzle,	aggravate	the	conditions	that	cause	precipitation.	The	recirculation	inherent	in	an	ejector	system
(Chapter	20)	tends	to	retain	the	suspended	precipitates	within	the	system	until	they	eventually	adhere	to	the	venturis	or	the	piping,	and	plug	them.	The	effect	can	be	ameliorated	by	addition	of	sequesterants	like	sodium	hexametaphosphate	to	keep	the	iron	in	solution.	The	quantity	of	sequesterant	required	involves	a	complex	relationship	between	the
quantity	of	water	pumped,	the	concentration	of	iron	or	manganese	to	be	sequestered,	and	the	hardness	of	the	water.	Different	sequesterants	may	have	varying	effectiveness.	When	the	quantity	of	sequesterant	required	becomes	economically	excessive,	it	may	be	advisable	to	use	a	continuous	or	‘‘once-through’’	freshwater	supply	to	eliminate
recirculation.	Deep	wells	and	ejectors	are	more	sensitive	to	bacteriological	problems	and	incrustation	because	they	are	typically	operated	with	the	wells	drawn	down	to	the	intake	of	the	pumps	or	ejector	bodies,	resulting	in	several	pressure	changes	and	significant	aeration	of	the	water.	A	wellpoint	system	is	less	sensitive	than	deep	wells	or	ejectors
because	less	ambient	air	is	introduced	to	the	process.	The	amount	Figure	13.15	Iron	bacteria	buildup	in	a	discharge	manifold.	When	iron	bacteria	is	anticipated,	the	discharge	piping	can	be	oversized	to	accommodate	some	iron	buildup.	Courtesy	Moretrench.	208	THEORY	Figure	13.16	Stalks	of	iron	bacteria	trapped	on	the	screen	from	an	ejector	well
swing	connection.	The	buildup	shown	is	from	approximately	one	day	of	system	operation.	Courtesy	Moretrench.	of	air	drawn	into	the	system	will	vary	with	the	amount	of	exposed	or	‘‘dry’’	screen	and	the	ability	of	the	dewatered	soil	to	transmit	air.	If	groundwater	treatment	is	required	for	the	removal	of	groundwater	contamination,	this	should	also	be
considered	in	the	selection	of	treatment	equipment.	If	high	iron	and/	or	iron	bacteria	are	present,	this	may	be	problematic	for	bag	filters	and	carbon,	which	can	be	quickly	and	thoroughly	fouled	within	days.	In	some	cases,	a	sequestering	agent	must	be	added	into	the	discharge	stream	to	keep	iron	in	suspension	so	that	the	water	can	pass	through	the
treatment	system	without	precipitating	out.	The	continuous	injection	of	a	sequestering	agent	may	be	costly,	but	necessary	to	maintain	continuous	operation	and	proper	performance	of	the	system.	13.8	FIELD	EVALUATION	OF	WELL	FOULING	Schnieders	[13-1]	has	suggested	that	the	loss	of	10%	or	more	pumping	capacity	of	a	water	supply	well	will
usually	indicate	movement	of	the	blockage	zone	further	from	the	well	center.	A	10%	loss	in	capacity	is	very	difficult	to	discern	in	a	dewatering	well	whose	performance	or	yield	is	affected	by	other	conditions	such	as	the	interference	from	the	surrounding	wells	and	the	typical	reduction	in	well	yield	with	dewatering	of	the	formation.	For	a	dewatering
well,	the	following	are	telltale	indications	that	an	incrustation	problem	may	be	occurring:	•	Discoloration	and	deposition	of	material	at	the	dis•	•	charge	location.	Red-staining	will	indicate	the	presence	of	iron.	The	well	yields	will	drop	slowly	after	steady-state	pumping	conditions	have	been	achieved,	with	an	accompanying	rise	in	piezometer	levels.
The	operating	levels	in	the	wells	will	start	to	rise	above	the	intake	on	the	pumps.	This	occurs	as	the	pumps	or	discharge	piping	feels	the	restriction	of	the	incrustation.	Some	bacteriological	deposits	will	quickly	coat	the	sub-	mersible	pump	motors,	inhibit	their	proper	cooling,	and	the	pumps	will	subsequently	overheat	and	possibly	burn	up.	When	iron
and	iron	bacteria	incrustation	is	suspected,	cutting	a	small	section	out	of	a	well	discharge	swing	connection	will	provide	a	quick	check	of	conditions.	Just	downstream	of	the	submersible	pump,	where	significant	aeration	occurs,	the	swing	connection	is	a	piping	section	where	the	iron	incrustation	will	typically	appear	first,	if	at	all.	Field	Sampling	and
Testing	of	Groundwater	To	evaluate	a	well-fouling	condition,	water	samples	should	be	obtained	from	the	well	in	a	non-pumping	condition	and	from	the	pumping	well	after	at	least	several	hours	of	operation.	Comparison	of	these	samples	provides	valuable	information	about	well	activity.	The	non-pumping	sample	should	indicate	what	type	of	mineral
deposit	or	biological	mass	is	affecting	the	well	system	or	water	flow.	The	pumping	sample	will	provide	the	best	picture	as	to	what	may	have	happened	to	the	well	since	it	will	represent	the	water	continually	passing	through	the	gravel	pack	and	screen	areas,	those	areas	most	often	clogged	with	the	blockage.	Unless	purged,	stagnant	water	from
piezometers	may	contain	iron	or	other	corrosion	products	that	may	provide	misleading	information.	Samples	from	borings	are	contaminated	by	the	drilling	process.	Suction	pumping	is	less	desirable	than	a	pump	in	the	well,	since	the	vacuum	may	draw	off	gases	of	interest.	Air	lift	pumping	can	seriously	modify	the	sample.	The	ideal	sample	is	taken
from	the	test	well	during	a	pumping	test.	Certain	tests	should	be	made	in	the	field	immediately	on	sampling,	since	the	results	can	change	en	route	to	the	laboratory.	These	tests	include	•	The	concentration	of	gases,	particularly	carbon	dioxide	•	(CO2),	hydrogen	sulfide	(H2S),	and	dissolved	oxygen,	all	potentially	corrosive	agents	pH,	which	can	change
if	the	gases	are	lost	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	•	Temperature,	which	affects	corrosion	rates,	and	is	also	•	needed	to	correct	pH	to	standard	conditions	Iron	concentration,	which	may	change	due	to	oxidation	from	exposure	to	air	or	sunlight	Field	Analysis	of	Incrustation	While	analysis	of	the	well	water	is	far	more
important	in	determining	the	type	of	blockage	that	can	be	present	in	a	plugged	well,	a	sample	of	the	incrustation	will	provide	valuable	information	also.	Observation	should	first	be	made	as	to	color	and	density	of	the	sample:	Black	deposit	Dark	to	reddish	brown	Bright	yellow	Light	tan	deposit	Very	light	color	to	white	Very	heavy	or	dense	deposit	Very
light	or	lowdensity	deposit	May	indicate	an	iron	sulfide	or	a	manganese	deposit	Usually	indicates	a	ferric	(Fe3⫹)	iron	deposit	Most	probably	sulfur,	usually	seen	high	up	on	the	drop	piping	and	casing,	often	above	the	water	level	A	mixture	of	calcium	and	magnesium	carbonate	Calcium	carbonate,	usually	seen	with	other	minerals	providing	additional
colors	Usually	predominantly	mineral	Considerable	biological	material	present	Placement	of	a	few	drops	of	dilute	hydrochloric	acid	or	muriatic	acid	on	the	incrustation	may	elicit	some	additional	information:	1.	Considerable	foaming	or	frothing	will	indicate	a	carbonate	(calcium,	magnesium,	or	iron).	2.	Hydrogen	sulfide	gas	or	rotten	egg	odor
indicates	iron	sulfide	present.	3.	A	strong	chlorine	odor	will	indicate	the	possible	presence	of	manganese	dioxide.	4.	No	effervescent	or	frothing	or	odor	usually	indicates	the	presence	of	iron	oxide,	calcium	sulfate,	or	silica.	13.9	REHABILITATION	AND	MAINTENANCE	The	incrustation	and	consequent	blockage	of	water	flow	to	a	well	occurs	over	time,
typically	with	the	initial	blockage	forming	on	or	near	the	screen.	In	an	iron-rich	environment,	this	area	is	subject	to	oxidation	as	ferrous	(soluble)	iron	enters	the	more	oxygenated	water	of	the	well	or,	to	a	lesser	degree,	mineral	incrustation	due	to	precipitation	following	pH	change	as	the	aquifer	water	is	degassed	with	the	pressure	drop	caused	by
dewatering.	Various	bacterial	activities	also	encourage	deposits	in	this	area.	The	water	flow	is	restricted	as	it	enters	the	well	and	the	deposits	occur	and	bacteria	grow	OF	DEWATERING	SYSTEMS	209	(which	often	precedes	mineral	deposits)	more	abundantly	in	the	restricted	water	channels.	Gradually	the	blockage	moves	outward	from	the	well
center,	becoming	denser	and	more	difficult	to	remove.	The	gradual	formation	of	the	blockage	depends	to	a	great	extent	on	the	initial	formation	or	deposit.	If	periodic	or	preventative	cleaning	is	scheduled,	the	progression	of	incrustation	and	the	more	severe	and	incapacitating	blockage	can	be	averted.	There	are	many	possible	degrees	of	well
rehabilitation	effort.	It	is	beneficial	with	dewatering	work	to	address	bacterial	incrustation	early	on	so	that	a	‘‘light’’	preventative	cleaning	may	be	sufficient	rather	than	a	full-force	well	rehabilitation.	A	‘‘light’’	cleaning	can	be	defined	as	one	that	can	be	performed	without	removal	of	the	submersible	pump,	brushing	of	the	interior	of	the	screen,	or
redevelopment	by	mechanical	surging	(the	elements	that	would	constitute	a	full	well	rehabilitation).	Light	cleaning	can	be	successful	in	removing	the	initial	deposits	of	both	mineral	and	bacteriological	incrustations.	Light	cleaning	without	removing	the	pump(s)	is	preferred	because	it	can	be	performed	at	less	cost	and	with	less	down	time.	A	light
cleaning,	while	supplying	some	agitation,	is	only	of	limited	effectiveness	in	treating	deeply	rooted	incrustations	that	have	propagated	well	out	into	the	filter	column.	The	need	for	light	cleaning	or	full	well	rehabilitation	should	be	evaluated	based	on	the	nature	and	severity	of	the	incrustation.	Laboratory	studies	have	shown,	and	field	use	has	proven,
that	light	cleaning	involving	movement	or	circulation	of	well	treatment	chemicals	(usually	acid	and	a	biodispersant)	in	the	immediate	well	is	effective	in	dissolving	the	initial	deposits	of	mineral	and	bacterial	origin.	The	in-well	submersible	pump	can	be	used	to	circulate	a	light	acid	and	biodispersant	mixture	downhole	and	impart	agitation.	When	the
solution	has	been	circulated	sufficiently,	it	is	pumped	from	the	well	and	the	well	is	pumped	to	waste	until	the	pH	has	returned	to	normal	and	the	well	can	be	returned	to	service.	The	well	design	should	include	the	installation	of	piping	or	other	mechanisms	to	facilitate	the	addition	and	recirculation	of	acid	and	other	treatment	chemicals.	The	acids	can
be	formulated	so	as	not	to	chemically	damage	the	pumps,	but	the	by-products	of	treatment	may	be	harmful	to	them.	When	there	is	a	very	large	quantity	of	soft	iron	in	the	well,	the	acid	may	loosen	it	without	achieving	full	solution	and	the	softened	material	may	enter	the	pump	and	cause	it	to	seize.	If	the	deposit	is	in	the	form	of	hard	carbonates,	it	may
break	away	from	the	screen	during	treatment	in	relatively	large,	undissolved	pieces,	which	can	jam	in	the	pump.	The	frequency	of	maintenance	events	can	only	be	determined	on	a	project-to-project	basis;	there	is	no	simple	‘‘rule	of	thumb.’’	For	the	sake	of	minimizing	cost	to	the	project,	the	maintenance	events	are	often	spaced	almost	to	the	point	at
which	cleaning	or	removal	becomes	critical	before	the	deeper	blockage	occurs.	Following	the	first	maintenance	event,	if	wells	show	a	loss	in	flow	rate	with	a	corresponding	groundwater	rise	on	a	certain	cycle,	such	as	210	THEORY	every	four	months,	then	a	three-month	treatment	schedule	is	a	reasonable	schedule	to	follow.	More	frequent	cleaning
will	require	far	less	chemical	and	mechanical	effort	than	attempting	to	rehabilitate	a	well	that	has	deeply	rooted	blockage.	It	has	been	the	experience	of	the	authors	that	in	high	iron	and	iron	bacteria	environments,	deep	well	systems	will	require	light	maintenance	events	every	2.5	to	3.5	months.	Acid	Treatment	Acids	are	used	to	chemically	dissolve
incrustation	formed	in	a	well.	Acids,	particularly	mineral	acids,	are	used	primarily	for	the	dissolution	of	mineral	deposits	or	those	incrustations	which	incorporate	minerals	into	a	biological	matrix.	Mineral	acids	typically	are	not	effective	at	killing	bacteria,	but	they	are	used	to	dissolve	the	oxides	formed	by	bacteriological	growth.	A	purely	mineral
incrustation	may	be	treated	simply	with	a	mineral	acid.	Successful	remediation	of	incrustations	consisting	of	both	biological	and	mineral	makeup	(such	as	the	incrustation	of	iron	bacteria)	requires	the	breakup	and	removal	of	the	bacterial	mass	and	associated	insoluble	precipitants	as	well	as	sterilizing	the	well	screen,	pump	and	adjacent	aquifer	area
to	reduce	the	remaining	residual	bacteria	population.	To	remove	bacteria	from	the	well,	the	chemical	treatment	must	be	capable	of	penetrating	the	biofilm,	attacking	the	live	bacteria,	dissolving	the	decaying	debris	totally	so	the	nutrient	is	gone,	and	removing	everything	from	the	well.	Biological	and	mineral	incrustation	typically	is	treated	by	a
combination	of	an	acid	and	a	polymeric	biodispersant.	Polymeric	biodispersants	(also	referred	to	as	dispersants	or	enhancers)	have	been	developed	in	the	last	few	years	to	provide	improved	mineral	and	biological	substance	dissolution	and	removal.	Polymeric	dispersants	are	synthetic	polymers	utilized	in	conjunction	with	an	acid	to	block	the	attraction
of	positive	and	negative	forces	and	provide	the	maximum	dispersion	of	dissolved	solids	and	breakup	of	biofilm	exopolymers,	which	can	be	very	resistant	to	chemical	cleaning.	The	use	of	a	polymeric	dispersant	increases	the	penetration	of	an	acid	into	an	incrustation,	enabling	the	acid	to	function	more	effectively.	Additionally,	the	dispersant	action
prevents	the	reformation	of	mineral	agglomerations	once	they	have	been	dissolved	by	an	acid	reaction.	Dispersants	also	provide	some	corrosion	protection	for	metal	surfaces,	by	acting	to	break	up	the	protective	bacterial	polysaccharide	biomaterial,	so	the	polysaccharide	material	can	be	effectively	suspended	in	solution	and	removed	from	the	well
with	the	bulk	water	flow.	Effective	cleaning	concentrations	range	from	as	little	as	–12	to	5%	of	the	treatment	volume	(well	casing	plus	filter	pack	volume).	Surfactants	can	also	be	introduced	in	the	rehabilitation	chemistry	to	reduce	the	surface	tension	of	the	aqueous	treatment	mix	to	increase	penetration.	Surfactants	can	also	be	referred	to	as	wetting
agents	and	surface	active	agents.	Well	Treatment	Acids	The	mineral	acids	most	often	used	are	hydrochloric	and	sulfamic	acid.	Phosphoric	acid	is	becoming	more	popular	due	to	the	handling	safety,	and	to	the	very	limited	corrosivity	of	this	acid	compared	to	hydrochloric	and	sulfamic	acid.	The	latter	two	are	often	used	with	inhibitors.	The	inhibitors	act
to	prevent	attack	of	sound	metal	components	that	come	in	contact	with	the	acid.	Unfortunately,	the	inhibitors	will	break	down	in	the	cleaning	solution	during	the	rehabilitation	effort,	allowing	extensive	corrosion	to	take	place	once	the	inhibitor	is	expended.	Of	the	three	mineral	acids	most	often	used	for	well	cleaning,	hydrochloric	acid	is	the	most
universal	as	a	solvent	of	mineral	deposits.	It	is	quick	acting	and	relatively	inexpensive.	The	reaction	with	hydrochloric	acid	is	particularly	violent,	however,	when	calcium	deposits	are	present.	The	acid	can	release	hydrogen	chloride,	so	fumes	from	the	acid	solution	are	dangerous,	even	lethal,	upon	inhalation.	In	addition	to	the	personal	safety	issues,
the	acid	is	very	corrosive	to	steel	and	to	stainless	steel	in	particular.	Hydrochloric	acid	(HCl)	is	usually	supplied	as	laboratory	grade,	which	is	approximately	38%	concentration	of	HCl	in	solution,	or	as	commercially	available	grades	ranging	in	strength	from	28	to	31%	concentration	HCl.	To	effectively	treat	a	well	casing	with	a	severe	case	of
incrustation,	it	may	be	necessary	to	create	a	HCl	solution	in	the	well	water	of	between	5	and	15%.	Time	of	treatment	required	may	be	between	12	and	24	hours.	In	milder	cases,	lesser	concentrations	and	shorter	periods	may	be	adequate.	The	total	amount	of	acid	must	be	sufficient	to	react	with	the	incrusting	materials	before	it	is	expended.	The	time
of	treatment	must	be	sufficient	for	the	reaction	to	take	place.	Strong	acid	concentrations	take	effect	more	rapidly	because	of	the	violent	agitation	associated	with	the	reaction.	Sulfamic	acid	is	a	granular	acid	and	is	commonly	used	with	dewatering	wells	because	of	its	ease	of	transportation	and	handling.	In	severe	cases	of	incrustation,	its	use	is
expensive	and	only	partially	effective.	The	use	of	sulfamic	acid	will	create	further	problems	if	calcium	sulfate	is	present	in	the	well	or	if	the	water	contains	a	high	concentration	of	calcium	hardness	and	sulfates.	Sulfamic	acid,	once	dissolved	is	subject	to	hydrolysis,	a	reaction	that	converts	the	very	soluble	sulfamate	ion	to	sulfate,	which	in	actuality
produces	sulfuric	acid.	While	this	is	a	strong	acid,	the	presence	of	the	sulfate	ion	prevents	any	further	dissolution	of	gypsum	or	other	sulfate	mineralization	and	promotes	precipitation	of	these	salts	when	the	pH	rises	with	calcium	present.	Phosphoric	acid	will	dissolve	most	or	all	of	the	same	products	as	the	hydrochloric	acid,	particularly	if	a	strong
organic	dispersant	is	used.	It	is	a	slower	reacting	acid,	however,	and	is	available	in	food-grade	quality	to	a	greater	extent	than	any	other	acid.	Concentrations	usually	available	are	75	and	85%,	requiring	less	volume	of	acid	to	be	handled	and	transported.	No	gaseous	fumes	are	given	off,	but	sprays	or	liquid	mists	are	acidic.	Corrosion	activity	against
most	metals	is	very	limited	compared	to	hydrochloric	or	sulfamic	acid.	Phosphoric	acid	is	very	effective	with	iron	and	manganese	compounds	because	of	its	ability	to	sequester	these	metals.	The	acid	should	always	be	used	with	a	strong	polymeric	(nonphos-	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	OF	DEWATERING	SYSTEMS
211	Table	13.2	Well	Treatment	Acids	(after	Schnieders)	Appearance	Hydrochloric	acid	Sulfamic	acid	Phosphoric	acid	Slight	yellow	liquid	White	crystal	HCl	HSO3NH2	36.47	Formula	Molecular	weight	Type	Hydroxyacetic	acid	Citric	acid	Clear	liquid	Clear	liquid	White	crystal	H3PO4	CH2OHCOOH	C6H8O7	97.1	98.0	76.05	192.12	Organic	Mineral
Mineral	Mineral	Organic	Hazardous	fumes	High	None	None	Some	None	Relative	strength	Strong	Medium	Medium	Weak	Weak	0.6	1.2	1.5	2.33	2.6	1	⬍2	4–5	4–5	4–5	Very	high	Moderate	Slight	Slight	Slight	Very	good	Good	to	poor	Very	good	Poor	Very	good	Good	(initially)	Fair	Poor	Very	good	Good	to	poor	Good	Poor	Poor	to	fair	Very	poor	Good
Moderately	good	Poor	Very	poor	Very	good	Poor	0.73	2.0	0.65	4.5	4.0	pH	at	1%	Relative	reaction	time	1		fast,	10		slow	Corrosiveness	to	Metals	Reactivity	with:	Carbonate	scale	Sulfate	scale	Fe	/	Mn	oxides	Biofilm	Pounds	of	acid	(100%)	required	to	dissolve	1	lb	of	calcium	carbonate	phate)	dispersant	as	this	will	prevent	the	formation	of	phosphate
salts	which	could	enhance	bacterial	activity	if	left	behind.	The	quantity	of	mineral	acid	used	in	well	cleaning	should	be	based	on	the	potential	for	calcite,	gypsum,	and	iron	or	manganese	oxide	incrustation	formation	in	the	particular	well.	A	comprehensive	water	analysis	will	enable	evaluation	of	the	potential	for	all	or	any	of	the	above	mentioned
compounds	to	form	an	incrustation	and	estimation	of	the	appropriate	concentration	of	acid	solution	to	be	created	in	well	water.	Table	13.3	provides	a	listing	of	some	basic	parameters	that	can	be	used	when	evaluating	a	water	analysis.	Carbonates	have	the	highest	potential	for	neutralizing	acids	down-hole;	therefore,	if	present,	they	are	the	controlling
factor	in	the	concentration	needed.	Calcium	sulfate	or	gypsum	and	both	iron	and	manganese	oxides	will	require	an	acid	solution	to	be	developed	in	the	well	water	with	a	pH	at	least	as	acidic	as	2.0	to	provide	effective	dissolution	of	the	blockage.	Strong	acids	are	hazardous,	and	appropriate	safety	procedures	must	be	employed.	Personnel	should	be
protected	Table	13.3	Approximate	Recommended	Acid	Concentrations	(%)	in	Solution	of	Well	Water	for	Various	Water	Quality	Conditions	High	carbonate	and	sulfate	potential	10–12	Some	carbonate	/	sulfate	or	strong	iron	/	manganese	8–10	Moderate	mineral	potential	with	no	heavy	deposits	6–8	No	mineral	deposit	expected,	water	pH	below	7.0	3–5
No	alkalinity	and	pH	below	6.0	3	with	rubber	clothing,	gloves,	and	plastic	face	shields.	Transferring	the	acid	with	a	hand	pump	is	preferable	to	pouring	it	from	large	containers.	The	wellhead	or	pump	house	must	have	adequate	ventilation,	since	the	by-products	of	acidization	include	gases,	notably	carbon	dioxide	and	chlorine	gases.	There	have	been
fatalities	when	acidizing	in	confined	areas,	due	to	displacement	of	oxygen	by	the	heavier	CO2	and	chlorine	gases.	Generally,	lighter	doses	of	both	the	acid	and	the	polymer	dispersant	are	used	for	light	well	treatment	as	opposed	to	the	concentrations	chosen	for	full	rehabilitation.	Acid	concentration	from	2	to	5%	and	enhancer	concentration	from	0.5	to
1.5%	are	usually	the	norm,	depending	on	the	chemistry	and	the	biological	activity.	Well	Acidization	Process	Well	acidization	for	full	well	rehabilitation	generally	consists	of	the	following	steps:	1.	Based	on	the	nature	of	the	incrustation,	determine	the	correct	acid,	concentration,	and	volume.	The	strength	of	the	acid	should	reflect	the	geology,	well
chemistry,	and	severity	of	the	incrustation.	The	acid	concentration	requirement	may	be	as	high	as	10	to	12%	if	carbonate	alkalinity	is	in	the	range	of	200	ppm	or	greater.	The	required	volume	of	acid	is	calculated	from	the	standing	well	casing	volume	plus	the	volume	of	the	pore	space	of	the	filter	pack.	2.	Remove	the	pump,	wire	brush	the	well,	and
remove	all	the	debris	by	bailing	or	airlifting.	3.	Add	the	acid	to	the	well	and	surge	or	pump	to	mix	the	acid.	212	THEORY	4.	After	a	brief	mixing	with	the	acid,	add	the	biodispersant	or	enhancer,	if	required,	and	surge	to	force	the	chemicals	into	the	filter	pack.	Follow	the	manufacturer’s	recommendation	for	the	enhancer	product	or	biodispersant,	if
used.	5.	Surge	or	agitate	the	well	for	a	period	of	time	relative	to	the	degree	of	plugging.	Agitation	of	the	well	should	be	performed	in	such	a	manner	as	to	keep	the	chemicals	in	the	well,	localize	the	agitation	to	the	more	productive	sections	of	screen,	and	provide	the	same	two-directional	flow	condition	generated	during	initial	well	development.
Agitation	can	be	provided	by	‘‘bumping’’	with	a	submersible	pump	or	a	loose-fitting	surge	block	with	gentle	action	so	as	not	to	damage	the	well	if	it	is	constructed	with	PVC.	If	aerobic	bacteria	are	present,	agitation	with	compressed	air	is	not	recommended	since	it	can	actually	encourage	bacterial	growth.	Typically,	30	to	60	minutes	of	surging	is
sufficient	for	smaller	diameter	wells	(less	than	8	in.	[200	mm]).	Larger	wells	may	require	as	much	as	3	minutes	per	foot	(0.3	m)	of	screen.	Check	the	pH	periodically	and	add	additional	acid	if	the	pH	rises	above	3.	6.	Let	the	well	stand	overnight	to	permit	adequate	contact	time	for	the	chemicals.	Thick	biofilms	and	the	more	dense	scales	(sulfates	and
iron	oxides)	should	be	given	longer	contact	times.	7.	Surge	the	well	again	lightly	on	day	2	and	pump	off	the	spent	acid	immediately	following	the	second	surging.	Treat	any	discharge	in	accordance	with	local	regulations.	The	chemicals	may	need	to	be	neutralized	with	soda	ash	prior	to	disposal.	Do	not	neutralize	in	the	well	because	this	may	cause	the
incrustation	materials	to	precipitate	out	within	the	well.	8.	Pump	the	well	until	the	pH	returns	to	the	pH	of	the	well	water	before	cleaning.	If	the	acidization	is	preventative	maintenance,	or	a	light	cleaning,	the	pump	can	remain	in	place.	Mixing	of	the	chemicals	can	be	accomplished	in	the	well	but	agitation	is	necessary	to	ensure	distribution.	Mixing
and	surging	can	be	accomplished	by	‘‘bumping’’	the	pump,	allowing	the	water	to	rise	to	the	surface	in	the	discharge	pipe	and	then	to	fall	back.	The	pump	discharge	can	be	bypassed	back	into	the	well	and	the	pump	operated	in	short	bursts.	It	is	sometimes	difficult	to	fully	remove	the	incrusting	materials	with	acid.	The	remaining	deposits	will	have
been	loosened	by	the	treatment	but	retain	enough	strength	to	resist	removal	by	normal	pumping	action.	This	is	particularly	true	if	the	deposit	has	formed	in	the	filter	gravel	outside	the	screen.	In	such	cases,	the	well	can	be	restored	to	good	efficiency	by	redevelopment,	using	the	procedures	in	Chapter	18.	Sometimes	it	is	necessary	to	repeat	the
acidization	and	redevelopment	several	times.	An	acid	treatment	program	may	improve	the	performance	of	a	well	as	illustrated	in	the	following	sample	problem.	Suppose	it	is	desired	to	clean	the	iron-incrusted	well	illustrated	in	Fig.	13.17.	Table	13.4	gives	the	operating	data	of	the	well	at	the	time	of	construction,	and	after	several	months	of	operation,
with	the	water	table	lowered.	Note	that	the	pump,	which	has	a	capacity	of	150	gpm	(570	L/min),	at	these	heads	is	pumping	only	40	gpm	(150	L/min),	but	is	unable	to	fully	evacuate	the	well.	It	is	probable	that	it	is	partially	clogged.	Further,	the	total	well	loss,	as	estimated	from	a	recovery	test	(Chapter	18),	is	31	ft	(9.4	m)	at	40	gpm	(150	L/min),
whereas	when	constructed	it	was	only	7	ft	(2.1	m)	at	150	gpm	(570	L/min).	From	observation	of	the	operating	level	in	the	filter	piezometer,	15	ft	(4.6	m)	of	the	present	well	loss	seems	to	occur	in	the	screen	opening,	with	the	balance	in	the	filter	or	at	the	interface	between	the	filter	and	the	soil.	Table	13.4	shows	that,	after	the	first	acidization	at	the
given	concentration,	the	discharge	has	increased	to	50	gpm	(190	L/min),	partly	because	of	cleaning	the	pump,	and	also	because	of	some	improvement	in	well	loss.	Note	that	the	screen	loss	has	improved	considerably,	but	the	filter	hardly	at	all.	In	fact,	at	the	higher	Q	the	filter	loss	has	actually	increased	substantially.	The	pump	is	removed	and	the	well
redeveloped	with	mechanical	surging.	After	several	hours	an	increase	in	discharge	is	noted.	With	each	surge	cycle,	red	iron	color	stains	the	discharge	water,	and	particles	of	undissolved	iron	are	observed.	It	is	concluded	that	a	substantial	volume	of	incrustation	remains,	and	is	responding	to	mechanical	action	very	slowly.	The	acid	treatment	is
repeated,	at	half	the	first	concentration,	and	the	well	again	redeveloped.	Subsequent	test	results	are	shown	in	Table	13.4.	The	discharge	has	doubled,	with	only	a	slight	increase	in	loss.	The	well	has	still	not	been	fully	restored,	partly	because	the	water	table	has	been	lowered,	but	partly	because	some	incrustation	remains.	The	data	of	the	sample
problem	have	been	simplified,	but	are	fairly	typical.	It	should	be	noted	that	the	restoration	would	have	been	less	costly	and	more	effective	if	the	incrustation	had	not	been	permitted	to	progress	so	far.	In	extreme	cases	the	treatment	may	fail,	since	it	depends	partly	on	inflowing	water	to	clear	the	blockage.	When	incrustation	is	anticipated,	well
performance	should	be	monitored	closely	and	corrective	measures	instituted	in	a	timely	manner.	Chlorine	Treatment	(for	Well	Disinfection)	Chlorination,	when	performed	properly,	is	a	good	follow	up	to	acidization	when	treating	wells	for	bacteriological	incrustation.	The	acidization	is	effective	in	cleaning	the	well	from	the	effects	of	the	bacteria	and
the	chlorine	is	excellent	for	removal	of	the	free	swimming	bacteria	often	present	in	large	concentrations	following	physical/acid	cleaning.	These	free	swimmers	would	typically	cause	regrowth	of	larger	patches	of	biofilm	over	a	wide	surface	area	within	the	well.	It	should	be	noted	that	it	is	almost	impossible	to	completely	remove	all	the	bacteria
(because	they	are	native	to	the	aquifer	rather	than	introduced	by	the	well),	and	that	the	intent	of	disinfection	is	to	reduce	the	amount	of	bacterio-	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	OF	DEWATERING	SYSTEMS	213	Figure	13.17	Acidization	well	detail.	Table	13.4	Acidization	Testing	At	time	of	construction	Depth	to	static
level	A	ft	(m)	Depth	to	operating	level	B	ft	(m)	Depth	to	level	outside	well	C	a	ft	(m)	Depth	to	level	in	filter	piezometer	D	ft	(m)	Entrance	filter	loss	D⫺C	ft	(m)	5	(1.5)	20	(6.1)	13	(4)	19.5	(6)	Before	acidization	25	(7.6)	60	(18.3)	29	(8.8)	50	(15.2)	16	(4.9)	15	After	first	acidization	25	(7.6)	70	(21.3)	30	(9.1)	65	(19.8)	30	(9.1)	10	After	second	acidization	and
redevelopment	25	(7.6)	70	(21.3)	35	(10.7)	68	(20.7)	33	(10.1)	2	a	6.5	(2)	Screen	loss	B⫺D	ft	(m)	0.5	(0.2)	Total	loss	B⫺C	ft	(m)	Q	gpm	(L	/	min)	7	(2.1)	150	(570)	(4.6)	31	(9.4)	40	(150)	(3)	40	(12.2)	50	(190)	(0.6)	35	(10.7)	80	(300)	From	Recovery	Test,	Fig.	9.18.	logical	activity,	not	totally	eradicate	it.	Any	well	disinfection	measure	is	temporary	at	best.
Chlorine	or	one	of	its	formulations	is	an	effective	oxidizer,	and	is	the	oxidizer	of	choice	for	water	well	disinfection.	Technically,	it	is	available	as	chlorine	gas,	as	5,	10,	12,	and	15%	solutions	of	sodium	hypochlorite,	and	in	a	powder	form	as	calcium	hypochlorite	with	65	to	70%	available	chlorine.	Chlorine	gas	is	usually	not	used	in	well	chlorination	due
to	both	the	safety	problem	of	handling	the	product	and	the	difficulty	in	application	of	a	gaseous	product	to	the	well	environment.	Sodium	hypochlorite	is	widely	used	because	of	its	ease	of	application	in	the	liquid	state.	However,	sodium	hypochlorite	solutions	lose	5	to	10%	of	their	activity	for	every	30	days	of	storage.	Calcium	hypochlorite	can	be
advantageous	because	of	its	higher	level	of	chlorine	(which	reduces	cost)	and	its	longer	shelf	life,	although	it	may	promote	the	precipitation	of	calcium	carbonate.	Chlorine	is	available	as	a	disinfectant	both	as	the	hypochlorite	ion	and	as	hypochlorous	acid.	The	hypochlorous	acid	form	is	a	minimum	of	100	times	more	effective	as	a	disinfectant,
particularly	against	free	swimming	bacteria.	The	pH	of	the	disinfectant	solution	determines	the	availability	of	the	two	forms	and	is	shown	in	Fig.	13.18.	When	chlorine	gas	is	used	it	produces	an	acid	reaction,	lowering	the	pH	of	the	water	and	delivering	essentially	hypochlorous	acid.	This	can	be	reversed	in	very	alkaline	waters.	214	THEORY	Figure
13.18	Effects	of	pH	on	hypochlorite	ion.	Courtesy	Water	Systems	Engineering	Inc.	Sodium	and	calcium	hypochlorite,	however,	both	have	caustic	products	as	part	of	their	formulation	so	their	use	increases	the	pH	of	the	cleaning	solution	and	only	the	hypochlorite	ion	is	available.	Buffering	acids	can	be	used	to	neutralize	the	hypochlorite	product	and
the	natural	alkalinity	of	the	water	to	maintain	a	pH	of	6.5	at	the	point	maximum	hypochlorous	acid	is	formed.	Since	chlorine	gas	is	released	if	the	pH	is	allowed	to	fall	below	5.0,	the	reaction	must	be	carefully	calculated	and	monitored	to	prevent	the	release	of	the	dangerous	gas.	Several	commercial	products	are	available,	but	only	those	that	take	into
consideration	the	alkalinity	of	the	water	and	the	quantity	of	the	hypochlorite	product	used	are	worthwhile.	While	chlorine	use	or	well	disinfection	is	warranted	at	times,	if	used	excessively	the	application	can	be	debilitating	to	the	well	system.	As	the	pH	rises,	carbonates	and	other	minerals	begin	to	precipitate.	The	flooding	of	the	well	environment	with
a	chlorine	solution	and	a	dramatic	rise	in	pH	will	result	even	more	dramatically	in	the	precipitation	and	placement	of	insoluble	carbonates,	sulfates,	and	oxides	in	the	microstructure	or	flow	spaces	of	the	well.	If	calcium	hypochlorite	is	used,	the	reaction	takes	place	even	in	low	hardness	water	since	the	calcium	hypochlorite	supplies	the	calcium
necessary	for	calcite	or	gypsum	deposition.	The	control	of	pH	and	the	use	of	sodium	hypochlorite	rather	than	calcium	hypochlorite	will	greatly	reduce	deposit	formation	in	and	around	the	well.	There	are	several	common	misuses	of	chlorine	for	well	rehabilitation.	The	first	is	the	use	of	chlorine	in	lieu	of	acidization.	Chlorine	should	be	used	as	a	follow-
up	to	well	acidization,	not	as	a	substitute	for	it.	Chlorine	is	not	always	able	to	both	penetrate	the	slime	and	eliminate	or	inactivate	the	bacteria.	Chlorine	is	an	excellent	oxidizer,	but	not	a	great	penetrator.	Oftentimes,	the	chlorine	impacts	only	the	outer	slime	sheath	without	inactivating	or	eliminating	the	bacteria.	The	chlorine	can	kill	only	the	bacteria
that	it	can	contact.	The	second	misuse	of	chlorine	is	the	practice	of	‘‘shock	chlorination,’’	i.e.,	treatment	with	chlorine	concentrations	in	excess	of	1000	ppm	for	the	remediation	of	significant	biological	masses.	These	shock	treatments	can	do	irreparable	harm	to	the	well	by	creating	an	impenetrable,	insoluble	crust	on	the	surface	of	the	biofilm	that



provides	greater	resistance	to	the	penetration	and	dissolution	of	the	incrustation.	Continued	chlorinating	procedures	often	produce	or	increase	the	blockage	effect	of	the	bacterial	slime,	particularly	in	the	aquifer	formation.	It	is	preferable	to	provide	a	level	of	chlorine	that	will	overcome	the	excess	organic	debris	and	yet	is	not	so	high	as	to	condense
or	thicken	the	biofilm.	Laboratory	tests	[13-1]	showed	that	a	higher	degree	of	effectiveness	is	achieved	with	chlorine	levels	between	50	and	200	ppm.	The	tests	included	treatment	of	well	systems	over	a	wide	chlorine	dosage	of	20	to	5000	ppm.	It	was	observed	that	at	the	higher	doses	strong	oxidation	of	top	layers	of	the	biofilm	prevented	penetration
to	the	underlying	levels.	The	lower	levels	of	available	chlorine,	together	with	mechanical	activity	and	adequate	contact	time,	resulted	in	better	penetration	and	removal	of	the	biofilm.	Suggested	Well	Chlorination	Procedure	Once	the	level	of	chlorination	is	selected,	the	necessary	volume	of	chlorine	solution	should	be	calculated.	While	smaller	wells	are
often	chlorinated	by	the	addition	of	the	chlorine	solution	directly	to	the	well,	little	success	is	achieved	because	the	chlorine	solution	is	not	dispersed	throughout	the	column	and	often	never	reaches	the	lowest	zone.	The	highest	degree	of	successful	chlorination	is	achieved	by	preparing	a	volume	of	chlorine	solution	equal	to	four	times	the	standing	well
casing	volume	in	a	mixing	tank	at	the	selected	chlorine	level,	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	OF	DEWATERING	SYSTEMS	215	Figure	13.19	Effects	of	chlorine	on	biofilm.	Courtesy	Water	Systems	Engineering,	Inc.	at	a	pH	of	6.5,	and	tremie-piping	the	solution	into	the	well.	If	pump	removal	is	not	planned,	then	the
hypochlorite	solution	should	be	tremied	into	place	by	positioning	the	tremie	line	alongside	the	pump.	Once	the	chlorine	solution	is	in	place,	the	well	should	be	agitated	to	force	the	solution	out	into	the	formation	and	gravel	pack.	Chlorine,	like	other	well	rehabilitation	or	treatment	chemicals,	must	be	worked	into	the	well	filter	pack.	Some	method	of
applying	agitation	should	be	devised,	such	as	recirculation	of	the	well	discharge	back	down	the	well	and/or	‘‘bumping’’	of	the	pump.	Mechanical	surging,	if	used,	should	be	performed	for	no	less	than	30	minutes	per	10	ft	(3	m)	of	screen.	The	chlorine	should	be	allowed	to	sit	in	the	well	for	a	minimum	of	6	hours	to	provide	sufficient	contact	time.	The	pH
should	be	verified	to	provide	maximum	effectiveness	of	the	treatment	and	ensure	chlorine	gas	will	not	be	released.	The	introduction	of	a	hypochlorite	solution	will	add	alkalinity	to	the	well	water	and	could	raise	the	water	pH	by	up	to	two	points	for	every	200	ppm	of	hypochlorite	concentration	in	solution.	Consequently,	hypochlorite	addition	to	well
water	will	also	typically	require	the	addition	of	some	type	of	acid	to	lower	the	pH	of	the	well	water	solution	to	a	range	of	6.5	to	7.0.	The	solution	can	be	pumped	to	waste	following	the	contact	period.	If	neutralization	of	the	solution	is	required,	it	should	be	performed	outside	of	the	well	to	prevent	fallout	of	solids	in	the	well.	The	use	of	chlorine	and
chlorine	compounds	such	as	hydrochloric	acid	can	be	very	dangerous.	At	a	pH	below	5,	sodium	hypochlorite	can	release	chlorine	gas.	The	introduction	of	chlorine	to	an	acidized	well	that	has	not	been	properly	flushed	and	pH	neutralized	can	result	in	chlorine	gas	production.	Chlorine	gas	is	heavier	than	air	and	particularly	dangerous	when	used	in
low-lying	areas	even	though	they	may	be	well	ventilated.	The	oxidative	effect	of	chlorine	on	organic	materials	can	be	variable,	even	resulting	in	carcin-	ogenic	by-products.	When	considering	the	use	of	either	hydrochloric	acid	or	sodium	or	calcium	hypochlorite,	a	professional	groundwater	chemist	should	be	consulted.	13.10	ANALYSIS	OF
GROUNDWATER	Problems	with	corrosion	and	incrustation	can	frequently	be	anticipated	with	appropriate	analysis.	Design	adjustments	to	meet	the	problems	are	much	less	costly	if	made	before	the	system	is	installed.	Although	much	of	what	is	written	in	this	chapter	is	universal	in	concept	and	theory,	one	must	apply	this	information	with	site-specific
professional	consultation	to	the	specific	area,	groundwater	quality,	and	well	conditions.	Analysis	of	groundwater	quality	is	not	straightforward	and	should	be	provided	by	an	experienced	specialist	who	understands	the	interactions	of	groundwater	and	wells	and	can	forecast	potential	corrosion	or	incrustation	problems.	On	a	project	where	dewatering
will	be	a	critical	element	and	where	a	corrosion	or	incrustation	problem	is	anticipated,	a	groundwater	sample	should	be	taken	and	thoroughly	analyzed	for	corrosion	or	incrustation	potential.	The	interpretation	of	the	analytical	data	should	be	provided	by	the	owner	for	the	prospective	bidders.	The	extent	of	an	appropriate	and	professional
comprehensive	chemical	analysis	of	the	groundwater	may	vary	according	to	the	specific	situation.	However,	consideration	for	evaluation	should	generally	include	the	following:	•	All	inorganic	parameters	usually	associated	with	water	quality	analysis,	such	as	conductivity,	pH,	hardness,	alkalinity,	cations	(e.g.,	sodium,	iron,	calcium,	magnesium)
alkalinity,	anions	(e.g.,	chlorides,	sulfate,	nitrates),	and	other	acidic	anions,	based	on	a	case	by	case	basis,	that	may	contribute	to	corrosion.	216	THEORY	•	The	oxidation	reduction	potential	and	Langelier	Satu-	•	•	•	ration	Index	or	Ryznar	Stability	Index	to	determine	the	probability	of	certain	corrosion	or	precipitation	reactions.	An	estimation	of	the
total	amount	of	biological	activity	with	a	heterotrophic	plate	count	(HRC)	and/or	an	adenosine	triphosphate	determination	(ATP).	A	heterotrophic	plate	count	is	the	number	of	colonies	of	bacteria	formed	on	an	agar	plate	after	the	plate	has	been	streaked	with	a	given	amount	of	the	water	to	be	tested.	An	adenosine	triphosphate	determination	estimates
the	total	live	bacteria	present	based	on	the	amount	of	adenosine	triphosphate	that	is	in	a	specific	water	volume.	The	tests	will	provide	a	bacteria	count,	but	will	not	identify	specific	species.	A	microscopic	evaluation	of	bacteria	will	give	information	as	to	the	specific	bacteria	present	and	may	indicate	a	source	of	recharge	from	infiltration	of	surface	or
utility	water.	Protozoan	types	may	be	of	interest	if	contamination	of	the	water	by	sewage	is	expected.	Microscope	work	may	not	be	able	to	identify	many	bacteria,	but	it	can	be	used	to	determine	the	presence	of	the	iron	oxidizing	stalked	or	sheathed	bacteria	as	well	as	other	branching	or	filamentous	organisms	which	can	be	particularly	debilitating	to
dewatering	systems.	If	the	chemist	has	a	local	knowledge	of	groundwater	in	the	area,	other	determinations	may	be	suggested.	If	industrial	wastes	are	suspected,	the	nature	of	them	should	be	investigated	prior	to	the	analysis	and	during	it,	as	discussed	in	Chapter	14.	Laboratory	Analysis	Example	The	following	laboratory	analysis	report	is	a	good
example	of	the	diagnosis	and	recommendations	of	an	experienced	groundwater	and	well-fouling	specialist	when	provided	with	adequate	site	specific	information	(samples).	This	is	an	example	of	an	evaluation	of	a	current	well	fouling	condition,	as	opposed	to	an	analysis	of	conditions	prior	to	system	installation	and	operation.	The	chemical,	physical,
and	bacteriological	parameters	to	be	measured	and	observed	should	be	similar	in	both	cases.	Water	samples	were	obtained	from	the	well	in	a	nonpumping	condition	and	from	the	pumping	well	after	at	least	several	hours	of	operation.	Comparison	of	these	samples	provides	valuable	information	about	well	activity.	Although	not	as	important	as	the
water	samples,	the	sample	of	the	incrustation	provides	further	confirmation	of	the	specifics	of	the	condition.	This	chapter	is	simply	an	overview	of	groundwater	chemistry,	bacteriology,	and	fouling	of	systems,	but	does	not	cover	all	of	the	potential	complexities	or	interactions	between	chemical	and	bacteriological	agents.	Due	to	the	complexity	of	these
situations,	and	the	safety	concerns	pertaining	to	working	with	potentially	harmful	chemicals	and	off-gases,	the	authors	strongly	recommend	experienced	professional	consultation	when	approaching	any	new	situation.	There	are	many	laboratories	that	can	analyze	the	chemical	and	physical	properties,	fewer	that	can	perform	the	bacteriological
analyses,	and	very	few	specialists	who	understand	the	interactions	of	groundwater	and	wells	and	can	tell	you	what	the	laboratory	analyses	actually	mean	to	the	particular	situation	at	hand	and	make	recommendations	for	remediation.	GROUNDWATER	CHEMISTRY,	BACTERIOLOGY,	AND	FOULING	OF	DEWATERING	SYSTEMS	3201	Labette	Terrace
P.O.	Box	700	Ottawa,	KS	66067-0700	Water	Systems	Engineering	Inc.	WATER	TREATMENT	ANALYSIS	AND	CONTROL	REPORT	American	Dewatering	Systems,	Inc.	100	Main	Street	Springfield,	Il	12345	Attn:	Re:	Date:	April	20,	2006	Lab	Report	#16922	Matthew	Well	casing	and	aquifer	samples;	deposit	sample.	Samples	dated	4/10/06	Dear
Matthew:	We	have	analyzed	the	water	and	deposit	samples	forwarded	and	are	pleased	to	provide	you	with	the	analytical	data	and	our	recommendations.	*(as	CaCO3)	Phenolphthalein	Alkalinity*	Total	Alkalinity*	Hydroxide	Alkalinity	Carbonate	Alkalinity	Bicarbonate	Alkalinity	pH	Value	Chlorides	(as	Cl)	Total	Dis.	Solids	Conductivity	(µm	or	µS/cm)
Total	Hardness*	Carbonate	Hardness	Non	Carbonate	Hardness	Calcium*	Magnesium*	Sodium	(as	Na)	Potassium	(as	K)	Phosphate	(as	PO4)	Dissolved	Iron	(as	Fe	2+)	Suspended	Iron	(as	Fe	3+)	Iron	Total	(as	Fe)	Iron	(re-suspended)	Copper	(as	Cu)	Tannin/Lignin	Nitrate	(Nitrogen)	CASING	mg/l	0	8	0	0	8	10.4	9.2	85	110	4	4	0	0	4	9.3	1.8	0.2	0.0	0.6	0.6
10.3	0.0	0.1	0.0	WELL	AQUIFER	mg/l	0	12	0	0	12	6.6	7.6	66	86	4	4	0	0	4	10.3	1.4	0.1	0.2	0.3	0.5	0.8	0.0	0.0	0.0	217	218	THEORY	Sulfate	(as	SO4)	Silica	(as	SiO2)	Manganese	(as	Mn)	Saturation	Index	Chlorine	(as	Cl)	Total	Organic	Carbon	(C)	ORP	8.7	18.1	0.0	-	4.19	0.0	0.9	131	mV	10.0	14.2	0.0	-	3.81	0.0	2.1	91	mV	Bacterial	Analysis:	Plate	Count
(colonies/ml)	Sulfate	Reducing	Bacteria	Anaerobic	Growth	ATP	(cells	per	ml)	Total	Coliform	Bacteria	E.	coli	Coliform	Bacteria	CASING	3	Negative	10%	1.2	M	Negative	Negative	WELL	AQUIFER	No	growth	Negative	5	5:00	4:1	0.118	0.120	>6	6:00	Thixotropic	Set	Time	(Hours)	0.140	0.100	>7	7:00	D-Mix	Pressure	Filtration	Coefficient	0.160
Thixotropic	Set	Time	in	Hours	8:00	0.180	1:1	F-Mix	0.200	A-Mix	474	0:00	5	Grout	Mix	90	-	Day	Com	pressive	Strength	1	2	3	0.8:1	G-Mix	F-Mix	1:1	D-Mix	0	2:1	B-Mix	3:1	4:1	10	A-Mix	20	1500	1000	500	0	4	0.8:1	G-Mix	WATER	1:1	F-Mix	30	41	34	31	2:1	D-Mix	36	35	31	B-Mix	Seconds	40	40	2000	3:1	53	53	48	50	2500	4:1	A-Mix	Marsh	Funnel	Viscosity
60	90	-	Day	Compressive	Strength	(psi)	3000	5	Grout	Mix	Percent	Bleed	at	4	Hours	Plate	Cohesion	0.50	0.462	100%	0.40	1	3	Grout	Mix	0.00	1	2	3	0.8:1	0.061	4	G-Mix	0.065	0.049	1:1	0%	5	0.076	0.045	F-Mix	0%	4	0.100	0.10	D	0%	2	4%	0.177	0.124	2:1	0%	0%	5%	0.20	B	10%	0.8:1	G-Mix	10%	F-Mix	20%	19%	1:1	30%	2:1	D-Mix	40%	3:1	B-Mix	50%
0.293	0.30	3:1	54%	60%	A	67%	4:1	70%	Average	Cohesion	(mm)	80%	4:1	A-Mix	Percent	Bleed	at	4	Hrs	90%	5	Grout	Mix	Figure	22.81	Summary	of	the	properties	of	the	neat	cement	grouts	and	the	balanced	stable	grouts	used	at	Penn	Forest	Dam.	be	limited.	Additionally,	when	post-grouting,	the	tunnel	will	also	act	as	a	sink	or	a	drain	for	groundwater
and	the	grouting	may	be	performed	under	flowing	water	conditions,	a	situation	that	is	not	favorable	for	the	use	of	relatively	slow-setting	cement	grouts.	Because	of	the	difficulty	of	post-grouting,	pre-grouting	is	all	the	more	important	and,	where	possible,	pre-grouting	should	be	performed	from	outside	of	the	tunnel	so	as	not	to	hinder	mining
production.	A	deep	tunnel	under	a	significant	water	head	is	particularly	vulnerable	to	inflows	when	the	tunnel	passes	through	a	week	or	fault	zone	and	the	rock	feels	a	significant	groundwater	pressure	differential	with	the	opening	of	the	tunnel.	The	grouting	should	be	performed	to	high	standards	to	minimize	the	erosion	of	any	crack	infilling	material
under	such	pressure	gradients.	Probe	holes	ahead	of	the	tunnel	are	of	particular	importance	in	such	conditions.	It	is	not	uncommon	to	use	ultrafine	cements	for	pregrouting	of	tunnels	in	fine	fissures.	Sjostrom	[22-32]	has	indicated	that	with	the	use	of	ultrafine	cements,	tunnels	can	normally	be	grouted	to	maintain	seepage	inflows	to	less	than	1.3
gpm/min/330	ft	(5	L/min/100m)	of	tunnel	under	water	heads	of	33	to	100	ft	(10	to	30	m).	For	additional	information	on	grouting	of	tunnels,	Henn	[22-34]	is	recommended.	22.4	GROUTING	OF	STRUCTURES	AND	FLOWPATHS	The	topic	of	grouting	of	structures	and	flowpaths	can	be	subdivided	into	several	categories:	•	Grouting	of	water	leaks
through	defects	in	structures.	This	type	of	grouting	involves	blocking	of	the	flowpath	GROUTING	METHODS	•	•	through	the	boundaries	of	a	structure	by	grouting	directly	into	the	structure;	injections	directly	into	the	walls	or	floor	are	examples.	This	type	of	grouting	may	be	performed	within	final	structures	or	temporary	structures,	such	as	slurry
walls,	steel	sheeting,	mud	slabs,	and	where	construction	activities	interface	with	pre-existing	structures.	This	work	is	typically	done	under	flowing	water	conditions	with	quick-acting	water-reactive	polyurethane	grouts.	Grouting	of	man-made	or	man-placed	sources	of	water	introduced	by	the	presence	of	a	structure	or	a	previous	construction	activity.
This	type	of	grouting	involves	blocking	the	flowpath	through	highly	permeable	material	that	has	been	placed	around	the	structure	during	the	construction	process	or	during	the	construction	process	of	a	previous	project.	Grouting	of	backfill	or	drainage	stone	are	examples	of	this	type	of	grouting.	This	work	may	be	performed	under	static	(unmoving)
groundwater	conditions	if	the	man-made	or	man-placed	sources	of	water	are	anticipated	ahead	of	time,	or	it	may	be	performed	in	emergency	mode	under	flowing	water	conditions	if	the	man-made	source	was	not	anticipated.	Grouting	of	piping	paths	or	flow	channels	that	have	developed	in	natural	ground.	This	type	of	grouting	involves	the	filling	of
voids	or	piping	paths	in	soil	or	bad	sections	of	rock.	A	boil	at	the	toe	of	a	dam	or	a	large	inflow	through	a	shear	zone	in	rock	encountered	in	a	deep	quarry	are	examples.	This	differs	from	grouting	into	man-placed	soils	since	the	flowpath	through	natural	ground	does	not	always	have	boundaries,	and	can	change	and	find	new	paths	through	the	formation
like	a	meandering	river	across	a	floodplain.	Flowpaths	develop	in	the	ground	by	following	the	path	of	least	resistance	and	often	become	larger	and	more	defined	over	time	as	soils	are	washed	out	of	the	flow	path.	Locating	these	flow	paths	can	be	challenging,	but	may	offer	the	only	solution	to	these	types	of	flow	problems.	The	grouting	work	may	be
performed	under	flowing	water	conditions,	or	it	may	be	performed	under	static	conditions	where	the	pressure	(and	movement)	can	be	equalized	by	flooding	a	cofferdam	or	an	excavation,	or	depressurizing	a	deep	confined	layer.	Grouting	of	Water	Leaks	Through	Defects	in	Structures	If	a	grout	is	introduced	into	the	walls,	floor,	or	roof	of	a	structure,
the	process	is	sometimes	referred	to	as	‘‘structural	grouting,’’	as	opposed	to	‘‘geotechnical	grouting.’’	Caution	should	be	used	when	using	the	term	‘‘structural	grouting,’’	since	most	grouts	utilized	for	sealing	leaks	in	structures	are	formulated	for	penetration	capabilities,	not	to	add	structural	strength	to	a	damaged	structure.	For	there	to	be	a	water
leak	in	a	structure,	there	must	be	a	water	source	outside	the	structure	and	a	flow	path	from	the	water	source	into	the	structure.	This	flow	path	may	be	475	caused	by	a	crack,	joint,	open	separation,	or	defect	in	the	(most	often	concrete)	structure.	For	permanent	structures,	these	potential	flowpaths	are	anticipated	in	advance	by	the	structure’s
designer.	Water	stops	are	placed	in	joints;	membrane	waterproofing	is	placed	along	concrete	walls,	etc.	However,	if	these	methods	are	not	fully	effective	at	eliminating	all	the	flowpaths,	the	remaining	flowpaths	may	be	very	difficult	to	identify.	The	water	may	flow	through	a	defect	in	the	membrane	waterproofing,	between	the	membrane	and	the
concrete,	through	a	void	in	the	concrete,	along	a	rebar	within	the	wall	to	a	construction	joint,	and	finally	into	the	structure’s	occupied	space.	In	such	cases,	determining	the	exact	flowpath	back	to	the	source	is	impossible.	With	temporary	structures,	the	flowpath	is	typically	less	circuitous,	but	the	structures	are	more	susceptible	to	leakage,	and	the
leakage	can	be	more	difficult	to	remedy.	Grouting	directly	into	the	structure	is	a	process	to	introduce	a	repair	material	that	will	fill	the	flowpath	and	prevent	future	water	travel.	The	repair	material	must	be	of	high	enough	penetrability	that	it	is	capable	of	traveling	through	the	flowpath,	and	it	must	have	the	properties	to	cure	to	a	stable	state.	If	the
repair	material	can	be	placed	at	the	point	where	water	first	breaches	the	outside	of	the	structure,	it	can	follow	the	same	flowpath	that	the	water	is	using,	and	move	in	the	same	direction	as	the	water	entering	the	structure.	In	this	manner,	the	grouting	process	takes	advantage	of	the	flowing	condition	to	direct	the	grout	through	the	flowpath.
Unfortunately,	the	point	where	the	leak	is	visible	inside	the	structure	does	not	necessarily	correspond	to	or	indicate	the	origin	of	the	leakage	path.	The	entry	point	may	be	difficult	if	not	impossible	to	locate.	Alternatively,	the	repair	material	can	be	introduced	into	some	point	on	the	flowpath	that	can	be	identified	within	the	structure.	By	injecting	the
repair	material	under	a	pressure	greater	than	the	head	pressure	of	the	water	source,	the	flowpath	can	be	reversed.	This	will	allow	the	repair	material	to	flow	backward	or	upstream	from	the	point	of	visible	leakage	to	the	water	source.	A	grout	that	has	properties	that	permit	it	to	effectively	chase	the	leak	will	provide	significant	benefit.	Identifying	the
water	source	and	likely	flowpath(s)	is	an	important	step	that	is	often	overlooked,	but	proper	identification	of	the	water	source	can	affect	the	choice	of	injection	material	and	success	of	the	grouting	plan.	The	groundwater	chemistry,	presence	of	fines	carried	into	the	structure	by	flowing	water,	crack	or	void	width,	and	water	temperature	may	all	have	an
impact	on	the	execution	of	the	work.	When	the	flowpath	into	the	structure	is	blocked,	a	new	flowpath	may	develop.	Construction	drawings	and	photos	from	the	construction	process	can	be	valuable	to	help	identify	the	most	likely	flowpath.	A	leakage	study	may	be	warranted	to	properly	identify	the	flowpath.	This	may	involve	drilling	of	test	holes	and
the	injection	of	water	and	dye.	Once	the	likely	flowpath	into	the	structure	has	been	identified,	the	process	of	choosing	an	injection	material	can	begin.	Water-reactive	polyurethane	grouts,	which	can	ex-	476	PRACTICE	Figure	22.82	A	slurry	wall	/	rock	interface	is	a	common	place	of	leakage.	The	return	of	drilling	air	through	an	adjacent	grout	hole	in
the	photograph	illustrates	the	communication	along	the	slurry	wall	/	rock	interface.	Grout	holes	are	being	installed	to	grout	off	the	interface	before	it	is	exposed	within	the	excavation.	pand	rapidly	upon	contact	with	water,	are	the	most	common	and	widely	used	materials	for	sealing	flowing	water	leaks.	They	are	well	suited	for	injection	into	wet
environments	or	flowing	water	conditions.	For	finer	structural	cracks,	less	than	0.004	in.	(0.1	mm),	an	acrylic	resin	grout	can	be	used.	The	acrylic	resins	are	highly	penetrable,	are	of	low	viscosity,	have	excellent	adhesion	to	concrete,	and	can	be	formulated	to	set	very	quickly.	The	acrylic	resins	are	two-part	grouts,	pumped	with	proportioning	pumps,
and	utilizing	the	same	techniques	as	urethanes	as	discussed	later.	The	acrylic	resins	are	much	less	common	than	polyurethane	grouts,	and	are	used	for	structural	repair	and	preservation,	rather	than	for	temporary	construction,	and	as	such	are	not	discussed	in	further	detail.	Polyurethanes	are	either	hydrophilic	or	hydrophobic	materials	and	are
commercially	available	in	dozens	of	formulations.	The	set	or	activation	times	are	controllable	on	site	with	the	addition	of	catalysts	or	proportioning	of	the	individual	components.	Urethane	grouts	have	a	time–viscosity	behavior	similar	to	solution	or	chemical	grouts.	The	set	time	of	urethane	grout	is	highly	sensitive	to	temperature.	Higher	temperatures
allow	for	greater	penetration	as	well	as	more	rapid	cure	times.	Upon	activation,	they	release	gases	(CO2)	internally	and	can	expand	up	to	30	times	their	initial	volume	in	an	unconfined	state.	The	expansion	will	be	less	when	confined	or	under	pressure.	The	release	of	gas	enhances	the	grout’s	penetrability	into	finer	void	spaces.	The	foaming	action	of
these	materials	makes	them	float	in	open	water,	which	must	be	considered	when	injecting	into	wide	open	cavities	or	tanks.	The	hydrophilic	urethanes	often	consist	of	a	singlecomponent	grout,	can	have	a	viscosity	that	is	almost	waterlike	to	syrupy,	and	can	form	a	gel	or	open	cell	foam,	depending	on	the	formulation.	These	grouts	typically	have
excellent	bond	and	adhesion	properties	and	can	react	quicker	than	the	hydrophobic	urethanes,	but	because	they	must	absorb	water	to	activate,	the	end	product	can	vary	with	the	amount	of	water	available	upon	activation.	The	hydrophilic	urethanes	will	continue	to	absorb	water	after	their	initial	setting,	and	are	susceptible	to	drying	out	and	shrinking,
thus	leaving	them	more	vulnerable	to	physical	and	chemical	breakdown.	Hydrophilic	urethanes	can	be	formulated	with	relatively	low	viscosities	and	can	permeate	through	sandy	soils.	The	hydrophobic	urethanes	are	also	activated	upon	contact	with	water,	but	they	do	not	absorb	additional	water	after	the	reaction	has	been	initiated	and	are	more
resistant	to	post-cure	shrinkage.	The	set	product	is	a	semi-rigid	or	rigid,	closed-cell	foam	that	has	greater	permanence	and	chemical	resistance	characteristics.	The	set	time	of	a	hydrophobic	grout	can	be	controlled	between	seconds	and	one	hour	with	the	addition	of	catalysts.	Hydrophobic	grout	is	the	more	commonly	used	material	for	dealing	with
groundwater	cutoff	and	soil-strengthening	operations.	Develop	a	Grouting	Plan	Once	the	water	source	and	likely	flow	path	have	been	identified	and	the	grout	has	been	chosen,	a	plan	for	installation	needs	to	be	developed.	It	is	at	this	point	that	the	repair	process	moves	from	the	realm	of	science	to	that	of	art	and	there	is	not	necessarily	a	right	or
wrong	answer	in	the	approach	to	the	work.	However,	all	well-conceived	grouting	plans	contain	a	method	of	developing	the	injection	pressure,	a	series	of	entry	points	into	the	structure	to	provide	access	to	the	flowpath,	a	method	of	monitoring	grout	intake,	and	an	evaluation	of	success.	For	the	chemical	grout	to	follow	the	flowpath,	a	pressure	must	be
developed	in	excess	of	the	pressure	within	the	flowpath.	This	is	typically	developed	with	some	form	of	pump.	Pumps	range	in	pressure	and	volume	capability	from	hand-driven	systems	to	electric	or	air-driven	systems.	The	particular	type	of	system	is	not	critical	as	long	as	it	is	capable	of	delivering	the	required	flowrate	at	the	necessary	pressure,	so
that	the	grout	can	be	put	in	place	within	its	reaction	time.	Injection	into	cracks	in	a	structure	can	require	just	a	few	psi	of	pressure,	but	is	typically	accomplished	at	injection	pressures	between	500	and	2500	psi	(3.45	to	17.24	MPa)	and	relatively	low	injection	flowrates.	The	high	pressures	are	GROUTING	METHODS	477	Characteristics	of
Polyurethane	Grouts	Although	they	are	referred	to	generically	as	‘‘polyurethanes,’’	the	resins	used	in	the	injection	process	are	actually	‘‘polyols’’	and	will	not	become	polyurethanes	until	they	are	fully	reacted.	The	Alliance	for	the	Polyurethanes	Industry	defines	polyurethane	as	‘‘a	thermosetting	plastic	formed	by	reacting	a	polyol	with	a	diisocyanate
or	a	polymeric	isocyanate	in	the	presence	of	suitable	catalysts	and	additives,’’	and	a	polyol	as	‘‘an	alcohol	with	more	than	two	reactive	hydroxyl	groups	per	molecule.’’	When	these	reactive	polyols	come	in	contact	with	a	hydroxide	source	(such	as	water)	they	react	to	form	the	polyurethane.	Since	the	diisocyanate	is	used	up	in	the	reaction,	the	resulting
polyurethane	is	usually	nontoxic.	A	by-product	of	the	reaction	is	the	release	of	a	gas	(often	carbon	dioxide).	A	surfactant	is	added	to	trap	the	escaping	gas,	resulting	in	expansion	of	the	matrix	during	the	reaction.	Since	the	oxygen	and	hydrogen	required	for	the	reaction	can	be	obtained	from	water,	this	chemistry	is	well	suited	for	injection	into	wet
environments.	Dozens	of	formulations	are	available	from	several	different	manufacturers.	Although	there	are	no	set	guidelines	for	comparing	polyurethanes,	there	are	some	general	characteristics.	Single	Versus	Plural	Component	There	is	some	confusion	regarding	how	to	count	the	number	of	components	that	a	polyurethane	grout	system	requires.
Some	grouts	come	in	a	single	container.	Others	come	with	a	separate	container	of	catalyst	or	additives	to	be	mixed	in	prior	to	pumping.	Still	others	come	as	a	part	A	and	part	B,	which	are	pumped	separately	and	mixed	in	a	manifold	just	before	injection	into	the	structure.	Still	others	require	premixing	of	the	A	component	and	injection	side	by	side	with
water.	To	simplify	all	this,	single	verses	plural	component	is	defined	by	how	the	material	is	pumped.	If	a	grout	is	pumped	through	a	single-component	pump	it	is	a	singlecomponent	grout,	even	if	you	must	mix	in	catalysts	or	additives	prior	to	pumping.	A	plural-component	grout	requires	pumping	through	two	pumps	(or	a	single	pump	with	two
chambers),	and	the	components	are	mixed	in	a	manifold	or	inside	the	injected	structure.	Single-component	materials	have	the	advantage	of	ease	of	installation	and	low-cost	injection	equipment.	However,	since	the	grout	must	use	water	from	within	the	structure	in	its	reaction,	there	is	significant	variation	in	the	resin-to-water	ratio	in	different	parts	of
the	structure.	Plural-component	materials	are	more	difficult	to	use	and	require	more	expensive	pumps,	but	yield	a	more	consistent	mix	ratio	and	therefore	more	consistency	of	the	cured	polyurethane.	Open	Versus	Closed	Cell	When	the	gas	from	a	polyurethane	reaction	is	trapped	by	a	surfactant,	if	the	resulting	gas	bubble	remains	intact	it	creates	a
closedcell	matrix.	Thousands	of	bubbles	all	separated	by	thin	walls	of	polyurethane	create	a	closed-cell	structure	that	will	not	let	water	pass	though.	If	the	gas	bubbles	pop	before	the	polyurethane	is	cured,	the	walls	between	the	cells	can	connect	to	form	channels.	This	forms	a	cell	structure	something	akin	to	sponge	and	will	allow	some	water	to	enter
the	finished	matrix,	although	the	water	may	not	be	able	to	find	a	path	all	the	way	through	the	cured	grout.	All	polyurethane	grouts	form	both	open-cell	and	closed-cell	chambers	during	their	reaction.	Most	polyurethane	grouts	marketed	for	stopping	water	form	mostly	closed	cells.	Open-cell	grouts	are	well	suited	for	injection	directly	into	structures.
Open-cell	grouts	are	also	available	and	can	be	injected	into	granular	soils	where	they	can	form	around	the	particles	of	soil	to	form	a	joint	grout	/	soil	matrix.	Rigid	Versus	Flexible	Polyurethane	grouts	can	be	formulated	to	a	rigid	foam,	a	flexible	foam,	or	a	gel.	There	is	a	correlation	between	expansion	rate	and	rigidity.	High-expansion	grouts	(those
with	expansion	rates	over	15	times	their	initial	volume)	usually	form	rigid	foam.	A	foam	that	is	rigid	enough	to	support	its	own	weight	during	the	expansion	phase	typically	will	not	be	able	to	remain	flexible	in	its	cured	state.	Most	flexible	foams	have	an	expansion	rate	in	the	3	to	10	times	expansion	range.	Cured	flexible	foams	will	elongate	over	100%
and	can	go	as	high	as	400	to	500%.	Flexible	foams	are	desirable	when	grouting	for	water	control	adjacent	to	an	existing	structure	or	where	the	grouted	mass	may	suffer	some	deformation,	possibly	from	movement	due	to	thermal	expansion	and	contraction,	deflection	under	stress,	etc.	Applications	that	are	in	non-moving	cracks	or	defects	can
effectively	be	repaired	with	a	rigid	foam.	Gels	refer	to	polyurethanes	that	form	a	flexible	non-expansive	matrix.	These	grouts	are	formulated	without	a	surfactant	and	trap	little	or	no	air	as	they	react.	They	are	the	most	expensive	grouts	in	their	finished	form	because	they	do	not	expand,	but	they	form	the	highest	density	since	they	contain	no	trapped
gas.	They	frequently	employ	a	high	water-to-grout	ratio	to	keep	the	cost	of	the	installed	product	down,	but	this	makes	them	susceptible	to	shrinkage	and	they	should	be	used	only	in	environments	that	will	remain	wet	after	installation.	Expansion	Rate	Polyurethane	grouts	are	formulated	with	expansion	rates	ranging	from	zero	to	25	or	30	times	their
liquid	volume.	Since	the	expansion	is	achieved	by	trapping	the	gases	that	are	a	by-product	of	the	polyurethane	formation	reaction,	the	higher	the	expansion	rate	the	less	dense	the	final	foam.	The	higher	the	density	of	the	final	foam,	the	less	permeable	it	is	in	contact	with	water	and	the	stronger	the	cell	structure.	Grouts	with	high	expansive	rates	may
be	carried	away	by	the	flowing	water	before	they	get	the	opportunity	to	fully	fill	the	flow	path.	But	high-expansion	grouts	are	also	an	excellent	choice	when	filling	large	voids	because	they	are	more	economical	than	low-expansion	grouts.	Caution	should	be	used	when	installing	high-expansion	materials	to	avoid	damage	to	the	structure.	High-expansion
grouts	can	crack	weakened	concrete	or,	in	sufficient	quantity,	can	lift	a	floor	slab.	Hydrophilic	Versus	Hydrophobic	This	seems	to	be	the	characteristic	that	invokes	the	most	discussion	among	specifiers.	Both	of	these	grouts	are	single-component	polyurethanes.	The	difference	is	that	the	hydrophilic	(water	loving)	grouts	use	larger	volumes	of	water,
often	up	to	50%	of	the	resin	478	PRACTICE	volume	during	their	reaction	phase,	than	do	the	hydrophobic	(water-fearing)	grouts,	which	use	less	than	10%	water.	Hydrophobic	grouts	require	some	mixing	in	a	separate	catalyst	on	the	jobsite	prior	to	injection.	This	is	more	trouble	than	the	hydrophilics,	which	require	no	mixing,	but	has	the	advantage	of
allowing	for	varied	set	times,	depending	on	the	amount	of	catalyst	added.	Since	hydrophilics	can	use	significantly	more	water	than	hydrophobics,	they	penetrate	deeper	into	wet	concrete	surfaces	and	have	excellent	bond	strengths.	But	this	higher	water	ratio	in	the	final	matrix	makes	them	more	susceptible	to	dilution	by	running	water.	As	a	general
rule,	if	the	water	source	is	intermittent,	then	a	hydrophobic	grout	is	preferable.	If	the	water	source	is	constant,	either	a	hydrophobic	or	hydrophilic	can	be	acceptable.	Viscosity	Viscosity	is	a	measure	of	a	material’s	internal	resistance	flow.	This	is	measured	in	centipoises	(cP).	Water	has	a	value	of	1	cP.	Honey	has	a	value	of	about	100	cP.	Since
viscosity	is	one	of	the	few	quantifiable	characteristics	of	polyurethane	grouts,	its	importance	is	often	overestimated.	In	addition,	there	is	a	common	misconception	that	lower	viscosity	is	always	better.	Lower-viscosity	grouts	can	be	forced	into	a	flow	path	with	less	pressure	than	a	higher-viscosity	grout.	A	lower-viscosity	grout	may	be	able	to	enter	a
smaller	flowpath	than	a	higher	viscosity	material,	but	other	physical	characteristics	may	be	affected.	For	example,	when	injecting	into	a	flowpath	that	is	0.125	in.	(3.175	mm)	wide,	both	a	100-	and	500-cP	polyurethane	grout	will	enter	easily	under	moderate	pressure.	However,	the	500-cP	material	may	yield	a	better	polyurethane	matrix	after	curing
and	therefore	a	better	repair.	The	only	important	factor	when	considering	viscosity	is	the	grout’s	ability	to	be	injected	into	the	flowpath	with	the	injection	pressures	available.	If	it	can,	then	the	other	characteristics	of	the	polyurethane	grout,	such	as	expansion	rate,	elongation,	and	shrinkage,	should	dictate	the	product	choice.	Potable	Water	Several
manufacturers	offer	polyurethane	grouts	that	have	been	tested	in	accordance	with	NSF	for	contact	with	potable	water.	If	the	structure	is	associated	with	potable	water	or	if	there	is	concern	about	contamination	of	surrounding	aquifers,	this	may	be	a	consideration.	When	choosing	polyurethane	grout	for	a	project,	there	are	many	products	and
manufactures	to	choose	from.	It	is	the	best	to	choose	a	manufacturer	with	many	different	grouts	available,	such	as	hydrophobic	and	hydrophilic,	single-	and	plural-component,	open-	and	closed-cell,	etc.	grouts.	Consult	the	manufacture	about	your	specific	application.	Manufacturer	representation	on	site	may	be	beneficial	when	grouting	begins.	There
are	many	different	formulations	of	polyurethane	grouts	that	have	widely	varying	characteristics	and	capabilities.	Avoid	the	pitfall	of	using	the	same	grout	for	all	the	applications	because	the	contractor’s	crew	is	most	familiar	it	or	simply	because	it	performed	well	on	other	projects	of	a	different	type.	Figure	22.83	The	free	expansion,	as	would	occur	in
an	open	cup,	can	be	up	to	30	times	the	initial	volume.	The	expansion	will	be	less	under	water	pressure	or	in	a	confined	space.	GROUTING	METHODS	helpful	for	the	injection	of	fine	cracks	and	fissures.	A	paint	sprayer	can	be	used	for	the	injection	of	a	single-part	grout,	and	proportioning	pumps	must	be	used	for	two-part	grouts.	Pumping	equipment
must	be	flushed	with	a	nonreactive	liquid	such	as	acetone	immediately	after	use.	Adequate	access	into	the	flowpath	will	often	determine	the	success	of	the	grouting	repair.	If	the	flowpath	can	be	intersected	at	a	point	that	allows	for	grout	to	completely	fill	the	flowpath	before	entering	or	exiting	the	structure,	the	repair	has	a	high	degree	of	success.
However,	if	the	flowpath	is	only	partially	filled,	or	the	repair	grout	lacks	continuity	throughout	the	entire	flowpath,	then	the	water	will	continue	to	find	its	way	into	the	structure.	To	prevent	this,	a	series	of	entry	points	are	established	along	the	identified	flowpath.	These	entry	points	are	generally	drilled	holes	that	intersect	the	flowpath	within	the
structure.	These	holes	are	usually	plugged	with	a	packer.	There	are	many	types	of	packers,	but	they	all	share	the	same	function:	to	allow	for	the	injection	of	grout	into	the	flowpath	and	to	prevent	the	backflow	of	grout	out	of	the	hole	until	the	repair	grout	has	fully	cured.	Following	the	injection	and	cure,	these	packers	can	then	be	removed	and	the
holes	capped	with	a	suitable	material.	Figure	22.84	A	two-part	proportioning	pump,	mixing	head	with	washout	line,	and	the	necessary	hoses	so	that	mixing	of	the	components	can	be	performed	as	close	to	the	point	of	injection	as	possible.	479	Figure	22.85	Typical	mechanical	packers	for	urethane	grout	injection.	The	number	of	entry	points	required
and	their	spacing	will	vary	greatly	in	different	applications.	Generally,	holes	will	be	drilled	from	both	sides	of	a	joint	or	crack	and	on	an	angle	through	the	structure	to	intersect	the	anticipated	leaky	joint	behind	the	face	of	the	wall	or	structure.	If	the	drilled	hole	is	less	than	24	in.	(0.6	m)	in	depth,	it	can	be	drilled	0.625	in.	(16	mm)	in	diameter	and
fitted	with	a	single-use,	hammer-in	or	mechanical	packer	at	the	exposed	surface	of	the	wall.	The	injection	ports	are	fitted	with	the	zerk-type	grease	fitting	or	a	valve.	The	zerk	fittings	are	convenient	because	they	will	act	as	check	valves;	however,	they	cannot,	therefore,	be	used	as	telltale	pipes	that	will	indicate	the	travel	of	the	grout	unless	they	are
screwed	in	after	the	grout	is	observed.	The	distance	between	injection	ports	will	vary	with	the	crack	or	joint	width	and	the	thickness	of	the	wall.	The	wider	the	flowpaths,	the	fewer	entry	points	that	will	be	required,	since	the	repair	grout	will	flow	further	before	developing	backpressure	equal	to	the	established	pumping	pressure.	Narrow	flowpaths	or
flowpaths	that	split	into	several	branches	will	require	more	entry	points	for	the	repair	grout.	The	use	of	regularly	spaced	mechanical	packers	is	sufficient	for	seepage	or	damp	leak	areas.	When	grouting	large	water	flows,	the	flow	velocity	may	flush	the	grout	from	the	crack	before	it	can	activate,	and/or	the	flowing	water	condition	may	make	it	very
difficult	to	perform	the	work.	In	such	high-flow	situations,	the	trick	is	to	provide	the	water	a	preferential	flowpath	such	as	a	pipe	with	a	ball	valve	that	can	be	sealed	carefully	in	place	with	fast-setting	hydraulic	cement	and	closed	when	the	grout	is	injected.	The	pipe	can	also	be	fastened	to	or	set	into	a	solid	surface	and	then	drilled	through	to	direct	the
preferential	flowpath	through	the	controllable	outlet	to	relieve	pressure	on	the	surrounding	lesser	leaks.	Once	the	packers	are	in	place,	the	grouting	of	the	crack	or	joint	is	typically	performed	with	a	sequence	of	low-	480	PRACTICE	Figure	22.86	Injection	ports	installed	on	both	sides	of	a	slurry	wall	joint.	(a)	volume	grout	injections.	The	injection	of
grout	should	either	start	with	low-flow	areas	and	proceed	to	higher-flow	areas,	or	when	there	is	relatively	uniform	leakage	along	the	crack,	the	injection	should	start	at	the	bottom	and	proceed	upwards	so	the	water	pressure	on	the	backside	of	the	joint	will	rise	as	the	crack	is	closed	off	and	the	groundwater	reveals	the	crack	as	the	injection	proceeds.
The	injection	through	any	single-injection	port	should	cease	when	grout	is	observed	at	the	surface.	Wide-open	joints	or	cracks	can	be	sealed	with	activated	oakum,	a	rope-like	material	that	has	been	soaked	in	urethane	grout.	The	oakum	is	cut	in	strips,	submerged	and	impregnated	with	urethane	grout,	dipped	in	water	to	start	the	reaction,	and	then
placed	in	the	joint.	Oakum	is	a	frequently	used	grouter’s	tool.	Monitoring	of	the	grouting	process	is	also	critical	to	a	successful	project.	From	the	entry	point,	the	repair	grout	will	follow	the	path	of	least	resistance	into	and	eventually	out	of	the	structure.	This	path	that	the	grout	follows	is	not	necessarily	the	flowpath	the	contractor	is	trying	to	fill.
Monitoring	the	quantity	of	grout	injected	and	its	travel	can	minimize	the	amount	of	grout	wasted	on	a	project.	Monitoring	of	quantity	is	done	by	recording	the	volume	pumped	at	each	entry	point.	Counting	the	pump	strokes	and	multiplying	by	the	volume	per	stroke	is	a	common	method.	Where	larger	quantities	of	grout	are	to	be	used,	graduations	on
the	supply	pail	that	feeds	the	pump	are	helpful.	Many	times	the	monitoring	volume	is	less	important	than	monitoring	the	travel	of	the	repair	grout.	Since	the	flowpath	may	vary	in	size,	more	grout	will	be	required	in	some	entry	points	than	others.	Visual	monitoring	of	leaking	water,	and	then	the	repair	grout	as	it	is	forced	along	the	flowpath,	is	the	best
way	to	ensure	that	the	flow-	(b)	Figure	22.87	(a)	When	closing	off	a	major	water	flow,	a	pipe	can	be	set	into	the	leakage	zone	to	provide	a	preferential	flowpath,	which	will	provide	relief	of	the	water	pressure	so	that	surrounding	minor	leaks	can	be	grouted	and	the	preferential	flowpath	pipe	can	be	adequately	sealed	in	place.	(b)	Once	the	flow	is
diverted	through	the	pipe,	the	pipe	can	be	closed	off	and	the	grout	injected	upstream	through	the	pipe.	The	tee	shown	allows	the	grout	hose	to	be	connected	prior	to	closure	of	the	valve.	GROUTING	METHODS	481	Figure	22.88	An	array	of	grout	pipes	for	grouting	the	stone	backfill	beneath	a	structure.	path	is	completely	filled.	Watching	for	repair
grout	rejection	into	the	structure	from	along	the	flowpath	or	removing	a	packer	or	zerk	fitting	from	the	next	entry	point	to	monitor	water/grout	flow	is	the	best	method	to	ensure	a	continuous	flow	of	grout.	Injection	points	should	be	injected	several	times	during	the	repair	process.	This	allows	for	the	repair	grout	from	the	first	pass	to	expand	and	cure
before	the	second	pass.	The	path	of	least	resistance	will	be	different	and	will	carry	the	grout	deeper	into	the	flowpath	or	into	an	area	that	is	a	potential	new	flowpath.	Grouting	should	continue	until	reaching	refusal	at	all	entry	points.	The	success	of	a	grouting	plan	must	be	reevaluated	as	it	progresses.	If	little	or	no	grout	is	taken	at	several	entry
points	then	the	process	must	be	modified.	If	grout	is	not	entering	the	flowpath,	then	new	entry	points	should	be	located.	If	conditions	are	not	as	anticipated,	the	choice	of	repair	grout	may	need	to	be	modified.	A	lower-viscosity	repair	grout	may	be	required	to	penetrate	smaller	areas	of	the	flowpath.	A	higher	than	expected	water	flow	through	the
flowpath	may	require	the	use	of	a	grout	with	a	higher	expansion	rate.	The	success	criterion	of	the	project	as	established	in	the	re-evaluation	phase	may	have	to	be	modified	based	on	changing	conditions.	Sources	of	Water	Introduced	by	a	Structure	or	a	Previous	Construction	Activity	A	man-made	structure	that	lies	below	the	water	table	can	be	a
potentially	concentrated	source	of	water	into	an	excavation	if	the	backfill	beneath	and	alongside	the	structure	is	significantly	more	permeable	than	the	surrounding	natural	soil.	It	is	very	common	for	structures	to	be	built	on	a	layer	of	gravel	to	provide	a	firm,	drainable	working	surface	during	construction.	This	condition	occurs	more	often	in	areas	of
older	construction	where	the	original	dewatering	was	performed	with	the	use	of	open-pumping	techniques	with	a	healthy	amount	of	gravel	bedding	stone.	Many	deep	buildings	are	built	with	a	basement	underdrain	of	stone	to	relieve	the	groundwater	pressure	from	beneath	the	lowest	slab.	The	gravel	bedding	stone	and	coarser	backfill	material	is	of
great	benefit	for	the	original	construction,	but	it	can	be	a	concentrated	recharge	source	and	a	great	hindrance	for	the	subsequent	tie-ins	into	the	pre-existing	structure	or	excavations	immediately	alongside	of	it.	Depending	on	the	site	and	soil	conditions,	it	may	be	best	to	dewater	the	backfill	from	outside	the	immediate	work	area,	grout	up	the	coarse
backfill	material,	or	both.	If	the	concern	is	a	high	volume	of	water	that	may	be	introduced	by	a	gravel	bedding	layer,	then	a	relatively	inexpensive	bentonite–cement	grout	will	probably	be	the	most	costeffective	material	to	utilize.	Although	bentonite–cement	grouts	are	the	most	cost-effective	way	to	fill	voids,	bedding	stone,	or	highly	permeable	ground
conditions,	bentonite–	cement	grouts	do	not	set	for	hours	and	are	only	modestly	resistant	to	washout.	Thus,	they	will	not	stand	up	under	flowing	water	conditions.	Because	of	its	high	viscosity,	bentonite–cement	grout	will	not	permeate	through	sandy	soils,	and	the	grout	injected	into	a	stone	bedding	material	will	remain	confined	within	the	bedding,
which	promotes	the	proper	permeation	and	filling	of	the	bedding	when	the	grout	is	pumped	under	pressure.	The	grout	should	be	viscous	enough	so	that	it	will	not	flow	into	the	surrounding	natural	soil,	but	it	should	be	thin	enough	so	that	it	will	travel	readily	though	the	stone	and	permit	the	work	to	be	performed	quickly,	with	thorough	penetration	and
with	a	minimum	number	of	injection	points.	In	some	cases,	say,	for	example,	where	plugging	of	the	stone	is	required	only	along	an	edge	of	the	area,	thorough	penetration	through	the	stone	is	not	desirable,	and	a	more	viscous	bentonite–cement	grout	or	a	urethane	material	should	be	used.	A	typical	bentonite–cement	grout	for	such	void-filling
applications	may	consist	of	1:1:10	bentonite:cement:water	by	482	PRACTICE	weight	and	set	with	the	consistency	of	a	firm	clay,	i.e.,	with	a	compressive	strength	between	25	and	75	psi	(175	to	520	kPa).	This	is	probably	the	least	expensive	grout	that	can	be	formulated	on	a	per	gallon	cost	basis.	Typically,	because	of	the	formulation,	the	bleed	with
such	a	grout	is	of	very	little	significance	because	the	intent	is	generally	to	seal	off	a	major	source	of	water	rather	than	provide	a	100%	watertight	seal.	Successful	performance	of	the	work	is	usually	gauged	by	transforming	the	wide-open	stone	into	a	material	with	a	hydraulic	conductivity	similar	to	the	surrounding	soil.	In	the	event	that	a	near-perfect
seal	or	closure	of	the	stone	must	be	provided,	the	grout	formulation	should	be	reconsidered	to	provide	a	more	stable	material.	In	some	cases	an	anti-washout	additive	should	be	considered	when	the	grout	will	be	injected	into	a	large	source	of	water	and	dilution	would	create	problems	with	the	end	product.	The	grout	injection	can	be	performed	with
open-ended	or	perforated	pipes	driven	or	drilled	into	the	permeable	bedding	material.	The	pipes	serve	two	purposes:	(1)	as	the	mechanism	with	which	to	inject	the	grout,	and	(2)	as	‘‘telltale’’	pipes	that	will	indicate	the	location	of	the	grout	mass	as	it	is	injected	to	confirm	that	the	grout	mass	is	moving	through	the	stone	as	anticipated.	The	injection
will	either	start	at	one	end	of	the	pipe	array	and	continue	in	sequence	to	the	other	end,	or	start	in	the	center	and	proceed	to	the	extremities.	As	a	telltale	pipe	bleeds	grout,	it	is	converted	to	an	injection	pipe,	and	will	subsequently	be	capped	as	the	injection	progresses	and	the	take	diminishes.	Grouting	of	a	coarse	bedding	layer	beneath	a	structure
may	also	be	necessary	if	permeation	grouting	of	the	underlying	or	adjacent	less	permeable	natural	soils	is	required.	Permeation	grout	will	always	travel	the	path	of	least	resistance	before	it	will	permeate	through	finer	soils	and	if	voidaceous	ground	conditions,	as	in	rubble	fill,	or	coarse	gravel	bedding	are	within	close	proximity	of	a	permeation
grouting	injection,	the	thinner	permeation	grout	material	will	travel	freely	through	the	voids	of	coarse	bedding	until	some	resistance	is	built	up	within	the	voidaceous	or	coarser	material.	To	a	limited	extent	this	can	be	controlled	with	the	set	time	of	the	grout,	when	the	void	space	or	coarse	bedding	is	limited	in	extent	and	the	connection	is	not	direct.	A
man-made	source	of	recharge	can	be	quite	problematic	if	the	natural	soil	is	fine-grained,	is	of	low	permeability,	Figure	22.90	When	a	coarse	gravel	bedding	layer	is	in	immediate	contact	with	natural	soils	that	must	be	permeation	grouted,	the	coarse	bedding	must	be	closed	off	first	to	limit	the	loss	of	grout	outside	of	the	intended	target	zone.	Figure
22.89	Although	a	large	volume	of	bedding	stone	could	be	grouted	with	simply	one	pipe,	several	‘‘telltale’’	pipes	are	installed	to	confirm	proper	travel	of	the	grout	though	the	stone.	GROUTING	METHODS	483	of	recharge	such	as	a	permeable	layer	of	bedding	stone,	permeable	backfill,	or	even	a	leaky	utility	line	can	deliver	more	water	than	it	would
take	to	dewater	the	formation,	there	will	be	ground	instability	problems.	Figure	22.91	The	bedding	stone	of	a	buried	utility	can	be	a	significant	and	concentrated	source	of	recharge	to	an	excavation.	This	condition	is	particularly	problematic	if	the	natural	soils	are	fine-grained,	the	source	is	close	to	the	excavation,	the	water	pressure	is	high,	and	the
buried	utility	is	of	significant	length	or	it	ties	into	a	significant	source	of	water	such	as	a	river.	and	does	not	have	the	ability	to	‘‘absorb’’	the	amount	of	water	that	can	be	generated	by	the	coarser	backfill	material	and	remain	stable.	A	good	example	of	this	situation	would	be	a	sewer	line,	underlain	by	0.75-in.	(20-mm)	stone,	installed	through	a
noncohesive	silt	or	silty	sand.	The	amount	of	recharge	from	the	coarse	bedding	of	the	sewer	line	is	many	times	greater	than	the	absorbing	ability	of	the	underlying	silt	or	silty	sand,	even	when	dewatered.	And	the	recharge	from	the	sewer	backfill	could	render	the	underlying	silt	or	silty	sand	unstable	within	an	excavation.	In	evaluating	the	potential
stability	of	a	natural	soil	in	such	a	setting,	one	should	consider	the	quantity	of	water	that	must	be	pumped	to	dewater	(and	stabilize)	the	soil.	Generally	speaking,	this	same	amount	of	water,	when	recharged	back	to	the	same	soil,	will	be	sufficient	to	render	it	unstable.	If	a	local	source	Piping	Paths	or	Flow	Channels	in	Natural	Ground	When	a	liquid	is
subjected	to	differential	pressure	it	will	seek	to	equalize	this	pressure	by	moving	in	the	direction	of	least	resistance.	Water	will	always	follow	the	flowpath	of	least	resistance.	In	consolidated	materials	(rock),	a	flowpath	may	be	well	defined	and	relatively	stable	(albeit	difficult	to	locate).	However,	in	unconsolidated	materials	(soil),	say,	for	example,
where	a	piping	path	has	developed,	the	flowpath	can	be	altered	by	the	flowing	condition	itself	and	may	shift	or	change	with	any	number	of	site	conditions	that	increase	or	decrease	the	resistance	to	flow.	The	site	conditions	may	be	excavation	depth,	pumping	effort,	restraint	of	the	soil	under	a	water	head,	and	so	forth.	Grouting	of	a	changeable
flowpath	in	soil	can	be	extremely	challenging	because	of	the	susceptibility	of	alternative	paths	of	least	resistance	to	develop.	Piping	paths	or	flow	channels	in	soil	will	occur	only	where	there	are	significant	groundwater	gradients,	noncohesive	soil,	and	no	restraint	to	the	movement	of	the	soil	by	flowing	water.	This	occurs,	for	example,	at	dams	without
properly	designed	toe	drainage	systems,	or	below	deep	buildings	with	improperly	designed	or	compromised	underdrain	systems,	conditions	where	the	groundwater	gradients	are	great	enough	to	lift	and	erode	the	natural	soil.	These	flow	conditions,	once	developed,	can	be	the	most	challenging	to	rectify.	When	such	a	condition	evidences	itself,	the
visible	point	of	pressure	relief,	such	as	a	boil	at	the	toe	of	the	embankment	or	the	flow	of	soil	into	a	basement,	is	the	only	known	location	of	the	possibly	circuitous	flow	path	that	has	developed.	A	significant	amount	of	probing	and	exploration	with	dye	testing	and	water	level	analysis	may	Figure	22.92	The	coarse	bedding	stone	beneath	a	previously
constructed	sewer	line	located	less	than	10	ft	(3	m)	away	from	the	edge	of	this	excavation	provided	a	direct	connection	between	the	river	and	the	excavation.	Approximately	8000	gpm	(30,300	L	/	min)	was	pumped	for	the	dewatering	of	a	jacking	pit	approximately	20		10	ft	(6		3	m)	in	plan.	With	the	connection	to	the	river,	the	dewatering	system	could
lower	the	groundwater	only	several	feet.	This	condition,	had	it	been	known	beforehand,	would	have	been	more	appropriately	handled	with	a	combined	effort	of	dewatering	and	grouting	of	the	sewer	bedding	stone.	484	PRACTICE	Figure	22.93	The	flow	of	silt	through	a	cleanout	in	a	deep	building	underdrain	system.	This	type	of	a	ground	/	water
movement	is	extremely	difficult	to	rectify	because	the	silt,	being	a	fine	noncohesive	material,	will	be	highly	susceptible	to	running	under	a	groundwater	gradient,	but	the	silt	formation	will	not	maintain	any	‘‘structure’’	or	well-defined	piping	path	that	can	be	readily	defined	and	grouted.	The	accompanying	loss	of	ground	is	the	major	concern	with
problems	of	this	nature.	be	necessary	to	map	the	flowpath(s).	Unlike	leaks	through	structures,	there	is	no	window	through	a	wall	or	a	fixed	structure	that	can	be	strategically	closed	off	with	a	pipe	and	valve	and	precisely	grouted	to	eliminate	the	problem.	In	some	cases,	a	physical	cutoff	such	as	steel	sheeting	or	road	plates	can	be	driven	to	cut	off	the
flowpath.	In	most	cases,	once	a	piping	or	flowpath	has	been	developed	in	soil,	the	flowpath	can	migrate	or	erode	a	new	channel	through	the	natural	ground	if	restriction	at	the	downstream	end	is	felt.	The	ability	of	the	flowpath	to	migrate	through	the	ground	will	vary	with	the	consistency	of	the	soil,	and	locating	the	flowpath	can	be	like	chasing	a
moving	target.	Typically,	the	groundwater	gradient	must	be	reduced	to	slow	down	or	halt	the	movement	of	soil,	the	flowpath	must	be	located,	and	the	flowpath	must	be	sealed	by	grouting.	Relieving	the	groundwater	pressure	(gradient)	is	of	primary	significance	so	that	the	movement	of	soil	can	be	mitigated	and	the	condition	can	be	grouted	under	a
reduced	groundwater	pressure	gradient.	If	the	source	of	the	water	is	an	aquifer,	it	may	be	dewatered	or	pressure-relieved	to	reduce	or	eliminate	the	flow	gradient	and	thus	control	the	flowing	condition.	If	the	source	of	water,	is	an	open	body	of	water,	reducing	or	eliminating	the	gradient	may	be	possible	only	by	flooding	the	excavation	or	cofferdam.
Sometimes	the	area	can	be	flooded	so	that	the	grouting	can	occur	under	static	water	conditions.	As	with	the	grouting	of	structures,	there	must	be	access	points	and	direct	communication	made	with	the	flowpath.	Locating	the	flowpath	may	require	a	significant	amount	of	drilling,	water	level	measurement,	and	careful	observations.	Communication	with
the	flowpath	may	be	indicated	with	fluid	loss	during	drilling	and	a	corresponding	discoloration	of	the	boil	or	flow.	Once	the	flowpath	is	located,	a	series	of	open-ended	grout	pipes	are	typically	installed,	and	the	grouting	may	proceed.	The	grouting,	where	possible,	should	be	performed	from	the	downstream	point	of	pressure	relief	and	back	to	the
source	so	that	the	grouting	will	chase	all	of	the	possible	tributaries	that	converge	at	the	downstream	boil.	The	grout	may	be	bentonite–cement,	cement/sodium	silicate,	urethane,	bitumen,	or	other.	Particulate	fillers	have	been	added	to	cement-based	grouts	to	control	grout	loss	though	openwork	formations	or	to	plug	moving	flow	channels.	Wood
shavings,	walnut	shells,	strips	of	cellophane,	and	even	horse	manure	have	been	used.	Generally,	the	more	expensive	chemical	grout	materials	are	warranted	when	the	flowing	conditions	cannot	be	controlled	or	minimized	with	the	less	expensive	cement-based	grouts.	As	discussed	in	Section	22.1,	sodium	silicate	can	also	be	combined	with	Portland
cement	in	roughly	equal	proportions	to	create	a	flash-setting,	high-strength	material	that	is	effective	for	sealing	flowing	water	conditions.	The	cement–	silicate	grout	must	be	mixed	immediately	at	the	point	of	application.	The	grout	must	be	pumped	into	the	flowpath	at	such	a	rate	as	to	overpower	or	overwhelm	the	water	flow	for	at	least	a	moment.
One	disadvantage	with	the	use	of	the	flash-setting	cement–silicate	grout	is	that	the	quick	setting	time	does	not	permit	the	grout	to	travel	as	far	into	the	seepage	or	piping	path	as	a	slow-setting	or	expansive	polyurethane	material	would	travel.	For	the	grouting	of	very	high-flow	solution	channels	or	fractures	in	rock,	hot	bitumen	has	some	unique
properties,	well	suited	for	the	application.	Prior	to	injection,	the	heated	(390⫹⬚F	[200⫹⬚C])	bitumen	will	have	a	relatively	low	viscosity	(15	to	100	cP),	fairly	good	penetration	and	will	undergo	a	dramatic	increase	in	viscosity	upon	contact	with	cool	groundwater,	where	it	will	continue	to	flow	like	lava,	adhere	very	well	to	the	rock,	and	be	very	resistant
to	washout	under	high	water	pressures.	The	bitumen	grouting	operation	is	expensive	to	set	up	and	operate	but	has	been	used	successfully	for	grouting	flows	of	thousands	of	gallons	per	minute	at	quarries	[22-4].	The	material	remains	stable	with	time	and	has	good	chemical	resistance,	but	simultaneous	penetration	with	stable	particulate	grouts	is
necessary	to	ensure	longterm	behavior	[22-35].	In	many	cases,	a	high	flow	through	a	solution	cavity	or	large	piping	path	has	been	closed	with	well	placed	readymixed	concrete.	The	key	to	this	type	of	approach	is	to	over-	GROUTING	METHODS	485	Figure	22.94	This	photograph	was	taken	at	the	base	of	a	50-ft	(15-m)	deep	drydock	designed	with	a
robust,	hinged	laydown	gate	at	its	entrance.	An	underdrain-type	pressure	relief	system	with	emergency	pressure	relief	holes	was	in	place	to	reduce	pressures	beneath	the	heavy,	gravity	base	slab	as	well	as	the	thinner	base	slab	along	the	body	of	the	drydock.	After	two	years	of	operation	and	flexing	of	the	cutoff	sheeting	under	the	gate	slab,	the
emergency	pressure	relief	holes	began	to	flow,	as	shown.	The	drydock	was	flooded	under	emergency	conditions	and	investigation	revealed	a	piping	path	along	both	sides	of	the	cutoff	sheeting.	As	a	result	of	the	migration	of	the	natural	foundation	soils,	piping	paths	developed	between	the	underdrain	system	and	the	open	water	outboard	of	the	dock
that	were	subsequently	grouted	with	bentonite	cement	grout.	Figure	22.95	A	dried	up	boil	in	the	base	of	an	excavation.	The	boil	occurred	because	an	ungrouted	boring	provided	a	direct	route	of	communication	between	the	excavation	and	a	deep,	highly	permeable	formation.	The	size	of	the	resulting	crater	(note	the	two	by	four	for	scale)	is	an
indication	of	the	flow	rate	of	the	boil	and	the	resulting	movement	of	material.	This	particular	condition	was	rectified	by	pressure	relieving	the	deep	formation,	but	grouting	methods	can	be	successful	as	well.	486	PRACTICE	Case	History:	Combined	Use	of	Grouting	and	Temporary	Pressure	Relief	to	Heal	Boils	at	Gypsum	Stack	Embankments	Due	to
nature	of	the	deposition	and	material	characteristics	of	gypsum	stack	embankments,	they	remain	susceptible	to	erosion	and	instability	due	to	internal	water	pressures	and	seepage	forces.	With	an	understanding	of	the	foundation	soils,	the	combination	of	grouting	and	temporary	pressure	relief	can	be	implemented	to	heal	boils	that	inherently	develop
at	the	embankment	toes.	The	combination	of	techniques	has	been	used	successfully	to	completely	seal	off	boils	that	have	been	as	small	as	1	gpm	(3.785	L	/	min)	and	as	high	as	1500	gpm	(5680	L	/	min).	Central	Florida	is	home	to	numerous	phosphate	mines,	each	with	a	mountainous	stack	of	gypsum	(calcium	sulfate),	a	finegrained	by-product	of	the
fertilizer	production	process,	which	behaves	like	a	fine	sand	or	silt.	The	gypsum	is	placed	into	containment	stacks,	in	successive	lifts,	by	hydraulic	processes	which	in	essence	results	in	the	creation	of	a	dam	embankment	that	contains	both	the	gypsum	and	the	process	water.	Due	to	the	gypsum	deposition	process	where	water	is	continuously	fed	to	the
top	of	the	embankment,	high	internal	water	levels	are	experienced	as	well	as	within	the	foundation	soils	below.	Boils	occur	at	the	embankment	toe	with	excessive	seepage	gradients	and	the	material	becomes	‘‘quick.’’	The	piping	of	the	foundation	sands	due	to	a	boiling	condition	at	the	toe	often	allows	flows	to	increase	and	subsequently	erode	more	of
the	foundation	soils,	resulting	in	the	embankment	failure	if	not	addressed.	The	geology	of	central	Florida,	where	these	projects	have	occurred,	generally	consists	of	fine	sandy	soils	of	variable	silt	/	clay	content	and	the	presence	of	cemented	sand,	or	‘‘hardpan,’’	layers	with	clean	sand	strata	beneath.	The	natural	bridging	action	of	the	cemented	sands,
or	‘‘hardpan,’’	renders	the	clean,	uniform,	underlying	sand	highly	susceptible	to	piping	or	movement	with	seepage,	in	turn	transmitting	the	high-pressure	groundwater	in	the	foundation	soils	below	the	central	part	of	the	stack	to	the	embankment	toe	to	exit	as	a	boil.	The	typical	immediate	response	measure	to	control	the	boiling	is	backfilling	the	boil
with	crushed	stone	to	‘‘weight’’	the	area.	Due	to	the	differences	in	grain	size	between	the	stone	and	the	fine	flowing	sand,	the	desired	filtering	effect	is	seldom	achieved	with	a	strong	boil	and	the	sand	flows	right	through	the	pore	spaces	of	the	stone.	Building	a	berm	around	the	boil	area	to	slow	the	flowing	water	also	results	in	limited	success.	Once
the	boil	has	‘‘surfaced’’	and	the	high-pressure	source	has	in	essence	washed	its	way	to	the	edge	of	the	gypsum	stack,	the	shallow	cover	permits	the	boil	to	easily	develop	a	new	path	of	least	resistance.	Boil	locations	have	moved	as	much	as	50	ft	(15.25	m)	in	only	a	few	hours.	Once	the	piping	path	has	developed,	wellpoints	or	relief	wells	are	effective	as
a	preemptive	measure	only,	and	are	of	little	benefit	installed	in	undisturbed	soils	outside	of	the	piping	path.	They	are,	however,	highly	effective	as	a	preventative	measure,	avoiding	the	buildup	of	pressure	and	critical	gradients	that	may	result	in	piping,	preferential	flow	paths	or	boils,	such	as	occurred	in	this	case.	When	such	a	condition	has
developed,	it	is	necessary	not	only	to	stop	the	boiling	condition	and	movement	of	soils	at	the	embankment	toe,	but	also	to	restore	groundwater	pressures	within	and	beneath	the	gypsum	stack	to	safe	levels.	The	remediation	process	discussed	herein	is	very	similar	conceptually	to	grouting	of	defects	through	structures	under	flowing	water	conditions	by
diverting	the	flow	of	water	through	a	temporary	sealable	outlet.	A	thorough	examination	of	the	foundation	soil	stratigraphy	and	an	understanding	the	groundwater	dynamics	of	the	situation	is	essential	to	delineating	the	piping	path	and	sealing	it	off.	Several	rows	of	pipes	were	installed	to	provide	direct	access	to	the	flow	path	every	20	to	30	ft	(6	to	9
m)	away	from	the	boil.	Numerous	pipes	were	installed	in	each	row	on	a	‘‘picket	fence’’	pattern,	with	the	intent	of	having	at	least	one	pipe	per	row	in	direct	communication	with	the	piping	path.	Project	Example	A	270-gpm	(1022-L	/	min)	boil	developed	immediately	upon	excavation	of	a	shallow	40		40-ft	(12.2	lts	12.2-m)	area	at	the	toe	of	the
embankment	for	the	construction	of	a	new	pumping	station.	The	excavation	‘‘blew’’	and	moved	approximately	30	yd3	(23	m3)	of	soil	into	the	excavation	area.	The	boil	moved	several	times	across	the	excavated	area	within	a	couple	of	days	of	surfacing,	perhaps	due	to	backfilling	with	stone	or	attempting	to	isolate	it	within	a	small	berm.	The	foundation
soil	stratigraphy	was	investigated	and	the	vulnerable	or	suspect	strata	determined.	A	series	of	probe	holes	and	continuously	sampled	borings	were	advanced	on	the	closest	area	of	solid	ground	on	the	embankment	side	of	the	boil.	Probe	holes	were	drilled	by	direct	rotary	drilling	using	clean	water	so	that	the	wash	return	and	fluid	loss	could	be
observed.	The	subsurface	stratigraphy	generally	consisted	of	10	ft	(3.05	m)	of	gypsum	and	a	cemented	sand,	or	‘‘hardpan,’’	layer	approximately	4	ft	(1.2	m)	thick	over	clean	fine	sand	to	the	maximum	depths	probed.	Several	probes	experienced	complete	drilling	fluid	loss	upon	drilling	through	the	hardpan,	with	a	significant	increase	in	turbidity	in	the
boil,	confirming	the	location	of	the	piping	path.	Once	it	was	determined	that	the	zone	of	concern	was	situated	immediately	beneath	the	hardpan,	every	probe	advanced	was	completed	with	a	perforated	pipe,	which	would	allow	the	introduction	of	grout	or	other	materials,	allow	observation	of	water	levels,	or	provide	a	means	of	relieving	the	pressure	in
the	zone,	which	would	be	required	at	the	time	the	boil	was	sealed	off.	Each	pipe	was	constructed	with	2-in.	(50-mm)	diameter	PVC	pipe	fitted	with	a	borehole	packer	to	seal	the	lower,	perforated	part	of	the	pipe	at	or	below	the	hardpan	and	permit	grouting	of	the	annular	space	through	and	above	the	hardpan.	Each	of	the	pipes	was	carefully	grouted
upon	installation	so	that	annular	space	would	not	become	the	new	path	of	least	resistance	once	the	original	boil	was	sealed.	The	approximate	piping	path(s)	were	delineated	based	on	groundwater	pressures	at	various	depths	within	the	foundation	soils.	The	water	levels	observed	in	the	pipes	clearly	reflected	the	high	groundwater	pressures	associated
with	the	boil.	In	those	pipes	where	complete	drilling	fluid	loss	was	experienced,	the	water	levels	were	measured	as	high	as	5	ft	(1.5	m)	above	ground	surface,	even	as	the	boil	flowed	freely.	The	adjacent	pipes,	which	did	not	encounter	voids	but	only	loose	soils	below	the	hardpan,	reflected	the	dissipation	of	the	high	groundwater	pressure	into	the
undisturbed	or	less	disturbed	soils.	Over	the	5-day	pipe	installation	period,	the	piping	path	actually	repositioned	itself	several	times,	almost	like	a	river	meandering	slowly	beneath	the	ground	surface.	The	pipes	GROUTING	METHODS	487	that	were	clearly	in	the	piping	path,	based	on	the	groundwater	elevation,	would	change	from	day	to	day.
Sometimes	it	would	be	the	disturbance	of	a	probe	hole	penetrating	into	the	piping	path	further	upstream	depositing	a	column	of	sand-laden	drilling	fluid	that	would	cause	a	sudden	shift	in	the	piping	path	location.	At	other	times	a	shift	would	occur	without	any	apparent	outside	disturbance.	The	grout	pipes	installed	and	confirmed	within	the	piping
path	itself	are	rather	valuable	entities.	A	typical	project	of	this	nature	may	involve	the	installation	of	30	to	70	pipes	to	gain	only	a	handful	of	key	pipes	in	the	piping	path	itself,	which	will	be	used	to	do	essentially	all	of	the	sealing	work.	The	grout	pipes	were	installed	not	only	to	facilitate	the	introduction	of	grout,	but	also	to	provide	a	means	of	relieving
the	pressure	in	the	piping	path	further	upstream	once	the	flowpath	was	plugged.	The	pipes	were	installed	and	constructed	to	allow	the	270	gpm	(1022	L	/	min)	boil	flow	to	relieve	itself	as	artesian	wells	so	that	a	sudden	increase	in	the	groundwater	pressure	beneath	the	hardpan	would	not	result	in	a	ground	heave	or	the	development	of	a	new	flowpath
to	the	ground	surface	once	the	boil	was	plugged.	Tests	were	performed	on	the	installed	pipe	array	to	confirm	which	pipes	communicated	directly	with	the	boil	and	the	amount	of	groundwater	that	could	be	transmitted	through	those	pipes.	Based	on	the	flow	rate	at	the	boil	and	the	time–distance	relationship	of	dye	tests	performed	on	various	pipes,	it
was	estimated	that	the	piping	path	had	a	water-carrying	capacity	approximately	equivalent	to	an	8-in.	(200-mm)	diameter	pipe.	Once	an	adequate	array	of	pipes	was	in	place,	the	boil	was	plugged	with	the	introduction	of	a	mix	of	particulate	materials	(sands,	fine	gravels,	etc.)	into	the	grout	pipes	furthest	downstream.	An	initial	plug	was	created	at	the
boil	to	serve	as	a	stopping	block	so	that	grout	could	be	subsequently	introduced	into	the	piping	path	and	flow	under	pressure	back	under	the	gypsum	stack	as	far	as	possible.	Once	the	boil	was	plugged	and	the	transfer	of	groundwater	flow	occurred	from	the	boil	to	the	grout	pipes,	grout	was	introduced	into	the	piping	path	starting	at	the	boil	location
and	working	back	into	the	stack.	Pressure	relief	‘‘bleeding’’	of	the	upgradient	Figure	22.96	The	excavation	area	where	the	boil	(and	30	yd3	[23	m3]	of	material)	appeared.	Figure	22.97	When	the	flowpath	was	encountered	during	drilling,	either	complete	fluid	loss	or	artesian	conditions	were	experienced.	Either	way	it	was	readily	apparent	that	the	flow
path	was	found.	488	PRACTICE	pipes	was	required	concurrent	with	the	grouting	operation	until	the	flowpath	was	grouted	up	a	sufficient	distance	beneath	the	stack	where	there	was	adequate	cover	and	groundwater	pressures	could	be	safely	dissipated	through	the	foundation	soils.	Grout	was	pumped	into	each	of	the	open	pipes	until	a	return	of
undiluted	grout	was	observed	in	the	adjacent	pipe	upstream,	at	which	point	the	downstream	pipe	was	capped	and	the	injection	moved	to	the	upstream	pipe,	which	had	just	started	flowing	grout.	In	this	manner,	the	grouting	of	the	void	space	was	progressively	worked	back	toward	the	gypsum	stack.	Accelerators	were	added	to	the	cement	grout	to
speed	up	the	set	time	of	the	material	so	that	higher	grouting	pressures	needed	further	upslope	were	not	transmitted	to	the	piping	path	at	shallower	depths	closer	to	the	boil.	The	project	was	well	instrumented	with	piezometers,	which	allowed	an	understanding	of	what	was	occurring	to	the	local	groundwater	regime	during	the	project.	It	was	apparent
that	the	piping	path	brought	groundwater	under	high	pressure	to	the	periphery	of	the	gypsum	stack	and	elevated	the	water	levels	of	the	surrounding	area.	As	the	boil	was	plugged	and	grouting	proceeded	back	under	the	embankment,	the	further	increase	in	groundwater	pressure	due	to	restricting	the	boil	could	be	monitored	and	tracked.	As	the
grouting	proceeded	back	under	the	embankment,	groundwater	levels	were	observed	to	drop	along	the	length	of	piping	path	that	was	grouted	and	rise	along	the	ungrouted	upstream	lengths.	Figure	22.98	Dye	testing	of	the	grout	pipes	confirmed	which	pipes	communicated	with	the	boil.	Knowing	the	approximate	boil	flow	rate,	the	delay	between	dye
injection	and	when	it	appears	in	the	boil	also	provides	an	indication	of	the	area	of	the	flow	path.	Figure	22.99	Several	rows	of	pipes	were	installed	at	various	distances	from	the	boil.	In	the	foreground	the	closest	pipe	is	bleeding	off	groundwater	pressure	as	the	pipes	further	downstream	are	being	grouted.	As	the	grouting	proceeds,	the	flow	path	can
change	course	and	relieve	itself	through	different	pipes.	In	the	photo,	hoses	are	run	out	to	several	adjacent	pipes	in	the	event	that	they	may	establish	communication	with	the	flow	path	and	may	be	required	for	grout	injection.	GROUTING	METHODS	whelm	the	flow	path	with	the	rapid	replacement	of	a	large	mass	of	material.	Anti-washout	agents
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Foundation	Engineering	Handbook,	edited	by	R.	W.	Brown.	McGraw-Hill,	New	York.	CHAPTER	23	Dewatering	and	Groundwater	Control	for	Soft	Ground	Tunneling	onventional	tunneling	is	unlike	other	excavation	below	the	water	table	in	a	number	of	significant	ways.	The	influence	of	wet	conditions	and	unstable	ground	has	a	significant	impact	on	the
selection	of	the	method	and	productivity	of	the	tunneling	operation	and	there	is	no	construction	activity	that	is	more	vulnerable	to	the	performance	of	a	dewatering	system	than	the	advancement	of	an	openface,	soft	ground	tunnel.	When	working	in	a	confined	space,	the	ability	to	cope	with	a	given	amount	of	seepage	depends	on	the	character	of	the
ground	and	on	the	type	of	shield.	Open-face	shields	can	have	breasting	capability,	poling	plates,	pie	sectors,	or	other	devices	to	help	hold	the	ground	until	the	liner	can	be	erected	and	the	advance	resumed.	Closed-face	shields	are	better	for	controlling	bad	ground	but	experience	difficulty	with	boulders.	Any	condition	or	procedure	that	causes	delay	is
very	costly.	The	commitment	to	dewatering	must	therefore	be	made	well	in	advance	to	permit	construction	of	wells,	drawdown	of	water	wells,	evaluation	of	the	performance	of	the	system,	and	augmentation	if	necessary.	C	23.1	SOFT	GROUND	TUNNELING	METHODS	WITH	CONVENTIONAL	DEWATERING	A	number	of	tunneling	techniques	are	used
in	conjunction	with	conventional	dewatering.	Sequential	Excavation	Method	(NATM)	Tunneling	The	New	Austrian	Tunneling	Method	(NATM),	more	recently	referred	to	as	the	Sequential	Excavation	Method	(SEM),	was	developed	in	the	1950s	for	work	in	consolidated	formations	and	has	been	advanced	and	adapted	to	become	suitable	for	an	array	of
soft	ground	conditions.	NATM	can	generally	be	described	as	a	method	where	the	tunnel	is	excavated	and	supported	in	short	incremental	lengths,	typically	with	one	or	more	benches,	sequenced	to	maintain	weight	against	the	face	or	reduce	the	span	of	the	crown.	Initial	support	is	provided	with	a	spray-on	shotcrete	lining,	typically	reinforced	with	steel
arches	(lattice	girders),	applied	immediately	upon	excavation.	The	tunnel	lining	and	surrounding	soil	or	rock	are	integrated	into	an	overall	composite	ring-like	support	structure.	Excavation	of	the	tunnel	is	labor	intensive	and	slow	because	it	is	generally	completed	by	hand	or	by	small	construction	equipment.	However,	there	is	no	mobilization	and
setup	of	a	tunnel	boring	machine	(TBM).	It	is	cost-effective	for	short	tunnel	reaches	or	irregular	tunnel	configurations	in	cohesive	ground.	When	used	in	soft	ground,	this	tunneling	method	requires	the	soils	to	be	cohesive	to	maintain	stability	and	reduce	the	risk	of	ground	loss.	Adequate	dewatering	is	critical	because	of	the	effects	of	water	and	the	fact
that	the	operation	relies	on	a	relatively	long	stand-up	time	for	the	soil.	Flowing	ground	or	ground	with	short	stand-up	time	is	not	amenable	to	NATM	tunneling	without	ground	modification	and/or	dewatering.	Large-diameter,	Open-face,	Shield-driven	Tunnels	Until	the	early	1990s,	the	large-diameter,	open-face	‘‘digger	shield’’	or	‘‘conventional	shield’’
was	still	the	predominant	method	for	the	installation	of	larger-diameter	tunnels	in	the	United	States.	A	multitude	of	21-	to	22-ft	(6.4-	to	6.7-m)	diameter	open-face	digger	shield	tunnels	were	constructed	for	transit	tunnels	in	major	metropolitan	cities	throughout	the	United	States	and	abroad.	The	advantages	of	the	open-	Construction	Dewatering	and
Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	491	492	PRACTICE	Figure	23.1	NATM	tunneling.	This	particular	project	involved	the	mining	of	several	NATM	(SEM)	drifts	that	comprise	a	larger
circular	(or	elliptical)	tunnel.	The	intermediate	supports	are	temporary.	Courtesy	Obayashi	Corporation.	face	digger	shield	tunnel	are	numerous:	it	can	achieve	high	productivity,	it	is	functional	in	widely	ranging	geologic	conditions,	and	the	face	is	relatively	accessible	to	break	boulders	and	remove	obstructions.	The	drawbacks	are	that	dewatering	is
required	and	there	are	limited	built-in	mechanisms	to	control	flowing	ground	conditions	from	the	heading.	The	use	of	this	type	of	machine	in	difficult	dewatering	conditions	necessitates	a	significant	dewatering	effort	and	possibly	ground	support	such	as	permeation	grouting.	Although	hundreds	of	tunnels	have	been	advanced	successfully	with	the
open-face	digger	shield,	the	industry	felt	the	impact	of	a	few	major	groundwater-related	tunneling	disasters	of	the	early	1990s	and	since	that	time	advancements	in	tunneling	technology	have,	for	the	most	part,	replaced	the	open-face	machine	with	the	earth	pressure	balance	machine	(EPBM).	Figure	23.2	An	open-face	digger	shield,	approximately	22
ft	(6.7	m)	in	diameter.	This	machine	was	used	for	a	subway	tunnel	in	Washington,	DC.	Courtesy	Moretrench.	Small-	and	Medium-diameter,	Shield-driven	Tunneling	and	Pipe	Jacking	At	its	simplest	this	form	of	tunneling	may	involve	the	construction	of	an	open	faced	tunnel	excavated	by	hand	or	by	a	relatively	simple	TBM	with	a	cutter	wheel,	or
sometimes	an	excavator	arm	or	‘‘roadheader.’’	In	poor	ground,	mined	by	hand	or	with	excavator	shields,	sand	shelves	(horizontal	boards	in	the	face	of	the	shield)	are	used	to	improve	face	support.	A	shield	could	be	considered	as	the	leading	element	of	the	tunnel	excavation	that	provides	the	cutting	edge,	a	means	of	steering	and	aligning	the
advancement,	possibly	some	protection	against	ground	loss,	and	a	means	of	moving	the	muck	from	the	face.	If	a	liner	is	installed	immediately	behind	the	shield,	the	tailskin	of	the	shield	permits	erection	of	the	segments	from	within	the	covered	protection	of	the	shield.	If	the	shield	has	a	rotating	face	or	cutting	wheel	it	may	be	referred	to	as	a	tunnel
boring	machine.	Tunneling	machines	that	do	not	have	a	closed-system,	pressurized	face	capacity	to	compensate	for	pressure	at	the	working	face	are	referred	to	as	open	shields.	Depending	on	the	soil	and	groundwater	conditions,	the	tunnel	lining	can	be	simple,	hand-erected	supports	consisting	of	steel	ribs	and	lagging	boards	set	behind	the	TBM,
steel	liner	plate	or	concrete	segments,	or	jacked	pipe	(as	described	later).	Ribs	and	boards,	liner	plate,	and	sometimes	segmental	concrete	linings	are	considered	as	a	temporary	or	first-pass	lining	with	a	subsequent	final	pipe	or	cast-in-place	lining	installed	later.	The	presence	of	groundwater	above	the	tunnel	invert	normally	requires	dewatering	to
below	invert	where	possible	and	potentionally	unstable	ground	and/or	mixed-face	conditions	may	require	additional	ground	treatment	to	improve	face	stability.	Pipe	jacking	is	used	in	both	conventional	tunneling	and	microtunneling.	The	jacked	pipes	(usually	the	final	product	pipes)	are	advanced	immediately	behind	the	tunneling	DEWATERING	AND
GROUNDWATER	CONTROL	FOR	SOFT	GROUND	TUNNELING	493	Figure	23.3	An	extensive	dewatering	system	installed	for	the	mining	of	an	openface	digger	shield	tunnel	through	Harvard	Square,	Cambridge,	Massachusetts.	Courtesy	Moretrench.	1.	Cutting	head	2.	Drive	3.	Erector	4.	Conveyor	belt	5.	Tunneling	jacks	6.	Lining	segment	Supply	7.
Backup	system	8.	Silo	car	1.	Roadheader	2.	Shield	3.	Steering	cylinder	4.	Conveyor	belt	5.	Machine	pipe	6.	Hydraulic	power	pack	1.	Excavator	2.	Shield	3.	Steering	cylinder	4.	Conveyor	belt	5.	Machine	pipe	6.	Hydraulic	power	pack	Figure	23.4	Open-face	tunneling	machines	equipped	with	(a)	a	rotating	cutterhead,	(b)	a	roadheader,	and	(c)	an
excavator	arm.	None	of	these	machines	are	capable	of	compensating	or	counteracting	pressure	at	the	tunnel	face	and	thorough	dewatering	is	required	for	their	use.	Courtesy	Herrenknecht,	AG.	(a)	(b)	(c)	494	PRACTICE	shield.	In	essence,	the	final	lining	is	advanced	with	the	shield.	As	the	shield	advances	through	the	ground,	further	pipes	are	added
to	the	string	at	the	drive	shaft.	Forward	movement	is	provided	by	hydraulic	jacks	in	the	drive	shaft	that	advance	the	whole	string	of	pipes	as	well	as	the	shield	as	excavation	proceeds.	The	pipe	itself	conveys	the	force	from	the	jacks	to	advance	the	shield.	The	dewatering	requirements	for	a	pipe	jacking	operation	will	vary	with	the	type	of	shield	utilized.
Pipe	jacking	is	typically	performed	with	pipe	diameters	between	3	and	8	ft	(0.9	to	2.4	m).	For	smaller	diameters	and	shorter	drives,	open-face	shields	are	more	common,	requiring	complete	dewatering.	For	longer	drives	and	larger	diameters,	microtunneling	shields	and	pressure	balance	machines	are	more	common.	Pipe	jacking	requires	construction
shafts,	typically	permitting	tunneling	in	both	directions	from	alternating	‘‘drive’’	and	‘‘reception’’	shafts,	along	the	alignment	of	the	required	tunnel.	The	dewatering	effort	required	at	the	shafts	will	vary	with	the	ground	conditions,	shaft-sinking	technique,	and	the	method	of	breakout	for	the	launching	or	retrieval	of	the	machines.	Hand	Mining	This
technique	is	one	of	the	earliest	forms	of	tunneling.	In	some	cases	a	cutting	shoe	or	support	plates	may	be	used	to	support	ground.	The	lining,	consisting	of	simple	timber	lining,	liner	plate,	shotcrete,	or	jacked	pipe,	is	installed	as	excavation	proceeds.	Excavation	for	liner	plate	or	pipe	jacking	tunnel	diameters	is	normally	small,	3.5	to	8	ft	(1	to	2.4	m),
and	drive	lengths	are	relatively	short	as	hand	excavation	is	relatively	slow.	Poor	ground	and	high	water	tables	present	significant	problems,	but	this	method	can	be	combined	with	dewaterFigure	23.5	A	jacked	pipe	tunnel	operation.	Courtesy	Herrenknecht,	AG.	ing,	grouting,	and	compressed	air	techniques	where	difficult	ground	is	encountered.	The
unobstructed	face	access	with	hand	mining	is	helpful	if	obstructions	are	anticipated	or	encountered.	Tunnel	Linings	There	are	a	number	of	forms	of	tunnel	linings	used	in	conjunction	with	tunnel	installation	techniques.	All	soft	ground	tunnels	need	a	permanent	lining.	The	lining	type	must	suit	the	ground	conditions	and	tunnel	size	as	well	as	the	final
purpose.	Traditionally,	in	the	United	States,	linings	for	larger-diameter	sewer	and	utility	tunnels	are	often	constructed	as	two-pass	installations—a	temporary,	initial	support	liner	and	a	secondary	permanent,	or	final,	liner.	Temporary	liners	include	timber	supports,	ribs	and	boards,	and	steel	liner	plate.	Timber	headings,	used	for	shorter	and	smaller
hand-excavated	tunnels,	are	supported	by	timber	frames	and	lagging.	Rib	and	lagging	linings	are	formed	with	sets	of	circular	steel	beams	(the	ribs)	erected	against	the	tunnel	wall.	The	spaces	between	the	beams	are	then	supported	with	timber	(the	lagging).	Liner	plate,	made	of	light	steel	segments,	can	be	hand-erected	inside	the	tail	of	the	shield	and
then	grouted	to	fill	the	space	occupied	by	the	shield	tailskin.	These	methods	are	suitable	for	tunnels	of	larger	diameters	in	ground	conditions	that	can	be	adequately	dewatered.	Temporary	linings	typically	are	not	watertight.	As	such,	dewatering	must	continue	with	placement	of	the	secondary,	or	final,	lining.	If	not	dewatered,	the	tunnel	itself	will	act
as	a	horizontal	well	and	seepage	water	will	cause	difficulty	during	concreting,	requiring	panning	or	other	tedious	and	costly	procedures	to	permit	proper	placement	of	the	concrete	lining.	DEWATERING	AND	GROUNDWATER	CONTROL	FOR	SOFT	GROUND	TUNNELING	495	Figure	23.6	A	hand-mined	tunnel.	Courtesy	Moretrench.	For	these
temporary	liners	to	form	a	permanent,	watertight	structure,	a	secondary	liner	is	installed.	For	larger	diameters,	in	situ	concrete	is	often	cast	inside	the	primary	lining.	Alternatively,	pipe	may	be	inserted	as	the	permanent	liner	and	the	annular	space	subsequently	grouted	to	form	a	permanent	structural	lining.	The	fundamental	disciplines	involved	in
tunnel	dewatering	are	groundwater	hydrology	and	geotechnical	engineering:	hydrology	to	understand	the	control	of	water	outside	the	tunnel,	and	geotechnical	engineering	to	predict	the	effect	of	water	entering	the	tunnel.	The	two	are	remarkably	interre-	lated.	The	fundamental	technology	needs	to	be	buttressed	by	practical	experience	in	extracting
water	from	soil	and	in	actually	observing	the	behavior	of	wet	and	dry	soil.	The	volume	of	water	that	can	be	accepted	safely	and	economically	at	the	open	tunnel	face	depends	on	the	soil	characteristics.	The	relevant	ground	parameter	in	tunneling	terminology	is	stand-up	time.	There	is	no	precise	analysis,	but	reasonable	judgments	can	be	made.	Several
different	ground	behavior	classification	or	nomenclature	systems	are	in	use,	but	the	most	widely	recognized	was	developed	by	Terzaghi	and	later	modified	by	Heuer	[23-1],	which	relates	grain	size	distribution	to	ground	stability	for	dry	ground.	Heuer	assembled	the	following	list	of	soil	characteristics	that	commonly	result	in	more	favorable	tunneling
conditions:	(a)	(b)	23.2	GROUND	BEHAVIOR	Figure	23.7	Temporary	liners.	(a)	Timber	supports	(ribs	and	boards).	(b)	Steel	liner	plate.	Courtesy	Moretrench.	496	PRACTICE	•	Greater	fines	content	(smaller	D10	size)	•	Wider	range	of	grain	sizes	(higher	uniformity	coefficient	•	•	•	•	•	•	Cu)	More	angular	grains	with	interlocking	structure	Higher
relative	density	(SPT	blow	count,	N)	More	plastic	fines	More	bonding	due	to	chemical	cementation	or	relict	bonds	between	soil	grains	Greater	previous	overburden	loading	(preconsolidation)	Least	amount	of	water	transport	during	formation	of	deposit	Heuer’s	list	of	soil	characteristics	is	relevant	to	ground	behavior	during	tunneling.	Table	23.1	is	the
Tunnelman’s	Ground	Classification,	after	Terzaghi	and	Heuer.	This	terminology	is	widely	accepted	and	used	very	commonly	in	the	underground	construction	and	tunneling	industry.	Figure	23.8	is	Heuer’s	chart	of	anticipated	ground	behavior	of	dry	soil	based	on	D10,	ground	behavior	essentially	as	a	function	of	the	Unified	Soil	Classification	System
group	symbol.	Below	the	water	table,	Heuer	indicates	that	in	relatively	loose	and	clean	material,	flowing	ground	will	occur	instantaneously.	He	states:	‘‘Successful	tunneling	in	such	cases	requires	either	lowering	the	water	table,	grouting,	freezing,	use	of	an	internal	fluid	pressure	(such	as	compressed	air)	essentially	equal	to	the	full	external	water
pressure,	or	some	combination	of	these	such	as	partial	dewatering	permitting	reduced	internal	fluid	pressure.’’	Table	23.1	Tunnelman’s	Ground	Classification	Ground	condition	classification	Ground	workability	/	ground	behavior	Firm	Heading	can	be	advanced	without	initial	support.	Raveling	Chunks	or	flakes	of	material	begin	to	drop	out	of	the	arch
or	walls	sometime	after	the	ground	has	been	exposed.	‘‘Fast	raveling’’	begins	within	a	few	minutes,	otherwise	the	ground	is	‘‘slow	raveling.’’	Running	Granular	materials	without	cohesion	are	unstable	at	a	slope	greater	than	their	angle	of	repose	(⫹30⬚	to	35⬚).	When	exposed	at	steeper	slopes	they	run	like	granulated	sugar	or	dune	sand	until	the
slope	flattens	to	the	angle	of	repose.	Cohesive	running	Material	with	sufficient	cohesion	to	stand	for	a	brief	period	of	raveling	before	it	breaks	and	runs.	Flowing	A	mixture	of	soil	and	water	flows	into	the	tunnel	like	a	viscous	fluid.	The	material	can	enter	the	tunnel	from	the	invert	as	well	as	from	the	face,	crown	and	walls	and	can	flow	for	great
distances,	completely	filling	the	tunnel	in	some	cases.	Source.	After	Heuer	[23-1].	Figure	23.8	Anticipated	ground	behavior	based	on	D10	size.	Shown	for	dense	soil,	N	⬎	30,	above	water	table.	After	Heuer	(developed	from	Terzaghi).	Proctor	&	White,	RETC,	New	Orleans,	1977.	It	is	necessary	to	understand	the	characteristics	that	determine	a	soil’s
behavior	at	the	face	in	the	presence	of	groundwater	seepage.	It	is	also	necessary	to	consider	the	relationships	between	water	head	and	water	flow,	since	the	tunnel	is	acting	as	a	large	horizontal	drain.	The	head/volume	relationship	depends	on	hydraulic	conductivity	but	also	on	recharge,	storage,	boundaries,	and	other	hydrologic	characteristics.
Consider	a	dense,	well-graded	sand	deposit	with	particle	sizes	ranging	from	3-in.	(75-mm)	cobbles	down	to	20%	silt.	Such	a	material	has	a	relatively	low	hydraulic	conductivity.	When	such	a	well-graded	soil	begins	to	make	water	at	the	tunnel	face,	a	relatively	steep	gradient	is	quickly	established,	and	the	seepage	rate	decreases.	The	piezometric	head
10	or	20	ft	(3	or	6	m)	beyond	the	tunnel	face	may	still	be	substantial,	but	a	low	rate	of	seepage	results.	One	of	the	common	misconceptions	is	that	the	water	level	observed	at	the	face	is	the	level	of	the	water	in	the	ground.	The	well-graded	soil	also	has	inherently	stable	characteristics.	When	seepage	begins,	fines	are	washed	out,	leaving	the	coarser
fractions.	These	coarser	sands	and	gravels	form	a	filter	that	retards	further	movement	of	fines.	The	remaining	coarser	particles	are	also	more	stable	and	will	permit	greater	seepage	flow	or	pressure	before	they	will	move.	In	contrast,	a	loose,	uniform	aeolian	deposit,	such	as	a	beach	sand,	will	have	markedly	different	ground	behavior.	These	soils	are
relatively	high	in	hydraulic	conductivity,	and	seepage	flows	at	the	face	continue	at	a	substantial	rate	until	the	head	is	dissipated	for	a	considerable	distance	out	in	front	of	the	heading.	There	are	no	coarse	fractions	in	the	soil	to	provide	stability	as	the	fines	are	washed	away.	Relatively	low	seepage	pressures	and	flows	can	cause	continuous	movement
of	soil	and	dangerous	face	instability.	These	are	two	extremes	but	they	illustrate	the	basic	concepts.	Dense,	wellgraded	soils	tend	to	be	stable;	loose,	uniform	soils	are	not.	Cohesive	soils,	defined	as	soils	whose	fine	fractions	are	plastic	clays	rather	than	cohesionless	silt,	tend	to	be	more	stable	in	the	face.	Cementation,	even	weak	ferrous	or	calcareous
bonds	between	soil	grains,	can	greatly	enhance	sta-	DEWATERING	bility.	In	some	weakly	cemented	soils,	the	stability	may	be	short-lived.	If	the	face	is	left	unsupported	too	long,	seepage	flows	may	break	down	the	cementing	agent.	Grain	shape	has	a	surprising	effect	on	face	stability.	Angular	grains	tend	to	interlock.	Rounded,	or	subrounded	grains
move	freely	at	low	seepage	flows.	The	behavior	of	cohensionless	silts	and	varved	silt	and	clays	of	low	plasticity	is	so	different	from	freely	draining	soils	that	corrective	treatment	of	them	might	be	considered	as	stabilization	rather	than	predrainage	in	the	usual	sense.	Such	ground	will	commonly	be	referred	to	with	terms	like	‘‘bull’s	liver’’	and	‘‘rock
flour.’’	The	volume	of	water	that	must	be	removed	from	finegrained	soils	to	effect	stabilization	is	quite	small.	A	modest	reduction	in	pore	pressure	can	produce	remarkable	changes	in	stability.	The	key	features	of	the	predrainage	system	are	closely	spaced,	vacuum-assisted	dewatering	devices,	from	7.5	to	15	ft	(2.3	to	4.6	m)	on	centers,	constructed
with	careful	selection	of	filter	sand	by	methods	such	as	jetting	or	predrilling	and	jetting	that	keep	the	hole	wall	scrupulously	clean.	Bentonite	seals	are	necessary	at	the	top	of	the	filter	column	with	such	devices	to	permit	the	application	of	vacuum.	Negative	pore	pressures	have	been	measured	in	finegrained	soils	stabilized	by	vacuum.	Soil
characteristics	can	be	evaluated	by	a	careful	study	of	boring	logs	and	laboratory	tests	on	samples.	Density	(or	cementation)	can	often	be	deduced	from	blow	counts.	Gradation	can	be	evaluated	by	mechanical	grain	size	analysis.	Cohesion	can	be	estimated	from	the	Atterberg	limits,	and	from	triaxial	strength	tests.	Grain	shape	can	be	studied
microscopically.	When	groundwater	is	anticipated	to	be	a	construction	problem,	particular	attention	should	be	given	to	certain	observations	during	test	drilling	as	they	may	relate	to	ground	behavior	and	stand-up	time.	Those	observations	include	the	blow	counts,	any	increase	or	decrease	in	return	rate	of	drilling	fluid,	caving	of	the	hole,	heaving
sands,	and	suspected	washout	of	the	fines	from	granular	samples.	23.3	MIXED-FACE	GROUND	CONDITIONS	A	mixed-face	condition	can	be	defined	as	the	occurrence	of	more	than	one	geological	formation	in	the	face	of	the	tunnel.	To	the	mining	engineer,	a	mixed-face	condition	of	great	concern	may	be	the	presence	of	two	formations	that	vary	in
compressive	strength	by	an	order	of	magnitude	and	may	represent	alignment	or	steering	problems	for	the	shield	depending	on	the	relative	stiffness	or	strength	of	the	different	formations.	To	the	dewatering	engineer,	on	the	other	hand,	a	mixed-face	condition	of	concern	would	be	the	interface	of	soils	with	hydraulic	conductivities	that	vary	by
approximately	an	order	of	magnitude	and	the	consequent	potential	for	a	perched	water	condition	within	the	face	of	the	tunnel	or	ground	loss,	depending	on	the	behavior	characteristics	of	the	soils.	An	extremely	problematic	mixed-face	condition	is	a	AND	GROUNDWATER	CONTROL	FOR	SOFT	GROUND	TUNNELING	497	loose,	uniform	sand
immediately	overlying	a	clay	layer	and	situated	above	tunnel	springline.	When	tunneling	through	an	aquifer	that	extends	well	below	invert,	a	system	of	widely	spaced	wells	can	lower	the	water	level	so	that	there	is	no	seepage	at	the	open	face.	But	when	clay	exists	near	or	above	invert,	even	closely	spaced	ejectors	cannot	intercept	all	the	water.
Depending	on	the	spacing,	the	quality	of	installation	of	dewatering	devices,	distance	to	recharge,	storage,	and	other	factors,	some	quantity	of	seepage	will	enter	the	tunnel.	If	the	ground	is	cohesive,	or	well	graded	with	some	gravel,	it	may	be	manageable	with	moderate	seepage	through	the	tunnel	face.	But	in	uniform	fine	sands,	and	silty	sands,	even
small	inflows	can	cause	running	ground.	Water	entering	the	tunnel	presents	a	number	of	problems,	the	principal	one	being	face	stability.	Loss	of	ground	can	damage	existing	facilities	within	the	influence	(above)	of	the	tunnel,	endanger	personnel	in	the	tunnel,	and	may	be	harmful	to	the	performance	of	the	completed	tunnel	structure.	Dealing	with	an
unstable	face	in	a	hand-mined	tunnel	by	forepoling,	spiling,	breasting,	heading	and	bench,	pilot	drifts,	or	other	methods	will	retard	progress	and	increase	cost.	In	shield-driven	tunnels,	the	shield	design	affects	the	ability	to	contend	with	an	unstable	face	and	also	the	cost	of	doing	so.	Facilities	for	rapid	and	convenient	breasting,	hydraulic	poling	plates,
and	other	ground	support	methods	that	can	be	incorporated	into	the	shield	design	are	sometimes	effective	in	reducing	the	costs	of	safe	tunneling.	Besides	face	stability,	water	in	the	tunnel	presents	other	secondary	problems,	which	have	an	effect	on	overall	cost.	Excessively	wet	muck	can	spill	from	conveyor	belts	and	muck	cars	causing	a	constant
housekeeping	problem.	Wet	muck	can	present	major	difficulty	in	disposal,	both	in	locating	a	disposal	site	and	in	hauling	through	built-up	areas.	In	mixed-face	ground	conditions,	the	cost	of	complete	dewatering	can	be	quite	high.	Most	aquifer	deposits	are	variable,	and	in	these	variable	conditions	if	perched	water	from	above	clay	layers	is	tapped	and
brought	under	control,	if	every	minor	pocket	of	sand	and	gravel	is	to	be	tapped	and	drained,	the	predrainage	devices	must	be	spaced	very	closely	at	considerable	cost.	In	a	low-bid	construction	environment,	contractor’s	seek	an	economic	balance	between	sufficient	predrainage	to	control	major	water	flows	and	a	manageable	volume	of	water	in	the
tunnel	itself.	The	most	aggressive	contractor	at	bid	time	will	walk	away	with	the	job.	23.4	DEWATERING	DESIGN	FOR	TUNNELS	Variability	of	the	aquifer	along	the	alignment	of	the	tunnel	must	be	considered	in	the	dewatering	system	design.	Most	aquifers	are	not	uniform	in	hydraulic	conductivity	and	thickness,	but	are	systems	of	stratification,
channels,	and	pockets,	with	variable	interconnection.	They	are	almost	never	isotropic.	The	geologic	mechanisms	by	which	most	alluvial	soils	498	PRACTICE	Figure	23.9	This	is	an	extremely	difficult	example	of	mining	with	an	openface	tunneling	machine	with	a	uniform	clean	sand	in	the	tunnel	crown	and	clay	in	the	invert.	Some	water	will	remain
perched	on	top	of	the	clay	layer	and,	unless	appropriate	precautions	are	taken,	will	result	in	the	loss	of	ground	within	the	tunnel	and	probably	difficulties	with	face	stability.	Figure	23.10	The	same	transit	tunnel	and	soils.	However,	the	key	difference	is	that	the	tunnel	face	is	in	a	very	favorable	and	drainable	position	relative	to	the	clay	layer.	are	laid
down	create	stratification	so	that	vertical	hydraulic	conductivity	is	much	less	than	the	horizontal.	No	aquifer	system	is	infinite	in	a	real	condition.	In	most	cases,	within	a	radius	close	enough	to	affect	pumping,	the	aquifer	is	connected	to	a	source	or	sources	of	recharge	and	may	also	be	bounded	by	dikes	or	ridges	of	rock	or	clay.	Finally,	when	lowering
the	water	table	for	free	air	tunneling,	the	water	stored	in	the	aquifer	is	not	released	instantaneously.	The	drainage	process,	depending	on	the	hydraulic	conductivity	and	stratification,	may	take	from	several	days	to	many	months.	Wells	located	in	the	cleaner	more	pervious	zones	can	drain	the	less	pervious	material,	but,	of	course,	the	reverse	is	not
true.	Close	well	spacing	can	ensure	the	likelihood	of	success,	but	in	most	tunnel	work,	the	cost	of	very	close	spacing	is	economically	prohibitive.	A	better	approach	is	to	begin	with	a	thorough	geologic	study,	followed	by	careful	field	investigation	and	testing.	The	testing	and	evaluation	must	continue	throughout	the	construction	of	the	predrainage
system.	With	the	hydrologist’s	tools,	one	can	analyze	well	yields,	gradients,	time-drawdown	and	distance-drawdown	plots,	recovery	curves,	and	other	data	as	the	installation	progresses.	With	careful	analysis,	pervious	zones	that	have	not	been	intercepted	can	be	recognized,	located	and	brought	under	control.	Recharge	from	leaking	utilities	is	a
potential	danger	for	the	dewatered	tunnel,	particularly	in	urban	areas	where	the	number	and	condition	of	the	utilities	tends	to	be	more	problematic.	It	is	not	uncommon	for	undocumented	utility	lines,	both	active	and	abandoned,	to	affect	ground	conditions.	Such	leakage	rarely	can	be	tested	for	ahead	of	time	or	anticipated,	although	it	has,	in	a	few
instances,	been	identified	after	it	occurs	by	chemical	or	bacteriological	testing	or	dye	tracing.	Utility	leakage	can	be	a	significant	problem	if	the	utility	is	overlying	the	tunnel	alignment.	The	underlying	physics	of	dewatering	are	based	on	essentially	lateral	groundwater	flow	in	an	aquifer	and	gravity	as	a	necessary	component	that	drives	the	water	to	a
dewatering	device	(well,	wellpoint,	sump,	etc.)	that	creates	a	local	groundwater	sink.	With	utility	leakage	that	percolates	vertically	through	the	soil	above	the	water	table,	the	creation	of	a	localized	depression	in	the	underlying	groundwater	table	with	a	well	or	other	device	cannot	influence	the	percolating	groundwater	to	flow	toward	the	well.	Gravity
works	against	you	in	this	case.	The	effect	of	slight	amounts	of	utility	leakage	in	a	tunnel	can	be	disastrous	because	it	is	very	difficult	to	control	the	groundwater	by	pumping	methods	(Ground	improvement	methods,	Chapter	22,	are	appropriate.)	The	ground	conditions	can	be	altered	significantly	by	very	modest	leakage,	particularly	in	lower	hydraulic
conductivity	soils,	which	may	have	dramatically	different	behavior	with	the	introduction	of	only	a	slight	increase	in	water	content.	Whenever	there	are	indications	of	a	problematic	groundwater	situation,	a	pumping	test	should	be	considered.	It	is	the	most	reliable	means	of	evaluating	aquifer	characteristics.	The	scope	of	the	test	should	be
commensurate	with	the	complexity	of	the	water	problem	and	focused	to	provide	data	related	to	the	specific	concern	at	hand.	Accurate	values	for	transmissivity	and	storage	coefficient	are,	however,	of	little	help	when	the	real	concern	is	the	quantity	of	recharge	from	an	adjacent	structure.	If	a	pumping	test	is	not	performed	and	provided	with	the
geotechnical	data,	the	contingency	expense	for	unknowns	in	groundwater	control	may	be	significant.	A	pumping	test	may	provide	good	information	from	which	to	create	the	basis	of	geotechnical	baselines,	and	DEWATERING	Figure	23.11	The	piezometer	detail	from	a	pump	test	performed	on	a	major	tunneling	project.	Clusters	of	piezometers
screened	at	different	elevations	revealed	a	vertical	groundwater	gradient,	indicative	of	a	shallow	source	of	recharge,	which	turned	out	to	be	a	significant	problem	for	the	advancement	of	hand-mined	tunnels	through	low-permeability	silty	and	clayey	soils.	The	problem	cost	the	contractor	tens	of	millions	of	dollars.	delays,	claims	for	extra	compensation,
and	perhaps	litigation	can	be	avoided.	23.5	METHODS	OF	TUNNEL	PREDRAINAGE	The	basic	tools	of	predrainage	are	wellpoint	systems,	deep	wells,	and	ejector	systems.	The	wellpoint	system	is	highly	popular	for	open-cut	excavations,	but,	because	of	its	suction	lift	limitation,	in	tunneling	it	is	restricted	to	projects	with	AND	GROUNDWATER
CONTROL	FOR	SOFT	GROUND	TUNNELING	499	shallow	cover.	It	can	also	be	effective	in	shafts	and	for	remedial	work	in	the	heading.	Drainage	lances	are	often	considered	to	be	essentially	tunnel	wellpoints.	Although	they	are	typically	pumped	with	the	same	vacuum-type	pumping	arrangement	(lances	are	more	effective	by	connecting	them	to	a
suitable	wellpoint-type	vacuum	pumping	system	rather	than	relying	on	gravity	drainage),	they	are	not	as	effective	as	conventional	vertical	wellpoints.	They	must	be	sealed	in	order	to	apply	vacuum	to	the	soils	(vacuum	lances).	Lances	can	be	jetted,	driven,	drilled,	or	jacked	out	horizontally	or	at	an	angle	to	reduce	the	water	head	some	distance	beyond
the	face.	However,	they	are	typically	installed	in	horizontal	or	angled	drilled	holes,	which	will	preclude	the	installation	of	a	filter	pack.	Often	they	cannot	be	developed,	they	are	prone	to	plugging	with	silt,	it	is	difficult	to	seal	them	so	that	vacuum	can	be	applied	to	the	soil,	and	they	typically	produce	a	fraction	of	what	a	properly	built	wellpoint	would
yield	in	the	same	ground.	All	reasonable	precautions	should	be	made	to	provide	adequate	predrainage	from	outside	of	the	tunnel	to	avoid	the	need	for	lances	and	the	delay	to	the	tunneling	operations	associated	with	their	installation	and	operation.	In	addition	to	the	quality	control	problems	associated	with	lances,	one	of	the	chief	difficulties	is	in
utilizing	a	horizontally	drilled	device	to	precisely	intercept	the	more	pervious	seams,	which	are	often	deposited	in	a	horizontal	manner.	Deep	wells	are	the	most	widely	used	tool	for	tunnel	predrainage	and	are	the	most	economical	provided	the	ground	conditions	are	amenable	to	dewatering	with	widely	spaced	devices.	In	soils	of	low	hydraulic
conductivity,	vacuum	assistance	may	be	necessary.	Ejector	systems	and	vacuum-assisted	deep	wells	have	been	highly	successful	in	dewatering	some	very	Figure	23.12	Lances	installed	within	an	isolated	high-permeability	soil	zone	encountered	in	a	NATM	tunnel.	Because	of	the	susceptibility	of	cleaner	soils	to	running	when	wet,	and	the	need	for
stand-up	time	with	a	NATM	operation,	this	project	was	brought	to	a	temporary	halt	when	this	soil	condition	was	encountered.	Courtesy	Moretrench.	500	PRACTICE	Figure	23.13	The	lance	is	often	the	foreshadowing	of	difficult	tunneling	conditions.	On	this	particular	project,	lances	were	necessary	to	dewater	the	excavation	face	from	where	the	open-
face	digger	shield	was	to	be	launched.	Major	difficulties	were	encountered	within	the	first	100	ft	(30	m)	of	the	tunnel.	Courtesy	Moretrench.	difficult	projects,	particularly	in	soils	that	are	sensitive	to	low	flows	and	seepage	pressures.	In	such	soils,	little	or	no	water	can	safely	be	accepted	at	the	tunnel	face	and	the	predrainage	system	must	approach
100%	effectiveness.	This	vacuum	effect	provided	by	ejectors	and	deep	wells	is	most	pronounced	in	cohesionless	silts,	‘‘bull’s	liver,’’	and	similar	materials	of	little	or	no	plasticity	that	can	be	very	problematic	within	a	tunnel	heading	when	saturated.	23.6	TUNNELING	TECHNIQUES	WITH	BUILT-IN	GROUNDWATER	CONTROL	Several	tunneling
techniques	are	available	to	permit	the	advancement	of	tunnels	below	the	water	table	without	dewatering	of	the	ground.	Where	water	control	for	tunneling	by	predrainage	is	difficult,	or	has	the	potential	to	cause	undesirable	side	effects,	alternative	methods	of	tunneling	including	compressed	air,	slurry	shields	and	earth	pressure	shields	may	be
necessary.	With	each	of	these	methods,	pre-drainage	of	ancillary	or	temporary	structures	or	penetration	is	often	required.	Pressurized	Face	or	Pressure	Balance	Tunnel	Machines	These	tunnel	machines	are	essentially	similar	to	the	openface	shield	and	cutter	wheel	TBM	described	previously,	but	in	the	pressurized	face	tunnel	systems	the	face	is
closed,	both	providing	improved	earth	support	during	tunneling	and	also	enabling	the	TBM	to	work	below	the	water	table	without	dewatering.	Pressurized	face	or	pressure	balance	shields	are	of	two	basic	types:	slurry	machines	and	earth	pressure	balance	machines	(EPBMs).	They	are	generally	similar	in	concept	and	operation	to	each	other.	Tunnel
sizes	installed	by	the	technique	can	range	from	microtunnel	size	(10	in.	to	12	ft	[250	mm	to	3.7	m]	in	diameter)	through	to	the	largest	tunnel	shields	constructed	to	date	with	diameters	of	51	ft	(15.5	m).	Slurry	and	EPBMs	shields	differ	in	the	way	the	pressure	in	the	face	of	the	machine	is	controlled	and	the	way	the	excavated	spoil	is	removed.	Spoil
removal	and	transportation	is	by	slurry,	in	the	case	of	a	slurry	machine,	and	by	screw	auger	and	then	by	conveyor	and	muck	cars	(a	pumped	muck	system	for	smaller	TBMs)	in	the	case	of	the	EPBM.	Slurry	Tunneling	Systems	This	can	be	briefly	described	as	a	closed-face	tunneling	system	that	provides	a	watertight	bulkhead	in	the	front	of	the	machine
to	prevent	the	uncontrolled	ingress	of	groundwater	and	soil	with	tunneling.	In	front	of	this	bulkhead	is	a	chamber	called	the	plenum	chamber,	which	is	filled	with	pressurized	slurry	to	counterbalance	ground	and	groundwater	pressures	when	operational.	The	limited	face	openings	on	the	cutter	heads	of	both	shield	types	can	also	provide	some
mechanical	support	to	the	tunnel	face	and	this	combination	of	slurry	pressure	and	mechanical	support	provides	the	ability	to	closely	control	soil	movement	and	settlement.	This	slurry	tunneling	method	provides	both	the	ability	to	work	with	minimal	settlement	under	high	groundwater	tables	and	in	soft	soils	without	dewatering	or	ground	treatment
being	required.	The	slurry	used	is	an	engineered	mud	typically	consisting	of	bentonite	and	polymers.	Large-diameter	slurry	tunneling	systems	are	typically	used	in	fine	to	coarse	granular	soils.	Coarser	materials	such	as	gravel	soils	may	need	‘‘conditioning’’	or	ground	treatment.	Coarse	granular	materials	such	as	gravel	may	be	excavated	by	simply
passing	the	material	through	the	comparatively	large-diameter	slurry	system.	Cobbles,	boulders,	and	rock	may	require	the	fitting	of	disc	cutters	to	the	cutter	head	of	the	shield	and/or	the	provision	of	a	hydraulic	stone	crusher	in	the	plenum	chamber.	Earth	Pressure	Balanced	(EPB)	Tunneling	This	can	again	be	described	as	a	closed-face	tunneling
system	that	provides	a	watertight	bulkhead	in	the	front	of	the	DEWATERING	AND	GROUNDWATER	CONTROL	FOR	SOFT	GROUND	TUNNELING	501	Figure	23.14	A	slurry	shield.	Courtesy	Herrenknecht,	AG.	Figure	23.15	The	range	of	soils	appropriate	for	slurry	and	EPB	shields.	Courtesy	Herrenknecht,	AG.	machine	to	prevent	the	uncontrolled
ingress	of	groundwater	and	soil	during	tunneling.	In	front	of	this	bulkhead	is	the	plenum	chamber,	which	is	pressurized	by	packing	the	excavated	soil	in	the	chamber	to	counterbalance	the	inflow	of	soil	from	the	face	and	the	groundwater	head.	The	soil	that	has	been	loosened	by	the	cutting	wheel	is	the	support	medium	for	the	tunnel	face	and	is
excavated	by	the	cutter	wheel	into	the	machine	and	removed	through	the	bulkhead	of	the	machine	with	a	screw	conveyor	at	a	rate	precisely	coordinated	with	the	rate	of	shield	advance.	Limited	face	openings	in	the	face	of	the	shield	also	provide	some	mechanical	support	to	the	tunnel	face	and	‘‘earth’’	pressure	and	the	ability	to	closely	control	soil
movement	and	consequent	settlement	above	the	tunnel.	Excessive	pressure	in	the	extraction	chamber	puts	quite	a	load	on	the	screw	conveyor	and	its	seals.	On	some	tunneling	jobs	with	higher	groundwater	pressures,	multiple	screw	conveyors	have	been	utilized	to	handle	the	extreme	load.	Partial	dewatering	or	pressure	relief	can	greatly	reduce	the
pressure	in	the	extraction	chamber	by	reducing	or	eliminating	the	hydraulic	head	encountered	at	the	face.	Under	little	or	no	groundwater	pressure	some	types	of	earth	pressure	balance	machines	can	also	be	operated	in	‘‘open	mode’’	for	greater	production.	During	this	setup	the	screw	conveyor	is	removed	and	the	material	is	generally	transported	to
the	removal	system	by	belt	conveyors	directly	behind	the	cutting	wheel.	Optimum	soil	conditions	for	EPBM	tunneling	are	soft	cohesive	soils	with	high	clay	and	silt	content.	Low	hydraulic	conductivity	is	a	preferred	soil	condition	to	form	a	plug	in	the	rising	auger	flight.	These	optimum	conditions	are	not	always	present	through	a	tunnel	drive,	so	soil
conditioning	may	be	performed	by	injecting	water,	bentonite,	polymers,	or	foam	in	front	of	the	cutting	wheel	so	that	the	soil	becomes	workable,	ensuring	that	the	support	pressure	can	be	effectively	controlled	with	the	screw	auger	and	that	the	material	be	removed	efficiently.	Segmented	Linings	Slurry	and	EPBM	tunnels	are	lined	segments,	with
sealed	(gasketed)	watertight	joints	that	are	either	traditional	bolted	linings,	one-pass	bolted	smooth-finish	linings,	or	one-pass	502	PRACTICE	Figure	23.16	An	earth	pressure	balance	machine.	Courtesy	Herrenknecht,	AG.	expanded	linings.	Dewatering	of	the	lined	tunnel	is	not	required.	Microtunneling	Microtunneling	was	originally	developed	in	Japan
during	the	1970s	to	lay	sewer	pipelines	in	urban	environments	at	diameters	not	accessible	by	personnel,	without	the	disruption	of	open	cuts.	Microtunneling	is	essentially	a	steerable,	pressurized	face	technique	(as	described	earlier),	remotecontrolled,	and	pressure-balanced	version	of	pipe	jacking.	The	term	‘‘microtunneling’’	was	originally	used	for
these	small	machines	but	in	the	United	States,	in	particular,	microtunneling	has	become	a	general	term	for	all	pressurized	face	tunneling	systems	that	are	typically	controlled	remotely	up	to	a	tunnel	diameter	of	12	ft	(3.7	m).	The	need	for	installation	accuracy	is	important	for	gravity	sewers	and	therefore	microtunneling	machines	have	the	capability	to
be	steered	accurately.	Because	microtunneling,	like	slurry	and	EPB	systems,	is	a	closed-face	tunneling	system,	it	has	the	capability	of	working	in	very	poor	and	unstable	and	what	could	be	otherwise	very	difficult	dewatering	conditions.	Because	it	is	also	a	Case	History:	The	Storebaelt	(Great	Belt)	Link	Railway	The	Storebaelt	(Great	Belt)	Link	railway
tunnel	in	Denmark	involved	two	5-mile	(8-km)	long	tunnel	sections	beneath	the	Storebaelt	east	channel,	which	connects	the	Baltic	Sea	to	the	North	Sea.	Although	the	alignment	took	advantage	of	the	geological	conditions	to	limit	the	depth	of	the	tunnel,	the	nadir	(deepest	point)	was	still	265	ft	(80	m)	below	sea	level	and	under	groundwater	pressures
beyond	the	limits	of	previous	experience.	The	tunneling	was	performed	with	several	earth	pressure	balance	machines	configured	to	withstand	water	pressures	in	excess	of	several	bar;	however,	the	actual	water	pressures	encountered	in	the	underlying	glacial	moraine	soils	and	marl	rock	were	significantly	greater	than	anticipated	and	presented
significant	potential	problems	for	the	EPBMs.	At	shallower	depths,	the	tunnels	passed	through	glacial	moraines	that	consisted	of	an	unpleasant	mix	of	granite	boulders	dispersed	in	the	clay	/	sand	moraine	and	marl	rock	at	the	deeper	sections	of	the	alignment.	The	EPBM	cutterhead	was	equipped	with	picks	to	excavate	the	clay	/	sand	materials	and
roller	cutters	to	grind	away	the	granite	boulders	and	marl	rock.	As	the	cutting	tools	wore	down,	personnel	access	was	required	to	the	cutterhead	via	airlocks	to	replace	the	worn	parts.	When	required,	this	operation	is	typically	done	under	compressed	air;	however,	the	air	pressure	that	would	have	been	required	at	the	deeper	sections	of	the	alignment
could	have	reached	100	to	115	psi	(7	or	8	bar),	twice	as	much	as	could	be	safely	experienced	by	the	workers.	In	addition	to	the	problem	of	driving	the	main	tunnels,	numerous	cross-passage	tunnels	had	to	be	hand-dug	between	the	main	tunnels.	The	groundwater	pressure	simply	had	to	be	reduced	to	proceed.	The	engineers	had	previously	observed
from	inside	the	tunnels	that	dewatering	for	the	portals	lowered	the	groundwater	well	out	under	the	sea.	This	behavior	was	capitalized	upon.	A	series	of	43	submarine	wells	were	drilled	through	the	open	water	deep	into	the	underlying	higher	hydraulic	conductivity	marl	rock	from	jack-up	barges	working	from	the	Storebaelt	channel.	These	wells	were
located	to	provide	some	pressure	relief	for	the	tunnel	and	installed	as	close	as	possible	to	the	cross-passages	to	permit	the	hand	excavation	work.	The	wells	were	equipped	with	submersible	pumps	in	the	bottom	of	the	wells	and	underwater	wellheads	sealed	using	offshore	oil-type	technology.	The	well	yields	varied	from	65	to	525	gpm	(245	to	1985	L	/
min)	and	the	pumped	water	discharged	directly	into	the	sea	at	seabed	level.	Diesel	generators	aboard	a	number	of	barges	moored	in	the	channel	supplied	electric	power	for	several	pumps	at	a	time.	The	groundwater	was	successfully	relieved	to	permit	the	use	of	the	EPBMs	within	their	practical	range.	This	phase	of	the	project	was	affectionately
referred	to	as	‘‘Project	Moses.’’	DEWATERING	AND	GROUNDWATER	CONTROL	FOR	SOFT	GROUND	TUNNELING	503	Figure	23.17	The	well	system	operation	at	the	bottom	of	the	channel.	Reproduced	from	Niels	J.	Gimsing	(Ed.)	(1997).	The	Storebaelt	Publications	East	Tunnel.	Courtesy	A	/	S	Storebaeltbindelsen,	Copenhagen.	Figure	23.18	The
well	locations	along	the	tunnel	alignment	Reproduced	from	Niels	J.	Gimsing	(Ed.)	(1997).	The	Storebaelt	Publications	East	Tunnel.	Courtesy	A	/	S	Storebaeltbindelsen,	Copenhagen.	Figure	23.19	Segmental	tunnel	lining,	single-pass	bolted	smooth-finish.	504	PRACTICE	Figure	23.20	A	microtunneling	operation.	Courtesy	Herrenknecht,	AG.	pressure-
balanced	method	it	can	accommodate,	even	in	normal	operation,	an	external	groundwater	hydrostatic	head	up	to	about	100	ft	(30.5	m).	A	microtunneling	project	will	require	dewatering	only	for	the	shaft	excavation	and	breakouts/break-ins	for	the	launching	and	retrieval	of	the	machines.	Microtunneling	is	a	technique	for	directly	installing	pipelines
using	a	steerable	jacking	method.	This	can	take	the	form	of	auger,	slurry,	EPB,	and	‘‘Pilot	Pipe’’	techniques;	the	distinction	between	them	relates	principally	to	the	excavation	capability	of	the	tunnel	shield	being	used	to	provide	a	pressurized	excavation	at	the	face	(slurry	and	EPB)	and	also	the	ability	to	accurately	install	small-diameter	pipes	by
remote	control.	Auger	microtunneling	is	achieved	via	a	large-diameter	unidirectional	auger	in	the	face	of	the	machine	and	spoils	removal	is	achieved	by	the	use	of	a	smaller	continuous	flight	of	augers	running	through	the	newly	installed	pipeline.	Slurry	microtunneling	systems	are	the	most	commonly	used	due	to	their	flexibility	and	ability	to	work	in	a
very	wide	range	of	soil	and	groundwater	conditions.	They	are	basically	as	described	for	large	tunneling	systems	but	of	proportionate	size,	power,	and	slurry	handling	capacity.	Slurry	microtunneling	shields	range	from	those	configured	for	10in.	(250-mm)	pipe	through	to	12-ft	(3.6-m)	and	can	be	used	in	soils	ranging	through	sands,	gravels,	silts,	and
clays	and	even	hard	rock—both	above	and	below	the	water	table.	EPB	microtunneling	is	basically	as	described	for	large	tunneling	systems,	though	obviously	equipment	sizes	are	smaller	and	spoil	handling	is	via	a	screw	auger.	EPB	microtunneling	systems	range	from	6	to	12	ft	(1.8	to	3.6	m)	in	diameter	and	this	technique	is	best	suited	to	fine-grained
cohesive	soils	and	relatively	low	groundwater	heads,	since	coarse	granular	soils	present	problems	in	maintaining	a	seal	in	the	rising	auger	flight	that	is	necessary	to	both	control	any	groundwater	and	also	to	balance	the	soil	pressures.	The	pilot	pipe	technique	involves	the	carefully	aligned	installation	of	a	pilot	drill	pipe	utilizing	directional	drilling
steering	techniques	as	a	guide	for	the	product	pipe	that	follows.	23.7	COMPRESSED	AIR	TUNNELING	Compressed	air	for	exclusion	of	groundwater	from	tunnels	and	shafts	has	been	in	use	for	over	a	century.	Prior	to	the	advent	of	the	pressurized	face	techniques,	it	was	used	quite	extensively	for	tunneling	in	difficult	ground.	Today	compressed	air	is
utilized	primarily	for	smaller-diameter,	short,	hand-mined	tunnels,	sequentially	excavated	tunnels	(SEM),	and	to	gain	access	to	the	face	of	large	pressure	face	tunnel	shields	for	cutter	inspection	and	replacement.	The	concept	is	deceptively	simple:	air	pressure	is	maintained	within	the	tunnel	at	a	pressure	higher	than	that	of	the	water	seeking	entry.
The	rule	of	thumb	is	that	0.5	psi	(3.45	kPa)	of	air	pressure	can	exclude	about	1	ft	(0.3	m)	of	water	head.	The	rule	has	some	validity,	but	must	be	used	with	caution.	It	is	based	on	the	hydrostatic	equivalency	of	air	pressure	and	water	head.	Compressed	air	tunneling	is	a	complex	relationship	between	two	fluids	of	widely	different	specific	gravity
interacting	within	a	variable	porous	medium.	Hydrostatic	DEWATERING	analysis	is	at	best	only	a	rough	guide;	more	often	it	confuses	the	issue.	The	balance	between	air	pressure	and	water	head	is	difficult	to	predict.	The	dewatering	designer	must	recognize	that	he	is	dealing	with	a	complex	situation	and	avoid	rules	of	thumb.	The	complications	are	as
follows:	•	The	variation	in	water	head	from	the	arch	down	to	the	•	•	•	invert.	Except	in	small	tunnels,	the	difference	can	be	significant.	An	intermediate	pressure	is	usually	used.	The	nature	of	the	air/water	relationship.	It	is	often	assumed	to	be	hydrostatic,	but	air	is	constantly	moving	into	the	ground	and	mixing	with	the	water.	The	effect	on	hydraulic
conductivity	of	air	in	the	soil	pores.	Air	present	in	the	pores	sharply	reduces	hydraulic	conductivity.	In	soils	finer	than	medium	sand,	the	air	becomes	difficult	to	dislodge.	The	variability	of	the	soil.	If	the	face	is	stratified,	the	stability	provided	by	the	air	becomes	erratic.	It	has	been	observed	that	as	a	compressed	air	tunnel	approaches,	piezometers	will
indicate	a	rise	in	water	level	as	shown	in	Fig.	23.21.	The	phenomenon	appears	to	be	similar	to	an	airlift	(Section	12.9).	Air	exiting	the	overbalanced	upper	part	of	the	face	becomes	bubbles	in	the	groundwater,	reducing	its	specific	gravity.	The	fluid	rises	in	reaction	to	the	surrounding	groundwater,	whose	specific	gravity	is	still	1.0.	Specialists	in
hyperbaric	medicine	have	observed	that	health	risks	escalate	rapidly	under	gauge	pressures	exceeding	one	atmosphere	above	normal	atmospheric	pressure.	It	is	advantageous	therefore	to	work	at	pressures	below	14.7	psi	gauge	(100	kPa)	for	both	safety	and	cost	reasons.	Predrainage	may	be	necessary	to	reduce	the	required	air	pressure	to	14.7	psig
(100	kPa)	or	less	and	the	cost	is	often	justified	by	the	trimmed	down	decompression	time	and	reduced	amount	of	equipment	needed	for	the	air	supply.	On	some	tunnel	construction	sites	the	air	required	to	support	the	face	may	cause	blows	to	the	surface	because	of	Figure	23.21	Compressed	air	tunneling.	If	air	pressure	is	balanced	to	water	pressure	at
the	crown,	water	will	enter	at	the	invert.	AND	GROUNDWATER	CONTROL	FOR	SOFT	GROUND	TUNNELING	505	insuffient	ground	cover	and/or	the	lack	of	an	impervious	‘‘cap’’	above	the	tunnel	crown.	Predrainage	can	often	be	utilized	to	lessen	the	air	pressure	required	to	support	the	face	and	solve	the	problem	of	air	blowing	to	the	surface.	Special
well	details	are	recommended.	Referring	to	Fig.	18.49,	the	grouted	annulus	should	have	length	enough	to	avoid	a	short	circuit	for	the	air	to	blow	out	to	the	surface.	The	wellhead	must	be	pressure-tight,	but	provided	with	a	valved	vent.	There	is	a	possibility	of	air	passing	through	the	pump;	there	should	be	a	throttle	valve,	and	the	discharge	manifold
should	be	provided	with	automatic	vents	(Fig.	15.11).	The	venting	of	confined	aquifers	may	be	required	for	compressed	air	tunneling	to	avoid	what	has	been	called	the	‘‘bottle	effect.’’	A	simple	analogy	that	explains	the	‘‘bottle	effect’’	is	as	follows:	take	a	long-necked	bottle	half-filled	with	water	and	put	it	on	its	side.	Consider	the	open	neck	as	the
tunnel	‘‘face.’’	No	amount	of	air	pressure	will	be	able	to	keep	the	water	from	flowing	out	of	the	bottle	[23-2].	In	Fig.	23.22,	a	clay	bed	exists	between	the	aquifer	being	tunneled	through	and	the	surface.	Air	exiting	the	face	at	the	crown	cannot	escape	to	the	surface;	it	accumulates	beneath	the	clay,	and	pressure	in	the	aquifer	builds	up	so	the
differential	with	the	tunnel	is	reduced.	The	cleaner	strata,	which	are	more	readily	drained	by	dewatering,	also	present	the	easiest	escape	for	air.	The	poorly	draining	soils,	which	may	need	stabilizing	more,	may	not	get	it	if	the	air	plant	capacity	is	exceeded.	23.8	DEWATERING	OF	ACCESS	SHAFTS,	PENETRATIONS,	AND	STARTER	TUNNELS	Even
with	tunneling	techniques	that	eliminate	the	need	for	dewatering	of	the	mixed	face,	dewatering	and/or	ground	treatment	may	be	required	for	the	excavation	of	access	shafts,	launching	or	retrieving	the	tunneling	machine,	starter	tunnels,	and	cross	passages.	Shafts	Dewatering	is	required	for	the	excavation	of	the	shaft	and	for	launching	the	TBM
below	the	natural	water	table.	The	excavation	and	method	of	excavation	support	for	the	shaft	will,	in	part,	determine	the	dewatering	effort	required.	For	example,	a	tight	steel-sheeted	excavation,	an	H-beam	and	lagged	pit,	and	a	liner-plated	circular	shaft	in	the	same	ground	will	require	different	degrees	of	care	and	dewatering	effort.	Cutoff	methods
(Chapter	21)	should	also	be	considered	in	the	dewatering	plan,	particularly	if	the	cutoff	may	also	provide	support	to	the	excavation.	Often,	tight	steel	sheeting,	diaphragm	walls,	or	other	methods	are	warranted	to	cut	off	or	reduce	groundwater	inflows	due	to	(1)	contaminated	groundwater	conditions,	(2)	compressible	soils,	(3)	requirements	for	high
groundwater	withdrawals,	or	(4)	difficulties	in	disposal	of	the	pumped	groundwater.	Where	a	cutoff	can-	506	PRACTICE	Figure	23.22	Venting	air	from	a	confined	aquifer	to	relieve	the	‘‘bottle	effect.’’	(a)	Air	trapped	beneath	the	confining	bed	causes	pressure	to	build	up	in	the	aquifer.	(b)	Air	vented	through	relief	wells	under	controlled	conditions.	not
be	installed	to	an	impermeable	layer	of	clay	or	rock,	a	shallow	dewatering	system	installed	within	the	shaft	may	reduce	the	dewatering	flow	required	and	the	subsequent	groundwater	lowering	outside	of	the	shaft.	The	soils	and	groundwater	pressures	below	the	depth	of	excavation	or	cutoff	must	also	be	considered.	For	example,	it	may	be	necessary	to
pressure-relieve	below	the	shaft	invert	and	below	an	impervious	layer	even	though	the	walls	of	an	excavation	may	provide	a	cutoff.	On	occasion,	it	is	desirable	to	reduce	the	loads	on	bracing	or	tie-back	systems	by	lowering	the	water	level	outside	the	sheeting.	Shafts	of	various	sizes	and	depths	have	been	successfully	dewatered	with	deep	wells	and
ejectors.	Wellpoint	systems	have	also	been	used,	but	in	deep	shafts	installing	the	successive	stages	inside	the	shaft	as	excavation	progresses	causes	delay	and	the	equipment	may	obstruct	the	already	cramped	space.	When	a	shaft	penetrates	to	rock,	clay,	or	other	impervious	bottom,	a	system	of	external	deep	wells	can	be	used	to	remove	the	bulk	of
the	water	and	a	single	stage	of	wellpoints	may	be	necessary	‘‘to	clean	up	the	bottom’’	where	excavation	is	supported	by	liner	plates	or	ring	beams	and	lagging.	Launching	and	Retrieval	Launching	a	tunneling	machine	from	a	shaft	in	wet	ground	is	a	critical	situation.	Until	the	shaft	lining	has	been	cut	away	and	the	shield	or	TBM	is	out	in	the	ground	in
the	attitude	for	which	it	was	designed,	there	is	danger	of	a	rapid	soil	and	groundwater	run-in	which	could	be	difficult	to	control	and	subsequently	correct.	Disturbed	ground	at	the	launch	can	result	in	alignment	and	ground	settlement	problems.	For	these	reasons,	predrainage	and/or	improvement	of	the	ground	should	be	given	careful	consideration.
Ground	improvement	may	be	provided	with	permeation	grouting,	jet	grouting,	or	ground	freezing.	For	the	reasons	discussed	in	Chapter	22,	if	a	grouting	scheme	is	employed	for	increased	stand-up	time	it	should	be	done	in	conjunction	with	dewatering.	In	the	launch	area,	minor	seepage	can	be	trouble-	some,	and	expenditure	for	a	more	effective
predrainage	system	or	ground	improvement	may	be	justified.	Retrieving	a	TBM	may	be	less	involved	than	launching	one	depending	upon	the	shaft	support	employed.	Instead	of	a	full-face	opening	without	support,	water	may	need	to	be	controlled	only	in	the	smaller	space	between	where	the	shield	passes	into	the	shaft.	Predrainage	for	Beginning	and
Terminating	Tunnels	Predrainage	for	beginning	and	terminating	tunnels	is	common	with	larger-diameter	tunnels	where	a	sufficient	length	of	hand-mined	tunnel	is	required	for	the	assembly	of	the	tunneling	machine.	A	tunnel	can	be	started	under	compressed	air,	but	the	cost	is	very	high.	An	air	deck	is	necessary	in	a	shaft;	a	horizontal	pressure	vessel
is	sometimes	used	when	pushing	off	from	a	pre-existing	structure.	Such	structures	are	in	themselves	expensive,	and	working	through	them	is	difficult	and	time-consuming.	The	trailing	gear	needed	for	efficient	modern	tunneling	is	elaborate.	When	the	shield,	the	gantry,	the	segment	erector,	the	conveyors	and	the	locks	are	underground,	with	enough
room	for	a	locomotive	and	a	few	muck	cars	to	operate,	the	heading	is	typically	out	several	hundred	feet	(100⫹	m)	from	the	shaft.	The	cost	of	dewatering	is	frequently	justified.	Where	predrainage	is	undesirable,	or	not	permitted	because	of	its	side	effects,	tunnels	have	been	pushed	off	in	free	air	under	the	protection	of	ground	freezing	or	grouting.
Cross	Passages	Although	the	main	tunnels	may	be	mined	under	the	relative	safety	of	a	pressurized	face	method	without	the	need	for	dewatering,	the	excavation	and	construction	of	the	cross	passages	typically	require	one	or	several	methods	of	groundwater	control	and/or	ground	support.	Cross	passages	are	typically	mined	by	hand,	with	fairly
complex	connections	to	the	tunnel	structure,	and	may	be	under	significant	groundwater	pressure.	DEWATERING	AND	GROUNDWATER	CONTROL	FOR	SOFT	GROUND	TUNNELING	507	Figure	23.23	A	cross	passage	dewatered	with	lances.	The	amount	of	effort	required	to	dewater	a	cross	passage	will	vary	with	the	characteristics	of	the	soils,	the
groundwater	head,	and	the	available	access.	If	access	is	available	from	the	surface,	the	dewatering	may	be	fairly	straightforward,	particularly	if	the	soils	are	free-draining	and	extend	well	below	the	structure.	Under	these	conditions,	deep	wells	can	be	utilized.	Unfortunately,	if	a	tunnel	is	being	driven	it	is	probably	because	there	is	limited	surface
access,	and	the	dewatering	effort	must	be	implemented	from	within	the	tunnel.	When	implemented	from	the	tunnel,	the	practical	limitations	of	drilling	will	generally	dictate	that	smalldiameter	devices	(i.e.,	lances)	will	be	the	dewatering	tool	of	choice.	These	devices	will	also	be	installed	with	an	external	groundwater	pressure	and	drilled	and
constructed	through	a	stuffing	box	or	blowout	preventor,	which	will	make	the	installation	of	a	conventional	well	filter	pack	essentially	impossible,	even	for	vertical	holes.	In	cleaner	granular	soils	with	limited	stand-up	time,	some	means	of	ground	treatment	presupport	is	required.	Generally,	the	cleaner	and	more	unstable	the	soil,	the	more	amenable	it
is	to	chemical	or	permeation	grouting.	Permeation	grouting	has	been	used	extensively	and	with	great	success	for	stabilizing	cross	passages,	with	and	without	the	assistance	of	dewatering	(although	it	is	the	opinion	of	the	authors	that	it	should	be	performed	in	conjunction	with	dewatering	to	reduce	the	risk	of	ground	loss	if	an	ungrouted	zone	is
encountered).	Depending	on	the	dimensions	and	positioning	of	the	cross	passage	relative	to	the	main	tunnels,	grout	pipes	can	be	installed	from	one	tunnel	parallel	to	the	cross	passage	or	they	can	be	installed	with	intersecting	fan	patterns	from	both	tunnels.	When	the	chemical	or	permeation	grout	is	also	the	means	of	groundwater	cutoff,	the
permeation	must	be	thorough	and	without	windows	or	inclusions	of	noncohesive	ungroutable	soils,	which	could	suffer	from	piping	under	the	groundwater	pressure	differential.	Permeation	grouting	can	be	implemented	from	the	tunnel	as	well	as	the	surface.	Jet	grouting	is	also	a	viable	option	for	stabilizing	cross	passages,	but	can	practically	be
implemented	only	from	the	surface.	Jet	grouting	relies	on	the	unrestricted	return	of	cuttings	and	cannot	be	performed	through	a	blowout	preventor.	Ground	freezing	has	also	been	used	quite	frequently	for	the	stabilization	of	cross	passages,	more	so	outside	of	the	United	States.	The	instrumentation	of	freezing	can	provide	a	positive	indication	of
‘‘closure’’	and	added	assurance	and	confidence	over	grouting	methods,	particularly	when	the	external	water	pressure	is	significant	and	the	consequences	of	an	undetected	window	in	a	grouted	shell	can	be	significant.	Similar	to	the	grout	pipes,	the	freeze	pipes	can	be	installed	from	the	surface	or	from	one	tunnel	parallel	to	the	cross	passage	or	they
can	be	installed	with	intersecting	fan	patterns	from	both	tunnels.	Compressed	air	has	also	been	used	quite	extensively	for	the	excavation	of	cross	passages.	It	is	difficult,	however,	to	install	an	air	lock	within	the	main	tunnel	and	still	maintain	access	through	the	tunnel	for	follow-on	work.	References	23-1	Heuer,	R.	E.,	and	Virgens,	D.	L.	(1987).
‘‘Anticipated	behavior	of	silty	sands	in	tunneling.’’	Proceedings	of	Rapid	Excavation	and	Tunneling	conference,	New	Orleans,	LA.	23-2	Traylor,	W.,	private	communication.	CHAPTER	24	Ground	Freezing	imply	put,	the	principle	behind	ground	freezing	is	the	conversion	of	in	situ	pore	water	into	ice	through	the	circulation	of	a	cold	liquid	through	a
system	of	pipes	installed	in	the	ground	to	impart	compressive	strength	and	impermeability	to	a	soil	(or	rock).	Ground	freezing	has	been	practiced	in	construction	for	over	a	century.	Over	the	past	few	decades	it	has	become	a	‘‘comfortable	tool’’	in	the	construction	and	engineering	communities.	Today	it	is	used	for	groundwater	cutoff	and	earth	support
for	access	shafts	and	tunnel	excavations,	for	creating	frozen	earth	cofferdams	for	excavations,	and	for	temporary	underpinning.	This	technique	has	also	been	used	for	arresting	landslides,	stabilizing	abandoned	mine	shafts,	and	creating	roads	for	movement	of	heavy	equipment.	The	technique	is	cost-effective	in	a	relatively	well-defined	niche	where
both	support	of	excavation	and	groundwater	cutoff	are	required	and	the	ground	improvement	must	be	provided	at	significant	depth	or	in	difficult	or	disturbed	(or	sensitive)	ground.	S	24.1	GENERAL	PRINCIPLES	The	process	of	ground	freezing	involves	the	freezing	of	in	situ	pore	water,	which	acts	as	a	bonding	agent,	fusing	together	particles	of	soil	or
rock	to	create	a	frozen	soil	mass	with	markedly	improved	compressive	strength	and	impermeability.	The	support	provided	by	frozen	structures	takes	advantage	of	the	compressive	strength	of	the	frozen	ground	and	as	such	peripheral	frozen	structures	are	typically	circular,	elliptical,	or	arched.	Ground	freezing	is	accomplished	with	the	use	of
smalldiameter,	closed-end	pipes,	referred	to	as	freeze	pipes,	placed	in	drilled	holes.	The	ground	remains	largely	undisturbed,	requiring	only	the	penetration	of	the	formation	for	the	installation	of	freeze	pipes	rather	than	displacement	of	508	the	ground	required	for	the	construction	of	cutoffs.	To	create	a	frozen	earth	cofferdam	or	frozen	soil	mass,	the
closedend	freeze	pipes	are	inserted	into	the	drilled	holes	in	a	pattern	consistent	with	the	shape	of	the	area	to	be	modified	and	the	required	thickness	of	the	wall	or	mass.	Typically,	a	row	of	freeze	pipes	is	placed	vertically	in	the	soil.	A	frozen	shaft,	the	most	common	example,	may	require	freeze	pipes	hundreds	of	feet,	or	meters,	deep.	A	cooling	agent
is	circulated	through	the	pipes	and	heat	is	extracted	from	the	soil,	causing	the	ground	to	freeze	around	the	pipes.	The	extraction	of	heat	from	the	ground	is	a	process	remarkably	analogous	to	the	creation	of	drawdown	with	the	pumping	of	groundwater	from	dewatering	wells.	Isotherms	move	out	from	the	freeze	pipes	with	time,	similar	to	groundwater
equipotential	lines	around	a	well.	When	the	earth	temperature	reaches	32⬚F	(0⬚C),	assuming	fresh	water,	temperature	lowering	pauses	while	the	latent	heat	of	fusion	is	removed	and	water	in	the	soil	pores	turns	into	ice.	Then	further	cooling	proceeds.	As	shown	in	Fig.	24.2,	the	frozen	earth	first	forms	in	the	shape	of	vertical,	elliptical	cylinders
surrounding	the	freeze	pipes.	As	the	cylinders	gradually	enlarge	they	intersect,	forming	a	continuous	wall.	If	heat	extraction	is	continued	at	a	rate	greater	than	the	heat	replenishment,	the	thickness	of	the	frozen	wall	will	continue	to	expand	with	time.	Once	the	frozen	wall	has	achieved	its	design	thickness,	the	freeze	plant	may	be	operated	at	a
reduced	rate	to	remove	heat	flowing	toward	the	wall	in	order	to	maintain	the	condition.	Monitoring	of	conditions	during	formation	and	maintenance	is	accomplished	by	temperature	sensors	installed	at	various	levels	in	monitor	pipes	located	strategically	along	the	frozen	wall.	Once	the	excavation	and	construction	is	completed,	refrigeration	is
discontinued	and	in	most	cases	the	ground	returns	to	its	normal	state.	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	GROUND	FREEZING	509	Figure	24.1	Although
numerous	photographs	of	frozen	shafts	show	liner	plate,	the	frozen	shaft	does	not	need	any	kind	of	structural	lining	for	support.	Liner	plate	is	typically	used	for	a	collar,	insulation	at	the	shallow	depths	where	direct	sunlight	can	cause	surface	thawing,	or	in	some	cities	(such	as	New	York)	liner	plate	was	utilized	to	satisfy	a	building	code.	Courtesy
Moretrench.	ysis	of	thermal	problems	and	who,	moreover,	must	be	experienced	in	groundwater	flow	and	behavior.	Understanding	of	the	strength	and	behavior	of	frozen	earth	is	vital.	24.2	FREEZING	APPLICATIONS	Figure	24.2	Formation	of	a	frozen	wall.	The	theory	and	application	of	ground	freezing	appear	deceptively	simple.	In	fact,	the	process	is
quite	complex	and	extremely	dependent	upon	accurate	assessment	of	the	ground	and	groundwater	conditions,	quality	control	during	system	installation	and	operation,	and	evaluation	of	the	performance	of	the	freezing	system.	In	many	instances	groundwater	control	with	freezing	is	referred	to	as	‘‘perfect’’	because	freezing	requires	a	100%
groundwater	cutoff	to	maintain	the	integrity	of	the	freeze.	In	most	cases,	the	freeze	is	either	perfect	or	it	is	completely	insufficient,	with	no	middle	ground.	Any	seepage	or	leakage	through	a	frozen	wall	can	result	in	rapid	deterioration	of	the	freeze,	with	potentially	catastrophic	results.	There	have	been	a	number	of	projects	where	freezing	failed
during	excavation	or	during	construction	due	to	a	lack	of	understanding	(and	corresponding	care)	of	this	concept.	One	of	the	benefits	of	freezing	is	that	instrumentation,	if	installed	and	evaluated	properly,	can	provide	assurance	of	the	adequacy	of	the	freeze	prior	to	any	excavation	or	physical	exposure	of	the	frozen	ground.	However,	successful
application	requires	a	specialist	who	must	be	skilled	in	geotechnical	engineering,	refrigeration,	and	anal-	The	freezing	method	is	versatile,	and	can	be	adapted	to	a	great	many	project	conditions.	The	penetrability	of	a	freeze	through	the	ground	does	not	vary	greatly	with	hydraulic	conductivity,	so	it	is	much	more	versatile	and	effective	as	a	cutoff	than
permeation	grouting.	Difficulty	with	boulders	is	much	less	than	with	steel	sheeting	or	diaphragm	walls	since	these	obstructions	need	not	be	broken	up	or	displaced,	but	are	simply	incorporated	into	the	frozen	soil	matrix.	A	frozen	wall	can	be	economically	and	effectively	keyed	into	rock.	In	stratified	soils,	cutoff	by	freezing	encounters	fewer	problems
than	drainage	by	dewatering.	The	greatest	advantage	is	that	ground	freezing	can	perform	the	dual	functions	of	water	cutoff	and	earth	support,	eliminating	sheeting	and	internal	bracing.	The	application	of	ground	freezing	can	be	broadly	categorized	as	either	peripheral	freezes	or	mass	freezes.	Peripheral	Freezes	Peripheral	freezing,	the	creation	of	a
frozen	containment	structure	to	prevent	groundwater	intrusion	and	provide	excavation	support,	is	relatively	well	known.	Common	peripheral	freezes	are	shafts,	large,	circular,	open	excavations,	horizontal	tunnels,	small	connections	between	structures,	and	protective	or	reinforcing	structures	such	as	tunnel	canopies.	A	desirable	feature	of	a
peripheral	freeze	design	in	this	case	is	the	construction	of	a	frozen	wall	of	appropriate	thick-	510	PRACTICE	ness	and	strength	that	will	remain,	for	the	most	part,	outside	of	the	excavation	but	terminate	a	short	distance	inside	the	future	excavation	surface	so	that	the	freshly	exposed	face	remains	frozen	and	may	be	insulated	before	significant	melting
begins.	Although	there	is	no	way	to	prevent	a	progressive	increase	in	the	volume	of	frozen	ground	with	continued	freeze	operation	(and	that	volume	must	be	removed	as	the	excavation	proceeds),	the	general	intent	with	peripheral	freezes	is	to	minimize	the	amount	of	frozen	ground	to	be	excavated.	Mass	freezes,	on	the	other	hand,	are	intentionally
frozen	solid	to	impart	strength,	stability,	and	impermeability	to	the	excavated	soils	(or	rock)	within	the	zone	of	excavation	as	well	as	at	the	periphery.	Peripheral	freezes	must	be	formed	to	create	watertight	‘‘bathtubs’’	with	sufficiently	watertight	bottoms	to	ensure	that	excessive	groundwater	leakage	will	not	develop	as	an	upward	flow	into	the
unfrozen	ground	inside	the	frozen	barrier.	It	is	usual	for	the	designer	to	look	for	a	geologic	seal	(bottom)	extending	around	and	below	the	bottom	of	the	freeze	pipes.	A	few	ground	freezing	projects	have	been	attempted	in	the	past	without	a	basal	seal	(‘‘open-bottom’’	freezes).	These	were	high-risk	operations	with	incalculable	and	often	disastrous
results.	The	designer	must	be	made	aware	of	the	local	geologic	structure,	must	consider	those	properties	of	the	soils	and/or	rocks	that	are	pertinent	to	the	freezing	process,	and,	most	importantly,	must	develop	a	good	understanding	of	the	groundwater	hydrology	in	the	area.	The	critical	property	of	a	geologic	seal	is	its	vertical	hydraulic	conductivity,
which,	with	consideration	to	the	magnitude	of	the	groundwater	pressures	acting	on	it,	determines	whether	significant	groundwater	seepage	will	develop	if	the	shaft	excavation	nears	the	base	of	the	freeze	pipe	elevations.	The	concern	at	this	stage	of	the	project	is	that	a	water	seepage	path,	moving	along	the	lower	part	of	the	frozen	envelope	on	its	way
into	the	excavation,	erodes	the	freeze	wall,	increases	in	volume	as	the	flow	path	is	enlarged,	and	finally	leads	to	a	rapid	and	progressive	failure	akin	to	that	following	leakage	through	a	dam	foundation.	Good	geologic	seals	in	soils	are	clay	or	silty	clay	layers;	in	rocks	they	are	unweathered	shales,	metamorphic,	and	igneous	rocks	with	negligible	fissure
permeability.	Acceptable	seals	may	be	found	in	other	rocks	(some	massive	sandstones	have	good	intergranular	cementation;	others	are	prolific	aquifers	and	should	be	avoided).	In	many	cases	when	a	freeze	is	keyed	into	permeable	rock,	grouting	of	the	rock	can	be	performed	beforehand	to	achieve	the	necessary	reduction	in	hydraulic	conductivity.	In
some	cases,	when	a	clay	layer	is	chosen	as	the	sealing	stratum,	pressure	in	an	underlying	aquifer	may	cause	instability	of	the	kind	experienced	as	a	blow	inside	a	poorly	designed	cofferdam.	The	risk	can	be	determined	by	appropriate	hydraulic	analysis.	The	solution	may	reside	in	the	installation	of	pressure	relief	wells	specifically	designed	to	reduce
the	piezometric	head	in	the	lower	aquifer	without	disturbing	the	groundwater	regime	adjacent	to	the	soils	being	frozen.	Figure	24.3	A	peripheral	freeze	must	have	a	bottom	of	sufficiently	low	vertical	hydraulic	conductivity	to	prevent	the	erosion	of	the	tip	of	the	freeze	due	to	seepage.	Figure	24.4	Pressure	relieving	beneath	a	thin	basal	seal.	Shafts
Ground	freezing	for	the	construction	of	shafts	is	the	most	common	application.	Vertical	access	shafts	for	mines	or	tunnels	may	encounter	a	considerable	thickness	of	overburden	soils	with	groundwater.	In	such	cases,	shaft	sinking	problems	are	analogous	to	those	confronted	by	mining	engineers	over	100	years	ago.	At	that	time,	newly	developed
refrigeration	machines	were	set	to	freeze	the	groundwater	and	stabilize	running	sands.	Although	advanced	refrigeration	technology	has	refined	our	efforts,	the	basic	concept	of	ground	freezing	for	shafts	is	the	same	as	that	used	in	the	last	century.	Vertical	holes	drilled	on	a	circle	surrounding	the	shaft	site	are	equipped	with	leak-free	steel	pipes
through	which	a	refrigerated	brine	is	circulated.	In	this	manner,	a	GROUND	FREEZING	frozen	cylinder,	seated	in	rock,	is	formed	when	the	earth	freezes	between	adjacent	pipes.	Shaft	excavations	take	place	inside	a	self-supporting,	groundwater-excluding	structure.	For	deep	mines,	no	better	method	of	sinking	production	shafts	through	deep,	water-
bearing	ground	has	yet	been	established.	Major	deposits	of	coal,	potash,	and	salt	would	have	remained	inaccessible	to	this	day	were	it	not	for	the	continued	use	of	artificial	ground	freezing.	In	mine	shafts	on	the	order	of	10	to	20	ft	(3	to	6	m)	in	diameter,	excavations	have	been	carried	out	to	depths	of	over	2700	ft	(820	m)	within	the	protection	of
unbraced	frozen	walls.	In	the	history	of	ground	freezing,	mine	shaft	freezing	became	relatively	commonplace	where	the	project	could	bear	the	cost	of	a	major	refrigeration	plant	construction.	Early	applications	to	civil	engineering	projects,	however,	were	few.	Mussche	and	Waddington	[24-1]	mention	only	five	projects	between	1892	and	1935;	three	of
these	were	vertical	shafts	for	subway	or	vehicular	tunnels	in	Paris,	Antwerp,	and	(the	most	extensive)	at	five	locations	of	the	Moscow	Metropolitan	Railway	development	[24-1].	With	the	development	of	compact	mechanical	refrigeration	equipment,	the	use	of	511	ground	freezing	in	civil	construction	has	dramatically	expanded:	800-hp	freeze	plants	can
be	preassembled	on	a	mobile	trailer.	These	units	eliminate	most	of	the	site-assembly	time	and	labor	that	had	discouraged	the	ground	freezing	option	on	construction	programs	of	relatively	short	duration.	There	are	several	advantages	of	ground	freezing	unique	to	the	construction	of	shafts	(or	similar	freezes):	•	The	freeze	can	be	implemented	through
the	soil/rock	•	interface,	which	is	often	the	most	difficult	geology	in	which	to	create	a	groundwater	cutoff	by	other	methods.	At	increasing	depths,	any	discontinuity	in	a	temporary	support	system	can	be	very	difficult	to	rectify	unless	the	hydrostatic	head	is	externally	relieved,	a	task	that	cannot	be	completely	accomplished	on	top	of	an	impermeable
layer.	A	frozen	wall,	by	design,	is	continuous	into	the	underlying	cutoff	and	resists	the	loads	imposed	by	full	groundwater	and	soil	pressures.	Proper	instrumentation	can	provide	assurance	of	the	integrity	of	the	freeze	to	full	depth	prior	to	excavation.	A	disadvantage	of	ground	freezing	for	the	construction	of	shafts	is	that	specialized	equipment	must	be
utilized	for	the	excavation	of	the	frozen	ground.	With	continued	operation	of	the	freezing	system,	the	frozen	ground	will	encroach	further	within	the	shaft	excavation	at	greater	depths.	In	deep	shafts,	it	is	common	for	the	entire	cylinder	to	freeze	solid	as	work	progresses.	Excavation	must	be	performed	either	by	roadheader	or	by	drilling	and	blasting.
Large	Circular	Open	Excavations	Figure	24.6	shows	a	large,	circular,	open	excavation	supported	by	a	frozen	wall.	Conceptually,	this	application	is	very	similar	to	shaft	freezing,	but	shallower	and	wider.	The	wall	is	designed	as	a	cylinder	in	compression,	and	internal	bracing	has	been	eliminated.	Pump	stations,	and	other	structures	up	to	200	ft	(60	m)
in	diameter	have	been	constructed	within	frozen	walls	of	this	type.	In	the	larger	size,	multiple	rows	of	freeze	pipes	are	typical	to	develop	the	required	wall	thickness.	For	rectangular	structures,	an	elliptical	shape	is	employed	to	mobilize	the	increased	compressive	strength	of	frozen	soil.	Horizontal	Peripheral	Freezes	Figure	24.5	A	shaft	freezing	setup.
Courtesy	Moretrench.	Horizontal	peripheral	freezes	are	accomplished	by	installing	the	freeze	pipes	to	create	a	frozen	cylinder	that	is	parallel	to	the	axis	of	the	tunnel	or	structure.	Sheet-piled	cofferdams	or	other	structures	provide	access	for	installation	and	serve	as	end	boundaries	for	the	freeze.	Except	for	relatively	largediameter	tunnels,	the
contractor	may	prefer	a	mass	freeze	result	to	avoid	the	mix	of	frozen	and	unfrozen	ground	during	excavation.	For	a	horizontal	freeze,	as	discussed	in	the	Syracuse	WWTP	case	history,	guided	installation	techniques	have	been	used	for	the	installation	of	the	freeze	pipes	to	maintain	the	necessary	tolerances	[24-2].	Electronic	drill	hole	surveying
equipment	can	be	utilized	for	the	continuous	measure-	512	PRACTICE	tunnel	mass	freeze.	The	frozen	face	is	usually	excavated	with	jackhammers,	pneumatic	clay	spades,	or	a	roadheader.	Figure	24.10c	shows	horizontal	freeze	pipes	used	for	tunneling	under	a	railroad	right-of-way.	The	pipes	are	placed	from	jacking	pits	on	either	side.	For	deep
tunnels,	or	where	surface	obstructions	prevent	vertical	installation,	freeze	pipes	can	be	installed	from	within	the	tunnel	(Fig.	24.10d).	Delays	for	installation	of	the	pipes,	and	during	the	time	required	to	form	successive	increments	of	frozen	earth,	make	the	method	unattractive	except	in	special	situations.	Connections	Figure	24.6	The	freeze	layout	for
a	large	circular	open	excavation.	Figure	24.7	Excavation	supported	by	a	gravity	frozen	wall.	ment	and	control	of	a	borehole	path	during	the	drilling	operation.	Directional	drilling	techniques	are	adaptable	to	assist	in	the	accurate	drilling	of	long	vertical	or	horizontal	freeze	holes.	For	tunnel	excavation,	several	different	configurations	can	be



considered.	In	Fig.	24.10a,	two	frozen	walls	at	the	sides	have	been	extended	to	a	clay	cutoff	below	invert,	and	short	pipes	have	been	used	to	freeze	over	the	tunnel	crown.	With	careful	coordination	and	control,	much	of	the	excavated	face	is	unfrozen	earth.	Figure	24.10b	shows	a	full-face	Ground	freezing	can	be	utilized	to	provide	connections	between
non-interlocking	or	disjointed	structures.	A	frozen	wall	will	conform	to	adjoining	subsurface	installations	or	obstructions,	if	necessary,	to	provide	a	composite	cutoff	structure.	Freezing	works	well	in	these	situations	because	small,	irregularly	shaped,	hand-mined	excavation	can	be	performed	under	the	cover	of	the	frozen	ground	without	internal	lining
or	support	and	without	the	need	to	handle	seepage	water	from	within	the	restricted	or	confined	excavation.	A	good	example	of	a	frozen	connection	is	a	cross	passage	between	two	tunnels	or	deep	structures.	Ground	freezing	can	also	provide	ground	support	or	protection	for	an	underlying	excavation.	A	frozen-arch	tunnel	canopy	is	a	good	example	of
this	type	of	application.	The	ground	freezing	may	be	utilized	to	eliminate	ground	loss	or	to	mitigate	settlement	with	excavation.	Ground	freezing	can	also	be	used	effectively	to	create	a	uniform	ground	condition	where	mixed-face	conditions	are	present	or	to	increase	the	strength	of	isolated	reaches	of	unconsolidated	material	within	a	rock	tunnel.
Ground	freezing	has	also	been	utilized	to	create	a	soft,	rock-like	ground	condition	through	which	a	raise	bore	can	be	performed.	Walsh	[24-4]	and	Doig	[24-5]	provide	more	details	of	this	application.	Relatively	small-diameter,	shallow,	frozen	shafts	for	microtunneling	access	have	been	successfully	predrilled	with	large-diameter	drilling	rigs	in	lieu	of
excavation.	Mass	Freezing	Although	typical	applications	of	ground	freezing	involve	the	creation	of	a	peripheral	frozen	structure	for	excavation	support	and	groundwater	control,	there	are	circumstances	under	which	massive	volumes	of	soil	need	to	be	stabilized	to	facilitate	excavation	within	the	frozen,	stabilized	ground.	These	mass	freezes	are	much
less	common.	There	must	be	a	compelling	reason	to	design	a	system	that	involves	the	breakage	and	removal	of	frozen	soils,	a	more	costly	process	than	the	disposal	of	loose,	drained	material	lying	inside	a	frozen	containment.	Mass	freezes	have	been	utilized	where	ground	control	in	difficult	subsurface	conditions	was	crucial	to	the	success	of	a	project.
Sometimes	geometry	dictates	the	design,	as,	for	example,	where	a	tunnel	within	an	aquifer	must	be	frozen	using	vertical	freeze	pipes	from	the	surface.	Geologic	conditions	will	present	a	problem	if	no	cutoff	is	present	within	reasonable	depth	below	subgrade	at	a	proposed	shaft	location.	In	this	case,	the	use	of	ground	freezing	GROUND	FREEZING
513	Case	History:	Horizontal	Tunnel	Freeze,	Syracuse,	New	York	The	alignment	of	a	new	120-ft	(37-m)	long,	10.5-ft	(3.2-m)	diameter	tunnel	passed	just	6.5	ft	(2	m)	below	the	base	of	high-speed	mainline	railroad	tracks	connecting	Boston,	Massachusetts	with	Chicago,	Illinois.	Subsurface	conditions	through	which	the	tunnel	was	to	be	mined	consisted
of	a	10-ft	(3-m)	thick	surficial	layer	of	fill,	primarily	of	loose	cinders,	sand,	and	railroad	ballast,	underlain	by	a	25-ft	(7.6-m)	stratum	of	loose,	silty	fine	sand	with	a	hydraulic	conductivity	determined	by	in	situ	testing	to	be	2		10⫺6	m	/	sec.	Beneath	this,	compressible	soils	extended	to	a	depth	of	approximately	220	ft	(67	m).	Static	groundwater	level	was
at	approximately	tunnel	springline.	With	the	compressible	soils,	changes	in	the	groundwater	table	level	would	result	in	large	settlements.	A	requirement	of	the	tunneling	work	beneath	the	tracks	was	that	speeds	of	55	mph	(88	km	/	hour)	for	up	to	90	trains	daily	must	be	maintained.	Since	relocation	of	the	track	was	not	an	option,	several	methods	of
support	were	evaluated,	including	a	pile	supported	trestle,	multirail	track	reinforcement,	soil	stabilization	by	permeation	grouting,	and	ground	freezing.	In	light	of	the	track	settlement	potential	induced	by	lowering	the	groundwater	table,	dewatering	prior	to	tunneling	was	considered	inappropriate.	Of	the	methods	evaluated,	only	ground	freezing,	as
verified	by	a	comprehensive	field	test	program,	was	deemed	capable	of	providing	the	high	degree	of	predictability,	reliability,	and	safety	crucial	to	stabilizing	the	highly	variable	ground	conditions	and	maintaining	normal	rail	service	during	the	tunneling	operation.	This	technique	was	therefore	selected	as	being	not	only	the	most	appropriate	solution
for	the	mixed-ground	conditions	and	sensitive	rail	situation,	but	also	the	most	cost-effective,	since	it	would	provide	both	excavation	support	and	groundwater	control	in	one	operation	[24-2].	Based	on	an	analysis	of	maximum	permissible	stresses	under	train	loading,	a	double	row	of	peripheral	horizontal	freeze	pipes	spaced	at	3	ft	(0.9	m)	on	center	was
installed	above	the	tunnel	springline	and	a	single	row	installed	below	the	springline	to	provide	360⬚	frozen	support	a	minimum	of	1	m	(3	ft)	thick	(Fig.	24.8).	The	access	shafts	on	either	side	were	supported	by	interlocking	steel	sheeting	to	preclude	dewatering.	Horizontal	auger	boring	methods	were	utilized	to	install	8-in.	(200-mm)	diameter	casings
to	provide	greater	control	and	resistance	to	buckling	during	installation.	An	articulated	section	of	casing	with	a	sensor	in	the	casing	head	provided	surveying	and	steering	capability	to	the	casing	installation	process.	Smaller-diameter	steel	freeze	pipes	were	installed	within	the	8-in.	(200	mm)	outer	casing.	From	the	preliminary	field	testing,	it	was
determined	that	the	strength	of	the	frozen	sand	(below	springline)	was	within	the	anticipated	range.	However,	the	strength	of	the	frozen	cinder	fill	above	the	water	table	showed	low	strengths,	being	strongly	dependent	on	the	amount	of	free	water	in	its	voids	[24-2].	The	cinder	fill	material	above	the	water	table	was	therefore	saturated	with	water
through	special	slotted	casings.	For	the	embankment	fill	to	retain	more	of	the	moisture,	a	more	viscous	bentonite	slurry	was	also	pumped	through	the	slotted	casing	immediately	before	freezing	to	further	increase	moisture	content	and	ensure	adequate	frozen	strength	[24-3].	The	freeze	was	instrumented	with	heave–settlement	points,	temperature
monitors,	inclinometers,	and	frost	indicators.	With	the	horizontal	orientation	of	the	freeze	pipes,	the	frost	heave	action	was	primarily	vertical.	There	were	several	points	of	significance	pertaining	to	ground	movement:	Figure	24.8	Designed	cross	section	through	the	tunnel	with	two	rows	of	freeze	pipes	above	springline	of	the	tunnel	in	the	cinder	fill.
From	Lacy.	514	PRACTICE	•	The	tracks	experienced	up	to	2.4	in.	(60	mm)	of	heave.	•	No	settlement	was	discernable	during	tunneling	and	1.2	to	1.6	in.	(30	to	40	mm)	of	thaw	settlement	occurred.	The	tunnel	was	excavated	with	a	small	roadheader	and	lined	with	liner	plate	to	deactivate	the	freeze	as	early	as	possible	and	prior	to	placement	of	the	final
lining.	Figure	24.9	The	headwall	prior	to	mining	of	the	tunnel.	Courtesy	Moretrench.	may	necessitate	a	mass	freeze,	artificially	creating	the	bottom	seal	that	local	geology	failed	to	provide.	In	some	cases,	however,	the	prospect	of	mining	frozen	soils	is	attractive	to	a	contractor	and	to	an	owner	concerned	about	the	overall	safety	of	their	operation.
There	are	several	challenges	involved,	for	instance,	in	constructing	a	tunnel	at	shallow	depth	in	water-saturated,	man-made	fill	containing	long-abandoned	building	foundations	of	uncertain	extent.	Encapsulation	of	these	obstacles	in	dry	conditions	inside	a	frozen	mass	of	soil	has	actually	facilitated	construction	in	this	scenario,	claiming	superiority
over	combinations	of	such	techniques	as	soil	nailing,	jet	grouting,	and	dewatering.	In	an	urban	environment	with	structures	above	the	tunnel	that	must	not	be	disturbed,	a	strong	case	for	a	mass	freezing	is	established.	Mass	freezing	is	accompanied	by	a	completely	different	design	approach	from	the	more	typical	peripheral	freeze	and	may	require	a
preparatory,	detailed	site-specific	and	freezing-specific	soils	characterization	supplemented	by	a	program	of	computer-assisted	thermal	analyses.	Freezing	for	Environmental	Applications	In	recent	years,	ground	freezing	has	also	emerged	as	a	useful	tool	for	environmental	clean-up	and	for	containment	of	con-	tamination	on	civil	urban	sites.	In	highly
contaminated	environments,	the	frozen	wall	can,	at	times,	provide	both	containment	and	earth	support	for	the	excavation	and	removal	of	toxic	and	hazardous	wastes	and	radioactive	contaminants	in	soil	and	groundwater.	Installation	of	the	frozen	wall	creates	minimal	disturbance	to	the	in	situ	soil	and	essentially	eliminates	the	need	to	pump	the
contaminated	groundwater.	Effective	groundwater	control	is	of	high	priority	on	most	environmental	cleanup	operations	below	the	water	table.	Ground	freezing	lends	itself	well	to	meet	those	requirements	and	provides	the	following	additional	benefits	on	environmental	projects	[24-8]:	•	A	problem	area	can	be	completely	isolated	from	the	•
surrounding	hydrological	regime	by	an	impermeable,	continuous	cutoff	wall.	Thus,	there	will	be	a	fixed	volume	of	groundwater	confined	by	the	wall	that	must	be	pumped	and	treated.	Also,	there	is	negligible	change	in	the	groundwater	regime	outside	the	confined	area.	Leakage	through	cutoffs	and	subsequent	treatment	of	leakage	water	can	result	in
significant	costs.	Frozen	cutoff	walls	may	be	installed	with	negligible	disturbance	to	the	soils	and	minimal	production	of	solid	waste	that	must	be	disposed	of.	GROUND	FREEZING	515	Figure	24.11	A	horizontal	peripheral	freeze	for	a	hand	mined	connection	between	a	deep	shaft	and	an	adjoining	pre-existing	structure.	Courtesy	Moretrench.	Figure
24.10	Ground	freezing	in	tunnels.	(a)	Tunneling	within	frozen	walls	and	arch.	(b)	Full	face	tunnel	freeze.	(c)	Horizontal	freeze	from	jacking	pits.	(d)	Freezing	from	within	tunnel.	24.3	FREEZING	METHODS	AND	EQUIPMENT	Brine	Freezing	The	most	common	freezing	method	is	by	circulated	brine	(Fig.	24.23).	Chilled	brine	is	pumped	down	a	drop	tube
to	the	bottom	of	the	freeze	pipe	and	flows	up	the	annulus,	withdrawing	heat	from	the	soil.	Typically,	the	freeze	pipes	are	hooked	up	in	series–parallel,	as	shown.	The	brine	is	returned	to	the	refrigeration	plant	where	it	is	again	cooled	Figure	24.12	Use	of	ground	freezing	to	create	more	homogenous	ground	conditions	for	the	advancement	of	a	hard	rock
TBM	through	an	isolated	section	of	unconsolidated	material.	in	the	chiller	or	heat	exchanger.	The	refrigeration	plant	consists	of	a	compressor,	condenser,	chiller,	and	cooling	tower.	Here	ammonia,	or	other	refrigerant,	is	recompressed	and	condensed	to	a	liquid	state	in	the	condenser.	Heat	is	typically	removed	from	the	refrigerant	in	the	condenser	by
a	circulating	water	system,	which	can	be	cooled	in	a	cooling	tower.	516	PRACTICE	Figure	24.13	Ground	freezing	has	also	been	utilized	to	create	a	soft	rocklike	ground	condition	through	which	a	raise-bore	can	be	performed.	Refrigeration	plants	are	typically	rated	in	tons	of	refrigeration	at	some	differential	temperature	between	ambient	and	chilled
brine:	1	Tr		12,000	BTU	/	hr	1	Tr		3.5	kW	(U.S.)	(metric)	Plants	used	for	ground	freezing	range	from	60	to	more	than	150	tons	of	refrigeration	(200	to	525	kW),	with	horsepower	consumption	from	125	to	450	hp.	Figure	24.24	illustrates	a	portable,	twin	150-ton	(525	kW)	unit.	Cooling	water	makeup	ranges	from	3	to	10	gpm	(11	to	37	L/min)	at	full	load.
The	capacity	of	a	refrigeration	plant	depends	on	its	thermal	load,	in	the	same	way	that	pump	capacity	varies	with	discharge	head.	Thus,	in	early	stages	of	frozen	wall	formation,	when	brine	temperatures	are	relatively	high,	the	plant	has	a	greater	capacity.	When	freezing	clays	to	very	low	temperatures,	more	plant	capacity	is	needed.	At	high	ambient
temperatures	and	humidity,	the	plant	has	less	capacity	than	in	cooler,	dry	weather.	A	typical	freeze	will	effectively	consume	twice	as	much	refrigeration	during	freeze	formation	than	during	maintenance	freezing.	The	total	refrigeration	load	is	made	up	of	these	elements:	•	Cooling	the	soil	and	water	from	its	existing	temperature	to	the	freezing	point	of
water.	•	Removing	the	latent	heat	of	fusion	to	turn	water	into	•	•	•	ice.	Cooling	the	soil	and	water/ice	from	the	freezing	point	to	the	desired	final	temperature.	Extraction	of	the	heat	that	flows	to	the	frozen	wall	from	the	surrounding	soil	and	from	exposed	surfaces	at	the	excavation.	Extraction	of	the	additional	heat	load	introduced	by	moving
groundwater	(Section	24.6).	Figure	24.14	Ground	freezing	can	be	utilized	for	stabilizing	the	soil	for	the	launching	or	retrieval	of	a	tunneling	machine.	The	application	is	ideal	for	use	on	microtunneling	projects	where	the	machine	simply	must	be	inserted	into	a	properlyfixed	launching	seal.	It	can	be	performed	with	vertical	freeze	pipes	or	horizontal
freeze	piples,	with	either	chilled	brine	or	liquid	nitrogen	as	the	freezing	medium.	Liquid	Nitrogen	Freezing	The	liquid	nitrogen	(LN2)	process	has	been	applied	successfully	to	ground	freezing.	Although	the	consumption	of	nitrogen	can	be	costly,	the	system	installation	is	relatively	inexpensive	and	for	small,	short-term	projects,	the	method	can	be	quite
cost-effective	compared	to	other	ground	improvement	methods.	The	relatively	simple	setup	and	quick	implementation	lend	themselves	well	to	emergency	situations.	Although	typically	utilized	for	smaller	and	shorter	duration	projects,	Munks	and	Chamley	[24-9]	cite	the	use	of	liquid	nitrogen	on	an	emergency	TBM	retrieval	of	unprecedented
proportions.	GROUND	FREEZING	517	Case	History:	Mass	Freeze,	Central	Artery	/	Tunnel,	Boston,	Massachusetts	The	Central	Artery	Project,	the	major	components	of	which	involved	replacing	Boston’s	6-lane	elevated	highway	with	an	8-	to	10-lane	underground	expressway	and	the	extension	of	I-90	beneath	south	Boston	and	Boston	Harbor	to	Logan
Airport,	is	recognized	as	one	of	the	most	technically	challenging	infrastructure	projects	undertaken	in	the	United	States.	Jacking	of	three	massive	tunnels	immediately	beneath	seven	active	Amtrak	lines	serving	Boston’s	South	Station	and	the	financial	district	is	acknowledged	to	be	the	most	demanding	component	of	the	overall	project	[24-6].	The
largest	of	these	tunnels	is	350	ft	(107m)	long,	80	ft	(24.4m)	wide,	and	35	ft	(10.7m)	high.	The	other	two	tunnels	are	only	slightly	smaller.	The	jacked	tunnel	method	was	selected	to	allow	full	rail	service	to	the	station	during	tunnel	construction.	The	site	was	located	on	what	has	commonly	been	regarded	as	some	of	the	worst	ground	in	Boston,	with	as
much	as	25	ft	(7.5	m)	of	‘‘historical	fill’’	dating	back	to	the	mid	1800s	[24-7].	A	soft,	organic	material	and	a	marine	deposit	of	Boston	Blue	Clay,	both	highly	frost-susceptible	soils,	underlaid	the	fill.	Groundwater	was	encountered	approximately	10	ft	(3	m)	below	ground	surface.	Preliminary	stabilization	concepts	included	dewatering,	grouting	the	fill
stratum	and	organics,	and	soil	nailing	the	marine	clay.	With	just	6.5	ft	(2	m)	of	cover	between	the	box	and	the	rail	tracks,	however,	a	major	consideration	of	the	general	contractor	was	excavating	through	the	obstructions	without	disturbance	to	the	live	rail	system	immediately	overhead	as	well	as	the	settlement	and	heave	created	with	the
implementation	of	the	ground	improvement.	Ground	freezing	was	therefore	selected	to	•	Provide	complete	stability	of	excavation	so	that	the	38-ft	(11.5-m)	high	vertical	face	could	be	mined	without	the	need	for	face	support.	•	Encapsulate	the	numerous	obstructions	in	place	so	that	obstructions	and	unstable	materials	could	be	removed	from	the	face
in	•	a	controlled	manner.	Provide	complete	groundwater	cutoff.	System	Design	and	Installation	Proper	spacing	and	location	of	freeze	pipes	was	essential.	Finite	element	modeling	was	performed	to	determine	the	transient	heat	flow	from	the	ground	to	the	freeze	pipes	in	order	to	evaluate	freeze	pipe	disposition,	freeze	formation	period,	and	freeze
plant	capacity.	The	bulk	of	the	excavation	work	occurred	within	the	Boston	Blue	Clay,	which	also	required	the	most	refrigeration	effort	per	unit	volume	to	render	it	stable.	Therefore,	all	design	work	and	detailed	thermal	analyses	were	concentrated	on	this	stratum.	Modeling	was	performed	to	simulate	numerous	phases	of	the	project	and	under	various
ambient	temperatures.	Frozen	soil	testing	was	performed	on	the	Boston	Blue	Clay	to	evaluate	its	thermal	properties.	Figure	24.15	Aerial	view	of	the	project	site	showing	the	footprint	of	the	three	tunnel	boxes	in	final	location.	Courtesy	Moretrench.	518	PRACTICE	The	intent	of	the	ground	freezing	program	was	that	the	ground	through	which	each	box
would	be	jacked	was	frozen	solid	from	1.5	m	(5	ft)	below	the	base	of	the	tracks	(near	ground	surface)	to	1	m	(3	ft)	above	the	box	invert.	The	freeze	was	intentionally	terminated	above	the	invert	of	the	structure	to	mitigate	the	potential	effects	of	thaw	consolidation	and	settlement.	The	face	in	the	various	strata	types	(both	coarse	granular	material	and
clay)	would	be	modified	by	ground	freezing	to	that	of	a	weak	rock.	The	project	also	entailed	unique	thermal	objectives,	which	involved	adding	heat	to	the	systems	during	the	jacking	of	the	boxes.	Artificial	heating	with	heat	trace	wiring	was	introduced	within	the	concrete	of	the	walls	and	roof	of	the	boxes	to	limit	possible	frost	adhesion	at	the	box	/
ground	interface	and	subsequent	increased	resistance	to	sliding	movement	of	the	structure.	This	was	particularly	important	for	the	largest	of	the	box	structures,	which	was	to	be	cast	and	jacked	in	two	halves,	with	a	five-month	delay	between	during	which	the	first	half	of	the	structure	would	sit	idle	between	the	casting	basin	and	its	final	location.	Heat
pipes,	similar	to	freeze	pipes,	outside	of	the	box	perimeter	were	installed	to	mitigate	an	increase	in	lateral	pressure	and	‘‘pinching’’	against	the	sides	of	the	jacked	box,	which	could	develop	if	continued	growth	of	the	freeze	wall	was	allowed	during	jacking.	Prior	to	any	work	being	done	on	site,	a	groundwater	study	was	performed,	which	indicated	a
groundwater	fluctuation	that	mimicked	the	tide	in	the	channel,	suggesting	that	there	was	the	potential	for	moving	groundwater	flow,	particularly	within	the	open	rubble	fills,	which	would	be	detrimental	to	the	formation	of	the	freeze(s).	Several	measures	were	undertaken	to	mitigate	the	movement	of	groundwater	so	the	freeze(s)	would	form	on
schedule,	contiguously,	and	without	gaps:	Figure	24.16	A	profile	through	the	tunnel	box	structure	and	mining	operation.	A	two-level	jacking	shield	was	utilized	to	permit	concurrent	excavation	with	roadheaders	on	an	upper	and	lower	level.	From	Dijk	et	al.,	‘‘Construction	of	I-90	highway	tunnels	under	Boston’s	South	Station	rail	yard	by	box	jacking,’’
RETC	2001.	Figure	24.17	The	ground	temperatures	simulated	with	a	finite	element	model.	This	particular	model	simulated	the	effects	of	20	days	of	prolonged	high	ambient	temperatures	as	may	be	experienced	during	summer	months.	GROUND	FREEZING	519	•	The	outside,	or	perimeter,	freeze	pipes	were	installed	on	tighter	spacing	so	as	to
positively	form	an	earlier	perimeter	closure	to	•	•	•	permit	the	formation	of	the	internal	mass	freeze	without	groundwater	movement.	A	grouting	program	was	implemented	during	the	installation	of	the	perimeter	pipes	to	detect	voids	and	subsequently	grout	those	voids	in	the	fill	when	encountered.	All	of	the	perimeter	freeze	pipes	were	surveyed	to
confirm	that	the	pipes	were	installed	with	tolerable	deviations.	Additional	pipes	were	installed	where	voids	were	encountered	in	the	fill	and	where	the	pipe	surveys	showed	unacceptable	deviations	with	depth.	The	installation	also	was	sensitive	to	the	delicate	surface	track	work.	The	drilling	technique	used	was	well	suited	to	accommodate	the	many
track	structures,	switches,	and	so	forth.	Sonic	drilling	was	utilized	for	the	installation	of	the	freeze	pipes	because	the	equipment	was	mobile	and	maneuverable	and	could	be	relocated	very	quickly	in	the	event	of	a	sudden	track	outage,	the	means	of	cuttings	return	was	well	contained,	and	the	method	could	penetrate	many	types	of	obstructions.	The
sonic	drill	equipment	was	high	rail-mounted,	and	articulating	telescopic.	Of	the	2000	pipes	installed,	approximately	1100	were	located	within	the	span	of	six	to	seven	adjacent	tracks	with	numerous	switches.	The	sonic	drills	permitted	the	containment	of	drill	spoils	in	a	manner	similar	to	retrieving	the	sample	from	a	core	barrel	so	the	pipes	could	be
drilled	between	and	alongside	the	rails,	track	ties,	switches,	ducts,	track	electric	power	and	track	signal	utilities	without	contaminating	those	devices.	Of	great	benefit	in	maintaining	the	required	pipe	configuration	was	the	penetrating	characteristics	of	the	sonic	drill,	which	allowed	every	hole	to	be	advanced	regardless	of	the	presence	of	underground
obstructions	[24-7].	Approximately	65%	of	the	pipes	were	located	within	the	railway	restricted	zone	and	many	pipes	had	to	be	moved	from	the	theoretical	pipe	configuration	to	accommodate	switches,	rails,	ties,	overhead	obstructions,	ducts,	signal	lines,	etc.,	but	the	concentration	of	freeze	pipes	per	square	foot	was	maintained	consistent	with	the
finite	element	design.	The	brine	distribution	piping	was	set	up	to	provide	chilled	brine	through	as	many	as	700	vertical	freeze	pipes	for	three	to	four	months	in	advance	of	jacking	of	each	tunnel.	The	brine	recirculation	piping	was	run	between	the	many	track	structures,	excavated	and	buried	in	the	ballast	in	such	a	manner	so	as	to	have	no	impact	to
the	track	structures	and	controls.	Hoses	and	freeze	pipe	heads	were	buried	or	depressed	to	stay	out	of	the	influence	line	of	the	trains.	Figure	24.18	Plan	view	of	the	project	showing	brine	distribution	circuits.	Courtesy	Moretrench.	520	PRACTICE	At	the	point	of	greatest	demand,	all	750	tons	of	refrigeration	capacity	was	in	use	to	chill	and	deliver
approximately	6000	gpm	(380	L	/	sec)	of	brine	to	all	three	boxes	simultaneously.	The	centralized	brine	chilling	plant	was	designed	and	built	to	provide	chilled	brine	to	any	or	all	of	the	boxes	at	any	one	time,	and	also	at	either	of	two	brine	temperatures.	Brine	was	recirculated	at	⫺13⬚F	(⫺25⬚C)	for	the	formation	of	the	freeze	or	at	5⬚F	(⫺15⬚C)	to
maintain	the	mass	in	the	frozen	condition.	At	5⬚	F	(⫺15⬚	C),	power	was	conserved,	heave	could	be	mitigated,	and	continued	growth	of	the	freeze	could	be	controlled.	System	Operation	and	Monitoring	Chilled	brine	was	circulated	through	the	freeze	pipe	system	for	three	to	four	months	prior	to	the	initiation	of	tunnel	jacking.	The	jacking	operation
and	the	operation	of	the	freeze	system	were	closely	coordinated.	The	general	contractor	cut	approximately	four	to	six	pipes	daily	from	the	face	of	each	respective	tunnel	jacking	operation.	The	freezing	system	was	configured	to	accommodate	the	jacking,	with	the	individual	vertical	pipes	arranged	in	‘‘circuits’’	or	groups	of	four	or	five	consecutive	pipes
connected	together	by	insulated	brine	hoses.	To	the	greatest	extent	possible	within	the	existing	track	structure,	the	circuits	were	arranged	perpendicular	to	the	alignment	of	the	jacking	to	permit	the	consecutive	decommissioning	of	circuits	as	the	jacking	progressed.	As	the	contractor	advanced	the	tunnel	at	a	rate	of	approximately	3	ft	(1	m)	per	day,
single	circuits	or	groups	of	circuits	would	be	decommissioned	as	the	tunnel	approached.	For	the	three	jacked	tunnels,	a	total	of	88	temperature	monitor	pipes	were	installed,	which	measured	the	ground	temperature	at	3	m	(10	ft)	depth	intervals.	The	temperature	monitor	holes	were	laid	out	to	confirm	closure	between	the	perimeter	freeze	pipes,
closure	or	in-filling	of	the	interior	soil	mass,	and	also	the	lateral	frozen	growth	outside	of	the	freeze	perimeter.	These	temperature	monitors	were	surveyed	and	located	relative	to	the	surrounding	freeze	pipes	to	accurately	indicate	the	extent	of	the	frozen	mass.	All	the	temperature	monitors	were	tied	into	a	real-time	data	acquisition	and	recording
system	that	could	be	accessed	remotely.	Piezometers	installed	in	the	interior	of	the	box	areas	indicated	partial	isolation	from	the	exterior,	tidally-fluctuating	levels,	possibly	due	to	the	perimeter	grouting	or	partial	closure	of	the	frozen	perimeter	cutoff,	but	froze	very	quickly	after	activation	of	the	freeze.	System	Performance	The	freezing	provided	a
complete	groundwater	cutoff	and	eliminated	the	need	for	dewatering.	All	of	the	tunnels	were	excavated	at	significant	depths	below	the	water	table,	adjacent	to	the	Fort	Point	Channel,	but	no	groundwater	was	ever	observed	during	any	of	the	mining.	Great	care	was	taken	to	ensure	that	each	jack	was	absolutely	cutoff	from	the	outside	groundwater	by
continuity	of	the	freeze	along	the	outermost,	or	perimeter,	freeze	pipes.	The	freezing	provided	complete	stability	so	that	a	38-ft	(11.5-m)	high	vertical	face	could	be	mined	without	the	need	for	any	additional	face	support.	This	was	of	particular	significance	in	light	of	the	varied	geological	conditions	and	buried	obstructions	that	were	encountered	in	the
face.	Of	the	most	noteworthy	obstructions	encountered	in	the	‘‘historical	fill’’	were	a	granite	sea	wall,	wood	sheeting,	brick	building	foundations,	timber	piles,	timber	cribbing,	an	abandoned	reinforced	concrete	railway	structure,	and	plenty	of	common	rubble	fill	dating	back	to	the	mid-1800s.	Reinforced	concrete	and	tiebacks	were	encountered	from
more	recent	construction.	The	freezing	held	the	obstructions	in	place	and	provided	stability	for	the	excavation.	Some	ground	heave	was	anticipated	from	the	operation.	It	was	accommodated	with	regularly	scheduled	track	reballasting	and	special	measures	to	protect	the	headwall	at	the	jacking	pit	from	pressure	buildup.	Five	to	nine	inches	(120	to	200
mm)	of	heave	occurred	over	the	project,	which	was	more	than	expected,	but	the	regular	reballasting	and	headwall	provisions	were	adequate	to	protect	both	the	railroad	traffic	and	the	headwall	[24-7].	Figure	24.19	Frozen	face	revealing	an	old	brick	foundation,	openwork	brick	rubble,	and	a	freeze	pipe	prior	to	removal.	Courtesy	Moretrench.
GROUND	FREEZING	521	Figure	24.20	Ground	heave	measured	at	various	points	above	the	I-90	Eastbound	Box.	The	LN2	system	in	Fig.	24.25	is	typical.	An	insulated	pressure	vessel	stores	the	LN2	and	is	periodically	refilled	from	special	over-the-road	tank	trucks.	At	the	exit	of	the	expansion	valve,	the	boiling	liquid	has	chilled	to	⫺320⬚F	(⫺196⬚C).
The	liquid	is	conducted	to	the	drop	pipe	in	the	freeze	pipe,	the	withdrawal	of	heat	from	the	formation	will	result	in	boiling	of	the	liquid,	and	the	exhaust	vapor	is	ventilated	to	waste.	Because	the	nitrogen	changes	phases	within	the	freeze	pipe	itself	and	the	liquid	and	the	vapor	exhibit	different	heat	transfer	properties,	the	uniformity	of	the	freeze	along
the	full	length	of	the	freeze	pipe	can	be	difficult	to	control.	Additionally,	when	working	in	tunnels	or	confined	spaces,	the	exhaust	gas	must	be	piped	to	a	safe	disposal	point.	Nitrogen	is	not	poisonous	but	it	will	displace	oxygen,	with	the	attendant	hazard	of	asphyxiation.	Because	of	the	extremely	low	temperature,	freezing	with	LN2	is	rapid	and	high
strengths	of	frozen	soils	can	be	achieved.	The	low	temperature	demands	pipe	and	fittings	of	special	materials	and	sophisticated	thermal	insulation.	Personnel	must	receive	special	training	in	the	hazards	involved.	Pipe	Installation	(and	Deviation)	Regardless	of	the	circulated	freezing	medium,	the	alignment	of	freeze	pipes	is	critical	to	satisfactory
performance	of	the	ground	freezing	system.	The	design,	both	as	to	strength	and	time	of	formation,	is	directly	related	to	the	spacing	between	pipes.	If	the	pipes	are	permitted	to	deviate	too	much,	unexpected	windows	or	zones	of	less	than	design	thickness	can	occur.	A	1%	borehole	deviation	is	considered	very	good,	for	even	the	best	drilling	techniques
in	the	best	ground	conditions.	Borehole	deviation	is	obviously	more	significant	for	deeper	work.	With	frozen	walls,	up	to,	say,	200	ft	(60	m)	in	depth,	the	recommended	procedure	is	as	follows:	1.	Special	drilling	procedures	should	be	employed	to	improve	verticality.	Drill	steel	of	large	diameter	is	522	PRACTICE	The	material	has	the	strength	of	soft
rock	and	power	equipment	must	be	used	during	excavation.	To	trim	small	quantities	from	the	frozen	wall,	jackhammers	and	clay	spades	have	been	used.	If	the	quantity	of	frozen	earth	to	be	excavated	is	large,	roadheaders	have	been	employed	in	horizontal	tunnels	and,	with	special	mountings,	in	shafts.	Figure	24.21	Ground	freezing	was	utilized	to
make	a	deep	tie-in	to	a	pump	station	in	highly	contaminated	ground.	Freezing	eliminated	the	need	for	dewatering	and	the	necessary	groundwater	treatment.	preferred	for	its	weight	and	rigidity.	Excessive	pulldown	force	should	be	avoided.	2.	Each	hole	should	be	surveyed	with	an	inclinometer	or	other	appropriate	device.	If	the	survey	is	done	after
installation	of	the	freeze	pipe,	grooved	inclinometer	casing	can	be	installed	temporarily	in	the	hole	for	the	survey	so	that	both	the	magnitude	and	direction	of	deviation	can	be	determined.	3.	Where	the	spacing	at	depth	in	adjacent	pipes	is	found	to	exceed	the	designer’s	allowable	tolerance,	an	additional	freeze	pipe	should	be	installed.	For	deep	mine
shafts,	specialized	guided	drilling	techniques	have	been	employed	utilizing	similar	locating	and	steering	techniques	to	those	used	for	directional	drilling.	A	down-hole	mud	motor,	mounted	on	a	slightly	angled	flange	at	the	end	of	a	drill	string	that	does	not	rotate,	uses	the	drilling	fluid	to	power	the	bit.	The	hole	is	surveyed	as	it	is	advanced.	As	the	drift
is	observed,	the	direction	is	changed	by	an	angular	adjustment	of	the	drill	string.	In	effect,	a	series	of	small	deviations	occurs	within	the	target	radius.	With	this	method,	holes	as	deep	as	2600	ft	(800	m)	have	been	kept	within	a	tolerance	of	3	ft	(1	m)	[24-10].	Excavation	of	Frozen	Ground	During	sinking,	and	until	the	shaft	has	received	its	permanent
lining,	the	necessary	strength	of	the	frozen	cylinder	must	be	maintained.	Heat	flowing	toward	the	freeze	pipes	from	outside	must	be	constantly	removed.	In	this	process,	heat	is	removed	from	the	inside	as	well,	and	the	freeze	encroaches	inside	the	excavation	line	so	that	frozen	earth	has	to	be	excavated.	In	relatively	shallow	and	large-diameter	shafts,
up	to	say	60	ft	(20	m)	in	depth,	the	quantity	of	frozen	earth	to	be	excavated	can	be	minimized	by	adroit	scheduling.	Insulation	and	Protection	of	Exposed	Frozen	Ground	The	effectiveness	of	a	frozen	wall	as	a	structural	entity	near	the	ground	surface	is	reduced	with	decreasing	soil	moisture	content.	Soils	are	rarely	completely	saturated	near	ground
level.	Bearing	in	mind	that	structural	demands	on	the	freeze	wall	at	shallow	depths	are	minimal,	partial	saturation	will	normally	provide	the	frozen	soil	with	more	than	adequate	strength	to	resist	collapse	during	interior	excavation.	But	this	kind	of	frozen	soil	is	fragile,	especially	when	it	is	of	the	noncohesive	variety.	Ice	cements	the	soil	particles
together,	but	there	are	also	voids	in	the	matrix.	The	ice,	of	lesser	volume	than	in	a	similar	saturated	soil,	thaws	more	readily,	leading	to	rapid	raveling	of	a	frozen	face	newly	exposed	to	the	atmosphere.	Insulation	should	be	applied	promptly,	as	described	below.	Permafrost	studies	have	shown	that,	even	in	subpolar	regions,	summer	temperatures	cause
frozen	soil	to	melt	down	to	depths	of	around	10	ft	(3	m),	the	maximum	effect	occurring	in	late	September	to	early	October	in	the	northern	hemisphere	[24-11].	In	an	artificial	ground	freezing	context,	it	is	unrealistic	to	aim	at	complete	protection	of	frozen	soils	within	the	uppermost	few	feet	of	cover.	At	a	ground	freezing	study	in	Tennessee,	a	20-ft	(6-
m)	wide	by	6-in.	(150-mm)	deep	thermal	mat	of	extruded	polystyrene	covered	the	ground	above	a	freeze	wall	[24-12].	Temperature	monitors	revealed	a	significant	effect	of	summer	warming:	just	beneath	the	insulation,	the	frozen	soil,	though	remaining	continuous,	was	only	one-third	of	the	thickness	developed	10	ft	(3	m)	below.	Thermal	losses	to
ground	surface	are,	of	course,	much	reduced	by	an	insulating	mat	or,	to	a	lesser	degree,	by	covering	the	surface	around	the	freeze	pipes	with	a	light	reflecting	cover.	Thermal	protection	of	exposed	frozen	ground	within	an	excavation	is	important.	Aside	from	the	excavation	of	frozen	material,	thermal	insulation	is	the	only	element	in	a	ground	freezing
operation	that	consumes	time	and	labor	in	the	excavation	process.	It	is	necessary	to	preserve	thermal	stability	during	the	life	of	the	frozen	retaining	structure,	but	the	thermal	protection	also	has	an	important	role	in	preventing	small	pieces	of	loosened	soil	from	posing	a	safety	hazard.	As	an	excavation	is	deepened,	a	convenient	vertical	increment
(commonly	6	ft	[1.8	m])	is	insulated,	first,	by	nailing	lightweight	wire	mesh	onto	the	exposed	frozen	face	and	then	covering	nail	heads	and	mesh	with	a	layer	of	spray-on	urethane	foam	insulation.	Concreting	Against	Frozen	Ground	In	the	case	of	a	shaft,	the	lining	may	be	placed	concurrent	with	the	advance	of	the	shaft	sinking	(top	down)	or	after
GROUND	FREEZING	523	Figure	24.22	Ground	freezing	was	utilized	on	this	project	to	cut	off	groundwater,	underpin	the	existing	structures,	and	support	the	excavation	for	contaminated	soil	removal.	(a)	(b)	the	excavation	is	complete	(bottom	up).	In	the	construction	of	mine	shafts	using	the	freezing	process,	concrete	walls	have	traditionally	been	cast
directly	against	frozen	strata.	The	rule	of	thumb	followed	for	many	years	was	to	assume	slightly	reduced	strength	for	several	inches	of	concrete	immediately	against	the	frozen	ground	on	the	assumption	that	at	the	contact	it	will	freeze	before	reaching	its	initial	set.	On	a	case	by	case	basis,	the	actual	impact	to	the	concrete	will	vary	with	balance
between	the	heat	generated	with	the	heat	of	hydration	and	the	heat	absorbed	by	the	freeze.	The	impact	to	concrete	is	negligible	if	the	heat	balance	is	such	that	the	heat	of	hydration	of	newly	placed	concrete	will	thaw,	to	some	depth,	the	adjoining	frozen	earth.	Depending	on	the	rate	of	release	of	the	cement’s	heat	of	hydration,	a	thermal	equilibrium
will	eventually	be	reached	after	which	the	ground	will	slowly	refreeze,	followed	by	a	progressive	freeze	of	the	concrete	itself.	But	before	this	event,	the	designed	thickness	of	the	concrete	wall	has	hydrated	sufficiently	to	achieve	its	initial	set.	The	concrete	will	continue	to	cure	at	a	reduced	rate	when	frozen.	524	PRACTICE	Figure	24.23	Brine
refrigeration	system.	Figure	24.24	Portable,	twin	150-ton	(525-kW)	brine	refrigeration	units.	Courtesy	Moretrench.	This	hypothesis	has	since	been	proven	by	temperature	monitoring	performed	to	document	temperature	trends	in	concrete	walls	during	the	construction	of	shafts	by	freezing.	In	one	case	reported	by	Altounyan	et	al.,	the	frozen	material
was	a	prolific	sandstone	aquifer	of	high	hydraulic	conductivity	with	thermal	characteristics	similar	to	that	of	sand	[2413].	The	thickness	of	the	concrete	lining	placed	inside	the	28-ft	(8.5-m)	diameter	excavation	was	3.4	ft	(1	m),	including	overbreak.	Freeze	pipe	temperatures	were	maintained	at	⫺22⬚F	(⫺33⬚C)	concurrent	with	these	observations.
Figure	24.33	shows	the	changes	in	temperature	with	time.	A	similar	study	was	made	by	Dynatec	Corporation	in	a	frozen	mine	shaft	in	Louisiana	[24-14].	A	2-ft	(0.6-m)	thick	concrete	wall,	poured	next	to	sands	that	had	been	maintained	in	the	frozen	condition	for	a	long	time	with	a	system	recirculating	brine	at	⫺36⬚F	(⫺38⬚C),	remained	above
freezing	point	for	12	days	after	placement.	With	most	concrete	placement	against	frozen	ground	the	thickness	and	rate	of	hydration	is	such	that	the	concrete	will	overpower	the	freeze	and	the	concrete	will	be	for	the	Figure	24.25	Typical	liquid	nitrogen	system	for	ground	freezing.	most	part	unaffected.	With	the	placement	of	thinner	concrete	walls,
the	freeze	will	not	result	in	adverse	effects	provided	the	cure	is	accelerated.	With	increased	application	of	NATM	tunneling	methods,	shotcrete	is	utilized	with	increasing	frequency	as	both	an	initial	liner	as	well	as	a	means	of	protecting	and	insulating	the	exposed	frozen	ground.	Even	with	the	thinner	application,	the	quick-setting	material	will
generally	achieve	its	initial	set	prior	to	readvancement	of	the	freeze	through	the	shotcrete.	Harvey	[24-15]	indi-	GROUND	FREEZING	525	Figure	24.26	The	characteristic	temperature	curves	through	a	frozen	wall	with	brine	freezing	and	liquid	nitrogen	freezing.	Both	curves	are	for	their	respective	formation	periods—the	brine	curve	is	after	weeks	of
formation,	and	the	liquid	nitrogen	curve	is	after	days	of	formation.	Figure	24.27	The	venting	of	nitrogen	gas	with	nitrogen	freezing.	The	vapor	cloud	is	the	condensation	of	water	vapor	due	to	the	cold	gas	release,	not	the	nitrogen.	Nitrogen	is	a	colorless,	odorless	gas.	Quality	Control	for	Frozen	Shafts	(or	similar	peripheral	freezes)	There	are	several
essential	elements	of	quality	control	for	the	construction	of	frozen	shafts	(or	similar	peripheral	freezes):	1.	Confirm	that	the	freeze	pipes	are	where	they	need	to	be.	Excessive	deviation	between	pipes	may	result	in	too	large	of	a	‘‘window’’	to	achieve	closure	of	the	frozen	wall	(that	point	in	the	formation	of	the	freeze	where	complete	interlocking	of	the
frozen	columns	is	achieved)	in	a	reasonable	period	of	time.	The	freeze	holes	must	be	surveyed	to	confirm	this.	Surveying	methods	will	vary	with	the	orientation	of	the	pipes	(vertical,	horizontal,	or	angled).	2.	Confirm	that	the	system	is	leak-free.	The	loss	of	brine	into	the	formation	is	essentially	placement	of	an	‘‘anti-freeze’’	at	the	precise	location
where	frozen	ground	is	required.	This	will	result	in	a	window	in	the	frozen	wall	that	cannot	be	detected	with	temperature	monitors.	3.	Instrumentation	(temperature	monitor	points)	must	be	installed	to	confirm	adequate	frozen	ground	propagation.	Monitor	holes,	with	borehole	thermocouples	or	resistance	temperature	detectors	(RTDs)	at	strategic
locations,	are	typically	installed	outside	of	the	frozen	periphery	to	confirm	the	distance	of	freeze	growth	from	the	pipes	and	the	thickness	of	the	frozen	wall.	Adequate	frozen	thickness	must	be	confirmed	before	excavation	can	proceed.	4.	The	water	pressure	within	the	unfrozen	core	of	the	shaft	must	be	relieved	as	the	freeze	continues	to	grow	inward
and	the	encapsulated	water	expands	with	the	phase	change.	When	the	water	is	confined	between	an	upper	and	lower	impermeable	stratum,	the	pressure	buildup	in	that	zone	can	potentially	damage	the	developing	ice	wall.	The	relief	is	achieved	with	simply	a	pressure	relief	well	(sometimes	referred	to	as	a	center	relief	hole)	screened	through	the
water-bearing	stratum	or	strata.	As	the	freeze	continues	to	grow	inward,	water	can	be	expelled	up	through	the	relief	hole.	This	relief	hole	is	also	an	absolutely	essential	instrument	in	that	it	will	indicate	when	closure	of	the	wall	is	achieved.	If	multiple	aquifer	zones	exist,	then	multiple	relief	holes	can	be	installed	so	that	the	response	in	each	zone	can
be	observed	independently.	5.	Piezometers	must	be	installed	outside	of	the	frozen	shaft	to	•	measure	groundwater	gradients,	and	•	utilizing	the	center	relief	hole(s),	confirm	that	the	groundwater	inside	of	the	shaft	has	been	isolated	from	the	groundwater	outside	of	the	shaft	as	an	indication	that	closure	has	been	achieved.	6.	Brine	temperatures	must
be	monitored	to	confirm	proper	output	from	the	plant	and	heat	extraction	from	the	ground.	If	one	were	to	distill	all	of	the	quality	control	measures	to	one	overriding	issue	it	would	come	down	to	answering	the	question	‘‘Is	the	groundwater	on	the	inside	of	the	shaft	isolated	from	the	groundwater	on	the	outside	of	the	shaft?’’	All	of	the	individual	quality
control	elements	must	be	successfully	achieved	to	meet	this	overriding	criterion.	526	PRACTICE	Figure	24.28	Borehole	surveys	indicating	the	pipe	location	at	various	elevations.	Figure	24.29	Temperature	monitoring	data	from	several	borehole	temperature	monitors	and	at	various	depths.	GROUND	FREEZING	Figure	24.30	A	typical	piezometer	plot
showing	interior	and	exterior	piezometer	data.	The	water	levels	are	in	synch	up	until	closure	and	then	the	interior	level	rises	pronouncedly	as	the	freeze	continues	to	advance.	This	effect	is	very	pronounced	in	a	confined	aquifer	situation	and	less	pronounced	in	a	water	table	or	unconfined	aquifer	situation.	Figure	24.31	The	developmental	stages	of	a
peripheral	freeze	(a	shaft).	(a)	Initial	growth	of	frozen	ground	around	the	freeze	pipes	after	system	activation.	(b)	That	point	in	time	referred	to	as	‘‘closure’’	where	complete	interlocking	of	the	frozen	columns	is	achieved	and	the	groundwater	inside	the	shaft	is	isolated	from	the	groundwater	outside	of	the	shaft.	(c)	Achievement	of	final	structural
thickness	of	the	frozen	wall.	527	528	PRACTICE	Figure	24.32	A	roadheader	commonly	utilized	for	excavation	of	frozen	ground.	cated	that	no	adverse	effects	were	observed	with	the	shotcrete	on	the	Du	Toits	Kloof	Tunnel	Project	in	South	Africa.	24.4	GROUND	FREEZING	AND	SOILS	The	applicability	and	cost-effectiveness	of	ground	freezing	increases
in	difficult	or	disturbed	(or	sensitive)	ground.	Difficult	ground,	as	it	pertains	to	deep	excavation	work,	can	be	characterized	by	difficult	or	limited	penetrability	with	drilling	and/or	vertical	wall	cutoff	installation	tools	such	as	clamshells	or	hydromills	or	techniques	such	as	jet	grouting.	Filled	ground	with	man-made	obstructions	and	virgin	ground
containing	cobbles	and	boulders	or	with	an	irregular	soil/rock	interface	can	all	present	problems	that	severely	limit	the	penetration	of	ground	support	options.	Ground	freezing	provides	the	necessary	ground	improvement	by	Figure	24.33	Change	in	concrete	temperature	with	time	at	various	distances	from	the	frozen	ground.	After	Altounyan.	thermal
propagation	through	the	difficult	ground,	rather	than	by	displacing	it.	If	the	project	requirements	call	for	a	watertight	excavation,	then	the	available	options	become	even	more	limited,	particularly	at	depths	over	100	ft	(30	m).	Because	the	potential	variation	in	thermal	properties	of	ground	is	quite	narrow,	difficult	ground	does	not	result	in	wide
variations	in	the	effectiveness	of	the	technique.	A	frozen	wall	10	ft	(3	m)	thick	can	be	created	with	only	the	installation	of	relatively	small	pipes.	Filled	ground	is	all	too	often	an	unknown	material,	particularly	in	urban	environments.	While	man-made	obstructions	may	be	known	to	be	present,	the	type	and	extent	of	those	obstructions	may	be	little	more
than	a	‘best	guess’’	based	on	incomplete	or	inadequate	historical	data.	Excavation	and	replacement	of	the	soils	is	rarely	cost-effective	at	any	depth.	Traditional	methods	of	excavation	support	such	as	driven	or	drilled	sheetpiling	cannot	penetrate	obstructions,	the	continuity	of	jet	grouting	may	result	in	the	shadowing	effect,	and	displacement	methods
such	as	slurry	walls	and	soil	mixing	may	suffer	from	obstructions	in	their	path.	With	the	use	of	ground	freezing,	excavation	and	replacement	are	eliminated	and	obstructions	are	encapsulated	in	situ	within	the	frozen	soil	matrix.	Disturbed	ground	requires	immediate	attention	in	a	situation	where	the	ground	is	disturbed	by	an	uncontrollable	ground
loss	event,	for	example,	due	to	the	presence	of	unstable	soils	in	a	deep	excavation	or	water	inflow.	This	may	be	particularly	problematic	if	an	overlying	or	adjacent	structure	is	in	jeopardy.	In	such	disturbed	ground	situations,	ongoing	construction	activities	may	present	special	problems	for	the	implementation	of	ground	control.	For	example,	the
ground	may	be	sensitive	to	further	disturbance	such	as	increased	ground	pressures,	vibration,	intrusion	with	construction	equipment,	or	high	fluid	pressures	introduced	with	grouting.	It	is	often	desirable	for	the	emergency	response	to	GROUND	FREEZING	solve	the	problem	quickly	without	further	aggravating	the	prevailing	conditions.	Although
there	may	be	some	disturbance	with	the	installation	of	freeze	pipes,	the	modification	to	the	ground	can	be	performed	with	less	disruptive	thermal	action	rather	than	mechanical	or	fluid	action.	And	in	disturbed	ground	conditions,	freezing	will	be	relatively	insensitive	to	the	exact	material	consistency	of	the	disturbed	ground.	Freezing	with	brine	is	not
suitable	to	remedying	disturbed	ground	conditions	when	the	groundwater	velocities	exceed	the	accepted	limits	(Section	24.6).	Liquid	nitrogen	can	be	used	with	success	under	some	conditions.	Thermal	Properties	of	Soils	The	facility	with	which	heat	can	be	extracted	determines	the	rate	at	which	the	frozen	front	advances	in	response	to	the	applied
freeze	pipe	temperature.	Knowledge	of	the	thermal	properties	of	the	soils	(or	rocks)	is	a	vital	factor	in	the	design	of	a	ground	freezing	system.	Ground	freezing	can	be	accomplished	in	the	full	range	of	soils,	from	clays	to	cobbles	and	boulders,	and	in	pervious	or	fissured	rock.	The	thermal	characteristic	of	these	soils,	which	govern	the	freeze	behavior,
fall	within	a	relatively	narrow	range.	Sanger	[24-16],	Maishman	[24-17],	Andersland	and	Ladanyi	[24-18],	Jessberger	et	al.	[24-19],	and	others	have	published	data	on	thermal	properties	of	soils,	and	strength	of	frozen	soils.	Thermal	conductivity	is	measured	in	BTUs	per	hour	per	foot	per	degree	Fahrenheit	Watts	per	meter	per	kelvin	(K)	(U.S.)	(metric)
It	is	defined	as	the	amount	of	heat	passing	per	unit	time	through	a	unit	cross-sectional	area	under	a	unit	temperature	gradient	applied	in	the	direction	of	heat	flow	(i.e.,	toward	the	freeze	pipe).	A	soil	or	rock	has	the	following	typical	constituents:	•	The	mineral	or	solids	content	•	The	water	(or,	in	the	frozen	state,	the	ice)	associated	with	the	solids
fraction	•	For	partially	saturated	soils	or	rocks,	pore	air	The	gross	thermal	conductivity	of	this	composite	material	is	dependent	on	the	value	for	each	constituent	in	proportion	to	its	share	of	the	total	mass.	To	cite	extreme	examples,	a	peat	bog,	mostly	water,	will	have	a	thermal	conductivity	close	to	that	of	water	and	a	quartzite	rock,	without	fissures,
will	have	a	conductivity	approaching	that	of	its	main	constituent	mineral,	silica.	The	thermal	conductivities	of	the	above	constituents	are	shown	in	Table	24.1.	Farouki	[24-20]	has	prepared	useful	diagrams	from	which	estimated	soil	thermal	conductivities	may	be	found	at	various	dry	densities	and	levels	of	saturation,	both	in	the	frozen	and	unfrozen
states.	He	differentiates	between	clay	soils	with	a	mineral	conductivity	of	1.16	BTU/hr	ft	⬚F	(2	W/m	K)	and	sands	with	a	conductivity	of	4.6	BTU/hr	ft	⬚F	(8W/m	K).	Using	Farouki’s	thorough	consolidation	of	529	Table	24.1	Thermal	Conductivities	of	Soil	Components	Material	Solids	in	soils	/	rocks	Water	Ice	Air	BTU	/	hr	ft	⬚F	Watts	/	m	K	1–4.9	0.348
1.28	0.014	2–8.4	0.602	2.22	0.024	decades	of	previous	investigators’	laboratory	studies,	sitespecific	conductivity	tests	are	not	usually	necessary	in	ground	freezing	design.	Behavior	of	Sands	and	Clays	Clays	and	sands	exhibit	different	behavior	and	responses	with	ground	freezing.	The	physical	changes	that	occur	with	the	cooling	of	a	clay	are	more
complex	than	with	the	cooling	and	freezing	of	granular	soils.	Although	slight	deformation	of	frozen	granular	soils	is	possible	under	load,	this	behavior	is	significantly	more	pronounced	with	clays.	When	water	is	contained	between	the	silica	grains	of	a	sand,	for	instance,	the	frictional	grain-to-grain	resistance	of	the	particles	resists	deformation.	That
resistance	is	still	there	when	the	water	is	turned	into	ice,	but	now	the	sand	grains	cannot	move	past	one	another	unless	the	ice	is	sheared.	Essentially,	all	of	the	water	in	the	matrix	freezes	within	a	couple	of	degrees	below	its	freezing	point	and	acts	as	a	mortar	between	the	sand	grains.	Because	of	this	behavior,	frozen	sands	can	attain	compressive
strengths	comparable	to	low-strength	concrete.	On	the	microscopic	level,	a	typical	clay	consists	of	elongated,	plate-like	particles.	Some	of	the	water	separates	the	particles	like	it	separates	the	grains	of	a	sand,	and	freezes	normally;	but	some	of	the	water	clings	to	the	platelets	and	is	so	closely	bound	to	the	clay	molecules,	that	it	does	not	freeze	at
32⬚F	(0⬚C).	The	unfrozen	water	acts	as	a	lubricant	even	though	the	temperature	may	be	several	degrees	below	freezing.	All	true	clays	have	some	unfrozen	water	at	subzero	temperatures,	diminishing	with	temperature.	It	is	the	general	consensus	in	the	field	that	practically	all	the	water	is	changed	to	ice	at	around	⫺40⬚F	(⫺40⬚C).	Undisturbed
samples	can	be	laboratory	tested	to	determine	long-term	strength	and	deformation	characteristics.	A	laboratory	frozen	specimen	of	clay	exhibits	a	sudden	increase	in	strength	when	the	free	water	freezes,	but	at	⫺22⬚F	(⫺30⬚C)	its	strength	is	still	significantly	less	than	for	a	granular	soil.	Under	a	continuously	applied	load,	the	specimen	will	deform.
Deformation	under	load	is	a	characteristic	of	frozen	clays	and	deformation	is	reduced	with	lowering	of	the	unfrozen	water	content.	When	thick	layers	of	clay	are	penetrated	by	freezing,	several	things	must	be	considered:	•	The	effect	of	deformation	on	the	freeze	pipes	•	The	effect	on	the	structural	liner.	Excessive	deformation	may	damage	either	of
these	components	to	an	unac-	530	PRACTICE	as	with	a	frozen	wall	supporting	a	tunnel	excavation	while	the	tunnel	shield	advances	and	a	temporary	or	final	lining	is	installed	behind	the	shield	tail.	Figure	24.34a	shows	the	result	of	laboratory	tests	on	a	granular	soil	at	15⬚F	(⫺9⬚C).	The	curve	depicting	loss	of	strength	in	the	top	diagram	gives	a	one-
day	value	in	excess	of	1000	psi	(6.9	MPa)	reducing	to	610	psi	(4.2	MPa)	after	50	years.	The	laboratory	testing	did	not	extend	over	this	period;	however	10	days	of	testing	established	a	long-term	relationship	between	creep	strength	and	time,	which	is	shown	graphically	in	Fig.	24.34b.	During	a	typical	construction	period	of	a	few	months	during	which	a
frozen	structure	is	under	stress,	the	design	creep	strengths	of	saturated	fine-grained	and	granular	soils	in	the	frozen	state	will	range	from	about	200	to	600	psi	(1.4	to	4.1	MPa),	respectively,	depending	on	grain	size.	The	freezing	of	an	appreciable	thickness	of	clay	may	represent	one	of	the	few	occasions	when	site-specific	laboratory	testing	of	frozen
soil	samples	is	advisable.	The	strength	of	frozen	ground	is	also	highly	temperature-dependent.	The	behavior	will	differ	with	sands	and	clays,	as	discussed	previously	(Fig.	24.35).	Freezing	in	Saline	Groundwater	Conditions	The	salt	dissolved	in	most	naturally	occurring	groundwater	is	sodium	chloride,	NaCl	(common	salt).	Seawater	contains	about	3.3%
by	weight	of	common	salt,	and	just	traces	of	other	solutes.	In	coastal	regions,	groundwater	salinity	may	vary	from	zero	to	about	3%.	In	sediments	close	to	salt	deposits,	the	salinity	could	be	much	higher	and	may	reach	the	saturation	level	of	around	23%.	Stronger	solutions	carry	with	them	lower	freezing	temperatures.	Seawater	will	freeze	at	around
28⬚F	(⫺2⬚C),	Figure	24.34	(a)	Creep	stress	and	time	to	failure	for	a	medium	sand.	(b)	Reciprocal	of	creep	stress	and	logarithm	of	time	to	failure	for	a	medium	sand.	From	Sayles.	ceptable	degree.	It	may	be	advantageous	to	chill	clay	to	lower	temperatures	to	mitigate	the	effects.	Strength	of	Frozen	Ground	and	Creep	Most	ground	freezing	projects	are
for	temporary	structural	support	and	ground	water	exclusion	for	an	excavation,	primarily	in	noncohesive,	permeable	(i.e.,	granular)	soils.	Where	possible,	the	design	of	a	structural	support	system	consisting	of	frozen	soil	is	fashioned	so	that	its	compressive	strength	is	mobilized.	Frozen	earth	is	viscoelastic	and	is	subject	to	irreversible,	time-dependent
deformation	at	constant	stress	(creep).	The	allowable	stress	on	a	frozen	earth	structure	is	therefore	timerelated.	Permissible	stresses	in	a	frozen	earth	supported	cofferdam,	which	must	stand	for	months	while	the	construction	work	is	completed,	must	be	less	than	short-term	loads	such	Figure	24.35	The	influence	of	temperature	on	the	compressive
strength	of	frozen	granular	soils.	From	Bourbonnais.	GROUND	FREEZING	Figure	24.36	The	influence	of	temperature	on	the	compressive	strength	of	frozen	clays.	From	Bourbonnais.	whereas	a	saturated	sodium	chloride	brine	(sitting	atop	an	underground	salt	dome	in	Louisiana,	for	example)	freezes	at	⫺6⬚F	(⫺21.3⬚C).	Reference	is	made	elsewhere
in	this	chapter	to	the	fact	that	some	of	the	moisture	contained	in	soils	will	not	freeze	until	temperatures	are	depressed	below	the	normal	freezing	point	of	the	fluid.	Unfrozen	water	in	an	otherwise	frozen	mass	acts	to	reduce	effective	frozen	strength	by	maintaining	some	interparticulate	lubrication.	This	condition	is	heightened	in	saline	conditions
where	more	pore	water	will	remain	in	an	unfrozen	state	and	provide	greater	internal	lubrication	for	the	soils.	Hivon	and	Sego	[24-21]	have	shown	that	in	a	sand	with	non-saline	groundwater,	the	amount	remaining	unfrozen	below	32⬚F	(0⬚C)	is	negligible.	However,	where	finer	grain	sizes	are	present	(more	than	40%	silt	and	clay	size	particles)	the
unfrozen	water	at	10.4⬚F	(⫺12⬚C)	is	5%	when	the	soil	moisture	is	non-saline,	but	remains	at	that	same	level	when	the	groundwater	salinity	is	1%.	Contrary	to	some	reports,	brackish	aquifers	with	1%	saline	groundwater	have	routinely	been	successfully	frozen.	Normal	ground	freezing	methods	are	appropriate,	paying	due	attention	to	the	fact	that,
should	significant	structural	capability	be	required,	it	will	be	attained	at	lower	than	normal	freezing	temperatures.	While	an	unfrozen	water	content	of	5%	at	10.4⬚F	(⫺12⬚C)	is	confirmed	as	acceptable,	it	should	be	emphasized	that	in	ground	freezing	practice	temperatures	much	lower	than	10.4⬚F	(⫺12⬚C)	occur,	with,	pre-	531	sumably,	a
correspondingly	lower	unfrozen	water	content	and	diminished	adverse	effect	on	frozen	strength.	When	saline	groundwater	in	a	permeable	soil	aquifer	is	frozen,	the	resulting	ice	contains	much	less	salt.	Salt	is	displaced	into	the	adjacent	unfrozen	groundwater.	This	has	been	experimentally	confirmed	in	peripheral	deep-shaft	freezing	projects	where
trapped	groundwater	in	the	unfrozen	core	of	the	excavation	is	found	to	have	a	salinity	many	times	more	than	normal.	The	continued	inward	growth	of	the	freeze	wall	is	ultimately	retarded	because	of	this	phenomenon,	but	long	after	design	criteria	have	been	met.	The	saline	water	expulsion	mechanism	described	above	cannot	be	exactly	duplicated	in
the	laboratory,	since	the	time	frame	and	the	sample	size	and	setup	are	not	comparable.	We	may	therefore	conclude	that,	although	laboratory	tests	such	as	those	cited	by	Hivon	and	Sego	are	important,	they	will	not	tell	the	whole	story	in	the	wider	world	of	artificial	ground	freezing.	In	fact,	the	separation	of	salt	from	the	water	being	frozen	as	the
frozen	wall	develops	will	reflect	a	higher	frozen	strength	as	compared	to	the	same	soils	and	water	frozen	in	closed	sample	tubes.	The	presence	of	saline	groundwater	in	soils	frozen	for	construction	projects	will	cause	some	reduction	in	frozen	strength,	a	fact	that	should	be	recognized	in	the	design.	Experience	has	shown	that	brackish	sand	aquifers
can	be	frozen	to	form	effective	groundwater	cutoff	walls	and	stable	containment	structures.	Special	consideration	must	be	given	in	cases	where	finegrained	and	clay	soils	contain	saline	groundwater.	The	proportion	of	unfrozen	water	(at	temperatures	lower	than	those	commonly	used	in	the	laboratory	but	routinely	used	in	artificial	ground	freezing)
may	not	be	known,	and	consequently	its	precise	effect	on	frozen	strength	will	not	be	available.	If	an	accurate	frozen	strength	parameter	is	crucial	to	a	successful	design,	then	special	frozen	soil	laboratory	tests	will	be	required	for	design	purposes.	Freezing	in	Unsaturated	Soils	Freezing	can	be	performed	above	the	water	table,	but	some	moisture	is
required	within	the	soil	to	provide	the	necessary	ground	improvement.	Bone-dry,	dune-like	sand	will	not	be	frozen;	it	will	just	be	cooled	below	32⬚F	(0⬚C).	Harris	[2422]	states	that	to	achieve	both	strength	and	impermeable	characteristics,	the	moisture	content	should	be	a	minimum	value	of	10%	to	bond	the	soil	grains.	When	the	in	situ	moisture
content	is	below	this	value,	water	must	be	introduced	in	a	controlled	manner.	Moisture	content	determinations,	therefore,	should	be	taken	at	various	depths	to	confirm	freezability	of	the	ground	and/or	the	need	for	artificial	wetting.	The	strength	of	frozen	soils	will	vary	with	the	degree	of	saturation	and	the	soil	type.	As	illustrated	in	Fig.	24.37,	the
strength	of	a	granular	soil	is	proportional	to	the	degree	of	saturation.	A	study	performed	by	the	National	Research	Council	of	Canada	indicated	that	at	50%	of	full	saturation,	532	PRACTICE	Figure	24.37	Percentage	of	maximum	compressive	strength	versus	percent	saturation.	four	different	granular	soils	(silt	through	sandy	gravel)	registered	45,	50,
70,	and	75%	of	their	maximum	(fully	saturated)	frozen	strength	[24-23].	This	relationship	is	also	illustrated	in	the	Syracuse	WWTP	Case	History	(Section	24.2).	Typically,	unsaturated	ground	will	be	at	shallow	depths,	and	the	frozen	wall	will	not	have	to	withstand	hydrostatic	pressure.	When	vertical	freeze	pipes	are	placed	parallel	to	a	vertical	shaft,
they	are	positioned	so	that	the	thickness	of	the	frozen	wall	will	be	adequate	for	maximum	soil	and	groundwater	loadings	at	greater	depths.	The	wall,	where	it	exists	above	the	groundwater	table,	is	therefore	much	thicker	than	it	need	be	and	typically	even	at	the	reduced	frozen	strengths	it	is	more	than	adequate	to	support	the	small	stresses	imposed
by	a	granular	soil	with	no	hydrostatic	load.	Where	ground	variability	leaves	some	question	as	to	ground	moisture	content,	soaker	or	recharge	pipes	can	be	used	to	infuse	water	for	a	few	days	prior	to	starting	up	the	refrigeration	plants	and	continued	during	the	first	few	days	of	freeze	plant	operation.	This	can	be	very	effective	in	sands,	but	less
effective	in	coarser	soils.	Where	coarser	soils	are	anticipated,	more	viscous	slurries	can	be	introduced	concurrent	with	the	drilling	of	the	pipes	and	through	soaker	pipes	prior	to	and	during	freezing.	Freezing	in	Contaminated	Groundwater	Ground	freezing	operations	where	contaminants	in	the	groundwater	are	encountered	generally	fall	into	two
groups:	•	Contaminated	groundwater	is	identified	in	the	course	of	•	geotechnical	studies	for	an	otherwise	unrelated	purpose.	Ground	freezing	is	selected	for	the	containment	of	known	contaminated	materials	in	the	ground.	Contaminated	groundwater	may	have	to	be	addressed	during	the	freezing	of	the	designed	cutoff	wall.	There	are	many	different
contaminants	with	diverse	physical	properties,	and	their	spatial	distribution	following	a	subsurface	release	may	take	many	patterns.	The	following	information	is	pertinent	to	the	design	and	execution	of	the	ground	freezing	program.	•	The	solubility	of	contaminants.	Many	toxic	solids	(arsenic	compounds,	for	instance)	are	water	soluble	and	by	this
means	find	their	way	into	the	groundwater	regime.	It	is	relatively	easy	to	evaluate	the	effect	of	dissolved	substances	on	ground	freezing.	Chemical	charts	detail	the	freezing	point	of	saturated	solutions	of	chemical	compounds:	failing	this,	simple	laboratory	tests	will	furnish	these	data.	With	a	few	exceptions,	it	is	unlikely	that	dissolved	chemical
contaminants	will	depress	the	freezing	point	of	the	groundwater	to	a	significant	degree.	Less	obvious	is	the	fact	that,	like	solids,	liquids	may	be	insoluble	or	soluble	in	water.	Soluble	liquids	do	not	simply	mix	with	water:	they	bond	on	a	molecular	scale	and	take	on	physical	properties	distinct	from	those	of	each	component.	Ethylene	glycol	is	a	well-
known	example	and	unusual	in	being	one	of	the	few	chemicals,	that,	as	a	contaminant,	might	conceivably	affect	the	progress	of	GROUND	FREEZING	•	ground	freezing.	‘‘Oil	and	water’’	combinations	usually	preserve	the	freezing	points	of	their	components.	Contaminants	in	the	form	of	insoluble	or	very	slightly	soluble	liquids	will	be	encapsulated	by
ice	forming	at	or	near	normal	freezing	temperatures	in	the	soil	matrix.	Thus,	the	freezing	point	of	an	insoluble	liquid	contaminant	is	irrelevant	unless	it	is	present	in	large	quantities	or	high	concentrations,	in	which	case	it	must	be	dispersed	or	captured	as	a	separate	operation	before	freezing	begins.	The	density	of	contaminants.	Liquid	contaminants
heavier	than	water	are	often	referred	to	as	DNAPLs	(dense,	non-aqueous	phase	liquids).	They	include	chlorinated	solvents,	PCB	oils,	and	some	pesticides.	Liquid	contaminants	lighter	than	water	include	oils,	other	petroleum	derivatives,	and	volatile	organic	products.	All	of	these	are	usually	insoluble	or	slightly	soluble	in	water.	Site	investigation	by
trial	borings	will	sometimes	yield	qualitative	evidence	of	contamination.	Petroleum	odor	emanating	from	the	borehole	before	and	as	it	reaches	the	water	table	is	indicative	of	the	presence	of	insoluble	organic	contaminants	resistant	to	assimilation	within	the	aquifer.	Odors	or	discolored	soil	samples	detected	at	the	base	of	a	permeable	stratum	suggest
that	DNAPLs	have	accumulated	there	at	a	clay	bed	or	at	the	top	of	impervious	rock.	As	a	follow-up	to	these	observations,	samples	of	the	soils	affected	can	be	tested	in	the	laboratory	by	physically	measuring	the	temperature	at	which	the	soil	attains	strength	by	freezing.	Results	will	indicate	whether	more	exhaustive	testing	is	advisable.	24.5	DESIGN
Structural	and	thermal	calculations	are	required	for	the	design	of	a	ground	freezing	system.	As	a	rule	of	thumb,	analytical	closed-form	solutions,	whenever	available,	are	used	for	the	preliminary	design	of	a	ground	freezing	system	and	for	simple,	straightforward	projects,	such	as	single-pipe-row	circular	and	elliptical	frozen	walls.	For	the	final	design
and	for	more	complex	projects,	the	use	of	numerical	methods	has	become	very	popular,	especially	the	finite	element	method	(FEM)	due	to	its	flexibility.	The	structural	design	provides	the	dimensions	of	the	frozen	wall	and	the	required	average	frozen	wall	temperature.	The	basis	for	a	sound	structural	design	of	a	load-bearing	frozen	soil	structure	is	an
extensive	knowledge	of	the	timeand	temperature-dependent	strength	and	deformation	properties	of	the	material.	The	strength	of	a	frozen	soil	will	vary	with	temperature	as	well	as	the	composition	of	the	soil.	When	designing	frozen	earth	structures	in	clay,	it	may	be	necessary	to	provide	for	substantially	lower	temperatures	to	achieve	the	required
strength.	A	temperature	of	⫹20⬚F	(⫺6⬚C)	may	be	adequate	in	sands,	whereas	temperatures	as	low	as	⫺20⬚F	(⫺29⬚C)	may	be	required	in	soft	clays.	Fre-	533	quently,	the	complex	time-dependant,	stress–strain	characteristics	are	simplified	in	the	structural	design.	For	simple,	straightforward	projects,	such	as	single-pipe-row	circular	and	elliptical
frozen	walls,	approximate	closed-form	solutions	are	reliable	and	appropriate.	Auld	[24-24]	summarizes	well	all	the	formulas	and	their	assumptions.	In	all	analytical	approaches,	the	frozen	soil	wall	is	uncoupled	from	the	surrounding	unfrozen	soil	and	the	external	loads	of	earth	and	water	pressure,	together	with	any	surcharge	load	are	applied	to	the
frozen	wall.	For	more	complicated	cases,	the	FEM	is	the	most	versatile	tool.	The	advantages	of	the	FEM	are	that	it	accounts	for	both	the	frozen	and	unfrozen	soil	and	it	can	be	adapted	to	most	geometric	and	boundary	conditions.	Nonlinear	elastic	and/or	viscoelastic	soil	behavior	can	be	used	in	the	FEM	analyses.	Geomechanical	software	programs,
such	as	Plaxis	or	FLAC,	are	well	suited	for	the	structural	design	of	complicated	frozen-earth	structures.	The	thermal	design	determines	the	required	freeze	time	to	form	the	frozen	wall,	the	refrigeration	plant	capacity,	the	refrigeration	plant	operation	during	maintenance	freezing,	and	the	temperature	development	and	distribution	in	the	soils.	The
frost	propagation,	whether	seasonal	or	artificial,	can	be	described	as	heat	transfer	in	a	heterogeneous,	anisotropic	material	with	phase	change.	In	artificial	ground	freezing,	the	soils	are	more	or	less	water-saturated	and,	assuming	negligible	groundwater	velocities,	heat	transfer	is	reduced	to	a	heat	conduction	problem	with	phase	change.	Again,	for
the	preliminary	design	and	for	simple	freeze	pipe	layouts	(single	row	of	freeze	pipes),	the	use	of	closed-form	analytical	approximations	are	sufficient	to	determine	the	freeze	time	for	the	formation	of	the	frozen	wall	and	its	growth	after	closure.	Sanger	[24-16]	proposed	closed-form	solutions	for	the	two	stages	of	freezing,	assuming	isotropic	and
homogeneous	soil	characteristics,	quasi-stationary	(steady-state)	conditions,	and	no	groundwater	flow.	However,	numerical	methods	are	used	for	thermal	design	in	problematic	cases	that	cannot	be	solved	with	analytical	methods,	such	as	multiple	rows	of	freeze	pipes,	irregular	freeze	pipe	spacing,	varying	freeze	pipe	temperatures,	different	soil
layers,	and	additional	heat	sources	or	thermal	boundary	conditions	as	well	as	moving	groundwater	conditions.	The	use	of	the	FEM	again	proves	advantageous	due	to	its	flexibility.	It	allows	dividing	the	entire	problem	into	small	elements	of	optional	shape,	size,	and	distribution.	Several	geomechanical	software	programs	are	available	for	thermal
designs	with	phase	change;	TEMP/W	is	very	popular	among	design	engineers.	Geotechnical	Investigation	for	Ground	Freezing	For	most	ground	freezing	projects,	detailed	information	on	subsurface	conditions,	including	hydrology,	is	required	for	design	and	construction	purposes.	Apart	from	the	stratification,	composition,	and	characteristics	of	the
soils,	the	groundwater	situation	is	of	utmost	importance	when	designing	a	ground	freezing	project.	534	PRACTICE	The	following	list	summarizes	the	information	needed	for	the	preliminary	design	of	a	ground	freezing	system:	•	Geology	•	Hydrogeology,	including	groundwater	levels	and	gradi•	•	•	ents	Soil	index	properties,	such	as	grain	size
distribution,	density,	moisture	content	Other	soil	characteristics,	such	as	thermal	properties,	frost	heave	susceptibility,	strength,	and	creep	behavior	Water	quality	and	presence	of	contamination	or	salinity	The	designer	has	to	decide,	on	any	given	project,	which	tests	need	to	be	performed	to	properly	design	a	ground	freezing	system.	24.6	EFFECT	OF
GROUNDWATER	MOVEMENT	To	the	knowledge	of	the	authors,	there	have	been	no	legitimate,	documented	freeze	failures	due	to	structural	failure	of	a	freeze.	There	have	been	freeze	failures,	however,	all	due	to	groundwater	movement	and	lack	of	closure.	For	the	process	of	ground	freezing,	moving	groundwater	is	generally	recognized	as	the	most
adversarial	condition.	Excessive	groundwater	velocity	can	hinder	the	formation	of	a	freeze.	Measures	can	be	implemented	to	evaluate	the	potential	for	this	condition,	detect	it	early	in	the	formation	period,	mitigate	the	effects,	and	correct	the	condition	should	formation	difficulties	be	observed.	Movement	of	groundwater	in	the	vicinity	of	a	ground
freezing	project	puts	an	extra	heat	load	on	the	freeze	pipes	and	the	refrigeration	plant.	This	load	can	be	a	factor	in	the	time	required	to	complete	closure	of	a	frozen	wall.	The	extra	heat	load	is	directly	proportional	to	the	groundwater	flux	through	the	zone	of	soil	to	be	frozen.	The	groundwater	flux	is	defined	by	Darcy’s	law	(Eq.	3.10)	as	the	hydraulic
conductivity	of	the	soil	multiplied	by	the	hydraulic	gradient	in	the	part	of	the	flow	regime.	A	unit	in	common	use	for	flux	is	meters	per	day,	which	sounds	confusingly	like	a	velocity.	But	flux	is	not	a	velocity.	Meters	per	day	is	shorthand	for	cubic	meters	per	square	meter	per	day.	Each	unit	volume	of	water	passing	a	unit	area	in	the	zone	to	be	frozen,
per	unit	time,	represents	a	heat	load	in	tons	of	refrigeration	(kW).	The	freezing	system,	both	the	array	of	freeze	pipes	and	the	refrigeration	plant,	must	have	the	capacity	to	remove	the	extra	heat	load	caused	by	groundwater	flux.	In	ground	freezing,	it	is	generally	recognized,	and	has	been	frequently	cited	in	the	literature	that	flux	of	up	to	6	ft	(2	m)	per
day	does	not	put	an	excessive	heat	load	on	a	freezing	system	[24-10,	24-16,	24-25	to	24-28].	A	flux	of	3	ft	(1	m)	per	day	would	be	very	large,	and	is	rarely	encountered	under	natural	conditions.	For	example,	a	clean	medium	to	coarse	sand	with	a	hydraulic	conductivity	of	1000	gpd/ft2	(500		10⫺6	m/sec.)	would	require	a	hydraulic	gradient	of
approximately	2.5%	to	pass	a	flux	of	1	m/day.	Such	sands	are	not	uncommon,	but	where	we	see	them	their	normal	gradients	are	much	flatter,	on	the	order	of	0.02%.	Abnormally	high	flux	is	sometimes	encountered	due	to	external	causes.	For	example:	•	A	sudden	rise	or	fall	in	the	stage	of	a	river	with	a	major	•	•	aquifer	in	its	adjacent	flood	plain	can
cause	a	transient	high	flux.	Locally	high	flux	can	occur	at	the	downstream	toe	of	a	dam	or	levee.	Pumping	from	wells	for	water	supply	or	dewatering	can	increase	flux.	The	extra	heat	load	caused	by	groundwater	movement	is	a	function	of	•	•	•	•	•	Groundwater	flux	In	situ	temperature	of	the	groundwater	Freezing	point	of	the	water	Specific	heat	of	the
saturated	soil	Latent	heat	of	the	groundwater	Excessive	flux	can	be	lowered	to	manageable	values	by	reducing	the	hydraulic	conductivity	of	the	soil.	Grouting	has	been	used	effectively	when	the	groundwater	movement	is	occurring	along	preferential	paths.	Controlled	pumping	with	wells	or	wellpoints	upstream	of	the	freeze	to	lower	the	hydraulic
gradient	also	has	successfully	reduced	flux	so	that	the	frozen	wall	closure	could	occur	in	a	timely	manner.	Because	of	the	potential	problems	groundwater	movement	can	cause	to	a	ground	freeze,	dewatering	in	conjunction	with	freezing	should	be	undertaken	only	with	cautionary	care.	Note	that	in	Fig.	24.6	the	freeze	extends	to	an	impermeable	bed.	If
there	is	not	such	a	bed	at	a	reasonable	depth,	under	certain	conditions	it	may	be	possible	to	create	a	cutoff	with	a	horizontal	freeze.	Where	no	impermeable	cutoff	stratum	exists	to	key	into,	and	pumping	within	the	freeze	takes	place,	a	flux	is	created	at	the	tip	of	the	wall,	which	may	provide	an	erosive	effect	to	the	frozen	wall	rather	than	continued
freeze	buildup.	For	straightforward	problems,	various	approximate	analytic	solutions	for	reaching	these	decisions	have	been	proposed	such	as	those	by	Sanger	and	Sayles	[24-29]	and	Takashi	[24-27].	But	where	there	are	anisotropic	soils,	excessive	groundwater	movement,	complex	geometry	of	the	freeze,	or	other	complicating	factors,	the	finite
element	method	is	recommended.	24.7	GROUND	MOVEMENT	POTENTIAL	AS	A	RESULT	OF	ARTIFICIAL	FREEZING	Due	to	the	temperature	gradient,	which	is	created	during	the	cooling	of	the	ground,	movement	of	water	to	cooler	areas	of	the	soil	takes	place.	As	the	temperature	falls	below	the	freezing	point	of	the	pore	water,	the	water	starts	to
freeze.	As	the	water	freezes,	it	expands	approximately	9%.	GROUND	FREEZING	535	Project	Summary:	Moving	Groundwater—Shaft	29B,	New	York	City	Water	Tunnel	Number	3	By	the	time	it	is	completed	in	2020,	City	Water	Tunnel	No.	3	will	span	more	than	60	miles	(96	km),	and	represents	the	largest	capital	construction	project	in	New	York	City’s
history.	Designed	to	improve	distribution	capability	as	well	as	to	meet	the	ever-growing	demand	on	the	existing,	aging	water	supply	system,	Tunnel	No.	3	will	allow	New	York	Department	of	Environmental	Protection	(NYDEP)	to	inspect	and	repair	the	active	Tunnels	1	and	2	for	the	first	time	since	they	were	put	into	service	in	1917	and	1936,
respectively	[2430	to	24-32].	The	tunnel	alignment	lies	hundreds	of	feet	below	ground	in	the	ancient	metamorphic,	granitic	rocks	underlying	the	city.	However,	many	of	the	vertical	access	shafts	on	the	tunnel	line	pass	through	glacial	deposits	and	water-laden	sands	above	bedrock.	The	shafts,	in	excess	of	35	ft	(10.5	m)	excavated	diameter,	are	sited	in
the	dense	urban	environment	that	they	serve.	In	most	cases,	they	must	be	located	within	confined	spaces	available	in	congested	city	blocks.	In	these	circumstances,	the	city	of	New	York	places	a	high	priority	on	the	measures	necessary	to	protect	adjacent	structures	from	damage	during	shaft	excavation	and	construction.	At	a	number	of	access	shaft
locations,	this	protection	has	been	provided	by	artificial	ground	freezing	systems.	Excessive	groundwater	movement	presented	a	challenge	at	one	of	the	shaft	sites	[24-31].	Groundwater	was	measured	approximately	10	ft	(3	m)	below	sea	level	due	to	a	major	withdrawal	of	several	thousand	gpm	(L	/	min)	of	groundwater	several	blocks	away.	The
groundwater	velocities	at	the	shaft	were	greater	than	the	allowable	groundwater	velocities	that	permit	effective	freeze	formation.	Piezometers	throughout	the	site	confirmed	that	the	groundwater	within	the	shaft	was	still	in	direct	communication	with	the	outside	groundwater	regime.	The	freezing	contractor	performed	a	program	of	permeation
grouting	to	successfully	cut	off	the	high-velocity	groundwater	flow	and	closure	of	the	shaft	was	achieved.	The	success	of	freezing	at	this	location,	particularly	in	light	of	the	moving	groundwater	situation,	was	due	to	an	accurate	diagnosis	of	moving	groundwater	and	timely	reaction.	However,	in	granular	soils,	as	the	water	freezes	and	expands,	the
unfrozen	pore	water	is	pushed	out	of	the	granular	soil	ahead	of	the	freezing	front	and	no	expansion	of	the	soil	volume	occurs.	In	fine-grained	soils,	some	volume	expansion	occurs	when	the	water	cannot	drain	out	of	the	soil	faster	than	the	freezing	front	moves	through.	This	water	will	freeze	in	place	with	a	corresponding	volume	expansion.	In	these
fine-grained	soils,	an	appreciable	portion	of	the	pore	water	will	remain	unfrozen	for	the	reasons	mentioned	previously	and	9%	expansion	is	never	achieved	in	the	range	of	brine	freezing	temperatures.	A	second	ground	movement	mechanism	exists	with	freezing.	In	frost-susceptible	soils	such	as	silts	or	clays,	additional	water	from	the	unfrozen	soil	also
migrates	through	unfrozen	water	films	into	the	frozen	zone	under	the	action	of	a	temperature-induced	suction	gradient.	During	the	freezing	process,	ice	lenses	are	formed,	as	shown	in	Figure	24.40,	which	can	lead	to	a	volume	increase	and	a	subsequent	exertion	of	force	in	the	direction	of	the	temperature	gradient.	The	physics	of	this	frost	heave	are
similar	to	the	frost	heave	of	roadway	surfaces	that	results	in	potholes,	but	the	conditions	are	quite	different.	With	artificial	ground	freezing,	the	freeze	front	moves	relatively	quickly	through	the	soil,	it	does	not	cycle	with	the	weather,	and	it	occurs	for	the	most	part	in	saturated	ground	conditions.	The	formation	and	orientation	of	ice	lenses	and	the
resulting	orientation	of	heave	forces	is	significant	to	proper	application	of	artificial	ground	freezing.	For	peripheral	freezes,	the	temperature	gradient	will	be	normal	to	the	orientation	of	the	freeze	pipes	and	the	freezing	plane.	This	means	that,	with	horizontal	freezes,	the	heave	forces	and	corresponding	ground	movements	are	vertical	and	with	a



vertical	freeze,	such	as	a	shaft,	the	forces	and	corresponding	movements	will	be	lateral.	This	is	why	ground	heave	is	rarely	Project	Summary:	Anticipated	Groundwater	Movement	Freezing	adapts	well	to	small-diameter	shafts	of	significant	depth.	A	new	water	supply	tunnel	was	designed	to	cross	under	the	Missouri	River	200	ft	(60	m)	below	the	top	of
rock.	The	work	shaft	had	to	penetrate	115	ft	(35	m)	of	fill	and	unconsolidated	alluvium	to	reach	the	rock.	Ground	freezing	was	chosen	to	support	the	shaft	excavation	and	exclude	groundwater.	There	was	concern	about	groundwater	movement	due	to	river	effects	and	from	the	operation	of	a	water	supply	well	field	nearby.	After	detailed	hydrogeological
studies,	the	design	called	for	freeze	pipe	footage	15%	more	than	would	ordinarily	be	required.	Freeze	plant	capacity	was	increased	50%.	Extra	instrumentation	was	provided	to	monitor	performance.	Ten	days	after	the	start	of	operation,	observations	indicated	that	well	field	operation	and	resulting	groundwater	movement	were	inhibiting	closure	of	the
frozen	cylinder.	After	negotiations,	the	well	field	operator	agreed	to	temporarily	reduce	the	output.	Closure	followed	almost	immediately	and	the	well	field	resumed	full	operation.	The	effect	of	water	movement	could	still	be	observed,	but	it	did	not	significantly	affect	the	subsequent	growth	and	maintenance	of	the	frozen	earth	structure.	Shaft
excavation	was	completed	on	schedule.	536	PRACTICE	Figure	24.38	The	data	of	three	temperature	monitor	holes	on	site.	The	one	temperature	monitor	showed	a	pronounced	temperature	increase	just	above	the	rock,	indicative	of	groundwater	movement.	Figure	24.39	Piezometer	data	from	both	external	piezometers	and	the	center	relief	hole.	The
deviation	of	the	center	relief	hole	level	after	flow	reduction	from	the	well	field	indicated	almost	immediate	closure	upon	reduction	in	groundwater	velocities.	GROUND	FREEZING	537	Figure	24.41	Frost	susceptibility	of	various	soils.	From	Andersland,	after	the	Departments	of	the	Army	and	Air	Force,	USA.	References	24-1	24-2	24-3	24-4	Figure	24.40
The	formation	of	ice	lenses	in	frost-susceptible	soils	as	water	migrates	into	the	frozen	zone	under	the	action	of	a	temperatureinduced	suction	gradient.	The	ice	lenses	result	in	a	volume	change	and	a	subsequent	exertion	of	force	in	the	direction	of	the	temperature	gradient.	24-5	24-6	24-7	observed	with	shaft	freezing;	the	forces	and	corresponding
expansion	are	lateral.	With	horizontal	freezes,	with	the	freeze	pipes	oriented	horizontally,	Lacy	[24-33]	reports	the	vertical	ground	movements	to	be	several	inches.	The	Syracuse	project	discussed	previously	is	one	of	those	cases.	24-8	24-9	Mussche,	H.	E	and	Waddington,	J.	C.	(1946).	‘‘Applications	of	the	freezing	process	to	civil	engineering	works.’’
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Pennsylvania	Geotechnical	Conference,	Hershey,	PA	Lacy,	H.	S.,	private	communication.	CHAPTER	25	Artificial	Recharge	rtificial	recharge	of	groundwater	has	been	used	in	construction	to	mitigate	the	side	effects	of	dewatering,	as	discussed	in	Chapters	3	and	11.	It	is	also	used	in	groundwater	remediation	for	both	the	disposal	of	treated	water	and
altering	site	hydrodynamics	for	the	purpose	of	groundwater	cleanup,	as	discussed	in	Chapter	14.	Returning	water	to	the	ground	is	more	difficult,	and	usually	more	costly,	than	extracting	it.	A	pumping	well	tends	to	be	self-cleaning;	the	flowing	water	purges	foreign	materials	from	it	because	flow	is	in	the	direction	of	increasing	pore	size.	But	a	recharge
well’s	flow	is	opposite,	which	makes	it	susceptible	to	plugging.	Suspended	solids	in	the	water,	air	bubbles,	chemicals	that	can	precipitate,	and	organisms	such	as	bacteria	and	algae	all	act	to	reduce	the	effectiveness	of	a	recharge	system	with	time.	The	specific	mechanisms	of	plugging	of	recharge	wells	have	been	studied	with	the	recent	advancements
in	the	field	of	aquifer	storage	recovery	(ASR).	There	have	also	been	significant	advances	in	understanding	the	effectiveness	of	various	groundwater	treatment	methods	for	the	pretreatment	of	recharge	water.	Effective	recharging	requires	continuous	pretreatment	of	the	recharge	water	and	frequent	maintenance	and	backflushing	of	the	recharge
devices.	It	is	not	a	mature	technology;	however,	with	the	addition	of	recharge	water	pretreatment	it	has	become	significantly	more	predictable,	less	difficult,	and	less	maintenance	intensive.	Recharge	can	be	performed	with	deep	wells,	wellpoints,	and	recharge	trenches.	Each	of	these	recharge	devices	will	experience	the	same	plugging	phenomenon
related	to	water	quality	and	injection	technique.	For	simplicity,	the	challenges	throughout	this	chapter	are	discussed,	for	the	most	part,	in	the	context	of	recharge	wells,	but	will	generally	apply	to	wellpoints	and	trenches	also.	For	a	more	detailed	discussion	on	recharge,	Pyne	is	recommended	[25-1].	A	25.1	RECHARGE	APPLICATIONS	Most	of	the
earlier	applications	of	recharge	have	been	to	displace	brackish	water	and	thus	prevent	saltwater	intrusion	(Figs.	25.1	and	25.2).	Significant	efforts	have	been	undertaken	by	groundwater	supply	hydrologists	to	control	movement	of	groundwater	by	using	artificial	recharge	to	create	mounds	or	ridges	in	the	water	table	or	in	the	head	in	confined
aquifers.	Notable	recharge	projects	designed	to	mitigate	saltwater	intrusion	have	been	performed	in	the	United	States	in	California,	in	the	Netherlands	along	its	North	Sea	coast,	and	in	Israel.	The	closest	field	of	practice	of	artificial	recharge	to	the	combined	use	of	construction	dewatering	and	recharging	is	the	field	of	ASR.	ASR	is	a	method	of
utilizing	deep	wells	to	introduce	water	to	an	aquifer	with	adequate	storage	and	containment	capacity	in	order	to	displace	the	aquifer’s	natural	low-quality	water	supply	with	a	higher-quality,	typically	potable,	source	of	water.	ASR	wells	are	combination	recharge	and	pumping	wells	that	are	used	to	recharge	and	store	water	when	water	is	plentiful,	and
to	draw	from	when	water	supply	is	needed.	In	recent	decades,	the	concept	of	storing	water	underground	in	aquifers	during	periods	of	water	surplus	and	recovering	it	during	periods	of	scarcity	has	gained	ever-wider	acceptance.	In	the	Middle	East	where	the	hot,	arid	climate	causes	loss	from	surface	reservoirs	by	evaporation,	the	concept	has
reportedly	been	practiced	for	centuries.	For	the	ASR	engineer,	injecting	the	water	is	perhaps	less	than	half	of	the	problem.	It	must	also	be	practical	to	recover	the	water	in	the	necessary	quantity,	and	at	the	necessary	quality.	Nevertheless,	the	work	on	groundwater	recharge	done	with	ASR	can	be	of	great	interest	to	dewatering	engineers	facing
recharge	problems.	Pyne	[25-1]	describe	the	extensive	test	work	that	has	been	done	in	the	laboratory	and	field	under	carefully	controlled	conditions.	There	are	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&
Sons,	Inc.	ISBN:	978-0-471-47943-7	539	540	PRACTICE	Figure	25.1	Operation	of	groundwater	pumping	and	recharge	system	to	mitigate	saltwater	intrusion.	records	of	long-term	performance	of	recharge	systems.	Problems	have	been	encountered	and	solutions	have	been	conceived,	tested,	and	evaluated.	Artificial	recharge	has	been	used	in
conjunction	with	construction	activities	to	achieve	the	following:	•	Minimize	consolidation	of	compressible	soils	that	can	•	•	•	•	•	result	in	damage	to	existing	facilities	Prevent	the	deterioration	of	timber	piles	or	other	underground	timber	structures	Minimize	the	loss	in	capacity	of	water	supply	wells	Minimize	saltwater	intrusion,	the	movement	of
groundwater	contamination,	or	the	migration	of	contaminant	plumes	On	some	projects,	particularly	environmental	dewatering	projects,	to	provide	the	most	cost	effective,	or	most	environmentally	desirable,	method	of	disposing	of	the	dewatering	discharge	Mitigate	drainage	of	wetlands	and	surface	water	25.2	DESIGN	OBJECTIVES	With	each	of	the
above	recharge	applications,	it	is	desired	to	mitigate	some	side	effect	of	lowering	water	levels	by	dewatering	[25-2].	The	goal	of	groundwater	recharge	is	not	necessarily	to	maintain	water	levels,	but	rather	to	minimize	the	effects	of	excessive	drawdown.	Success	or	failure	of	recharge,	however,	is	typically	gauged	directly	by	water	levels	achieved	with
recharging,	independent	of	any	geotechnical	analysis	of	the	situation.	In	most	cases	it	is	not	necessary	to	maintain	preconstruction	water	levels,	but	rather	to	restrict	drawdowns	to	the	extent	that	their	lowering	does	not	cause	harm.	Figure	25.2	Groundwater	profile	parallel	to	the	coast,	through	the	line	of	recharge.	Concurrent	with	control	of
saltwater	intrusion.	Where	consolidation	is	the	concern,	a	valid	criterion	is	to	avoid	drawdowns	that	will	load	the	compressible	material	beyond	the	recompression	range	(Section	3.15).	Ilsley,	Powers,	and	Hunt	[25-3]	report	a	recharge	system	that	minimized	damage	by	limiting	drawdowns	to	within	the	recompression	range.	When	protecting	water
supply	wells,	interference	between	the	well	field	and	the	dewatering	system	must	be	evaluated	to	determine	the	magnitude	of	the	reduction	in	well	capacity	that	will	occur.	In	the	case	of	saltwater	intrusion	or	contaminant	migration,	the	translational	velocity	of	the	groundwater	from	the	brackish	or	contaminated	source	must	be	evaluated	in	relation
to	the	proposed	length	of	time	the	dewatering	will	be	performed.	Such	evaluations	enable	the	designer	to	estimate	tolerable	drawdowns	so	that	the	design	of	the	recharge	system	can	be	optimized.	It	may	be	advisable	to	use	supplemental	measures	to	reduce	the	necessary	recharge	effort.	A	partially	penetrating	dewatering	system	may	be	useful	to
decrease	the	dewatering	flow,	thus	causing	less	drawdown	at	near	distance	(Section	7.9).	A	partially	penetrating	cutoff	(Chapter	21)	can	have	a	similar	effect.	However,	a	fully	penetrating	cutoff	may	eliminate	the	need	for	recharge.	The	design	of	recharge	systems	follows	the	same	theory	as	pumping	systems.	The	methods	of	Chapters	6,	7,	and	9	are
used	for	recharge	analysis,	but	with	some	special	adjustments.	In	confined	aquifers,	the	superposition	method	in	Section	6.12	can	be	applied	to	both	dewatering	and	recharge	wells	if	they	are	fully	penetrating.	In	water	table	aquifers,	the	changes	in	saturated	thickness	and	hence	transmissivity	near	the	wells	(decreasing	at	a	pumping	well,	increasing
at	a	recharge	well)	makes	numerical	modeling	methods	(Chapter	7)	a	better	choice.	In	the	case	of	partially	penetrating	wells,	or	containment	of	contaminant	plumes,	numerical	modeling	is	also	recommended.	In	design,	it	must	be	considered	that	the	performance	characteristics	of	an	individual	well	in	pumping	mode	may	be	significantly	different	than
in	recharge	mode.	When	they	are	constructed	and	developed,	recharge	wells	are	normally	test	pumped;	however,	yield	of	the	well	in	the	pump-out	mode	may	not	be	a	good	indication	of	its	capacity	for	injection.	Data	from	ASR	sites	indicate	that	the	recharge	specific	capacity	for	comparable	wet	screen	lengths	is	normally	about	half	the	pumping
specific	capacity.	Greater	variation	in	well	capacity	will	occur	when	the	effective	screen	length	varies	between	pumping	and	injection	ARTIFICIAL	RECHARGE	modes.	If	drawdown	occurs	below	the	top	of	the	wellscreen	during	pumping,	the	indicated	specific	capacity	may	be	significantly	less	than	when	the	well	is	in	the	recharge	mode	[25-3].	The
vadose	zone,	i.e.,	dry	ground	above	the	phreatic	surface,	represents	a	place	of	great	potential	for	recharging,	particularly	if	it	is	an	unconfined	aquifer	and	the	static	water	table	is	relatively	deep	below	ground	surface.	The	recharge	wells	can	have	greater	wetted	screen	and	additional	well	surface	area	for	recharging	than	their	corresponding
dewatering	wells.	On	the	Milwaukee	project	described	in	reference	253,	during	test	pumping	of	wells	in	fractured	and	solutionized	limestone	the	upper	fissures	were	dewatered	and	ceased	to	contribute	to	flow.	But	in	the	recharge	mode	all	fissures	were	active	and	the	specific	recharge	capacity	was	much	higher.	A	recharge	pilot	test	program	may	be
warranted	to	evaluate	design	parameters	and	recharge	well	performance	characteristics.	A	step	injection	test	may	be	performed,	similar	to	a	step	drawdown	test,	to	estimate	the	achievable	injection	rates,	and	evaluate	the	plugging	potential	of	the	well.	It	is	also	advisable	to	perform	water	quality	and	soil	mineralogy	testing	at	several	points	during	a
pilot	testing	program	to	evaluate	the	potential	for	well	plugging	(Section	25.3).	Instrumentation	is	required	to	evaluate	the	effectiveness	and	performance	of	a	recharge	system.	Recharge	frequently	creates	vertical	as	well	as	horizontal	groundwater	gradients.	In	theory,	the	cone	of	recharge	(sometimes	referred	to	as	the	cone	of	impression)	is	a	mirror
image	of	the	pumping	cone	of	depression	and	piezometers	may	be	required	to	monitor	the	shape	of	the	cone	(Fig.	25.3)	Piezometers	to	monitor	performance	must	be	screened	and	sealed	at	appropriate	depths.	There	are	situations	where	recharge,	unless	monitored	properly	with	screens	at	the	appropriate	depth,	can	aggravate	the	problem	it	is
intended	to	mitigate.	There	have	also	been	instances	where	the	recharge	itself	produced	undesirable	side	effects,	for	example,	increased	flow	at	a	tunnel	heading,	flooded	basements,	or	damage	of	underground	tanks	by	flotation.	For	example,	when	recharging	at	or	near	a	contaminated	site,	the	resulting	mounds	of	impression	cre-	541	ated	in	the
water	table	or	piezometric	head	must	be	monitored	to	ensure	they	do	not	cause	contaminants	to	migrate.	All	of	these	situations	warrant	the	use	of	piezometers	for	monitoring	concurrent	with	recharging.	25.3	POTENTIAL	PROBLEMS	WITH	RECHARGE	WATER	AND	PLUGGING	OF	WELLS	Recharge	water	of	excellent	quality	is	necessary	for	high
efficiency	of	the	system	without	excessive	maintenance	cost.	An	inherent	problem	with	recharge	wells	is	plugging,	which	reduces	recharge	capacity.	The	plugging	may	be	due	to	suspended	particles,	geochemical	reactions,	biological	growth,	and	air	entrainment.	The	plugging	occurs	for	the	most	part	at	the	borehole	wall	where	solids	can	accumulate
and	bacteriological	growth	is	concentrated.	The	rate	at	which	plugging	will	occur	in	a	recharge	well	will	vary	with	the	amount	of	plugging	constituents	in	the	water	as	well	as	the	hydraulic	conductivity	of	the	formation.	The	apparent	trend	based	on	studies	of	ASR	sites	is	that	the	less	permeable	the	natural	formation,	the	more	prone	it	is	to	plugging
and	the	greater	the	required	frequency	of	pumping,	backflushing,	or	redevelopment.	The	plugging	of	recharge	wells	may	be	due	to	any	or	all	of	the	following	factors.	•	Suspended	solids	in	the	water	are,	of	course,	detrimental;	since	the	flow	is	in	the	direction	of	decreasing	pore	size,	the	particles	will	clog	the	screen,	the	filter,	and	sometimes	the
aquifer	itself.	This	condition	occurs	even	when	recharging	with	potable,	treated	water.	Wells	can	show	significant	performance	deterioration	in	a	matter	of	days	with	a	solids	concentration	only	on	the	order	of	1	ppm.	Driscoll	[254]	cites	a	recharge	well	in	Nebraska	that	experienced	a	6-ft	(1.8-m)	head	buildup	due	to	the	continuous	recharging	of	750
gpm	(2840	L/min)	with	recharge	water	that	contained	only	0.004	ppm	of	sand.	Table	25.1	Maximum	Particle	Size	and	Concentration	for	Efficient	Recharge	with	ASR	Figure	25.3	Mirror	images	of	(a)	cone	of	depression	due	to	pumping,	and	(b)	cone	of	impression	(recharge)	due	to	recharging	under	similar	soil	and	flow	conditions.	Maximum	particle
concentration	Aquifer	type	Recharge	method	Particle	size	(micron)	Alluvial	Basin	/	channel	Recharge	well	ASR	well	100–500	10–100	10–100	Karst	Well	recharge	ASR	100–500	100–500	0–5	0–10	Fractured	bedrock	Well	recharge	ASR	100–300	100–300	0–5	0–5	NTU	TSS	(ppm)	5–10	Source.	Standard	Guidelines	for	Artificial	Recharge	of	Ground	Water
[25-5].	542	PRACTICE	Figure	25.4	Data	from	an	unfiltered	recharge	injection	field	test,	indicating	rapid	plugging	of	the	well	over	the	duration	of	the	test,	which	lasted	less	than	four	days.	The	amount	of	solids	required	to	adversely	affect	the	performance	of	a	recharge	well	is	so	low	that	conventional	methods	of	measuring	suspended	solids	from
pumping	wells	and	water	sources,	such	as	turbidity	measurements	and	Rossum	Sand	Test	measurements,	are	not	sensitive	enough	to	adequately	measure	the	suspended	solids	in	recharge	water.	A	more	sensitive	membrane	filter	index	(MFI)	or	‘‘plugging	index,’’	which	measures	the	amount	of	solids	retained	by	a	fine	filter	membrane,	was	developed
in	Europe	for	evaluating	the	potential	for	plugging	of	reverse-osmosis	membranes,	but	has	been	adapted	for	evaluating	ASR	recharge	water.	In	the	United	States,	this	test	is	referred	to	as	the	silt	density	index	(SDI).	The	filter	sand	of	the	recharge	wells	will	act	as	a	recharge	filter	bed,	and	thus	is	susceptible	to	plugging.	The	experience	with	ASR
wells,	as	well	as	construction	recharging	experiences	of	the	authors,	is	that	periodic	short-term	pumping	of	the	wells	purges	the	plugging	agents	from	the	wells.	This	periodic	pumping	duration	•	may	be	as	short	as	minutes.	Plugging	of	the	wellscreens	with	particulates	can	be	temporary	and	reversible	if	responded	to	with	backflushing	on	a	timely
basis.	Field	evidence	has	indicated	that	when	the	condition	goes	untreated	for	excessive	periods,	higher	pressures	and	subsequent	packing	of	the	particulates	may	result	in	irreversible	plugging.	It	is	good	practice	to	minimize	injection	pressures	and	perform	periodic	maintenance	backflushing.	Bacteria	and	algae	can	cause	serious	problems,	as	these
microorganisms	cause	clogging	of	the	screen,	filter,	and	aquifer.	Iron-oxidizing	or	sulfur-oxidizing	bacteria	can	be	particularly	troublesome	because	of	the	volume	of	iron	or	manganese	precipitates	and	slimes	they	create.	Nutrient-	and	oxygen-rich	recharge	water	can	promote	bacterial	growth.	The	source	of	recharge	water	should	be	carefully
evaluated	to	minimize	the	potential	of	biogrowth	fouling	of	the	recharge	system.	Where	such	biological	activity	is	prevalent,	the	dewatering	system	discharge,	which	will	typically	be	highly	aerated	and	ARTIFICIAL	RECHARGE	•	•	bacteriologically	stimulated,	is	not	recommended	as	the	source	of	recharge	water.	Recharging	with	a	chlorine	residual
can	keep	biological	activity	within	check;	however,	there	is	the	potential	for	other	reactions	or	byproducts	due	to	the	introduction	of	chlorine.	Geochemical	reaction	and	chemical	precipitation	is	always	a	problem	and	can	result	from	various	processes.	Geochemical	reactions	can	occur	due	to	the	chemical	interaction	of	the	recharge	water	with	the
aquifer	minerals,	resulting	in	precipitates—for	example,	the	reaction	of	sodium-rich	recharge	water	with	clay	particles	that	may	disperse	or	swell.	Precipitation	can	also	occur	when	the	recharge	water	is	geochemically	incompatible	with	the	natural	water	in	the	aquifer.	For	example,	if	the	recharge	water	is	of	low	pH	and	contains	dissolved	solids,
mixing	with	hard	groundwater	of	higher	pH	can	result	in	precipitation.	The	same	agents	in	the	water	that	cause	incrustation	in	dewatering	systems,	such	as	iron,	manganese,	and	calcium	carbonate,	may	precipitate	due	to	physical	changes	in	the	water	within	the	system.	Typically,	recharge	water	will	have	a	higher	oxygen	concentration	than
groundwater,	and	may	upset	the	equilibrium	balance	between	the	minerals	and	groundwater,	resulting	in	chemical	precipitation	of	oxidized	constituents	such	as	iron	and	manganese.	This	precipitation	may	reduce	the	hydraulic	conductivity	of	the	soil	and/or	plug	recharge	wells.	Air	or	gas	entrainment	in	the	recharge	water	causes	difficulty	when	air
bubbles	move	out	into	the	filter	and	aquifer	and	become	entrapped	in	the	soil	pores.	Air	drastically	reduces	the	hydraulic	conductivity	of	sand	and	can	be	difficult	to	dislodge.	Air	or	gas	in	the	recharge	water	can	cause	major	and	rapid	reduction	in	recharge	well	capacity.	Air	or	gas	that	is	dissolved	or	entrained	may	also	be	released	if	water
temperature	increases	or	pressure	decreases	as	the	water	is	injected.	Changes	in	gas	content	may	also	affect	pH,	and	cause	precipitation.	Additionally,	well	installation	and	development	techniques	should	be	selected	to	minimize	introduction	of	air	or	gases	into	the	filter	or	formation.	Pyne	[25-1]	indicates	that	the	different	plugging	mechanisms	will
have	different	resistance	versus	time	behavior	(Fig.	25.5).	Pretreatment	of	the	recharge	water	and	periodic	pumping,	redevelopment,	and	backflushing	of	the	wells	to	remove	the	plugging	constituents	is	required	to	prolong	the	life	of	the	wells	and	minimize	system	maintenance.	25.4	SOURCES	OF	RECHARGE	WATER	The	two	common	sources	of
water	for	recharge	on	construction	projects	are	the	water	being	pumped	from	the	dewatering	system	or,	in	urban	areas,	water	from	the	city	mains.	Water	from	the	dewatering	system	is	conveniently	available	and	low	in	cost.	If	it	is	being	pumped	from	wells	or	well-	543	Figure	25.5	Typical	plugging	processes	due	to	various	types	of	well	fouling.	From
Pyne	[25-1].	points	that	have	been	properly	constructed,	the	water	will	contain	minimal	sand-sized	suspended	solids;	however,	even	a	properly	constructed	well	will	admit	a	few	grains	of	sand	each	time	it	is	restarted	and	filtration	will	be	required.	A	backwashable	filter	may	be	advantageous.	If	rainwater	and	seepage	water	are	being	handled	from
sumps	within	the	excavation,	this	turbid	water	should	be	kept	segregated,	settled,	and/or	filtered.	Dewatering	system	effluent	will	typically	be	highly	aerated	from	the	pumps,	ejectors,	or	wellpoints	‘‘sucking	air.’’	The	highly	aerated	water	may	result	in	increased	oxidation	of	iron	or	promote	bacterial	growth	if	aerobic	bacteria,	such	as	iron	bacteria,
are	present.	The	oxygen-rich	water	may	also	promote	geochemical	reactions	such	as	the	oxidation	and	precipitation	of	other	naturally	occurring	constituents.	If	the	water	from	the	wells	contains	iron,	carbonates,	or	microorganisms,	pretreatment	must	be	provided	to	address	these	constituents,	which	will	foul	the	recharge	system.	If	the	water	from	the
wells	contains	contaminants	such	as	volatile	or	semivolatile	organic	compounds	or	heavy	metals	(i.e.,	lead,	arsenic,	radium),	pretreatment	must	be	provided	and	special	consideration	must	be	given	to	the	location	of	the	recharge	system	and	its	proximity	to	other	pumping	wells	used	for	potable	water	supply.	Utilizing	water	from	city	mains	represents	a
cost	that	can	be	considerable.	Filtration	of	city	water	is	also	required	to	filter	out	colloidal-size	sediment	or	scale	that	may	be	loosened	from	the	mains	at	higher	velocity.	Water	mains	are	frequently	lined	with	deposits	of	sediment	that	become	loosened	at	high	water	velocity.	These	deposits,	in	the	form	of	colloidal	particles	or	pieces	of	scale,	can
rapidly	plug	a	recharge	system.	Precautions	should	be	taken	when	activating	the	system,	since	the	recharge	flow	often	creates	enough	velocity	in	the	mains	to	move	sediments	or	loosen	pipeline	scale.	The	problem	can	occur	at	any	time,	during	a	fire	emergency	or	when	the	water	department	periodically	flushes	the	hydrants.	A	filter	that	can	be
backwashed	may	be	prudent	even	when	recharging	with	city	water.	544	PRACTICE	City	water	will	typically	have	some	residual	chlorine,	which	will	be	beneficial	in	mitigating	growth	of	biological	activity	in	the	recharge	wells.	It	is	not	uncommon	for	ASR	wells	to	be	recharged	with	3	to	10	ppm	of	chlorine	specifically	to	control	bacterial	activity	in	the
wells.	The	chemistry	of	the	recharge	water	should	also	be	compatible	with	the	groundwater	chemistry	and	mineral	composition	of	the	aquifer	soils	to	avoid	precipitation	that	can	reduce	the	hydraulic	conductivity	of	the	filter	columns	and	the	natural	formation	immediately	outside	of	the	well.	Under	certain	conditions,	chemicals	in	the	city	water	may
react	with	water	in	the	aquifer	to	cause	precipitation.	Of	particular	concern	is	the	potential	for	the	formation	of	insoluble	compounds	that	are	difficult	to	remove,	such	as	calcium	carbonate,	ferric	hydroxide,	and	several	manganese	oxide	precipitates.	Surface	water	from	ponds	and	streams	is	rarely	used	for	recharge	in	construction.	It	invariably	has
some	turbidity,	and	usually	contains	microorganisms,	algae,	or	nutrients	that	can	promote	bacteriological	growth.	Without	treatment,	it	is	usually	unsuitable	for	injection	in	wells.	There	have	been	instances	where	surface	water	has	been	used	to	supply	recharge	trenches	or	water	spreading	ponds,	but	this	practice	is	largely	limited	to	water	supply
recharge	operations,	and	usually	entails	high	maintenance	costs.	The	methods	rarely	appear	in	construction.	In	each	job	situation,	both	the	water	to	be	treated	and	the	water	in	the	aquifer	should	be	sampled	and	analyzed,	keeping	in	mind	that	the	constituents	of	each	can	vary	over	time.	25.5	TREATMENT	OF	RECHARGE	WATER	The	treatment	of
water	to	make	it	suitable	for	recharge	is	a	complex	matter.	The	American	Society	of	Civil	Engineers	Standard	Guideline	for	Artificial	Recharge	of	Groundwater	[25-5]	indicates	that	the	water	for	recharging	needs	to	be	treated	to	•	Remove	suspended	solids,	entrained	air,	and	possibly	•	•	•	dissolved	gases	Remove	nutrients	and	biodegradable	organic
carbon	that	may	be	a	food	source	for	biological	growth	Disinfect	or	otherwise	inactivate	microorganisms	to	prevent	physical	and	biological	clogging	of	the	aquifer	and/	or	well	filter	columns	Remove	all	toxins,	including	volatile	and	semivolatile	organic	compounds	and	heavy	metals	Suspended	solids	will	plug	recharge	wells	and,	at	the	very	minimum,
mechanical	filtration	of	recharge	water	is	necessary.	Filtration	is	the	most	reliable	method	of	removing	suspended	solids.	Filtration	is	most	commonly	achieved	with	bag	filters,	backwashable	media	filters,	and	granular	activated	carbon	adsorption	filters.	However,	there	are	other	treatment	technologies	available,	depending	on	the	specific	conditions.
If	the	total	treatment	process	includes	chemical	reagents,	chlorination,	or	other	processes	that	may	cause	precipitation,	then	filtration	should	be	the	last	step	to	remove	any	precipitants,	suspended	solids,	or	contaminants	prior	to	injection.	Sedimentation	tanks	are	helpful	in	removing	larger	suspended	solids	prior	to	filtration,	but	without	flocculating
agents	and	lengthy	retention	time	they	are	not	effective	for	removing	colloidal	particles.	When	treating	highly	turbid	waters,	sedimentation	tanks	can	be	helpful	in	rendering	the	filtration	process	more	efficient	by	increasing	cycle	time	between	filter	changes	or	backwashings.	Backwashable	media	rapid	filters	are	used	commonly	for	ASR	recharge
applications	in	conjunction	with	hightransmissivity	aquifers.	The	backwashable	media	typically	used	is	either	sand,	anthracite,	garnet,	or	a	combination	of	the	three.	Backwashable	filters	can	remove	particulates	down	to	approximately	20	microns	in	size.	Backwashable	filtration	has	not	yet	come	into	frequent	use	in	construction	recharging.	However,
recent	improvements	in	bag	filtration	equipment	in	the	water	supply	and	petroleum	industries	have	made	the	process	more	practical;	automatic	compact	bag	filtration	units	have	become	available,	with	size	ranges	suitable	for	construction	recharge	systems.	These	systems	can	remove	particulates	down	to	one	micron	in	size	and	can	be	set	up	in	series
or	in	parallel	to	handle	any	flow	anticipated.	The	single	greatest	and	most	significant	advancement	in	the	field	of	groundwater	recharge	for	construction	work	has	been	the	use	of	granular	activated	carbon	(GAC)	adsorption	for	the	treatment	of	recharge	water.	The	authors	have	observed	that	groundwater	recharging	performed	on	environmental	pump
and	treat	projects	where	the	recharge	water	was	treated	with	GAC	filtration	experienced	little	if	any	restriction	to	the	reinjection	of	treated	groundwater	and	the	recharge	systems	required	little	if	any	maintenance.	Granular	activated	carbon,	because	of	its	surface	area	and	molecular	attraction,	is	a	very	effective	filter	for	suspended	solids,	dissolved
gases,	organic	carbon	(i.e.,	food	for	biological	activity),	and	VOCs.	To	improve	the	efficiency	and	extend	the	life	of	a	GAC	filter,	bag	filters	are	typically	installed	upstream.	Bag	filters	are	used	to	filter	out	the	particles	that	clog	the	GAC	filter.	There	is	a	cost	associated	with	the	consumable	bag	filters;	however	the	units	that	house	the	filters	are
relatively	inexpensive	and	suitable	for	temporary	treatment	works.	Recharge	tests	using	reclaimed	municipal	wastewater	at	five	sites	indicated	that	removal	of	all	organic	matter	by	tertiary	treatment	methods	such	as	granular	activated	carbon	provided	the	maximum	protection	to	the	recharge	wells	from	the	standpoint	of	plugging	in	sandy	aquifers
[25-5].	Not	all	sites	may	require	treatment	to	the	extent	of	activated	carbon;	however,	there	is	no	other	readily-available,	singletreatment	technique	that	can	provide	treatment	of	as	many	of	the	constituents	that	are	believed	to	cause	plugging	of	ARTIFICIAL	RECHARGE	545	Figure	25.6	Shallow	recharging	with	a	trench	above	a	compressible	layer.
recharge	wells.	To	date,	carbon	filtration	is	the	closest	thing	to	a	‘‘cure-all’’	for	the	treatment	of	recharge	water.	It	should	be	noted,	however,	that	the	presence	of	high	concentrations	of	constituents	such	as	iron	in	the	recharge	water	will	necessitate	additional,	and	significant,	pretreatment	prior	to	the	use	of	carbon	and	recharge	injection.	In	some
cases,	additives	to	the	recharge	water	can	increase	the	efficiency	of	the	wells	and	reduce	necessary	maintenance,	although	they	represent	a	cost	that	must	be	considered.	Sequesterants	such	as	polyphosphates	inhibit	the	precipitation	of	iron	and	calcium	salts.	Surfactants	are	materials	such	as	detergents	that	reduce	the	surface	tension	of	the	water,
enabling	it	to	permeate	fine	sands	more	readily.	Approval	of	the	regulating	authorities	should	be	obtained	before	using	additives.	Polyphosphates	and	detergents	may	be	considered	objectionable	in	an	aquifer	being	used	for	water	supply.	Chlorination	of	the	recharge	water	at	low	but	continuous	doses	can	keep	biological	activity	in	check.	Previous
experience	has	shown	that	a	good	initial	well	disinfection	with	chlorine,	followed	by	reduced	chlorine	concentration	(on	the	order	of	0.5	ppm	chlorine	residual)	in	the	injection	water	has	been	effective	in	controlling	bacterial	growth.	The	actual	chlorine	concentration	must	be	determined	based	on	sitespecific	conditions.	Some	groundwater	constituents
can	consume	chlorine,	and	some	constituents	can	create	deleterious	by-products	from	a	reaction	with	chlorine.	Many	of	these	by-products	attenuate	naturally	within	a	few	days	to	weeks	due	to	subsurface	microbial	processes	under	aerobic	and	anaerobic	conditions.	When	wells	must	be	taken	out	of	service	and	treated	for	biologically	induced
incrustation,	chlorination	is	an	appropriate	final	treatment	before	putting	the	wells	back	in	service.	This	type	or	treatment	is	discussed	in	greater	detail	in	Chapter	13.	The	adjustment	of	pH	has	been	performed	on	some	ASR	well	systems	to	reduce	the	potential	for	calcium	carbonate,	iron,	and	manganese	precipitation.	The	treatment	of	recharge	water
is	a	complex	matter.	It	should	be	referred	to	a	specialist	team	familiar	with	water	treatment	processes,	potential	chemical	reactions,	and	the	specific	requirements	of	groundwater	recharge.	25.6	CONSTRUCTION	OF	RECHARGE	SYSTEMS	Recharge	Trenches	A	trench	for	recharging	is	a	relatively	low-cost	option	that	can	provide	a	significant	amount
of	effective	contact	area	with	the	natural	soils.	There	are	several	limitations,	however,	on	the	applicability	of	a	recharge	trench:	•	A	recharge	head	greater	than	the	confining	pressure	or	•	•	trench	depth	may	result	in	leakage	of	recharge	water	to	the	ground	surface.	The	effectiveness	of	the	recharge	may	be	only	at	shallow	depths,	particularly	if	the
aquifer	is	stratified.	Unless	the	trench	excavation	is	constructed	below	the	water	table,	pumping	or	backflushing	of	the	trench	to	purge	it	of	plugging	particulates	is	not	possible.	In	construction,	recharge	trenches	have	had	mixed	results	when	they	apply	a	partially	penetrating	recharge	where	a	deeper	influence	is	required.	Figure	25.6	illustrates	one
type	of	difficulty	that	can	develop.	Let	us	assume	that	it	is	desired	to	recharge	to	prevent	the	dewatering	of	the	excavation	from	increasing	the	loading	on	a	compressible	silt	layer.	In	this	case	a	recharge	trench	that	does	not	extend	below	the	compressible	silt	layer	is	ineffective,	since	it	does	not	communicate	with	and	provide	recharge	to	the	lower
sand	aquifer	beneath	the	compressible	soil.	In	fact,	the	recharge	effort,	by	raising	the	height	of	the	perched	water	level	above	the	silt,	may	actually	increase	the	loading	on	the	silt,	which	is	the	opposite	of	the	intended	effect.	Note	in	Fig.	25.6	that	water	flows	from	the	recharge	trench	away	from	the	dewatering	system	as	well	as	towards	it.	This	is	also
true	of	recharge	wells	and	wellpoints.	If	the	546	PRACTICE	Figure	25.7	Recharge	with	a	shallow	trench	in	stratified	soil.	upper	soil	is	high	in	hydraulic	conductivity,	such	as	a	loose	fill,	a	large	quantity	of	water	can	be	dissipated	horizontally	without	contributing	to	the	desired	result.	It	is	this	factor	that,	in	some	situations,	may	result	in	recharge
quantities	that	are	in	excess	of	the	dewatering	flow.	The	effectiveness	of	shallow	penetrating	recharge	trenches	will	be	highly	dependent	on	the	degree	of	anisotropy	of	the	soil,	i.e.,	the	horizontal	to	vertical	hydraulic	conductivity	ratio	(Kh	/Kv).	Figure	25.7	illustrates	a	soil	that	is	essentially	all	sand	but	is	stratified	with	coarse	sand	overlying	finer
sands.	Note	piezometer	P-1	indicates	a	water	level	significantly	above	the	deep	piezometer	P-2	because	of	the	vertical	gradients	induced	by	downward	flow	of	the	water,	i.e.,	the	restriction	to	vertical	percolation.	The	pressure	diagram	at	the	right	of	the	figure	indicates	the	normal	hydrostatic	line	AB,	and	the	distorted	line	ACD	that	actually	exists
because	of	the	dynamic	flow	condition	caused	by	dewatering	and	recharging	concurrently	in	the	stratified	soil.	If	the	purpose	is	to	maintain	water	around	timber	piles,	piezometer	P-1	is	correctly	placed	to	confirm	satisfactory	conditions.	But	if	the	purpose	is	to	protect	a	well	field	drawing	from	the	deeper	fine	sand,	P-1	will	give	a	false	indication	of
success.	The	deeper	P-2	piezometer	is	necessary	to	monitor	performance.	Water	supply	engineers	have	employed	recharge	trenches	and	water	spreading	ponds	or	basins	with	considerable	success.	But	in	construction,	conditions	are	not	often	suitable	to	the	use	of	ponds	and	basins.	Where	used,	they	should	be	fed	with	sediment-free	water,	as
discussed	in	Section	25.5,	and	arranged	so	that	they	can	be	periodically	accessed	and	cleaned.	A	layer	of	filter	gravel	in	the	bottom	of	the	trench	is	recommended.	Although	there	is	limited	ability	to	maintain	trenches	by	pumping	and	backflushing,	their	usable	life	can	be	greatly	extended	with	thorough	pretreatment	of	the	recharge	water.	The	authors
have	experienced	shallow	recharge	trenches	injected	with	carbon-treated	water	in	use	for	years	without	any	maintenance.	Recharge	Wells	Recharge	wells	may	be	necessary	when	the	application	of	the	recharge	must	be	deeper	than	practical	with	a	recharge	Figure	25.8	Construction	detail	of	a	shallow	recharge	trench.	trench.	In	most	cases,	recharge
wells	are	constructed	with	similar	wellscreen	and	filter	pack	as	for	a	high-efficiency	pumping	well,	possibly	with	longer	screens	to	maximize	recharge	efficiency	and	minimize	the	rate	of	plugging.	The	casing	diameter	should	be	appropriate	for	a	pumping	well	in	the	same	formation.	Figure	25.9	illustrates	a	design	of	a	typical	recharge	well.	The	filter
pack	should	be	sized	to	the	aquifer	in	accordance	with	the	principles	of	Chapter	18.	Development	of	the	well	after	construction	is	particularly	important	with	recharge	wells	since,	unlike	pumping	wells,	once	in	service	they	cannot	continue	to	develop	themselves.	Periodic	redevelopment	of	the	recharge	well	may	be	necessary	to	restore	its	efficiency.
During	the	development	and	redevelopment,	water	will	be	pumped	from	the	well	and,	with	a	properly	designed	filter	pack,	it	may	be	involve	minimal	pumping	of	sand	or	sand	packing.	Development	of	the	well	to	achieve	high	recharge	recovery	and	efficiency	entails	sequential,	large-volume	flushes	of	water	through	the	screen	and	gravel	pack	in	both
directions	until	specific	capacity	and	specific	injectivity	stabilize	without	production	of	sand	during	recovery.	The	wellscreen	should	be	selected	with	high-flow	or	high-efficiency	construction	and	a	slot	size	suitable	to	the	filter	for	maximum	effectiveness	during	development	procedures.	It	should	have	ample	open	area	to	provide	a	reserve	against
clogging	and	minimize	screen	velocities.	If	periodic	treatment	with	acid	or	chlorine	is	anticipated,	the	screen	and	casing	should	be	of	corrosion-resistant	material.	PVC	or	stainless	steel	is	desired	because,	unlike	carbon	steel-based	wellscreens,	it	will	be	resistant	to	most	well	treatment	chemicals	and	less	susceptible	to	the	corrosion	and	rusting	that
can	promote	well	plugging.	ARTIFICIAL	RECHARGE	Figure	25.9	Detail	of	a	typical	recharge	well.	The	drilling	and	well	installation	techniques	should	provide	for	a	high	degree	of	well	efficiency,	particularly	when	the	wells	will	be	screened	in	the	vadose	zone	(i.e.,	ground	above	the	phreatic	surface).	A	relatively	clean	borehole	and	well	installation	is
necessary	above	the	static	water	table	because	the	vadose	screen	section	is	virtually	impossible	to	develop	properly	by	conventional	development	methods.	Unfortunately,	once	plugging	occurs	in	wellscreens	constructed	above	the	water	table,	periodic	pumping	(or	any	other	practical	means)	cannot	be	relied	upon	to	backflush	the	screens.	For	short-
term	recharge	use,	i.e.,	concurrent	547	with	a	temporary	dewatering	system	operation,	the	benefit	of	recharging	into	the	vadose	zone	will	typically	outweigh	the	potential	risk	of	irreversible	plugging,	particularly	if	careful	and	thorough	filtering	is	provided	upstream	of	the	wells.	A	seal	of	grout	is	essential	to	prevent	water	from	shortcircuiting	along
the	casing	to	the	surface	when	the	well	is	pressurized.	The	soil	situation	in	Fig.	25.9	shows	a	confined	aquifer	receiving	the	recharge.	The	seal	should	be	opposite	the	upper	confining	clay	layer.	A	seal	should	be	employed	in	a	water	table	situation	as	well.	Figure	25.10a	illustrates	the	mound	of	impression	that	forms	around	a	frictionless	recharge	well
in	an	isotropic	water	table	aquifer.	The	slope	of	the	curve	is	a	function	of	the	transmissivity	of	the	aquifer	and	the	rate	of	flow	injected	by	the	well.	If,	for	example,	the	well	is	pressurized	to	maintain	the	phreatic	surface	at	point	A	at	a	desired	level,	water	may	boil	to	the	surface	at	point	B.	The	situation	is	more	pronounced	in	the	actual	well	shown	in
Fig.	25.10b.	Inefficiencies	in	well	construction	and	completion	have	resulted	in	a	well	loss	fw	at	the	wall	of	the	drilled	hole.	If	the	well	is	pressurized	to	overcome	fw,	boiling	at	point	B	is	likely	to	result,	unless	a	concrete	seal	is	provided,	as	shown	in	Fig.	25.10c.	After	construction,	recharge	wells	should	be	properly	disinfected	with	chlorine	to	prevent
the	growth	of	any	native	bacteria	that	may	be	stimulated	due	to	the	introduction	of	oxygen	to	the	formation	with	the	installation	of	the	well.	Sufficient	chemical	should	be	used	to	not	only	penetrate	the	well	filter	but	also	to	extend	out	into	the	natural	formation.	Well	chlorination	is	discussed	in	greater	detail	in	Chapter	13.	A	drop	tube	is	necessary	to
minimize	cascading	if	the	well	operating	level	should	be	low.	Cascading	water	can	result	in	air	entrainment	and	subsequent	plugging	of	the	well	due	to	air	binding	or	increased	bacterial	or	geochemical	precipitation.	The	higher	the	water	velocity	in	the	drop	pipe,	the	greater	the	likelihood	of	carrying	air	bubbles	down	into	the	well	casing	and	the
formation.	Positive	pressure	should	be	maintained	in	the	drop	tube	(as	measured	at	the	well	head)	by	adjusting	the	recharge	flow	rate	or	providing	some	restriction	at	the	base	of	the	drop	tube	to	minimize	air	entrainment.	An	air	vent	is	necessary	to	release	air	trapped	Figure	25.10	Mounds	of	impression	at	recharge	wells.	(a)	Frictionless	well.	(b)
Actual	well.	(c)	Actual	well	with	concrete	seal.	548	PRACTICE	each	time	the	well	is	first	put	in	service;	automatic	air	vents	are	frequently	employed.	A	check	valve	is	necessary	to	prevent	air	entry	if	a	vacuum	should	develop	in	the	well	or	piping.	A	vacuum	may	develop	if	the	recharge	water	exits	the	well	with	little	to	no	restriction.	The	drop	tube	can
also	be	utilized	as	an	air	lift	casing	so	that	periodic	pumping	and	redevelopment	can	be	performed	to	cleanse	the	well	from	plugging.	A	submersible	electric	pump	may	be	installed	at	the	bottom	of	the	well	to	permit	frequent	pumping	or	backflushing.	If	the	check	valve	is	removed	from	the	submersible	pump,	the	well	discharge	column	can	also	serve
as	the	drop	pipe.	Recharging	through	the	pump	will	also	reduce	the	velocity	and	turbulence	with	which	the	water	enters	the	well	and	provide	some	restriction	to	flow	so	that	a	positive	pressure	can	be	maintained.	Some	provisions	within	the	pump	controls	should	be	made	to	prevent	the	starting	of	the	pump	as	recharge	water	is	falling	through	the
drop	pipe;	the	excessive	torque	under	such	a	condition	may	damage	the	submersible	pump.	The	flow	of	water	back	through	the	pump	will	result	in	additional	wear	and	tear	on	the	pump	bearings	and	may	be	problematic.	Not	all	submersible	pumps	may	be	suitable	for	this	application.	Flowmeters	and	pressure	gauges	are	required	on	each	well	to
monitor	the	performance	of	each	individual	well	and	evaluate	the	need	for	maintenance.	A	two-way	flowmeter	may	be	of	benefit	to	measure	flow	during	both	recharge	and	backflushing	modes.	An	airtight	well	head	should	be	installed	to	minimize	the	exposure	of	the	well	to	the	atmosphere	and	limit	air	entrainment.	The	well	head	should	also	have	the
necessary	valves	to	isolate	an	individual	well	for	maintenance	and	directing	backflush	water	to	waste	rather	than	back	into	the	system.	A	means	of	measuring	the	water	level	in	the	well	such	as	a	drop	pipe	is	also	recommended.	Recharge	Wellpoint	Systems	When	recharging	aquifers	of	low	transmissivity,	the	capacity	of	even	an	efficient	recharge	well
is	limited	and	a	large	number	of	wells	are	required.	In	such	cases,	recharge	wellpoint	systems	have	been	employed	with	effectiveness.	Particularly	in	situations	where	rapid	installation	can	be	made	by	jetting,	it	is	possible	to	produce	a	large	number	of	small-diameter	injection	points	at	reasonable	cost.	Variations	in	the	water	table	caused	by	the
mounds	of	impression	around	larger	capacity	recharge	wells	are	minimized.	Recharge	Piping	Systems	Piping	in	recharge	systems	should	be	sized	conservatively	to	keep	velocity	at	reasonable	levels	and	to	minimize	friction.	Figures	25.11	and	25.12	illustrate	two	possible	arrangements	of	recharge	piping	that	have	been	used	effectively	on	multiple
recharge	well	systems.	Figure	25.11	illustrates	the	piping	with	a	potable	source	of	recharge	water,	and	Fig.	25.12	illustrates	the	piping	required	when	the	dewatering	system	discharge	is	utilized	as	the	source	of	recharge	water.	To	reduce	particulates	that	would	tend	to	foul	the	recharge	wells	and	formation,	a	treatment	system	is	typically	used.	The
typical	system	consists	of	a	de-aeration/sedimentation	tank,	a	coarse	filter	element	and	a	fine	filter	element.	The	de-aeration/sedimentation	tank	is	provided	to	slow	the	supply	water	down	to	release	entrained	air	and	to	settle	out	large	particles	that	may	be	inadvertently	admitted	with	the	water.	Velocity	through	the	tank	on	the	order	of	0.1	ft/sec	(3
cm/sec)	is	recommended.	Bag	filtration	is	used	to	filter	out	particulates	larger	than	50	microns	and	the	filters	are	disposable.	Backwashable	filters,	either	sand	or	anthracite	or	a	combination	of	the	two,	are	used	to	filter	out	very	fine	particulates.	The	filter	medium	is	cleaned	periodically	by	backwashing	to	waste.	To	prevent	overpressure,	a	pressure-
reducing	valve	may	be	required.	The	pressure	regulator	will	also	provide	a	constant	pressure	to	the	well(s)	even	when	the	feed	pressure	will	vary	due	to	plugging	of	the	filter(s).	A	single	pressure	regulator	may	be	provided	for	a	group	of	wells,	or	regulators	may	be	provided	at	individual	wells.	Flowmeters	and	pressure	gauges	are	recommended	on
each	well	and	possibly	the	main	recharge	header.	It	must	be	anticipated	that	well	efficiency	will	deteriorate	with	time,	and	an	effective	maintenance	program	is	not	possible	without	reliable	measurements	of	flow	and	pressure	to	determine	the	‘‘plugging	rate’’	and	the	appropriate	frequency	for	redeveloping	the	wells.	Plugging	of	the	well	will	be
indicated	by	decreased	flow	and/or	increased	injection	pressure.	Case	History:	Locating	Recharge	Wells	It	is	apparent	from	Fig.	25.10	that,	where	possible,	recharge	wells	should	be	located	where	the	water	table	is	well	below	the	ground	surface.	During	construction	of	a	sewage	treatment	plant	in	Alexandria,	Egypt	in	1990,	multistory	masonry
buildings	nearby	were	already	in	distress	from	the	consolidation	of	a	compressible	layer	caused	by	the	weight	of	the	buildings.	It	was	feared	that,	if	the	zone	of	influence	due	to	dewatering	reached	under	the	buildings,	the	additional	loading	caused	by	dewatering	for	the	plant	might	trigger	their	collapse.	A	line	of	recharge	wells	was	installed	between
the	treatment	plant	and	the	buildings.	The	water	table	was	close	to	ground	surface	at	the	recharge	site,	and	additional	significant	measures	were	implemented	to	permit	recharging	and	raising	the	phreatic	surface	above	ground	level.	A	fill	approximately	6	ft	(2	m)	high	was	placed	along	the	well	line.	At	each	well	a	concrete	surface	slab,	15	ft	(4.6	m)
in	diameter	and	1	ft	(0.3	m)	thick	was	placed	and	tied	into	the	well	bore	seal.	The	fill	and	the	concrete	surface	slab	added	to	the	load	on	the	compressible	layer,	but	only	at	the	line	of	recharge	wells,	which	was	at	distance	from	the	endangered	buildings.	ARTIFICIAL	RECHARGE	549	Figure	25.11	Typical	treatment	system	piping	utilizing	potable	water
source	for	recharge.	Figure	25.12	Typical	treatment	system	piping	utilizing	dewatering	discharge	for	recharge	water.	A	suitable	array	of	piezometers	must	be	provided	to	observe	conditions	in	the	aquifer(s).	Air	vents	are	required	at	any	high	points	in	the	recharge	supply	line,	and	at	the	top	of	the	individual	well	drop	pipe.	The	top	of	the	well	may	feel
a	vacuum	and	draw	air	into	the	system,	unless	a	check	valve	is	installed	beneath	it,	as	shown	in	Fig.	25.11.	The	well	casing	itself	should	also	be	vented.	A	valve	should	be	provided	at	each	well	so	that	the	system	can	be	balanced.	On	extensive	systems,	the	header	can	be	segregated	with	valves	to	facilitate	maintenance	and	repair.	To	avoid	risk	of
contaminating	the	water	supply	by	reverse	flow	during	fire	or	other	emergencies,	a	backflow	preventer	is	installed.	Ilsley	et	al.	[25-3]	report	good	performance	from	this	arrangement	on	25	wells,	some	of	which	operated	for	several	years.	Occasionally,	the	pressurereducing	valve	malfunctioned.	Frequent	monitoring	of	performance	was	necessary.	The
backflow	preventers	were	tested	annually	by	a	licensed	plumber	to	ensure	satisfactory	protection.	550	PRACTICE	25.7	OPERATION	AND	MAINTENANCE	OF	RECHARGE	SYSTEMS	Maintenance	of	recharge	systems	is	basically	performed	to	address	three	conditions:	1.	Routine	maintenance	of	the	recharge	treatment	system	2.	Periodic	plugging	of
the	recharge	wells	3.	Maintenance	of	wells	for	either	biological	or	mineral	incrustation	Redevelopment	of	the	wells	is	performed	to	address	periodic	plugging	of	wells.	Incrustation	and	the	associated	required	maintenance	are	discussed	in	Chapter	13.	Maintenance	of	groundwater	treatment	systems	is	discussed	in	Chapter	14.	The	filter	sand	of	the
recharge	wells	will	act	as	a	recharge	filter	bed,	susceptible	to	plugging.	Continuous	pretreatment	with	filtration	of	the	recharge	water	is	necessary	as	well	as	periodic	redevelopment	of	the	wells.	The	wells	are	typically	redeveloped	simply	by	overpumping	or	backflushing,	which	causes	the	reversal	in	flow	direction	and	purges	foreign	materials	because
flow	is	in	the	direction	of	increasing	pore	size.	The	backflush	water	generated	must	be	pumped	to	waste	rather	than	back	into	the	system.	Backflushing,	particularly	if	required	frequently,	should	be	automated.	The	pumping	or	backflushing	may	be	performed	with	a	submersible	pump	or	an	air	lift,	which	in	either	case	may	be	built	into	the	permanent
well	construction.	Other	development	techniques	that	create	two-way	flow	in	the	filter	columns	(as	discussed	in	Chapter	18)	are	not	recommended	as	they	may	act	to	compress	the	buildup	of	particulate	matter	or	introduce	gases	into	the	filter	column	that	may	reduce	the	hydraulic	conductivity	of	the	filter	column	and/or	the	formation.	The	frequency
and	duration	of	pumping	or	backflushing	will	vary	from	site	to	site.	The	experience	with	ASR	wells	is	that	periodic	short-term	pumping	of	the	wells	is	effective	in	purging	the	plugging	agents	from	the	wells	in	most	cases,	provided	there	is	adequate	pretreatment	of	the	recharge	water.	This	pumping	period	is	typically	as	short	as	minutes	every	couple	of
days,	weeks,	or	months.	In	some	cases,	the	only	well	maintenance	may	be	redevelopment	performed	every	couple	of	years.	Periodic	measurements	should	be	made	of	the	piezometers	that	monitor	the	results,	the	recharge	rate,	and	the	injection	pressure.	Observations	must	also	be	made	of	the	operation	of	the	associated	dewatering	system	so	that
water	level	changes	at	the	recharge	area	can	be	interpreted.	When	injection	backpressure	and	injection	flow	rate	indicate	plugging	of	the	wells,	they	should	be	redeveloped.	When	plugging	of	the	recharge	system	is	experienced,	a	sample	of	the	solids	in	the	recharge	water	should	be	obtained.	Solids	may	be	generated	from	scale	in	pipes	or	from	the
dewatering	system.	Understanding	the	source	of	the	solids	will	be	beneficial	in	controlling	them.	Figure	25.13	Effect	of	plugging	and	repeated	pumping	/	backflushing	on	the	performance	of	a	recharge	well.	Table	25.2	Backflushing	Frequencies	at	Selected	Operational	ASR	Sites	Site	Backflushing	Lithology	Wildwood,	NJ	Daily	Clayey	sand	Gordens
Corner,	NJ	Daily	Clayey	sand	Peace	River,	FL	Seasonal	Limestone	Cocoa,	FL	Seasonal	Limestone	Palm	Bay,FL	Monthly	Limestone	Las	Vegas,	NV	Seasonal	Alluvium	Chesapeake,	VA	Bi-monthly	Sand	Seattle,	WA	Weekly	Glacial	drift	Calleguas,	CA	Monthly	(approx.)	Sand	Centennial	Water	and	Sanitation	District,	CO	Monthly	Sandstone	Source.	After
Pyne	[25-1].	Where	chemical	or	other	treatment	is	used,	an	adequate	program	of	quality	control	is	recommended,	with	appropriate	sampling	and	laboratory	testing.	During	periods	of	inactivity,	a	disinfectant	should	be	maintained	in	the	recharge	wells	to	prevent	bacterial	activity.	When	starting	up	the	system,	care	should	be	used	to	purge	all	air
before	bringing	pressure	up	to	the	desired	level.	25.8	PERMITS	FOR	RECHARGE	OPERATIONS	The	agencies	charged	with	protecting	and	restoring	our	groundwater	resources	have	placed	rigid	restrictions	on	artificial	recharge.	Permits	are	typically	required,	and	obtaining	them	is	time-consuming.	Quality	testing	of	the	proposed	ARTIFICIAL
RECHARGE	551	Case	History:	Copenhagen	Metro	Project	The	Copenhagen	Metro	Project,	Denmark’s	first	rapid	transit	system,	involved	the	construction	of	twin,	bored	tunnels,	6	deep	cut	and	cover	station	boxes	and	9	construction	or	ventilation	shafts	through	and	beneath	central	Copenhagen.	The	city	center	dates	back	to	medieval	times	and	is	in
many	places	sensitive	to	groundwater	lowering,	due	to	many	foundations	being	located	in	thick	layers	of	soft	fill	that	are	susceptible	to	settlement	and	due	to	many	of	the	historic	buildings	having	wooden	foundations.	Three	of	the	stations	and	five	shafts	fell	within	the	highly	sensitive	city	center	area.	The	80	ft	(25	m)	deep	station	cofferdams	were	in
some	places	tight	against	some	of	Copenhagen’s	most	important	18th	century	timber	pile	supported	structures.	The	geology	consisted	of	as	much	as	25	feet	(8	m)	of	variable	and	potentially	compressible	fill,	over	25	to	30	feet	(8	to	10	m)	of	glacial	sands,	gravels	and	clays	overlying	the	Copenhagen	Limestone	within	which	the	tunnels	and	stations	were
all	constructed.	The	upper	parts	of	the	limestone,	up	to	30	ft	(10	m)	in	thickness,	had	a	hydraulic	conductivity	of	1		10⫺1	to	1		10⫺2	cm	/	sec	and	the	underlying	limestone	had	a	lower	hydraulic	conductivity,	on	the	order	of	1		10⫺3	cm	/	sec.	There	is	one	aquifer	of	regional	extent,	situated	mainly	in	the	limestone.	The	groundwater	level	was	only	a	few
feet	below	ground	surface.	The	project	allowed	almost	zero	settlement,	no	damage	to	any	buildings	and	only	a	minimal	impact	on	the	environment.	The	Copenhagen	Authorities	required	that	groundwater	not	be	drawn	down	below	historic	seasonal	low	levels,	allowing	essentially	3	ft	(1	m)	of	drawdown	to	occur.	Driven	by	this	need,	groundwater
recharge	techniques	to	control	the	drawdown	were	developed	rapidly	over	the	course	of	this	project.	In	order	to	minimize	the	off-site	groundwater	drawdown,	the	station	and	shaft	excavations	were	designed	with	composite	perimeter	cutoffs	consisting	of	secant	pipe	walls	installed	to	below	subgrade	and	the	upper	permeable	reaches	of	limestone	rock
beneath	the	secant	pile	cut-off	walls	grouted	with	cement-bentonite.	With	a	semi-permeable	limestone	excavation	bottom	and	perimeter	cutoffs	that	were	not	anticipated	to	be	100%	effective,	recharge	was	applied	to	the	limestone	to	balance	the	leakage.	The	system	was	thought	to	be	one	of	the	largest	systems	of	its	type	to	be	employed	on	a
construction	project.	The	engineering	and	design	of	the	system	involved	detailed	3-D	computer	models	and	predicting	water	table	movements	beneath	5000	buildings.	A	total	of	120	recharge	wells,	typically	screened	50	feet	(15	m)	into	the	limestone	formation,	were	installed	at	less	than	optimum	locations	within	the	congested	city	streets	due	to	the
presence	of	buildings,	utilities,	and	traffic.	The	wells	were	linked	into	an	automated	monitoring	system	to	control	the	recharge	systems.	The	groundwater	was	monitored	with	a	network	of	600	piezometers	located	throughout	the	city.	At	its	peak,	the	recharging	effort	was	utilizing	a	total	of	120	recharge	wells	at	a	total	flow	rate	of	1320	gpm	(300	m3	/
hr).	The	pumping	rate	from	individual	sites	varied	from	approximately	530	gpm	(120	m3	/	hr)	to	90	gpm	(20	m3	/	hr)	with	each	site	typically	utilizing	12	recharge	wells.	In	general,	the	amount	of	recharge	water	required	was	similar	in	volume	to	the	extracted	water	at	any	excavation	site.	With	the	wells	screened	typically	between	80	ft	(24	m)	and	100
ft	(30	m)	depths,	injection	pressures	were	maintained	between	1.4	and	4.5	psi	(10	and	30	kPa).	Figure	25.14	Sectional	view	of	station	excavation	and	recharge	application,	Copenhagen	Metro	Project.	552	PRACTICE	The	primary	source	of	recharge	water	was	the	dewatering	system	discharge.	The	excavations	were	dewatered	primarily	by	open
pumping	techniques	and	thus	the	water	was	high	in	suspended	solids	(predominantly	limestone	particles)	as	well	as	naturally	occurring	iron.	Harbor	water,	lower	in	iron	and	requiring	less	treatment,	was	utilized	at	two	of	the	stations	and	two	of	the	shafts	where	harbor	water	was	practically	within	reach,	and	the	groundwater	quality	was	such	that	the
use	of	the	saline	harbor	water	would	not	be	detrimental	to	groundwater	interests.	In	order	to	keep	infiltration	well	maintenance	and	costs	at	an	acceptable	level,	treatment	of	the	re-injected	dewatering	system	discharge	was	required	to	maintain	suspended	solids	below	5	ppm	and	iron	concentrations	between	0.1	and	0.3	ppm.	Five	sophisticated	water
treatment	plants	were	installed	at	key	excavation	sites,	each	with	a	capacity	between	130	and	260	gpm	(30	to	60	m3	/	hr).	Coagulation	and	flocculation	and	settlement	with	a	plate	separator	were	required	to	remove	the	fine	electrostatically-charged	limestone	particles	that	were	carried	into	the	discharge	by	open	pumping.	The	suspended	solids
loading	was	heaviest	where	excavation	in	the	limestone	NATM	tunnels	was	performed	with	a	roadheader.	The	majority	of	the	particles	were	smaller	than	60	microns	and	in	concentrations	of	up	to	2,000	ppm.	Prior	to	the	approval	for	the	use	of	the	flocculent	and	coagulent,	the	system	was	operated	without	the	use	of	these	compounds	and	the	wells
plugged	quickly.	One	of	the	noteworthy	challenges	of	the	project	was	determining	which	chemical	additives	to	use	for	the	removal	of	the	fine	limestone	particles,	and	acquiring	acceptance	by	the	governing	agency	to	permit	the	addition	of	a	chemical	flocculant	to	the	recharge	water.	Aeration	of	the	groundwater	precipitated	out	the	high	levels	of	iron
(typically	5	to	10	ppm)	into	relatively	insoluble	particulates	and	a	coagulant	was	utilized	to	assist	agglomeration	of	the	iron	particles	which	were	ultimately	filtered	out	with	backwashable	rapid	sand	filters.	Harbor	water,	where	usable	as	a	source	of	recharge	water,	was	filtered	for	particulate	removal	prior	to	deep	well	injection.	With	water	treatment
the	amount	of	recharge	well	maintenance	required	was	kept	to	infrequent	intervals;	typically	cleaning	the	wells	was	required	only	a	couple	of	times	in	2	years	of	operation.	The	well	maintenance	was	addressed	when	a	reduction	in	injection	flow	rate	of	10	to	20	%	was	observed.	Prior	to	this	project,	in	Europe	as	well	as	the	United	States,	recharge	has
been	much	discussed	but	it	has	been	relatively	rare	that	it	has	been	successfully	applied	on	a	large	scale.	Although	there	was	a	considerable	costs	associated	with	the	groundwater	treatment,	both	for	the	equipment	and	the	operation,	the	cost	resulted	in	high	efficiency,	low	maintenance	groundwater	recharging.	Water	levels	were	maintained	within	3
ft	(1	m)	of	initial	levels	and	no	differential	settlement	was	observed	due	to	groundwater	lowering.	Figure	25.15	Location	of	recharge	wells	at	Christianshavn	Station,	Copenhagen	Metro	Project.	ARTIFICIAL	RECHARGE	553	Figure	25.16	Recharge	water	treatment	plant,	Copenhagen	Metro	Project.	Case	History:	Recharge	for	Settlement	Control
During	installation	of	a	major	sewer	tunnel	in	an	urban	environment,	dewatering	was	needed	for	the	construction	of	a	shaft	approximately	55	ft	(17	m)	deep	to	permit	tunneling	operations	that	would	proceed	under	compressed	air.	The	dewatering	of	the	shaft	was	accomplished	using	a	system	of	6	deep	wells	around	the	perimeter	of	the	shaft.	It	was
recognized	that	a	dewatering	system	would	need	to	depress	the	water	table	approximately	10	ft	(3	m)	and	that	the	dewatering	would	impact	the	soil	under	an	adjacent	multistory	housing	facility	only	60	ft	(18	m)	away,	which	had	already	shown	evidence	of	settlement	shortly	after	it	was	constructed	and	prior	to	dewatering	of	the	shaft.	Figure	25.17
Plan	view,	tunnel	shaft	and	well	location	plan.	554	PRACTICE	To	combat	settlement	of	the	sensitive	soils	under	the	housing	facility,	a	system	of	6	recharge	wells	was	installed	in	the	limited	area	between	the	shaft	and	the	sensitive	structure.	The	recharge	system	used	an	activated	carbon	vessel	to	filter	the	recharge	water	and	was	operational	for	a
little	over	5	months.	With	the	carbon	filtration	setup,	the	recharge	system	was	able	to	maintain	a	consistent	flow	of	water	into	the	ground	throughout	the	life	of	the	system	without	any	maintenance	or	redevelopment	of	the	wells.	The	total	recharge	volume	was	2.9	million	gallons	(11	million	L)	of	water	injected	into	the	ground	at	an	average	rate	of	2
gpm	(7.6	L	/	min)	per	well.	The	average	total	dewatering	flow	from	the	deep	wells	and	the	shaft	sumps	was	approximately	18	gpm	(70	L	/	min).	The	proximity	of	the	shaft	to	the	recharge	wells	made	it	difficult	to	achieve	a	balance	between	pumping	and	injection.	With	groundwater	control	within	the	tunnel	provided	by	a	constant	pressure	of
compressed	air,	water	problems	could	be	generated	or	exacerbated	within	the	tunnel	when	the	recharge	flow	rate	was	increased.	With	the	dewatering	and	recharge	combination,	the	shaft	was	able	to	be	completed	and	the	local	tunneling	work	accomplished	while	not	exacerbating	the	settlement	of	the	multistory	housing	facility.	Totalizer	vs	Time	for
Recharge	System	3.500.000	12.000	3.000.000	10.000	Total	recharge	flowrate	8.000	2.000.000	6.000	1.500.000	Totalizer	reading	(m	3	)	Totalizer	reading	(gal)	2.500.000	4.000	1.000.000	Individual	recharge	wells	2.000	500.000	0	0	20	40	60	80	100	120	140	160	0	180	Time	(days)	Figure	25.18	Recharging	data.	The	cumulative	recharge	volume
indicates	undiminishing	recharge	injection	over	a	period	of	five	months.	Over	this	time	period,	total	dewatering	flows	were	essentially	constant	and	piezometric	levels	never	reached	original	static	levels,	but	rose	gradually	over	the	time	period.	water	source	is	necessary	prior	to	permitting,	and	also	periodically	during	the	operation.	There	have	been
instances	where	meeting	federal,	state,	or	local	requirements	was	not	feasible.	In	one	water-short	region	in	California,	dewatering	discharge	must	by	law	be	returned	to	the	ground.	But	the	quality	of	existing	groundwater	does	not	meet	the	requirements	for	recharge	water.	Even	surface	water	from	some	of	the	neighboring	canyons	is	too	high	in
dissolved	solids	to	be	used	for	recharge.	For	recharge	requirements,	the	local	Watermaster	circumvents	the	problem	by	blending	local	surface	water	with	water	that	has	been	brought	all	the	way	from	Oregon	by	the	California	water	project.	Waivers	can	be	obtained	in	such	a	situation,	but	the	process	takes	time	and	should	be	handled	during	the
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for	Artifical	Recharge	of	Ground	Water:	EWRI	/	ASCE	34-01	(2001).	American	Society	of	Civil	Engineers,	Reston,	VA.	CHAPTER	26	Electrical	Design	for	Dewatering	Systems	his	chapter	discusses	electrical	equipment	as	applied	on	dewatering	projects.*	Most	dewatering	systems	are	temporary,	and	details	of	electrical	installation	may	differ	from	those
employed	on	permanent	construction.	Current	codes	adopted	by	federal,	state,	and	local	agencies	must	be	followed.	The	codes,	however,	are	not	typically	oriented	toward	temporary	electrical	distribution,	and	some	judgment,	with	a	particular	emphasis	in	safety,	should	be	used.	Some	very	small	dewatering	systems	use	single	phase	equipment;	most,
however,	involve	three-phase	power,	and	the	three-phase	power	is	therefore	emphasized	in	this	chapter.	T	pensive	1750	rpm	motors.	Reliability	is	good,	provided	the	motor	is	selected	and	installed	properly.	Points	to	consider	are	as	follows:	•	The	motor	should	have	sufficient	horsepower,	torque,	and	thrust	capacity	for	the	pump	to	which	it	is	coupled.
•	The	pump	should	be	in	good	condition,	and	it	should	•	26.1	ELECTRICAL	MOTORS	Most	dewatering	applications	use	three-phase,	squirrel	cage	induction	motors,	in	one	of	the	following	constructions.	The	turbine	submersible	motor	as	shown	in	Fig.	12.4,	is	used	to	drive	single-	or	multistage	vertical	turbine	pumps.	The	motor	is	mounted	below	the
pump.	It	is	a	slender	unit	designed	to	fit	in	small-diameter	wells.	A	mechanical	shaft	seal	isolates	the	motor	fluid,	which	may	be	oil	or	a	waterbased	emulsion,	from	the	water	in	the	well.	A	rubber	diaphragm	balances	the	internal	and	external	pressures.	The	motor	efficiency	of	the	more	common	3500	rpm	motor	is	moderate	to	high,	typically	between	60
and	85%,	but	efficiency	can	be	higher	with	the	less	common	and	more	ex*	Standards	and	practices	for	electrical	design	and	product	manufacture	and	usage	vary	from	country	to	country,	as	do	the	accepted	units	of	electrical	measurement.	It	is	therefore	not	practical	to	attempt	to	address	international	variances	within	this	chapter.	Accordingly,
discussion	is	confined	to	current	practice	in	the	United	States.	International	readers	are	advised	to	consult	their	local	regulating	agencies.	556	•	be	suitable	for	the	volume	and	head	to	be	handled.	If	the	pump	vibrates	because	of	wear,	cavitation,	or	misapplication,	the	motor	can	be	damaged.	The	water	to	be	pumped	should	be	free	of	solids.	The
tolerances	within	vertical	turbine	pumps	are	relatively	tight	and	vertical	turbine	pumps	can	lock	up	with	sandsize	particles.	If	the	water	is	corrosive,	special	motor	materials	may	be	advisable.	The	turbine	submersible	motor	is	designed	to	be	cooled	by	moving	water	and	is	typically	designed	for	a	maximum	water	temperature	of	approximately	86⬚F
(30⬚C).	In	most	water	supply	installations,	the	motor	sits	above	the	point	where	water	enters	the	well	bore	(i.e.,	above	the	screen)	and	circulation	occurs	automatically.	In	many	dewatering	applications,	however,	the	motor	sits	near	the	bottom	of	the	well	and	if	the	well	has	been	socketed	into	clay	the	water	around	the	motor	may	be	too	still	for
satisfactory	cooling,	particulary	in	low-yielding	formations.	If	diametral	clearance	is	available,	a	shroud	may	be	installed	around	the	motor	to	direct	the	flow	(Fig.	26.1),	or	a	bypass	of	smalldiameter	tubing	can	be	provided	to	route	a	portion	of	the	discharge	down	to	the	motor	area.	The	shroud	is	also	effective	in	preventing	sediment	from	building	up
around	the	motor	but	can	have	detrimental	effects	if	incrustation	may	be	possible	(Chapter	13).	‘‘Dry-run	protection’’	can	be	provided	either	integral	to	the	motor	or	externally	within	the	control	panel	to	automatically	stop	and	restart	the	pumps	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.
Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	ELECTRICAL	DESIGN	Figure	26.1	Cooling	arrangements	for	turbine	submersible	motors.	(a)	Shroud.	(b)	Cooling	water	bypass.	when	operating	in	low-flow	conditions	(Chapter	18).	Typical	characteristics	of	turbine	submersible
motors	are	shown	in	Table	26.1.	The	contractor’s	submersible	motor	(Fig.	26.2)	is	designed	specifically	to	drive	the	single-stage	or	multiple-stage	contractor’s	pump.	It	is	generally	larger	in	diameter,	more	rugged,	and	less	efficient	with	its	pump	than	the	turbine	submersible	unit.	The	contractor’s	motor	is	usually	filled	with	nontoxic,	environmentally
safe	oil,	and	mounted	above	the	pump.	The	impeller	is	normally	driven	by	an	extension	of	the	motor	shaft.	A	mechanical	shaft	seal	isolates	the	motor	fluid	from	the	water	pumped.	The	pump	discharge	is	arranged	to	flow	past	the	motor	to	provide	cooling.	The	unit	was	originally	designed	for	open	pumping,	but	the	more	streamlined	models	have	gained
wide	acceptance	in	shallow	dewatering	wells	with	large-diameter	screens	and	casings.	Reliability	is	good,	provided	the	unit	is	selected	and	installed	properly.	Points	to	consider	are	as	follows:	•	The	pump	is	designed	to	have	reasonable	life	when	han-	•	dling	small	amounts	of	solids.	But	if	the	water	contains	excessive	amounts	of	abrasive	particles,
wear	will	be	rapid.	If	the	unit	continues	to	operate	with	a	worn	pump,	vibration	can	cause	motor	failure.	Since	the	motor	depends	on	pumped	water	for	coolant,	the	pump	should	not	be	run	dry.	These	pumps	are	commonly	float-activated	to	minimize	‘‘dry-running.’’	Typical	characteristics	of	contractor’s	submersibles	are	shown	in	Table	26.2.	The
vertical	hollowshaft	motor	(Fig.	26.3)	is	a	surfacemounted	unit	used	to	drive	lineshaft	turbine	well	pumps	and	FOR	DEWATERING	SYSTEMS	557	wellpoint	pumps.	It	is	higher	in	efficiency	than	the	submersible	motor,	typically	on	the	order	of	85	to	90%.	The	model	usually	used	in	dewatering	is	open	drip	proof	(ODP).	Turbine	pumps	can	run	backward
when	shut	off	as	water	in	the	discharge	column	drains	down	through	the	pump.	To	avoid	damage	to	the	motor	if	it	is	restarted	too	quickly,	a	nonreverse	ratchet	(NRR)	device	or	a	check	valve	is	advisable.	Typical	characteristics	of	vertical	hollowshaft	motors	are	shown	in	Table	26.3.	Conventional	horizontal	motors	are	used	to	drive	wellpoint	pumps,
vacuum	pumps,	ejector	pumps,	self-priming	pumps,	and	miscellaneous	units.	Where	the	motor	is	to	be	sheltered	from	direct	rainfall,	the	open	drip	(ODP)	construction	is	suitable.	In	wet	locations	the	totally	enclosed	fan-cooled	(TEFC)	construction,	as	shown	in	Fig.	26.4,	is	preferred.	Typical	characteristics	of	horizontal	motors	are	given	in	Table	26.4.



Power	supply	to	any	electric	motor	must	be	of	the	voltage,	phase,	and	frequency	for	which	the	motor	is	designed.	Voltage	reductions	(‘‘brownouts’’)	and	frequent	power	outages	can	damage	motors;	although	the	controls	are	designed	to	protect	against	such	events,	they	may	not	be	set	with	appropriate	tolerances	and	may	sometimes	malfunction.	In
areas	of	intense	thunderstorm	activity,	lightning	arresters	may	be	advisable	to	prevent	voltage	surges	in	the	power	supply	from	shorting	out	the	motors.	A	lightning	arrester	acts	to	dissipate	voltage	surges	before	they	can	damage	motors	and	other	equipment.	It	is	not	possible	to	protect	against	a	direct	hit,	but	this	is	fortunately	rare.	More	commonly,
when	lightning	strikes	near	a	power	line	it	induces	an	instantaneous	pulse,	perhaps	some	thousands	of	volts,	which	can	break	down	motor	insulation.	Submersibles	are	particularly	susceptible	because	their	housing	is	very	well	grounded.	Figure	26.5	shows	the	distribution	of	thunderstorm	activity	in	the	United	States.	In	critical	areas,	unless	the
power	system	has	lightning	protection	close	to	the	jobsite,	it	may	be	advisable	to	provide	for	arresters	in	the	dewatering	design.	Heat	generated	by	losses	in	an	electric	motor	winding	is	always	a	threat	to	the	insulation.	Motors	are	designed	to	operate	within	a	range	of	ambient	temperatures	at	full	load.	Submersible	motors	should	be	operated	at	a
maximum	ambient	temperature	of	approximately	86⬚F	(30⬚C).	The	ambient	range	for	surface	motors	is	between	⫹23⬚	and	104⬚F	(⫺5⬚	and	⫹40⬚C),	and	they	should	be	protected	from	direct	sunlight	in	hot	weather,	and	when	operated	in	a	cramped	enclosure,	ventilation	should	always	be	provided.	Special	lubricants	or	motors	may	be	required
when	operating	outside	of	the	typical	operating	temperature	ranges,	and	it	is	recommended	that	the	motor	manufacturer	be	contacted	for	guidance.	Unbalanced	phasing	is	a	phenomenon	that	sometimes	occurs	in	power	systems	when	single-phase	loads	taken	off	the	individual	phases	are	unequal.	It	cannot	be	detected	by	voltmeters,	but	when	a
three-phase	motor	is	operated	it	is	re-	558	PRACTICE	Table	26.1	Typical	Characteristics	of	Turbine	Submersible	Motors	Full-load	current,	amps	Motor	horsepower	(hp)	Single	phase	Three	phase	Motor	diameter	(in.)	Speed	(rpm)	115	V	230	V	–13	4	3450	8.0	4.0	1	2	–	4	3450	10.0	5.0	2.4	1.2	–34	4	3450	6.8	3.1	1.6	1	4	3450	8.2	3.9	2.0	2	4	3450	10.0	6.7
3.4	3	4	3450	14.0	9.5	4.8	5	4	3450	23.0	15.9	8.0	5	6	3450	15.0	7.5	10	6	3450	28.4	14.2	15	6	3450	41.6	20.8	20	6	3450	53.8	26.9	25	6	3450	67.0	32.0	30	6	3450	79.0	39.5	40	8	3520	53.0	50	8	3525	64.0	60	8	3525	76.0	230	V	460	V	75	8	3525	97.9	100	8	3525	126.0	vealed	as	varying	amperage	among	the	phases.	It	can	cause	overheating	in	the	winding
of	the	high-amperage	phase.	Phase	unbalance	can	also	occur	due	to	a	faulty	motor	winding.	A	system	problem	can	be	distinguished	from	a	motor	problem	by	rotating	connections	to	see	if	the	unbalance	is	consistent	between	the	conductors.	If	so,	the	problem	is	in	the	motor.	The	manufacturer	assigns	each	motor	a	service	factor,	which	is	the
percentage	above	full	load	at	which	the	motor	is	designed	for	continuous	safe	operation.	In	large	motors,	the	service	factor	is	usually	1.15,	or	15%	overload.	In	fractional	horsepower	motors,	the	service	factor	can	be	as	high	as	1.6.	The	service	factor	should	never	be	exceeded.	When	operating	in	the	service	factor	range,	special	attention	to	motor
cooling	is	advisable.	When	an	electric	motor	starts,	there	is	an	inrush	current	that	may	be	five	to	seven	times	full	load,	and	lasts	perhaps	10–20	cycles.	This	causes	a	momentary	increase	in	temperature,	which	gradually	dissipates	as	the	motor	continues	to	operate.	If	the	motor	is	started	and	stopped	frequently,	however,	the	temperature	can	increase
to	dangerous	levels.	Table	26.5	provides	the	typical	allowable	number	of	starts	per	24hour	period.	When	motors	are	to	be	activated	by	automatic	controls,	some	regulation	is	necessary	to	prevent	excessive	starts	and	stops.	Rotation	on	a	three-phase	motor	must	always	be	checked	before	the	motor	is	put	in	operation.	Well	pumps	will	function	in
reverse	rotation,	but	at	reduced	efficiency.	Prolonged	operation	in	reverse	rotation	can	damage	the	equipment.	Submersible	motors	can	be	checked	for	rotation	by	observing	the	direction	of	the	kick	at	startup,	by	measuring	the	performance	of	the	pump,	which	will	be	less	than	normal,	or	the	amperage	draw	of	the	motor,	which	will	usually	be	less
than	normal.	If	the	motor	is	operating	in	reverse,	interchanging	any	two	of	the	three	wires	will	correct	the	rotation.	All	motors,	and	particularly	submersible	motors,	should	have	their	windings	checked	for	resistance	to	ground	with	a	megohm-meter	before	being	placed	in	operation,	and	the	results	recorded	for	future	reference.	A	minimum	of	1000
ohms	per	nameplate-rated	volt	should	be	used	as	the	minimum	allowable.	One	megohm	is	a	standard	minimum	pass–fail	threshold	for	a	460-V-rated	motor.	The	higher	the	reading,	the	greater	the	winding	insulation	integrity.	The	motor	manufacturer’s	recommended	test	voltages	should	never	be	exceeded,	as	winding	damage	may	result.	If
manufacturer’s	recommendations	are	not	available,	the	test	voltage	should	be	set	at	just	above	the	motor	nameplate	voltage;	A	230-V	motor	should	be	tested	at	250	V,	and	a	460-V	motor	should	be	tested	at	500	V.	It	is	good	practice	to	measure	and	record	the	voltages	and	amperages	of	the	loaded	motor	upon	initial	startup	also.	These	data	can	be
used	for	troubleshooting	should	there	be	a	problem	in	the	future.	Although	not	common	practice,	variable	frequency	drives	(VFD)	have	been	used	in	dewatering	systems	and	can	ELECTRICAL	DESIGN	FOR	DEWATERING	SYSTEMS	559	Figure	26.3	Vertical	hollowshaft	motor.	Courtesy	Emerson	/	U.S.	Electric	Motors.	Figure	26.2	Contractor’s
submersible	motor.	Courtesy	Multiquip	Inc.	Table	26.2	Typical	Characteristics	of	Contractor’s	Submersible	Motors	Full-load	current,	amps	Motor	horsepower	(hp)	–34	Motor	diameter	(in.)	Single	phase	Three	phase	Speed	(rpm)	115	V	230	V	230	V	5	5––	16	3450	10.4	5.1	2.6	1.4	5	16	3.4	1.7	6.8	3.4	440–460	V	1	5––	3450	13.5	7.1	2	7–38	3450	23.4	11.7
2–12	7–38	3450	1	2	3–	3	8	7–	3450	5	7–38	3450	15.5	7.8	10	10–12	3450	28.0	14.0	15	10–12	3450	39.5	19.7	25	12–34	3450	65.8	32.9	3	4	18.5	40	12–	3450	51.0	58	17	3450	65.0	75	21	1750	95.0	88	30–34	1700	110.0	90	21	1700	110.0	560	PRACTICE	Table	26.3	Typical	Characteristics	of	Vertical	Hollow	Shaft	Motors	Table	26.4	Typical	characteristics	of
ODP	Horizontal	Motors	at	Nominal	1800	rpm	Full	load	current,	amps	Motor	horsepower	(hp)	Pump	diameter	(in.)	Speed	(rpm)	3	10	5	10	7–12	Full-load	current,	amps	Three	phase	Motor	horsepower	(hp)	Pump	diameter	(in.)	Speed	(rpm)	Three	phase	230	V	460	V	230	V	460	V	1750	8.4	4.2	3	10	1750	8.4	4.2	1745	13.4	6.7	5	10	1745	13.4	6.7	10	1745
21.0	10.5	7–12	10	1745	21.0	10.5	10	10	1740	26.8	13.4	10	10	1740	26.8	13.4	15	10	1755	42.0	21.0	15	10	1755	42.0	21.0	20	12	1755	51.0	25.5	20	12	1755	51.0	25.5	25	12	1750	64.8	32.4	25	12	1750	64.8	32.4	30	12	1750	77.0	38.5	30	12	1750	77.0	38.5	40	16–12	1750	100.2	50.1	40	16–12	1750	100.2	50.1	50	1	2	16–	1760	126.0	63.0	50	1	2	16–	1760
126.0	63.0	60	16–12	1765	146.0	73.9	60	16–12	1765	146.0	73.9	75	16–12	1765	182.6	91.3	75	16–12	1765	182.6	91.3	100	1	2	16–	1765	240.6	120.3	100	1	2	16–	1765	240.6	120.3	125	16–12	1770	288.0	144.0	125	16–12	1770	288.0	144.0	150	16–12	1770	346.0	173.0	150	16–12	1770	346.0	173.0	200	1	2	16–	1770	460.0	230.0	200	1	2	16–	1770	460.0
230.0	250	20	1775	574.0	287.0	250	20	1775	574.0	287.0	300	20	1775	690.0	345.0	300	20	1775	690.0	345.0	350	20	1775	806.0	403.0	350	20	1775	806.0	403.0	400	24–12	1775	924.0	462.0	400	24–12	1775	924.0	462.0	450	24–12	1775	1016.0	508.0	450	24–12	1775	1016.0	508.0	500	1	2	24–	1770	1130.0	565.0	500	1	2	24–	1770	1130.0	565.0	600	24–12
1770	1380.0	690.0	600	24–12	1770	1380.0	690.0	generally	be	used	with	all	of	the	motors	discussed	in	this	chapter.	The	VFD	control	reduces	the	frequency	from	the	power	source	to	the	motor,	which	in	turn	reduces	the	speed	of	the	motor,	thus	reducing	the	horsepower	draw.	The	advantages	of	the	VFD	are	•	The	ability	to	draw	only	the	required
amount	of	power,	•	Figure	26.4	Totally	enclosed	fan	cooled	construction.	Courtesy	Emerson	/	U.S.	Electric	Motors.	thus	ensuring	a	more	efficient	operation	which	reduces	power	consumption	and	ultimately	reduces	the	cost	of	operation	of	the	system.	The	ability	to	finely	‘‘tune’’	a	pumping	system	to	eliminate	or	minimize	starts	and	stops	of	an
intermittently	operated	motor.	A	VFD	will	also	provide	a	less	harmful	ramped	up	‘‘soft	start’’	for	a	motor,	which	does	not	cause	the	same	stress	to	the	motor	as	a	full-speed	start,	thus	extending	the	motor’s	life.	VFDs	can	add	a	significant	cost	to	the	pumping	equipment	and	installation;	therefore,	where	the	intent	is	to	reduce	power	cost,	the	initial
investment	may	be	offset	only	with	a	significantly	long	operational	period.	ELECTRICAL	DESIGN	FOR	DEWATERING	SYSTEMS	561	Figure	26.5	Thunderstorm	activity	in	the	United	States.	Courtesy	National	Oceanic	and	Atmospheric	Administration,	National	Climatic	Data	Center.	Table	26.5	Number	of	Starts	Max.	starts	per	24-hour	period	Motor
rating	HP	kW	Single	phase	Three	phase	Up	to	0.75	Up	to	0.55	300	300	1	through	5.5	0.75	through	4	100	300	7.5	through	30	5.5	through	22	50	100	40	and	over	30	and	over	100	Source.	Courtesy	Franklin	Electric.	When	a	surface	motor	is	immersed	by	a	flood,	as	occasionally	happens	in	dewatering,	it	should	be	sent	to	a	motor	facility	to	have	its
bearings	cleaned	and	its	winding	baked	out.	Without	this	precaution,	there	is	danger	of	destroying	the	stator	winding.	It	may	be	advisable	to	dip	the	winding	in	varnish	to	restore	the	insulation.	26.2	MOTOR	CONTROLS	Many	motor	failures	result	from	controls	that	have	been	improperly	selected	or	maintained.	Many	of	the	nuisance	problems	that
occur	in	electrical	systems	result	from	malfunctioning	or	misapplied	controls.	The	controls	are	vital	to	the	proper	performance	of	the	system,	and	to	the	safety	of	personnel	and	equipment.	They	should	be	fully	understood	by	the	dewatering	engineer.	The	basic	functions	of	a	motor	control	are	•	To	provide	means	for	manually	disconnecting	power	from
the	circuit	•	To	cut	power	automatically	in	the	event	of	a	short	circuit	•	To	start	and	stop	the	motor	manually	and/or	automat•	ically	To	protect	the	motor	against	overload	A	typical	three-phase	control	panel	is	shown	in	Figs.	26.6	and	26.7.	It	has	these	elements:	•	A	disconnect	switch.	When	the	switch	is	in	the	off	po-	sition,	the	circuitry	inside	the
panel	is	dead,	except	for	the	line	side	of	the	switch,	which	can	be	shielded	by	an	insulating	cover.	(This	cover	should	not	be	removed,	because	of	risk	to	service	personnel.)	NEMA	(National	Electrical	Manufacturers	Association)	design	requires	motor	control	disconnect	switches	to	be	horsepower	rated,	thus	being	able	to	open	and	close	a	circuit	under
load	without	self-destructing;	however,	the	switch(es)	should	not	be	operated	under	load	with	the	door	open	because	hazardous	arcing	can	occur,	which	in	some	cases	could	injure	personnel	or	damage	equipment.	562	PRACTICE	•	Circuit	breakers	or	fuses	for	protection	against	short	circuit.	•	•	Figure	26.6	Three-phase	motor	control	panel.	Courtesy
Moretrench.	Figure	26.7	Basic	wiring	diagram	for	a	three-phase	motor	control	panel.	The	circuit	breaker	or	fuse	size	is	a	multiple	of	the	motor	full-load	current	in	order	to	handle	the	inrush	current	at	startup.	Thus,	the	fuse	rating	is	too	high	to	protect	against	motor	overload.	With	dual-element	fuses,	the	time	delay	permits	the	use	of	lower	ratings.	A
circuit	breaker	can	be	used	in	lieu	of	fuses.	Unlike	a	fuse,	which	operates	once	and	then	needs	to	be	replaced,	a	circuit	breaker	can	be	reset	to	resume	normal	operation.	Some	circuit	breakers	have	adjustable	ranges	to	avoid	nuisance	tripping.	Proper	fuse	and	circuit	breaker	size	is	critical	for	proper	protection	of	equipment	and	personnel.	A	magnetic
contactor.	This	device	is	used	to	start	and	stop	the	motor	on	a	continuous	basis.	The	contactor	is	sized	specifically	for	the	motor	it	is	operating	and	has	special	contacts	with	rapid	action	designed	to	survive	the	arcing	that	occurs.	A	coil	inside	the	contactor	(coil	M	on	Figure	26.7)	is	energized	by	the	control	circuit	(i.e.,	level	switch,	hand	switch,	etc.),
creating	a	magnetic	field	that	pulls	the	contacts	together	and	energizes	the	motor.	Overload	relays.	Overload	relays	contain	thermal	elements,	commonly	called	heaters,	which	are	connected	in	series	with	the	motor	power	leads.	These	monitor	the	motor	current	draw.	To	monitor	motor	currents	accurately,	the	overload	heaters	must	be	precisely	sized
for	each	motor.	This	will	ensure	adequate	protection	from	sustained	motor	overloads.	When	one	or	more	of	the	overloads	trip,	all	power	to	the	motor	is	interrupted.	Older-style	overload	relays	have	to	be	reset	manually	after	tripping.	Newer	electronic	overload	relays	can	be	set	up	to	reset	manually	or	automatically.	Some	of	these	newer	units	also
monitor	for	phase	unbalance.	If	the	voltage	source	is	not	stable	or	not	balanced,	nuisance	tripping	will	occur,	possibly	to	the	point	of	the	motor	not	functioning	at	all.	The	operation	of	heaters	is	time	dependent—the	higher	the	current,	the	faster	they	will	trip.	This	design	allows	the	motor	to	draw	high	starting	currents	momentarily	without	nuisance
tripping.	Hence,	they	do	not	protect	against	instantaneous	current	spikes	or	short	circuits,	which	is	the	job	of	the	fuses	or	circuit	breakers.	It	is	essential	to	understand	the	functioning	of	the	various	components	in	the	control	panel	for	effective	troubleshooting.	For	safety,	control	panels	are	interlocked	so	that	the	door	cannot	be	opened	unless	the
switch	is	in	the	off	position.	With	the	door	opened,	the	switch	arm	can	be	rotated	to	the	on	position	so	that	panel	elements	can	be	checked	with	proper	instruments	by	qualified	personnel	only.	A	hot	panel	with	an	open	door	is	potentially	dangerous	to	inexperienced	personnel	and	should	be	approached	only	with	proper	training	and	safety	measures.
Referring	to	the	basic	wiring	diagram	in	Fig.	26.7,	when	the	switch	is	on	voltage	should	appear	at	both	sides	of	the	ELECTRICAL	DESIGN	fuses.	The	motor	will	not	start,	however,	until	a	circuit	is	completed	through	the	coil	M.	If	the	heater	relays	are	all	reset,	the	coil	will	be	energized	when	the	start	button	is	pressed	and	the	starter	will	engage,
closing	the	main	motor	contacts	and	the	auxiliary	contacts	2	and	3.	These	contacts	are	in	parallel	with	the	start	button	and	maintain	the	circuit	through	coil	M	when	the	button	is	released.	The	various	automatic	devices	used	in	dewatering	pump	control	all	act	to	make	or	break	the	circuit	through	the	coil	M.	A	typical	automatic	panel	with	line	voltage
controls,	as	illustrated	in	Fig.	26.8,	has	these	elements:	•	A	hand-off-automatic	(H-O-A)	switch	so	that	the	•	•	pump	can	be	operated	manually,	bypassing	the	automatic	controls.	A	water	level	control	to	start	and	stop	the	pump	when	the	H-O-A	switch	is	in	the	automatic	position.	A	pneumatic	or	electronic	timer,	which	acts	to	delay	start	of	the	motor	for
a	preset	time,	typically	in	seconds	rather	than	minutes.	Timers	are	essential	on	a	system	of	several	pumps	with	automatic	standby	diesel	generators.	Should	the	motors	start	simultaneously,	the	combined	inrush	currents	would	overload	the	circuit,	blowing	fuses,	tripping	circuit	breakers,	and	perhaps	damaging	equipment.	Pneumatic	or	electronic
timers	provide	a	staggered	startup	of	the	motors	in	the	system.	They	also	act	to	prevent	overheating	from	frequent	starts.	When	a	dewatering	pump	ceases	to	function,	the	first	step	is	to	have	a	trained	and	qualified	individual	check	the	FOR	DEWATERING	SYSTEMS	563	control	panel.	Instruments	required	are	a	voltmeter,	an	ammeter,	and	a
megohm-meter.	Problems	frequently	encountered	are	as	follows:	•	Blown	fuse	or	tripped	circuit	breaker.	The	fuse	can	be	•	•	replaced	or	the	breaker	reset.	Sometimes	the	cause	cannot	be	determined;	it	may	have	been	a	transient	low	voltage,	subsequently	corrected.	But,	at	the	least,	the	motor	and	wiring	should	be	tested	using	a	megohmmeter	and
the	results	compared	with	the	results	of	the	initial	megohm-meter	test.	The	voltage	and	amperage	should	also	be	checked	while	under	load	conditions	and	recorded	before	the	unit	is	returned	to	service.	Tripped	overload	relay.	Again,	an	effort	is	made	to	determine	why	the	relay	tripped.	It	may	be	a	weak	relay,	transient	low	voltage,	or	high	ambient
temperatures.	Sometimes	problems	occur	with	a	control	panel	mounted	in	direct	sunlight.	It	can	also	be	a	serious	motor	overload,	and	repeated	restarts	may	burn	out	the	motor.	Component	malfunction.	A	panel	component	may	have	malfunctioned	and	need	replacement.	Among	the	common	difficulties	are	burned	out	coils,	burned	or	welded	contacts
on	the	magnetic	contactor,	weak	or	defective	overload	relays,	and	defective	automatic	devices.	The	starters	shown	in	Figs.	26.6	to	26.8	are	across	the	line,	i.e.,	the	full	voltage	is	applied	to	the	motor,	with	accompanying	high	starting	current.	For	larger	motors	(over	100	hp),	the	starting	current	may	cause	difficulties	with	volt-	Figure	26.8	Wiring
diagram	for	an	automatic	three-phase	motor	control	panel.	564	PRACTICE	Figure	26.9	Portable	diesel	electric	generator	set.	Courtesy	Moretrench.	age	drop.	Reduced	voltage	starters,	at	higher	cost,	are	available	to	ameliorate	the	problem.	Reducing	the	voltage	for	a	short	time	during	the	starting	of	the	motor	effectively	reduces	the	starting	currents
and	thus	reduces	the	voltage	drop	in	the	service	line.	Electrical	controls	should	be	protected	from	precipitation	and	direct	sunlight.	Weather-resistant	enclosures	(NEMA	3R)	are	reasonably	effective,	but	they	should	be	shaded	in	hot	weather.	In	very	damp	areas,	it	may	be	advisable	to	use	watertight	enclosures	(NEMA	4).	Sometimes	electric	heating
elements	are	placed	in	the	enclosure	to	keep	the	controls	dry	when	the	motor	is	not	running.	power	factor	meters	in	the	service,	and	penalizing	customers	with	higher	rates	when	the	power	factor	drops	below	a	specified	value.	The	problem	can	be	significant	in	a	dewatering	system,	since	after	initial	storage	depletion	many	of	the	motors	in	the	system
will	be	operating	under	light	load.	The	power	factor	can	be	increased	by	installing	capacitors	in	the	system.	Extreme	caution	must	be	used	while	working	on	or	near	capacitors	and	equipment	that	contains	capacitors;	they	may	contain	hazardous	voltages	even	after	disconnected	from	the	power	source.	26.4	ELECTRIC	GENERATORS	26.3	POWER
FACTOR	The	load	placed	on	an	electrical	circuit	by	motors	is	inductive,	which	causes	the	current	to	lag	the	voltage.	The	power	factor	is	a	measure	of	that	lag	between	voltage	and	current.	An	electric	circuit	powering	motors	under	full	load	may	have	a	power	factor	between	0.8	and	0.9.	When	motors	are	operating	at	less	than	full	load	the	power	factor
decreases.	To	supply	the	true	power	(or	output	power)	as	measured	in	kilowatts	(kW)	to	a	motor	circuit,	the	electrical	system	must	provide	the	apparent	power	as	measured	in	kilovoltamperes	(kVA)	at	a	higher	value,	the	ratio	being	the	power	factor:	power	factor		true	power	or	apparent	power	kW	kVA	(26.1)	The	size	of	the	generators,	switchgear,
and	conductors	in	an	electric	system	is	determined	by	the	kilovolt-amperes.	Hence,	a	system	for	a	given	load	in	kilowatts	is	more	expensive	to	construct	when	the	power	factor	is	low.	Some	public	utility	companies	recognize	this	situation	by	installing	Portable	generator	sets	(Fig.	26.9)	are	available	from	3kW	up	to	700	kW	or	more.	Sizes	up	to	25	kW
are	usually	gasoline-powered;	larger	sizes	are	diesel-powered.	Usually	generators	are	rated	differently	for	prime	(i.e.,	continuous)	and	standby	operation,	the	prime	rating	being	significantly	lower.	Systems	designed	with	generators	running	loads	continuously	for	8	hours	or	more	and	on	a	regular	basis	must	use	the	prime	rating	figures	when	selecting
the	generator	size.	Generators	may	be	rated	in	kW	or	kVA,	the	difference	being	the	power	factor.	The	rating	is	based	on	the	combined	characteristics	of	the	diesel	engine	and	the	electric	generator;	manufacturer’s	recommendations	should	be	followed.	Theoretically,	one	horsepower	of	motor	load	is	the	equivalent	of	0.749	kW.	However,	the	power
factor	must	be	considered,	so	that	1	hp	is	almost	the	equivalent	of	1	kVA	in	generator	capacity.	For	systems	of	moderate	size,	it	is	customary	to	provide	1	kVA	per	horsepower.	On	larger	systems,	more	care	is	warranted;	significant	savings	in	generator	size	and	circuit	equipment	may	be	possible	by	accurate	design,	perhaps	with	the	addition	of
capacitors.	ELECTRICAL	DESIGN	Table	26.6	Engine-driven	Generators	Minimum	rating	of	generator	Externally	regulated	Motor	rating	hp	kW	kW	Internally	regulated	KVA	kW	KVA	–13	0.25	1.5	1.9	1.2	1.5	1	2	–	0.37	2	2.5	1.5	1.9	–34	0.55	3	3.8	2	2.5	0.75	4	5	2.5	3.125	1–	1.1	5	6.25	3	3.8	2	1.5	7.5	9.4	4	5	3	2.2	10	12.5	5	6.25	5	3.7	15	18.75	7.5	9.4	5.5
20	25	10	12.5	7.5	30	37.5	15	18.75	1	1	2	1	2	7–	10	15	11	40	50	20	25	20	15	60	75	25	31	25	18.5	75	94	30	37.5	30	22	100	125	40	50	40	30	100	125	50	62.5	50	37	150	188	60	75	60	45	175	220	75	94	75	55	250	313	100	125	100	75	300	375	150	188	125	90	375	469	175	219	150	110	450	563	200	250	175	130	525	656	250	313	200	150	600	750	275	344
When	the	system	consists	of	a	small	number	of	large	motors,	the	starting	current	may	become	a	consideration.	For	example,	a	50-kW	generator	is	normally	adequate	for	10	motors	of	5	hp,	but	if	it	is	used	to	power	two	motors	of	25	HP,	there	may	be	a	temporary	overload	when	the	second	motor	is	started.	Generators	vary	in	their	ability	to	absorb
short-term	overloads,	and	the	manufacturer	should	be	consulted.	It	may	be	advisable	to	use	a	larger	generator	or	to	provide	reduced	voltage	starters	for	the	motors.	Greater	generator	capacity	is	required	to	start	a	motor	than	to	keep	it	running,	and	that	additional	capacity	will	vary	with	the	construction	of	the	generator.	There	are	two	types	of
generators	available:	externally	and	internally	regulated.	Most	are	externally	regulated,	i.e.,	they	use	an	external	voltage	regulator	that	senses	the	output	voltage.	As	the	voltage	dips	at	motor	startup,	the	regulator	increases	the	output	voltage	of	the	generator.	Internally	regulated	(self-excited)	generators	have	an	extra	winding	in	the	generator	stator.
The	extra	winding	senses	the	output	current	to	automatically	adjust	the	output	voltage.	Two	to	three	kilowatts	of	generator	capacity	is	required	to	start	1	hp	with	FOR	DEWATERING	SYSTEMS	565	an	externally	regulated	generator,	and	1	to	1.5	kW	of	generator	capacity	is	required	to	start	1	hp	with	an	internally	regulated	generator	(Table	26.6)
Generators	can	be	run	in	parallel	on	the	same	circuit,	but	the	procedure	requires	sophisticated	instruments	to	synchronize	the	generators,	and	thoroughly	trained	operators.	When	generators	are	used	in	parallel	and	one	unit	is	put	on	line	out	of	sync	with	the	others,	serious	injury	to	personnel	and	equipment	can	occur.	For	temporary	dewatering
installations,	the	generators	are	usually	arranged	in	separate	circuits,	using	double-throw	switches,	as	shown	in	Fig.	26.10.	Generators	should	normally	be	housed	to	protect	the	engine	and	electrical	equipment	from	the	weather.	The	building	should	have	ventilation	louvers	of	ample	size,	and	provision	for	closing	them	when	the	generator	is	not
operating.	Generators	typically	come	in	their	own	enclosure	with	sound	attenuating	panels	so	they	can	be	used	outdoors	even	in	residential	areas.	Figure	26.10	Single-line	diagrams	for	various	generator	arrangements.	(a)	Public	power	with	standby	generator.	(b)	Operating	and	standby	generators.	(c)	Two	operating	generators	with	one	standby.	566
PRACTICE	For	unattended	installations,	automatic	startup	controls	or	automatic	transfer	switches	(ATS)	are	available,	with	various	degrees	of	sophistication.	The	minimum	arrangement	is	one	that	will	sense	an	outage,	start	the	generator,	disconnect	the	public	power,	and	put	the	generator	on	line.	When	utility	power	is	restored	and	stable	for	an
adequate	length	of	time,	the	sensing	circuit	in	the	automatic	transfer	switch	will	reconnect	the	load	back	to	the	utility	source.	The	engine	will	be	kept	running	for	another	adequate	length	of	time	in	an	unloaded	condition	to	cool	the	engine	before	shutting	down	and	resetting	into	the	standby	mode.	Some	systems	also	offer	an	exercise	mode	to
automatically	run	the	generator	intermittently	to	ensure	its	reliability.	The	user	usually	has	the	option	to	choose	to	exercise	the	generator	with	or	without	the	load	connected.	26.5	SWITCHGEAR	AND	DISTRIBUTION	SYSTEMS	Figure	26.11	illustrates	a	typical	distribution	system.	At	the	substation,	there	should	be	a	disconnect	switch	with	circuit
protection,	either	fuses	or	circuit	breakers.	The	circuit	should	be	protected	against	current	in	excess	of	the	amperage	rating	of	the	main	conductors.	If	the	size	of	the	main	conductors	is	stepped	down,	for	example,	along	a	line	of	wells,	a	disconnect	switch	should	be	provided	with	circuit	protection	at	the	change	to	a	smaller	size	conductor.	The
National	Electric	Code	(NEC)	does	not	mandate	this	in	the	case	of	taps	off	the	main	conductors	to	individual	well	controls,	provided	the	distance	between	the	tap	and	the	fused	switch	in	the	well	control	panel	is	less	than	10	ft	(3	m)	(NEC	240.21B(1)).	Conductors	must	be	sized	on	the	basis	of	two	considerations:	Figure	26.11	Single-line	diagram	of	a
distribution	system.	•	For	safety	the	maximum	amperage	rating	of	the	con-	•	ductor	(sometimes	called	ampacity)	should	not	be	exceeded,	which	could	result	in	overheating	of	the	conductors.	For	protection	of	the	motors,	the	permissible	voltage	drop	should	not	be	exceeded.	Reduced-size	tap	conductors	(i.e.,	individual	feeders	to	individual	motors)
must	terminate	in	an	overcurrent	device	(fuses	or	circuit	breaker)	with	a	rating	that	does	not	exceed	that	of	the	tap	conductors.	This	is	typically	accomplished	in	the	individual	pump	controller.	The	ampacity	of	the	tap	conductors	will	typically	not	be	less	than	10%	of	the	rating	of	the	mains	from	which	they	are	tapped.	Ampacity	ratings	have	been
established	by	the	NEC	on	the	basis	of	dissipation	of	the	heat	generated	from	line	losses.	The	dissipation	is	a	function	of	the	type	of	insulation,	and	whether	the	conductor	is	on	poles,	in	conduit,	or	buried	underground.	The	ampacity	of	various	sizes	and	types	of	copper	and	aluminum	conductors	is	shown	in	Table	26.7.	The	values	are	for	thermoset
rubber	and	thermoplastic	insulated	cables	(TW,	THW,	RHW)	commonly	used	in	dewatering.	Cables	can	be	purchased	with	a	wide	variety	of	materials	for	conductor	insulation,	jacketing,	and	outer	sheath.	Flexible	hard	service	cord,	referred	to	as	SJO	(up	to	300	V)	and	SO	(up	to	600	V)	cable,	is	a	thermoset	rubber	insulated	cable	that	delivers	superior
performance	with	respect	to	flexibility,	durability	and	tear,	abrasion,	impact,	melting,	and	oil	resistance.	It	is	most	commonly	used	for	individual	pump	cables	in	wet	and	exposed	locations.	It	has	been	found	to	provide	excellent	insulation	protection	for	pump	cables	that	are	exposed	to	potential	physical	contact.	Cable	assemblies	and	flexible	cord
should	always	be	supported,	or	fastened,	in	place	at	intervals	that	ensure	that	they	ELECTRICAL	DESIGN	FOR	DEWATERING	SYSTEMS	567	Figure	26.12	Burial	of	electric	conduit	for	temporary	electrical	distribution.	will	be	protected	from	physical	damage.	Supports	should	be	staples,	cable	ties,	or	straps	(Fig.	26.14).	Where	an	electrical	conductor
is	of	significant	length,	it	may	not	be	possible	to	load	it	to	full	ampacity	because	of	voltage	drop.	The	allowable	voltage	drop,	from	the	substation	to	the	most	distant	motor	on	the	circuit,	is	a	function	of	the	available	voltage	at	the	substation	and	the	maximum	motor	voltage	recommended	by	the	manufacturer	(typically	10%).	Neither	of	these	values	is
straightforward.	At	the	substation,	if	an	individual	transformer	has	been	provided	for	the	dewatering	system	it	may	be	possible	to	tap	the	transformer	in	such	a	way	as	to	provide	a	higher	voltage,	thus	allowing	for	a	greater	voltage	drop.	A	nominal	480-V	supply	can	actually	be	provided	at	490	or	500	V.	On	the	other	hand,	if	the	dewatering	system	is	to
operate	in	a	city	that	is	experiencing	voltage	problems	at	various	times	of	day	or	seasons	of	the	year,	the	nominal	480	voltage	may	actually	be	440	or	420	V.	Extra	caution	must	be	used	when	deciding	to	retap	transformers	to	compensate	for	voltage	drop,	because	as	the	connected	load	decreases	the	voltage	will	rise	to	the	actual	tapped	voltage.
Confusion	also	occurs	with	the	rated	voltage	of	the	motor.	The	motor	may	be	nameplate	rated	for	460	V,	but	be	designed	to	function	satisfactorily	at	440	V.	However,	if	the	application	requires	the	motor	to	operate	above	rated	horsepower	in	the	service	factor	range,	440	V	may	be	harmful.	Similarly,	if	the	motor	is	to	operate	at	high	ambient
temperature,	the	effect	of	low	voltage	is	aggravated.	Total	allowable	voltage	drop,	in	the	distribution	system	and	in	the	tap	to	the	motor,	should	be	selected	on	the	basis	of	a	careful	analysis	of	available	voltage	and	motor	characteristics.	A	voltage	drop	not	exceeding	5%	is	recommended	by	the	NEC,	but	most	motors	can	safely	accommodate	a	10%
voltage	drop	from	the	nominal	voltage.	A	voltage	drop	exceeding	the	motor	manufacturer’s	recommendations	will	adversely	affect	the	machinery	operation	and	may	cause	premature	failure.	The	following	example	illustrates	how	a	conductor	is	sized.	Referring	to	the	single	line	diagram	in	Fig.	26.11,	it	is	desired	to	power	the	four	submersible	motors
arranged	as	shown.	The	control	panel	for	each	motor	is	located	within	10	ft	(3	m)	of	the	main	feeder,	but	the	total	distance	to	the	submersible	motor	is	75	ft	(23	m).	It	is	assumed	that	voltage	at	the	substation	under	full	load	will	be	a	consistent	460	V,	and	that	the	minimum	motor	voltage	recommended	by	the	manufacturer	under	the	given	operating
conditions	is	440	V.	Hence,	the	allowable	voltage	drop	is	20	V.	The	electrical	equivalent	of	‘‘friction	loss,’’	i.e.,	the	DC	resistance	and	AC	impedance	at	60	Hz	for	copper	and	aluminum	conductors	of	various	sizes,	is	shown	in	Table	26.8.	The	AC	impedance	is	greater	than	the	DC	resistance	because	of	the	inductive	reactance	between	the	three
conductors,	and,	in	the	case	of	larger	sizes,	because	of	skin	effect.	The	inductive	reactance	is	affected	by	the	spacing	between	the	conductors.	The	values	in	Table	26.8	are	approximate	for	cables	close	together	in	conduit	or	underground,	which	is	the	conservative	situation	in	dewatering	systems.	For	separated	conductors	on	poles,	or	those	placed
unenclosed	above	ground,	the	reactance	will	be	lower.	The	voltage	drop	v	may	be	calculated	from	the	relationship	v	2ILRAC	1000	(26.2)	where	I		the	full-load	current	(FLA)	RAC		the	AC	impedance	(⍀	/	1000	ft)	for	the	size	conductor	used	568	PRACTICE	Figure	26.13	Remote	mounting	of	submersible	pump	controllers	for	access	and	protection	from
construction	activities.	Table	26.7	Allowable	Ampacities	of	Electrical	Conductors	Type:	Temperature	rating:	TW	60⬚C	(140⬚F)	Size	(AWG	or	MCM)	THW,	RHW	75⬚C	(167⬚F)	TW	60⬚C	(140⬚F)	Copper	THW,	RHW	75⬚C	(167⬚F)	Aluminum	14	15	15	12	20	20	15	15	10	30	30	25	25	8	40	50	30	40	6	55	65	40	50	4	70	85	55	65	3	85	100	65	75	2	95	115
75	90	1	110	130	85	100	0	125	150	100	120	00	145	175	115	135	000	165	200	130	155	0000	195	230	150	180	250	215	255	170	205	300	240	285	190	230	350	260	310	210	250	400	280	335	225	270	500	320	380	260	310	600	355	420	285	340	750	400	475	320	385	Note.	Not	more	than	three	conductors	in	raceway	or	cable,	or	direct	burial,	based	on
ambient	temperature	of	30⬚C	(86⬚F).	(NEC	Table	310.16,	2002	edition)	ELECTRICAL	DESIGN	FOR	DEWATERING	SYSTEMS	569	L		the	length	of	the	conductor	(ft)	It	can	be	assumed	(somewhat	arbitrarily)	that	15%	of	the	allowable	voltage	drop,	or	3	V,	is	to	be	taken	in	the	submersible	cable	to	the	motor.	By	rearranging	Eq.	26.2,	we	can	calculate
the	AC	impedance	RAC	of	a	conductor	size	that	will	satisfy	the	condition.	RAC		1000v	2IL	(26.3)	For	the	25-hp	submersible	motors,	the	full	load	current	I	from	Table	26.1	is	32	A	and	the	length	of	the	motor	lead	L	is	75	ft:	RAC		Figure	26.14	Electrical	cables	for	temporary	dewatering	power	are	often	exposed	and	should	be	strapped	to	the	discharge
piping	for	improved	visibility	and	protection.	1000		3		0.625⍀	/	1000	ft	2		32		75	It	is	customary	in	the	small-size	submersible	conductors	for	motor	leads	to	use	copper.	From	Table	26.8,	an	AWG	No.	6	copper	conductor	has	an	AC	impedance	of	0.410	⍀/1000	ft,	less	than	the	allowable	value	of	0.624.	From	Table	26.7,	the	ampacity	of	No.	6	copper
conductor	is	well	above	the	required	32	A	for	the	25-hp	motors.	By	similar	calculation,	the	conductors	for	the	10-	and	15-hp	motors	are	selected	as	AWG	No.	10	size	wire.	The	size	of	the	feeder	conductors	can	conveniently	be	calculated	by	assuming	the	total	voltage	drop	to	the	end	of	Table	26.8	DC	Resistance,	and	AC	Impedance	(at	60	Hz),	of
Conductors	Size	(AWG	or	MCM)	DC	resistance	⍀	/	1000	ft	at	25⬚C	(77⬚F)	Approximate	AC	impedance	⍀	/	1000	ft	at	25⬚C	(77⬚F)	in	air	Approximate	AC	impedance	⍀	/	1000	ft	at	25⬚C	(77⬚F)	in	metallic	conduit	Copper	Aluminum	Copper	Aluminum	Copper	Aluminum	14	2.570	4.220	2.570	4.220	2.570	4.220	12	1.620	2.660	1.620	2.660	1.620	2.660	10
1.018	1.670	1.018	1.670	1.018	1.670	8	0.6404	1.0500	0.6404	1.0500	0.6404	1.0500	6	0.4100	0.6740	0.4100	0.6740	0.4100	0.6740	4	0.2590	0.4240	0.2590	0.4240	0.2590	0.4240	3	0.2050	0.3360	0.2050	0.3360	0.2050	0.3360	2	0.1620	0.2660	0.1620	0.2660	0.1636	0.2660	1	0.1290	0.2110	0.1290	0.2110	0.1303	0.2110	0	0.1020	0.1680	0.1021	0.1680
0.1040	0.1680	00	0.0811	0.1330	0.0812	0.1331	0.0835	0.1330	000	0.0642	0.1050	0.0643	0.1051	0.0668	0.1061	0000	0.0509	0.0836	0.0511	0.0838	0.0534	0.0844	250	0.0431	0.0708	0.0433	0.0709	0.0457	0.0722	300	0.0360	0.0590	0.0362	0.0592	0.0385	0.0602	350	0.0308	0.0505	0.0311	0.0507	0.0333	0.0520	400	0.0270	0.0442	0.0273	0.0444	0.0297
0.0460	500	0.0216	0.0354	0.0220	0.0356	0.0244	0.0375	600	0.0180	0.0295	0.0185	0.0298	0.0209	0.0319	750	0.0144	0.0236	0.0150	0.0240	0.0174	0.0264	570	PRACTICE	the	feeder	will	be	the	same	as	that	of	a	single	75-hp	motor	operating	an	equivalent	distance	Le	from	the	substation:	Le		I1L1	⫹	I2L2	⫹				⫹	InLn	I1	⫹	I2	⫹				⫹	In	(26.4)	where	I	is	the
full	load	current	of	each	motor	and	L	is	the	length	from	the	substation	to	its	tap.	Referring	to	Fig.	26.11	and	the	motor	characteristics	in	Table	26.1	Le		(32)(100)	⫹	(13.9)(200)	⫹	(20)(300)	⫹	(32)(400)	32	⫹	13.9	⫹	20	⫹	32	Le		253	ft	From	Eq.	26.3	RAC		1000(20	⫺	3)		0.343⍀	/	1000	ft	2		97.9		253	It	is	common	to	use	aluminum	conductors	in	feeders	for
dewatering	systems.	From	Table	26.8,	AWG	No.	3	aluminum	with	an	impedance	of	0.336	⍀	/1000	ft	is	satisfactory	from	the	viewpoint	of	voltage	drop.	However,	from	Table	26.7,	the	ampacity	of	No.	3	aluminum	is	only	75	A,	less	than	the	97.9	required.	Hence,	No.	1	aluminum	conductor	is	chosen	for	the	feeders.	The	above	analysis	is	on	the	basis	of	full-
load	operating	currents.	Consideration	should	also	be	given	to	voltage	drop	during	starting.	In	a	dewatering	system	containing	a	large	number	of	relatively	small	motors,	starting	load	is	usually	not	a	factor	provided	the	motors	have	been	arranged	to	start	sequentially.	However,	when	designing	for	a	small	number	of	large	motors,	the	motor
manufacturer’s	recommendations	should	be	followed.	Use	of	too	small	a	conductor	size	may	void	the	motor	warranty.	In	the	above	calculation	it	was	assumed	that	15%	of	the	available	voltage	drop	would	be	taken	in	the	connections	to	the	individual	motors.	A	more	economic	design	may	sometimes	be	achieved	by	assuming	more	or	less	drop	in	the
connections.	As	pointed	out	above,	it	is	common	practice	in	dewatering	systems	to	use	copper	conductors	in	the	smaller	sizes	for	the	taps,	and	aluminum	conductors	for	the	larger	feeders.	Aluminum	is	more	economical	on	the	basis	of	cost	for	a	given	ampacity;	however,	its	use	presents	certain	problems	that	should	be	considered.	Aluminum	has	a
tendency	to	build	up	an	oxide	coating	where	it	is	joined	at	terminals	and	splices.	The	oxide	introduces	an	added	resistance	that	increases	voltage	drop	and	generates	heat,	in	extreme	cases	to	the	extent	of	causing	fire.	It	is	imperative	that	the	lugs	and	cable	connectors	used	be	listed	for	the	aluminum-to-copper	or	aluminum-to-aluminum	connections
being	made.	Special	oxide-inhibiting	compound	must	be	applied	to	the	conductors	immediately	after	cleaning	the	aluminum,	as	per	the	manufacturer’s	instructions.	In	the	damp	environment	typical	of	dewatering	installations,	the	oxide	coating	can	develop	rapidly.	Splices	should	be	thoroughly	taped	with	quality	materials.	It	is	good	practice	to	seal
splices	and	ter-	minal	connections	from	the	atmosphere	using	one	of	the	preparations	commercially	available.	When	a	submersible	cable	must	be	spliced	or	connected	to	the	motor	leads,	it	is	necessary	that	the	splice	be	watertight.	This	splice	can	be	made	with	commercially	available	potting,	heat	shrink	splice	kits,	or	by	careful	tape	splicing.	26.6
GROUNDING	OF	ELECTRICAL	CIRCUITS	For	safety,	it	is	essential	that	all	electrical	equipment	be	effectively	grounded	and	bonded	to	the	surrounding	equipment.	The	earth	itself	should	never	be	relied	upon	to	conduct	ground	faults	back	to	the	source.	The	earth	acts	as	a	resistor	and,	if	relied	upon	to	conduct	a	ground	fault,	would	not	likely	blow	a
fuse	or	trip	a	circuit	breaker.	With	good	grounding,	should	a	breakdown	of	insulation	occur	within	the	system	the	result	is	likely	to	be	a	blown	fuse	or	tripped	circuit	breaker.	If	a	nonmetallic	conduit	system	is	being	used,	it	is	imperative	that	an	equipment-grounding	conductor	be	run	with	all	feeder	conductors	and	utilization	circuits.	Its	integrity
should	be	maintained	for	the	duration	of	the	project.	It	is	good	practice	to	install	a	circuit	ground	conductor	even	in	a	metallic	conduit	system	to	maintain	the	continuity	of	the	ground	should	the	conduit	system	be	damaged	or	modified.	Bonding	the	adjacent	equipment,	not	just	the	electrical	equipment,	to	the	ground	conductor	will	provide	additional
safety.	Without	adequate	grounding	and	bonding,	there	is	a	serious	potential	hazard	to	personnel.	In	the	case	of	a	short	circuit	to	adjacent	equipment	(well	casing,	fencing,	sheet	piling,	trailer	frame)	that	is	not	bonded	to	the	system	ground	conductor,	a	circuit	breaker	would	most	likely	not	trip	and	could	present	a	serious	hazard	to	personnel.	It	is
necessary	that	the	circuit-grounding	conductor	be	sized	properly	according	to	the	phase	conductor	size	to	be	able	to	conduct	any	fault	currents	that	might	be	imposed	on	it.	The	required	system-grounding	electrode	is	mainly	to	dissipate	lightning	and	stray	currents	generated	by	various	sources.	Commonly,	in	surface	systems,	it	would	be	a	copper
clad	or	galvanized	rod	adequately	driven	into	the	earth	and	connected	to	the	system	ground	conductor.	Where	the	system	includes	submersible	motors	inside	metallic	well	casings,	the	metallic	well	casing	would	be	considered	a	suitable	grounding	electrode,	provided	that	a	good	low	resistance	connection	to	the	ground	conductor	can	be	provided.
Equipment	that	should	be	grounded	includes	transformers,	generators,	motors,	switchgear,	control	panels,	and	metal	conduit.	26.7	COST	OF	ELECTRICAL	ENERGY	Energy	cost	has	always	been	a	factor	in	dewatering,	but	the	soaring	price	of	fuel	and	power	has	sharply	increased	its	significance	to	overall	dewatering	costs.	In	the	case	of	electrical
energy	the	situation	is	variable;	the	pricing	policies	of	electrical	utilities	vary	from	place	to	place	depending	on	ELECTRICAL	DESIGN	whether	the	local	company	is	relying	on	coal,	oil,	hydroelectric,	or	nuclear	power.	The	best	way	to	estimate	power	cost	is	to	obtain	a	quotation	from	the	utility.	However,	a	reliable	quote	cannot	always	be	obtained
during	the	typically	limited	bidding	period.	It	is	essential	for	the	dewatering	designer	to	understand	the	elements	of	power	cost	so	that	the	power	company’s	quotation	can	be	evaluated	and	an	estimate	made	of	what	the	charges	may	be.	The	elements	include	•	Service	installation	charge.	If	it	is	necessary	to	install	a	•	temporary	substation	at	the	site,
with	transformers	to	bring	the	highline	voltage	to	the	desired	value,	there	will	be	a	substantial	cost	representing	installation	and	removal	and	rental	of	the	substation	equipment.	Power	companies	vary	in	their	methods	of	charging	for	these	costs.	Sometimes	it	is	advantageous	for	the	contractor	to	rent	or	purchase	the	equipment	from	another	source
and	pay	the	power	company	only	to	connect	it.	The	demand	charge	represents	compensation	for	the	power	company’s	investment	in	generating	plants	and	transmission	lines.	Usually	it	is	based	on	the	maximum	•	•	•	FOR	DEWATERING	SYSTEMS	571	instantaneous	demand	in	any	month.	Sometimes	judicious	management	can	minimize	the	charge.
For	example,	a	full-scale	test	on	a	newly	installed	large	dewatering	system,	if	conducted	on	the	day	before	the	meter	is	read	for	the	month,	may	represent	a	major	expenditure,	since	the	demand	for	the	full	month	will	be	charged	even	though	usage	is	only	for	one	day.	The	energy	charge	is	per	kilowatt-hour	of	consumption.	It	is	on	a	sliding	scale,	with
higher	charges	for	the	early	increments	per	month,	although	the	reduction	for	larger	consumption	is	not	usually	as	great	as	it	once	was.	The	fuel	adjustment	is	in	addition	to	the	energy	charge,	calculated	by	the	power	company	each	month	based	on	its	actual	fuel	cost.	It	cannot	be	accurately	predicted	since	it	varies	with	the	price	of	coal	or	oil	or	if,
for	example,	a	major	nuclear	power	plant	is	or	is	not	on	line	during	the	month.	It	is	not	unusual	for	the	fuel	adjustment	in	any	month	to	exceed	the	energy	charge.	The	power	factor	penalty	is	employed	by	some	power	companies	to	compensate	for	their	investment	in	greater	kVA	capacity	to	supply	a	given	kW	load.	Where	the	penalty	becomes	severe,
consideration	can	be	given	to	power	factor	correction	with	capacitors.	CHAPTER	27	Long-term	Dewatering	Systems	he	operating	life	of	a	construction	dewatering	system	may	be	less	than	a	few	weeks.	Few	systems	are	required	to	function	more	than	2	years.	For	this	range	of	operating	periods,	practitioners	have	developed	installation	techniques,
pumping	equipment,	wellscreens,	pipe,	fittings,	and	accessories	that	have	proven	effective.	But	sometimes	it	is	desired	to	lower	the	water	table	or	reduce	groundwater	pressure	for	many	years.	For	such	long-term	projects,	techniques	and	equipment	developed	for	temporary	dewatering	may	be	unsuitable.	In	choosing	the	material	for	construction,
such	as	pumps,	wellscreens,	pipe	and	fittings,	care	must	be	taken	to	utilize	material	that	is	durable.	T	27.1	TYPES	OF	LONG-TERM	SYSTEMS	•	The	first	two	purposes	are	usually	met	during	the	design	and	construction	phases	of	the	project,	before	the	excavation	is	backfilled.	The	last	two	commonly	require	installation	from	the	surface	after	the
problem	has	developed.	Methods	of	long-term	dewatering	include	•	Drainage	blankets	under	foundation	slabs,	and	footing	Long-term	systems	can	be	categorized	by	purpose,	or	by	the	method	employed.	Among	the	purposes	encountered	are	•	Permanent	pressure	relief	of	building	foundations	to	re-	•	•	duce	buoyancy	or	to	save	cost	by	reducing	the
required	strength	of	foundation	slabs	and	walls.	These	purposes	are	common	where	deep	underground	parking	is	planned.	Intermittent	pressure	relief	under	drydocks	and	treatment	tanks	to	prevent	flotation	when	they	are	emptied	during	periods	of	maintenance.	Lowering	the	water	table	around	leaking	underground	structures	so	that	the
underground	space	is	usable.	Such	needs	have	arisen	when	the	waterproofing	proved	to	be	inadequate,	or	where	it	failed	with	time.	In	a	classic	case	in	New	York	City,	water	tables	had	been	depressed	below	sea	level	by	as	much	as	50	ft	(15	m)	by	water	supply	withdrawals.	Subway	tunnels	and	deep	basements	built	during	the	period	when	water
tables	were	depressed	had	been	inadequately	waterproofed.	When	the	water	supply	572	wells	were	abandoned,	water	levels	gradually	rose,	and	the	underground	structures	leaked.	Their	usefulness	was	salvaged	by	long-term	pumping	systems.	Recovery	of	contaminated	groundwater,	which	often	requires	long-term	operation	before	the	contamination
has	been	reduced	to	acceptable	levels.	•	drains	outside	the	walls.	These	methods	are	normally	applicable	where	pressure	relief	is	planned	during	the	design	stage.	Drainage	blankets	typically	consist	of	gravel,	with	a	system	of	perforated	drain	pipes	leading	to	one	or	more	sumps.	Geotextiles	should	be	used	to	separate	the	gravel	from	the	natural	soil.
Footing	drains	may	be	supplemented	with	vertical	composite	drains	outside	the	foundation	walls	(Section	17.7).	Pumping	systems	installed	from	the	surface	are	typical	for	solving	problems	that	develop	after	construction.	All	types	of	predrainage	systems	have	been	employed	for	long-term	dewatering—pumped	wells,	wellpoints,	ejectors,	and
horizontal	drains.	A	case	history	of	a	wellpoint	system	that	operated	successfully	for	more	than	15	years	to	contain	and	recover	contaminants	is	described	in	Chapter	14.	27.2	ACCESS	FOR	MAINTENANCE	It	must	be	assumed	that	any	long-term	system	can	experience	clogging	due	to	incrustation	or	other	factors,	even	if	Construction	Dewatering	and
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a	New	Jersey	township	were	found	to	contain	a	variety	of	volatile	organic	compounds	(VOCs),	including	trichloroethylene	(TCE).	Department	of	Environmental	Protection	investigations	determined	the	primary	source	of	the	contamination	to	originate	from	a	nearby	Technical	Park,	formerly	a	Naval	Industrial	Reserve	Plant.	The	area	was	declared	a
Superfund	site,	and	early	remedial	action	included	installation	of	an	activated	carbon	adsorption	system	and	air	stripping	unit	at	the	well	cluster	to	treat	the	groundwater	prior	to	distribution.	Following	lengthy	studies	by	the	DEP	and	the	state,	a	long-term	(20⫹	years)	system	to	extract,	treat,	and	discharge	groundwater	and	vapors	at	the	source	of	the
contamination	itself	was	finally	activated	in	2005.	The	extraction	system	will	extract	80	gallons	(300	L)	of	contaminated	groundwater	and	450	ft3	(12.7	m3)	of	vapors	per	minute.	It	comprises	•	•	•	•	10	soil	vapor	extraction	(SVE)	wells	3	groundwater	wells	and	vaults	3	dual-phase	(water	and	vapor)	extraction	wells	and	vaults	2300	linear	ft	(700	linear
m)	of	trenching	and	associated	HDPE	piping	Additional	work	included	installation	of	1000	ft	(305	m)	of	480-V	underground	electrical	services	and	a	300-linear	ft	(91-linear	m)	stormwater	sewer	discharge.	Extracted	water	and	vapor	are	pumped	to	a	specially	constructed,	permanent	processing	and	treatment	building,	housing	air	stripping	and	carbon
adsorption	units.	Cooled,	treated	vapor	is	exhausted	from	the	building	to	the	atmosphere	while	treated	water	is	discharged	via	gravity	to	the	stormwater	sewer.	The	specialty	contractor	worked	around	existing	Park	tenants	to	avoid	undue	disturbance	to	normal	daily	operations.	The	strategically	positioned	wells	were	installed	through	bouldery	glacial
till	to	a	depth	of	30	ft	(9	m)	below	grade	within	a	3-ft	(1-m)	wide	shallow	trench.	(Figure	27.1).	Connecting	HDPE	piping	was	fused	at	40-ft	(12-m)	lengths	to	minimize	trench	joints.	For	the	two	SVE	wells	located	within	an	existing	building	occupied	by	a	government	contractor,	drilling	was	completed	on	a	weekend	to	further	alleviate	disruption.
Despite	adverse	winter	weather	conditions,	the	trenching,	building	construction,	well	drilling,	and	piping	installation	were	accomplished	in	a	continuous	operation.	Following	system	installation,	the	trench	was	backfilled	and	the	surface	asphalted.	Figure	27.1	Installation	of	the	wells	within	a	3-ft	(1-m)	wide	shallow	trench.	Courtesy	Moretrench.	574
PRACTICE	Installation	of	the	extraction	and	treatment	system	was	accomplished	under	Level	D	Personal	Protection	Equipment	(PPE),	with	an	exclusion	zone	created	around	drilling	and	other	intensive	operations.	Daily,	hand-held	air	monitoring	was	conducted	by	both	the	specialty	contractor	and	the	onsite	consulting	engineer	during	all	drilling	and
trenching	operations.	The	permanent	system	is	fully	automated	and	continuously	monitored	remotely	by	a	SCADA	(Supervisory	Control	and	Data	Acquisition)	system	that	records	information	and	operates	the	plant	within	given	parameters	(Figure	27.2).	Figure	27.2	The	permanent	system	is	fully	automated	and	continuously	remotely	monitored.
Courtesy	Moretrench.	the	predesign	investigation	does	not	reveal	a	problem.	With	planning,	convenient	access	should	be	provided	to	buried	portions	of	the	system	so	that	periodic	flushing	or	chemical	cleaning	can	be	accomplished	at	moderate	cost.	Among	the	methods	that	have	proven	useful	are	the	following:	•	With	drainage	blankets	under
foundation	slabs,	a	grid	•	•	of	access	holes	can	be	provided	through	the	slab,	with	sealed	caps	and	water	stops	where	they	penetrate	the	slabs	or	walls.	Recommended	locations	are	at	the	upstream	ends	of	laterals	and	at	critical	tees	and	crosses.	Where	the	drains	come	together	in	front	of	the	pump,	a	sump	of	ample	size	should	be	provided	to	collect
chemicals	and	debris	during	cleaning,	so	that	they	can	conveniently	be	pumped	to	waste.	Footing	drains	can	be	provided	with	downpipes	from	the	surface	for	chemical	injection.	Typically,	the	drains	are	also	routed	to	the	inside	of	the	foundation	wall	and	capped	for	cleaning	after	use.	Pumped	wells	should	be	made	accessible	from	the	surface,	with	a
manhole	or	pitless	adapter	(Fig.	27.3).	•	•	•	Failed	pumps	can	thus	be	readily	removed	for	repair.	The	filter	piezometer	shown	in	Fig.	18.49	can	be	extended	to	the	bottom	of	the	well,	and	slotted	throughout	the	length	of	the	wellscreen.	Chemical	injection	through	such	a	device	is	more	effective	than	through	the	wellscreen	itself.	Wellpoints	in	long-
term	systems	can	be	configured	as	shown	in	Fig.	27.4.	The	header	is	buried	to	protect	against	freezing	and	vandalism.	The	wellpoint	is	connected	to	the	header	through	a	tee,	and	the	riser	extended	to	the	surface	for	cleaning	and	testing.	The	adjusting	valve	is	made	accessible	with	a	conventional	curb	box.	Aeration	and	vacuum	are	two	characteristics
of	suction	wellpoints	that	should	be	recognized	when	considering	them	for	long-term	pumping.	If	the	wellpoint	screen	is	only	slightly	below	the	lowered	water	table,	some	air	is	expected	to	enter	with	the	groundwater	and	become	intimately	mixed	with	it	(Section	19.9).	If	there	are	ions	in	the	water	that	may	be	LONG-TERM	DEWATERING	SYSTEMS	•
•	•	575	oxidized	by	aeration	and	precipitate,	a	method	other	than	wellpoints	may	be	advisable.	This	has	occurred	with	some	iron	compounds.	If	there	is	a	problem	with	aerobic	bacteria,	wellpoints	may	make	it	more	severe.	Wellpoints	depend	on	vacuum	to	raise	the	water	to	the	pump.	If	vacuum	will	induce	a	chemical	change	in	any	of	the	constituents,
wellpoints	may	be	inadvisable.	Vacuum	sometimes	aggravates	precipitation	when	calcium	bicarbonate	or	certain	carbonate	salts	of	iron	are	present.	The	vacuum	may	cause	release	of	half	bound	CO2,	changing	the	solubility	of	the	salts.	Ejectors	(Chapter	20)	have	been	used	in	long-term	systems	where	the	water	table	must	be	lowered	more	than	15	ft
(4.6	m)	below	the	pump	suction,	and	where	there	is	a	small	yield	per	wellpoint.	Ejectors	develop	a	vacuum	in	the	suction	chamber,	and	are	therefore	more	sensitive	to	some	types	of	incrustation	than	other	devices.	Thorough	investigation	of	potential	chemical	or	bacteriological	problems	is	recommended.	To	facilitate	cleaning,	the	two-pipe	ejector	is
preferred	to	the	single	pipe,	as	described	in	Chapter	20.	Horizontal	drains	can	be	equipped	with	vertical	pipes	at	periodic	intervals	for	chemical	injection	or	flushing.	A	suitable	surface	seal	and	means	of	locating	the	downpipes	are	recommended.	27.3	INSTRUMENTATION	AND	CONTROLS	Figure	27.3	Typical	well	detail	for	long-term	dewatering.
Experience	shows	that	the	effective	design	of	instrumentation	and	controls	for	a	long-term	dewatering	system	must	consider	certain	special	requirements.	Instrumentation	must	monitor	the	performance	of	the	system,	to	demonstrate	that	it	is	satisfactorily	fulfilling	its	intended	function.	If	the	water	table	is	to	be	maintained	at	or	below	a	given	level,
piezometers	are	necessary.	But	how	should	the	water	level	data	be	retrieved?	It	may	be	advisable	to	plan	a	schedule	for	taking	readings.	But	will	that	schedule	be	maintained	over	an	extended	period	of	time?	Personnel	are	changed.	Manuals	become	buried	in	lost	files.	Alarm	signals	have	been	employed.	Water	level	instruments	are	placed	in	key
piezometers,	and	connected	to	flashing	lights	or	audible	alarms.	But	such	devices	may	cease	to	function.	Unless	they	are	tested	periodically,	their	purpose	may	not	be	achieved.	The	following	procedures	have	given	satisfactory	results:	•	When	structural	damage	is	a	risk	if	water	levels	rise	Figure	27.4	Wellpoint	detail	for	long-term	systems.	above	a
certain	level,	it	is	good	practice	to	pipe	one	piezometer	to	the	inside	of	the	structure,	at	a	level	where	risk	may	be	imminent.	Flowing	water	will	appear,	and	will	alert	the	maintenance	people	to	a	developing	problem.	Even	this	does	not	give	positive	assurance.	The	authors	have	seen	more	than	one	instance	where	a	misinformed	maintenance	person
cured	the	problem	by	plugging	off	the	flowing	pipe!	Prominent	signs	alerting	those	responsible	can	help.	576	PRACTICE	Case	History:	Long	Term	Hydraulic	Barrier	Phosphate	deposits	in	Florida	are	among	the	richest	and	most	accessible	in	the	world.	Phosphogypsum,	a	by-product	of	phosphate	rock	processing,	is	typically	pumped	as	slurry	to	on-site
stacks	(known	as	gyp	stacks)	that	can	measure	hundreds	of	feet	in	diameter.	The	wet	phosphogypsum	is	acidic;	unless	confined,	leachate	from	the	stacks	can	migrate	off	site	in	the	groundwater.	Long-term	hydraulic	barriers	have	proved	to	be	effective	containment	measures.	However,	given	the	acidic	nature	of	the	leachate,	special	materials	and
installation	are	necessary	for	satisfactory	operation.	On	one	site,	a	perimeter	wellpoint	system,	as	shown	in	Fig.	19.2,	had	been	installed	at	the	base	of	the	stack	in	the	late	1980s,	initially	as	a	temporary	emergency	response	measure.	The	system	proved	so	successful	that	it	was	reinstalled	as	a	permanent	system	and	subsequently	expanded	several
times,	ultimately	to	over	8000	linear	ft	(2500	linear	m).	Piping	is	a	combination	of	corrosionresistant	polyethylene	and	PVC.	The	leachate	pumps	and	liquid	ring	vacuum	pumps	are	Type	316	stainless	steel.	Special	features	on	the	wellpoints	facilitate	periodic	incrustation	removal.	The	system	is	still	in	operation	some	18	years	later,	and	is	anticipated	to
continue	to	operate	into	the	foreseeable	future,	requiring	only	normal	maintenance	of	the	mechanical	pump	system	and	periodic	wellpoint	cleaning	to	maintain	performance.	•	A	somewhat	better	method	that	has	been	used	with	re-	•	•	lieved	drydocks	or	deep	tanks	in	sewage	treatment	plants	is	to	place	a	grid	of	weighted	flap	valves	around	the
bottom	slab.	If	the	pressure	exceeds	design	levels	the	flaps	raise	and	water	flows	into	the	dock	or	tank.	Where	the	system	is	operated	for	environmental	purposes,	such	as	pump	and	treat,	as	a	hydraulic	barrier,	or	to	control	the	migration	of	contaminants	(Section	14.7),	it	is	likely	that	summary	reports	must	be	provided	to	the	regulating	authority	on	a
regular	basis.	Preparation	of	the	reports	in	a	professional	manner	may	reveal	changes	in	the	system	operation	that	may	be	indicative	of	the	beginning	of	a	problem.	More	sophisticated	systems	are	available	that	use	liquid	level	transducers	installed	in	key	piezometers	that	are	connected	to	a	graphical	display	and	a	data	storage	module.	These	systems
can	automatically	output	summary	reports	on	a	predetermined	interval	and	also	send	out	alarms	both	locally	and	via	telephone	or	e-mail.	Controls	of	a	long-term	system	should	be	designed	to	achieve	the	purpose	with	minimum	stress	on	the	equipment.	Unnecessary	stress	increases	maintenance	costs.	Control	concepts	that	have	proven	effective
include	the	following:	•	Intermittent	operation:	If	the	result	can	be	accomplished	•	by	operating	the	pumps	on	a	cycle,	stress	on	the	mechanical	components	is	reduced.	For	example,	level	controls	can	be	installed	in	key	piezometers	and	can	start	and	stop	pumps	to	maintain	the	water	level	within	an	appropriate	range.	Cyclic	operation	does	more	than
reduce	pump	wear;	if	there	is	an	incrustation	problem,	under	most	circumstances	it	is	ameliorated	by	intermittent	operation.	In	some	cases,	a	long-term	wellpoint	system	can	be	effectively	controlled	by	placing	a	tank	of	appropriate	strength	and	size	in	front	of	the	pump	suction.	The	vacuum	pump	runs	continuously,	so	that	atmospheric	pressure
forces	the	water	up	into	the	tank.	Level	controls	cause	the	water	pump	to	operate	to	remove	the	fluid	as	it	accumulates.	In	some	cases,	automatic	controls	as	described	above	do	not	function	satisfactorily	when	the	system	is	first	placed	in	service.	Until	groundwater	storage	has	been	depleted	(Section	6.10),	surges	in	yield	may	cause	the	pumps	to
cycle	excessively	and	cause	damage.	Supervision	during	the	first	few	days	of	operation	may	be	advisable.	CHAPTER	28	Dewatering	Costs	he	reader	who	has	progressed	to	this	point	in	the	book	will	have	concluded	that	the	cost	of	groundwater	control	can	vary	widely.	The	determining	factors	are	many:	the	soil	and	water	conditions;	the	size	and	depth
of	the	excavation;	the	length	of	the	pumping	period;	the	cost	of	labor	and	the	local	work	rules;	the	availability	of	pumps	and	other	dewatering	equipment	and	of	installation	equipment	such	as	drill	rigs,	cranes,	and	loaders;	freight	costs;	availability	of	electric	power;	and	costs	associated	with	treatment	and	disposal	of	the	dewatering	effluent.	The
estimator	is	always	seeking	approximate	unit	prices	for	the	preliminary	budgets.	It	is	often	the	tendency	to	try	and	correlate	the	cost	of	dewatering	to	another	quantified	item	such	as	cubic	yards	(meters)	of	excavation	or	pounds	(kilos)	of	reinforcing	steel,	and	so	forth.	In	dewatering,	with	costs	dependent	on	so	many	site-specific	variables,	such	unit
prices	cannot	be	developed	even	on	the	basis	of	wide	experience.	In	this	chapter,	an	example	of	a	cost	estimate	template	for	a	deep	well	dewatering	system	will	be	presented.	Each	dewatering	problem	offers	a	number	of	options	for	its	solution;	in	choosing	among	the	options,	cost	is	a	major	consideration.	It	is	frequently	advisable	to	run	detailed	cost
estimates	on	several	methods	to	make	the	suitable	choice.	T	nel.	The	second	basic	element	of	dewatering	cost	is	the	expense	for	operation	and	maintenance,	expressed	as	per	unit	time.	Figure	28.1	illustrates	the	typical	deep	well	dewatering	system	for	which	the	estimate	is	to	be	constructed.	For	convenience	the	estimate	is	assembled	in	the	following
manner:	•	•	•	•	Mobilization/demobilization	Installation	and	removal	Operation	and	maintenance	Summary	The	basic	estimate	is	constructed	to	include	some	number	of	months	of	operation	and	maintenance;	the	cost	per	month,	more	or	less,	must	also	be	estimated	to	provide	for	variations	in	the	planned	construction	schedule.	28.2	BASIC	COST
DATA	Before	beginning	the	estimate,	it	is	necessary	to	assemble	basic	cost	data,	which	may	vary	widely	from	one	project	to	another	and	from	one	region	to	another.	A	spreadsheet	is	illustrated	in	Fig.	28.2,	which	includes	•	Wage	rates,	which	must	include	the	actual	wage,	ben28.1	FORMAT	OF	THE	ESTIMATE	For	a	typical	excavation,	the	dewatering
cost	has	two	basic	elements.	The	first	is	the	fixed	cost	to	furnish,	install,	and	remove	the	system.	For	sequenced	excavations	such	as	trenches	or	tunnels,	the	dewatering	system	may	be	advanced	as	the	excavation	progresses,	in	which	case	the	fixed	cost	can	be	expressed	as	a	lump	sum	for	the	base	installation	plus	a	unit	cost	for	reinstallation	per	foot
(meter)	of	trench	or	tun-	•	•	•	efits,	payroll	taxes	and	Workmen’s	Compensation	Insurance	(WCI)	The	total	cost	per	unit	time	of	the	construction	equipment	required,	such	as	cranes,	loaders	and	drill	rigs,	including	fuel,	oil,	grease,	and	maintenance	materials	(FOGM)	Specialized	dewatering	equipment	State	and	local	taxes,	usually	a	percentage	of
material	cost,	but	sometimes	a	percentage	of	gross	revenue	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	577	578	PRACTICE	Figure	28.1	Typical	deep	well	system.
Figure	28.2	Basic	cost	data.	Courtesy	Moretrench.	Wage	Rates	to	Effective	Dates:	Total	Straight	Rate	Total	O/T	Rate	Hourly	Payroll	Benefit	Tax	Burden	%	Daily	Rate	Daily	FOGM	W/C	Rate	%	Total	hourly	Cost	Total	8	hr.	day	Cost	Driller	Oper	-	Cl.	A	Oper	-	Cl.	C	Lab.	Fore.	Laborer	Equipment	Rental	Rates	Item	Excavator	Loader	LULL	Compressor
Generator	Boom	truck	Cherry	picker	Drill	rig	Service	truck	Pick	up	truck	Grout	plant	Jetting	equipment	Wellpoint	pumps	Deep	well	pumps	Sump	pumps	Monthly	Rate	28.3	MOBILIZATION	The	mobilization	cost	is	the	cost	for	a	contractor’s	preconstruction	expenses,	including	the	costs	for	preparatory	work.	Figure	28.3	includes	typical	mobilization
cost	items.	However,	this	list	can	vary	from	project	to	project.	28.4	INSTALLATION	AND	REMOVAL	To	estimate	the	cost	of	installation	and	removal	it	is	first	necessary	to	establish	a	cost	per	day	for	the	crews	and	the	Cost	per	day	equipment	that	will	accomplish	the	various	tasks.	The	tasks	are	then	tabulated	and	the	number	of	crew	days	calculated.
Suitable	allowances	are	made	for	setup,	cleanup,	weather,	holidays,	and	miscellaneous	delays.	Sometimes	crews	of	different	size	or	makeup	are	required	for	different	tasks.	Total	installation	and	removal	costs	are	then	calculated.	A	spreadsheet	is	illustrated	in	Fig.	28.4.	Costs	for	dewatering	equipment	and	materials	are	included.	For	the	deep	well
system	of	Fig.	28.1,	this	would	include	•	Materials	for	six	wells	•	Six	operating	deep	well	pumps	DEWATERING	COSTS	Mobilization	/	Demobilization	Costs	Equipment	Mob.	Excavator	Loader	LULL	Compressor	Generator	Boom	truck	Cherry	picker	Drill	rig	Service	truck	Grout	plant	Jetting	equipment	Wellpoint	pumps	Deep	well	pumps	Sump	pumps
Office	Trailer	Utility	set	up	Labor	Superintendant	w/	pick	up	Operator	Laborer	Tools	Small	tools	Jetting	tools	Drilling	Tools	(bits,	buckets...)	Development	tools	Bonds	&	Insurance	P	&	P	Bond	Maintenance	Bond	Insurance	/	Builder’s	Risk	Health	&	Safety	Preparation	of	HASP	Purchase	H&S	equipment	Decon	Decon	pad	Personal	decon	trailer	Shop
time	Job	prep	/	load	out	mtls.	Office	Time	Submittals	Engineering	Misc.	Surveyor	Freight	on	mtls:	misc	Permits:	Office	trailer	equipment	Mobilization	/	Demobilization	Total:	Figure	28.3	Mobilization	costs.	Courtesy	Moretrench.	•	•	•	•	One	spare	pump	Electrical	distribution	system	Standby	generator	Appropriate	discharge	piping.	28.5	OPERATION
AND	MAINTENANCE	The	elements	of	operating	and	maintenance	costs	are	as	follows:	•	Operating	labor.	Whether	the	pumps	are	to	be	manned	continuously	is	a	function	of	the	sensitivity	of	the	system	•	•	•	•	•	•	•	•	•	579	to	pumping	interruptions	and	the	risk	of	damage.	Manning	may	sometimes	be	dictated	by	labor	agreements.	Maintenance	labor
for	servicing	pumps,	cleaning	wells,	and	maintaining	engines	or	electrical	equipment.	Supervision/field	engineering.	Rental	of	specialized	dewatering	equipment.	Fuel	or	electrical	energy.	Maintenance	material.	Chemicals	for	removal	of	incrustation	in	certain	groundwater	conditions.	Equipment	repair	and	major	overhaul.	Treatment	cost	of	discharge.
This	will	typically	consist	of	equipment	rental	plus	expendable	treatment	materials.	Fees	associated	with	discharge	of	dewatering	effluent.	For	long-term	operations,	labor	and	energy	escalations	must	be	provided	for.	The	permits	and	fees	for	potential	treatment	and	disposal	of	the	dewatering	effluent	must	be	considered.	Permits	may	involve	well
permits	for	the	installation	and	abandonment	of	the	dewatering	system,	withdrawal	permits	for	removing	groundwater	from	the	aquifer,	and	discharge	permits	for	disposal	of	the	dewatering	effluent.	The	project	specifications	may	discuss	permit	requirements,	or	the	local	regulating	authorities	may	be	contacted.	There	may	be	costs	associated	with
obtaining	a	permit	for	the	installation	of	the	dewatering	system.	It	has	been	the	experience	of	the	authors	that	although	the	cost	of	obtaining	the	permit	is	not	significant,	the	timeframe	to	obtain	the	permit	can	seriously	impact	the	project	schedule.	It	is	highly	recommended	that	the	owner	apply	for	and	obtain	the	longlead-time	permits	even	prior	to
putting	the	project	out	for	bid.	In	some	jurisdictions,	regulations	require	that	certain	permits	must	be	obtained	by	the	owner.	The	cost	of	discharge	permits	will	depend	on	whether	the	dewatering	effluent	will	be	directed	to	a	local	stream	or	receiving	body	of	water,	recharged	back	to	the	ground,	or	disposed	of	in	a	combined	or	sanitary	sewer.	If	the
latter	is	the	case,	the	cost	can	be	significant.	There	are	fees	associated	with	disposal	costs	since	the	dewatering	effluent	will	be	treated	by	the	local	sewage	treatment	plant.	Treatment	prior	to	discharge	to	the	sanitary	sewer	may	be	required	by	the	local	plant	operator.	These	costs	can	be	significant	if	the	flow	from	the	dewatering	system	is	over
several	hundred	gpm	(1000	L/min.).	There	have	been	instances	where	a	fee	has	been	charged	for	using	a	storm	sewer	that	discharged	directly	into	an	open	body	of	water.	It	is	important	that	the	project	estimator	take	into	account	how	the	discharge	will	be	handled,	and	the	appropriate	costs.	Either	the	dewatering	subcontractor	or	the	general
contractor	must	include	these	costs	in	the	bid.	Permits	obtained	for	discharge	to	surface	water,	or	recharge	into	the	ground,	typically	have	stringent	requirements	concerning	the	quality	of	the	water	to	be	discharged.	It	is	fairly	commonplace	today	to	provide	treatment	of	the	de-	580	PRACTICE	Figure	28.4	Installation	and	removal	costs.	Courtesy
Moretrench.	Task:	Install	Dewatering	Wells	Drill	Production	#	wells	#	/	shift	Pump	Production	#	pumps	#	/	shift	Piping	Production	LF	LF	/	shift	I.	Labor	Task	Description	set	up	drill	wells	develop	wells	install	pumps	&	riser	install	discharge	piping	start	up	abandon	wells	remove	system	Contingency	Days	Weather	/	Lost	Days	Holidays	Per	diem	-	man
days	Totals:	Days	Hours	Days	Hours	Days	Total	Days	Driller	Oper.	Labor.	Monthly	Rate	Daily	FOGM	Total	Cost	II.	Equipment	Item	Excavator	Loader	LULL	Compressor	Generator	Boom	truck	Cherry	picker	Drill	rig	#1	Service	truck	Pick	up	truck	Grout	plant	Jetting	equipment	Wellpoint	pumps	Deep	well	pumps	Sump	pumps	Equipment	Subtotal:	Tax:
Subtotal:	Equipment	Insurance:	Total:	III.	Materials	Item	Well	screen	Well	casing	End	caps	Filter	sand	Cement	Bentonite	Revert	Misc.	backfill	Riser	pipe	Riser	pipe	accessories	Discharge	valves	Submersible	pumps	Control	panels	Misc.	pump	accessories	Unit	ft.	(m)	ft.	(m)	ea.	LS	bags	bags	bags	Quantity	Unit	$	Total	$	ft.	(m)	LS	ea.	ea.	ea.	LS
Materials	Subtotal:	Tax:	Total:	IV.	Subcontractors	Electrical	Units	ls	Quantity	Unit	$	Subtotal:	Total	$	Daily	Total	DEWATERING	COSTS	watering	effluent	prior	to	discharge.	This	may	include	filtering,	air	stripping	to	remove	volatiles,	and	even	carbon	absorption.	This	aspect	of	dewatering	is	discussed	further	in	Chapter	14.	Figure	28.5	is	a	typical
spreadsheet	for	calculating	ongoing	operation	and	maintenance	costs.	tractor	will	also	have	available	personnel	who	are	knowledgeable	and	practiced	in	their	techniques.	The	specialty	dewatering	subcontractor,	regardless	of	the	allocation	or	the	amount	of	risk	assumed,	will	typically	include	the	following	elements	in	its	proposal:	•	Installation	of	the
dewatering	devices	(i.e.,	wells,	26.6	SUMMARY	Costs	are	then	summarized	as	in	Fig.	28.6.	The	contractor’s	margins	markup	for	overhead	and	profit	must	be	added	to	direct	costs.	Finally,	consideration	must	be	given	to	contingency	allowances	for	conditions	other	than	those	indicated	by	the	available	subsurface	data.	Contingencies	should	be
individually	appraised	on	the	basis	of	cost	impact	and	probability.	What	is	the	likelihood	of	extraordinarily	high	hydraulic	conductivity?	What	if	the	adjacent	river	surges	up	to	its	100year	flood	stage?	What	will	be	the	effect	of	an	unexpected	clay	layer?	What	if	boulders	are	encountered	in	drilling,	increasing	installation	time	and	damaging	equipment?
The	cost	impact	of	such	occurrences	is	evaluated,	and	then	a	judgment	is	made	as	to	their	probability,	based	on	the	quality	of	available	data.	Amounts	to	be	added	for	contingency	will	be	less	if	there	has	been	an	adequate	geotechnical	investigation	with	a	wellorganized	report	(Chapter	11).	Contingencies	may	be	further	reduced	if	the	contractor	has
been	assured	that	disputes	will	be	negotiated	in	an	equitable	manner,	as	discussed	in	Chapter	29.	28.7	SPECIALTY	DEWATERING	SUBCONTRACTOR	QUOTATIONS	A	specialized	dewatering	subcontractor	can	provide	a	turnkey	package	that	includes	the	installation	and	removal	of	a	dewatering	system	guaranteed	to	achieve	the	specified	results,	a
limited-risk	or	a	fixed-scope	proposal	for	the	installation	and	removal	of	as	many	dewatering	devices	as	are	required	and	which	would	be	paid	for	on	a	unit	price	basis,	or	something	in	between.	For	a	general	contractor,	there	are	numerous	elements	of	risk	that	must	be	considered	when	evaluating	whether	to	self-perform	the	dewatering	work	or	let	it
to	a	dewatering	subcontractor.	The	more	obvious	risks	are	associated	with	the	system	installation	and	performance,	and	with	augmentation	and	delays	associated	with	inadequacy.	The	less	obvious	risks	are	associated	with	routine	system	maintenance	and	repairs,	system	fouling	and	subsequent	treatment,	handling	of	perched	or	residual	water,	and
potential	adverse	effects	of	dewatering.	Dewatering	subcontractors	will	typically	have	local	experience	which	may	be	essential	in	determining	the	most	appropriate	dewatering	technique	for	the	local	ground	conditions.	A	specialized	dewatering	subcon-	581	•	•	•	•	•	wellpoints,	ejectors)	to	the	proper	depth.	A	fixed	number	of	devices	will	be	specified
with	a	fixed-scope	proposal.The	number	of	devices	may	not	be	specified	with	a	turnkey	proposal.	Piezometers	as	necessary	to	evaluate	performance	of	the	dewatering	system.	Above-ground	discharge	or	header	piping	around	the	perimeter	of	the	excavation	and	conveyed	to	a	specified	discharge	location.	Dewatering	equipment	rental	on	a	per	month
cost	basis.	Groundwater	treatment	equipment	rental	on	a	per	month	cost	basis.	Where	the	amount	of	contamination	present	is	uncertain,	the	consumables	for	the	treatment	process	may	be	provided	on	a	unit	cost	basis.	Removal	of	the	system,	including	abandonment	of	the	dewatering	devices	in	accordance	with	state	regulations.	Additionally,	there
are	a	significant	number	of	related	items	that	will	contribute	to	the	cost	of	dewatering	as	a	whole.	These	items	may	or	may	not	be	included	or	even	mentioned	within	a	dewatering	subcontractor’s	proposal.	It	is	important	that	the	contractor	fully	understands	the	dewatering	subcontractor’s	quotation	so	that	all	the	necessary	costs	for	successful
execution	of	the	dewatering	program	are	included	in	the	general	contractor’s	bid.	In	many	cases,	the	specialized	dewatering	subcontractor	may	rely	upon	the	general	contractor	to	provide	these	elements:	•	Location	of	buried	utilities.	Test	pitting	may	be	necessary	if	working	within	close	proximity	of	a	utility.	•	Survey	and	layout	of	the	dewatering
devices	or	critical	•	•	•	points	of	the	excavation	to	use	as	offsets.	Permits	that	may	be	required.	Regardless	of	the	location,	there	may	be	three	types	of	permits	required	for	dewatering	work:	permits	to	install	a	system;	permits	to	extract	groundwater	resources	(pump	the	system);	and	permits	to	discharge	the	effluent.	In	addition	to	the	cost	for	the
acquisition	of	the	permit	itself,	there	may	be	other	related	costs	such	as	testing	of	water	quality,	a	monthly	cost	for	groundwater	withdrawal,	and/or	a	pergallon	fee	to	discharge	the	system	effluent.	The	timely	acquisition	of	permits	may	also	be	a	significant	issue	from	the	standpoint	of	project	schedule.	Suitable	access	must	be	provided	for	the
installation	of	the	dewatering	system.	This	will	vary	with	the	specific	equipment	utilized	to	perform	the	work.	The	dewatering	subcontractor	may	rely	upon	the	general	contractor	for	loader	support	for	unloading	and	handling	equipment	on	site.	582	PRACTICE	Operation	and	Maintenance	1.	Wages	Wage	Benefit	Tax	%	Total	#	men	hrs/wk	$/week
Operator	-	ST	Operator	-	OT	Operator	-	DT	1A.	Operation	$/month	Operator	-	ST	Operator	-	OT	Operator	-	DT	Monthly	cost:	1B.	Holiday	Premiums	cost	per	day	#	/	day	$/month	Operator	-	DT	Monthly	cost:	1C.	Maintenance	Labor	#	men	hrs/wk	$/week	$/month	Monthly	cost:	2.	Overhead	$/day	$/wk	$/month	Supv.	with	truck	Office	trailer	Operator's
trailer	Utilities,	phone	Tax	per	month:	Cost	per	month:	3.	Power	/	Fuel	HP	KW	Daily	KW-hrs	#/month	cost	$/month	Generator	Commercial	4.	Materials	Tax	per	month:	Cost	per	month:	5.	Equipment	Rental	#	rent	Sales	tax	%	Equipment	insurance	%	Monthly	cost:	Cost	Summary	Total	Labor:	Overhead:	Power:	Materials:	Equipment:	Cost:	Escalation:
Mark	up:	Contingency:	Monthly	price:	Weekly	Price:	Figure	28.5	Operation	and	maintenance	costs.	Courtesy	Moretrench.	Per	Month	cost	gal	/	hr	$	/	gal	$	/	wk	$/month	DEWATERING	COSTS	583	Sales	Tax:	Description	Units	Mob.	/	Demob.	LS	Install	Dewatering	Wells	EA	Operation	and	Maintenance	Quantity	Subs	Labor	Equip.	Mtls.	J.O.	Mob.	Other



Subs	Labor	Equip.	Mtls.	J.O.	Mob.	Other	Total	Cost	Total	M/U	Total	Total	Cost	Total	M/U	Total	Weekly	Removal	LS	Totals	Summary	Cost:	Mark	Up:	Contingency:	Bond	&	Liability	Insurances:	Total	Per	Diem:	Total	Man	Hours:	Total:	Figure	28.6	Cost	summary.	Courtesy	Moretrench.	•	On	congested	sites,	it	may	be	necessary	to	bury	dis•	•	•	•	•	•
charge	piping	and/or	electrical	distribution.	There	will	be	spoils	generated	during	system	installation	that	must	be	disposed	of.	Regardless	of	the	system	installed,	there	will	be	fluids	generated	that	must	be	disposed	of.	There	may	also	be	contaminated	or	hazardous	waste	by-products	from	groundwater	treatment.	A	source	of	power	will	be	required.
This	must	be	either	a	commercial	electric	power	drop	or	a	fuelled	and	maintained	generator.	A	standby	source	of	electric	power	must	be	considered	such	as	a	generator	with	an	automatic	transfer	switch	to	automatically	start	the	generator	and	transfer	power	in	the	event	of	a	power	loss.	The	voltage,	phasing	and	total	amperage	requirements	must	be
tailored	to	the	specific	system.	Temporary	electric	power	must	be	distributed	from	the	source	to	the	dewatering	device(s).	Sumping	equipment	will	be	necessary	unless	the	site	will	not	experience	precipitation.	This	will	include	pumps	and	controls,	extension	cables,	hoses,	and	discharge	lines.	(This	equipment	should	be	provided	by	the	excavation
contractor,	who	has	the	greatest	interest	in	the	conditions	within	the	excavation,	has	direct	control	over	the	staging	and	sequencing	of	the	excavation,	and	can	make	the	most	effective	use	of	the	equipment	for	handling	surface	and	seepage	water).	There	may	be	some	site	restoration	necessary	following	the	system	installation	and/or	removal.	The
operation	and	maintenance	of	the	dewatering	system	will	typically	be	performed	by	the	specialty	subcontractor	with	a	turnkey	package	and	on	a	per	month	basis	for	as	long	as	the	contractor	requires	dewatering.	On	this	basis	the	specialty	subcontractor	assumes	the	risk	associated	with	the	dewatering	operation.	In	some	cases	•	•	•	•	•	the	general
contractor	may	assume	the	responsibility	(and	risk)	of	the	system	operation	and	maintenance.	The	dewatering	contractor	will	include	specialized	equipment	such	as	jetting	and	developing	equipment,	high-pressure	hoses,	holepunchers	and	casings,	surge	blocks,	air	and	water	jet	pipes,	and	so	forth.	For	holepunchers	and	casings,	special	rigging	such
as	slings,	spreaders,	and	blocks	may	be	required.	If	the	general	contractor	is	to	provide	a	crane	for	the	use	of	specialized	installation	techniques,	it	should	be	understood	up	front	who	is	to	provide	the	necessary	rigging.	In	many	cases,	there	should	be	some	standby	equipment	such	as	pumps,	fittings,	control	panels,	generators	(and	fuel	tanks),
automatic	transfer	switch,	and	automatic	startup	devices	if	required.	If	groundwater	treatment	is	required,	additional	standby	equipment	will	be	necessary.	A	mechanical	problem	with	a	treatment	system	should	not	interrupt	the	dewatering	operation.	Equipment	rental	usually	begins	when	the	equipment	is	shipped	and	ends	on	its	return.	An
allowance	should	be	made	for	rental	costs	during	shipment,	installation,	and	removal,	in	addition	to	the	basic	pumping	period.	Shipping	may	be	excluded	from	the	specialty	contractor’s	quotation.	Equipment	lost	or	damaged	on	the	job	will	be	an	expense,	after	applicable	rentals	are	deducted.	Some	allowance	for	repair	of	damaged	equipment	should
be	included	in	the	total	budget.	In	cold	weather,	it	may	be	advisable	to	enclose	generators	and	sensitive	equipment.	In	extremely	cold	climates,	insulation	of	pipelines	may	be	necessary,	particularly	when	pumping	small	quantities	of	water.	Winterization	of	the	dewatering	system	may	be	excluded	from	the	quotation.	CHAPTER	29	Dewatering
Specifications,	Allocation	of	Risk,	Dispute	Avoidance,	and	Resolution	of	Disputes	he	authors	have	attempted	in	this	book	to	present	the	engineering	principles	and	the	practical	considerations	that	need	to	be	brought	to	bear	when	addressing	the	challenges	presented	by	groundwater.	Any	comprehensive	study	of	the	writing	of	specifications	or	of	the
resolution	of	construction	disputes	would	necessarily	be	beyond	the	scope	of	this	book.	However,	groundwater	control	does	present	some	considerations	that	are	not	common	to	all	construction	work,	and	the	purpose	of	this	chapter	is	to	call	attention	to	some	special	contractual	issues	that	can	be	presented	by	the	need	to	control	groundwater,	with
focus	on	dewatering.	For	most	of	the	scope	of	work	of	the	typical	construction	project,	the	purpose	of	specification	writing	is	to	express	effectively	the	minimum	needs	of	the	project	owner	so	as	to	require	the	contractor	to	meet	those	needs	as	a	condition	to	receiving	the	contract	price.	In	most	applications,	however,	groundwater	control	is	a	part	of
the	project’s	temporary	works,	more	closely	akin	to	a	contractor’s	means	and	methods	than	to	an	owner’s	ultimate	requirements.	Therefore,	in	many	respects,	the	project	owner	is	less	concerned	with	precisely	how	the	dewatering	is	accomplished	than	with	ensuring	that	the	dewatering	effort	is	sufficiently	effective	to	permit	the	project	to	be
completed	without	undue	delay	and	also	sufficiently	controlled	so	as	not	to	endanger	personnel	or	cause	or	permit	damage	to	the	site	of	the	work,	or	to	the	work	in	progress,	or	to	nearby	structures,	wells,	or	property.	Accordingly,	groundwater	control	specifications	(as	is	often	the	case	with	specifications	for	other	kinds	of	temporary	works)	tend	to	be
presented	more	often	as	performance	rather	than	as	design	specifications,	and	groundwater	spec-	T	584	ifications	should	normally	be	more	concerned	with	risk	allocation	than	other	sections	of	the	contract	specification.	There	can	be	dewatering	applications	that	become	part	of	the	permanent	project,	such	as	in	the	construction	of	dry	docks	or	other
permanent	relief	systems.	Those	applications	call	for	design	specifications	that	take	into	account	all	the	considerations	of	any	permanent	works	design,	including	long-term	costs	of	operation	and	maintenance.	The	preparation	of	specifications	for	such	permanent	dewatering	applications	is	also	beyond	the	subject	of	this	chapter.	Rather,	this	chapter	is
intended	to	address	the	relative	merits	of	different	approaches	to	defining	a	project’s	dewatering	requirements,	assigning	the	design	and	performance	responsibilities	for	dewatering,	and	allocating	the	risks	of	unknown	conditions,	of	design	insufficiency,	performance	inefficiency,	and	possible	adverse	effects	of	dewatering.	The	purpose	of	the
dewatering	specification	is	to	require	that	the	contractor	performs	the	work	in	a	manner	that	will	accomplish	the	owner’s	desired	purpose,	and	to	give	the	owner’s	project	engineer	sufficient	control	to	ensure	that	the	requirements	are	carried	out.	The	owner’s	interests	are	that	the	dewatering	be	done	without	delaying	the	schedule	and	without
endangering	personnel	and	equipment,	that	the	methods	do	not	impair	the	strength	of	the	foundation	soils,	and	that	no	damage	to	third	parties	results.	Within	these	restrictions,	it	is	usually	preferable	to	give	the	contractor	maximum	latitude	to	use	the	contractor’s	own	experience,	expertise,	and	ingenuity	in	accomplishing	the	task	at	hand	while
controlling	the	cost	of	the	work.	The	choice	of	dewatering	method	is	closely	related	to	excavation	operations,	selected	techniques	of	ground	support,	selected	tunneling	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John
Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	DEWATERING	SPECIFICATIONS,	ALLOCATION	methods,	and	other	factors.	Unnecessary	restrictions	on	the	dewatering	may	escalate	the	costs	of	those	related	operations.	However,	in	special	circumstances,	as	will	be	described	below,	it	may	be	advisable	to	specify	certain	methods.	The	optimum	form	of
specification	will	vary	from	one	job	situation	to	another.	Several	forms	of	specifications	that	have	been	used	effectively	in	the	past	are	suggested	in	this	chapter.	Selection	from	among	these	forms	or	developing	other	forms	or	variations	on	them	is	the	province	of	the	consultant,	who	must	write	effective	contracts	and	then	administer	them	on	a	wide
variety	of	projects.	Groundwater	holds	the	dubious	distinction	of	being	the	most	common	cause	of	disputes	in	underground	construction.	Given	the	inherent	uncertainties	of	the	underground,	some	disputes	are	inevitable.	When	a	dispute	can	be	settled	promptly,	with	a	compromise	reasonably	equitable	to	each	side,	the	impact	of	that	dispute	on	the
project	can	be	minimized.	But	when	disputes	are	allowed	to	drag	on,	the	indirect	costs	escalate	dramatically.	The	authors	have	seen	the	following	scenario	with	disturbing	frequency:	an	unexpected	problem	develops	with	a	remedial	cost	of	x	dollars.	The	parties	cannot	reach	a	compromise	and	the	dispute	worsens.	Delays	lengthen	and	default	is
declared.	The	inevitable	litigation	ensues.	The	cost	to	the	parties	escalates	to	10x	or	even	20x	dollars.	The	Technical	Committee	on	Contracting	Practices	of	the	Underground	Technology	Research	Council	(UTRC)	[29-1]	has	developed	Alternate	Dispute	Resolution	(ADR)	procedures	that	are	proving	effective	in	mitigating	the	effect	of	disputes.	The
committee’s	procedures	are	discussed	later	in	this	chapter.	The	discussions	in	this	chapter	of	specification	writing,	contract	risks,	fraud,	differing	site	conditions,	and	dispute	resolution	are	intended	as	general	background	information	for	construction	professionals	who	need	to	deal	with	creating	effective	contractual	provisions	concerning	the	control
of	groundwater.	They	are	not	intended	to	be,	and	they	are	no	substitute	for,	competent	legal	advice	when	addressing	particular	legal	issues	or	controversies.	OF	AND	RESOLUTION	OF	DISPUTES	585	the	engineer’s	intentions.	One	form	of	general	specification	that	can	be	applied	to	a	variety	of	job	conditions	is	as	follows:	Control	of	groundwater	shall
be	accomplished	in	a	manner	that	will	preserve	the	strength	of	the	foundation	soils,	will	not	cause	instability	of	the	excavation	slopes,	and	will	not	result	in	damage	to	existing	structures.	Where	necessary	to	these	purposes,	the	water	level	shall	be	lowered	in	advance	of	excavation,	utilizing	wells,	wellpoints,	or	similar	methods.	The	water	level	as
measured	in	piezometers	shall	be	maintained	a	minimum	of	3	ft	(1	m)	below	the	prevailing	excavation	level,	or	it	shall	be	lowered	to	within	2	ft	(0.6	m)	of	impermeable	strata.	Open	pumping	with	sumps	and	ditches,	if	it	results	in	boils,	loss	of	fines,	softening	of	the	ground,	or	instability	of	slopes,	will	not	be	permitted.	Wells	and	wellpoints	shall	be
installed	with	suitable	screens	and	filters	so	that	continuous	pumping	of	excessive	fines	does	not	occur.	The	discharge	shall	be	arranged	to	facilitate	collection	of	samples	by	the	engineer.	The	contractor,	or	his	specialist	dewatering	contractor,	shall	be	experienced	in	construction	dewatering	on	projects	of	similar	size	and	complexity,	in	geology	similar
to	that	present	on	this	site.	Where	the	potential	for	a	specific	dewatering	problem	has	been	revealed	by	the	pre-bid	site	investigation,	the	specifications	may	also	require	monitoring	and	appropriate	control	of	the	identified	condition.	In	recent	years	it	has	become	accepted	practice	among	experienced	engineers	[29-2]	to	call	the	attention	of	the	bidders
to	such	potential	problems.	Examples	of	such	provisions	are	as	follows:	•	The	uniform	fine	sand	stratum	at	subgrade	of	the	•	29.1	PERFORMANCE	SPECIFICATIONS	Normally,	the	result	desired	from	dewatering	is	specified,	with	the	design	of	the	system	left	to	the	contractor.	The	simplest	form	of	dewatering	specification	demands	that	the	water	level
be	lowered	in	advance	of	excavation	to	a	stated	distance,	perhaps	2	to	5	ft	(0.6	to	1.5	m),	below	the	subgrade.	Some	engineering	firms	have	a	standard	specification	to	that	effect,	which	they	apply	indiscriminately.	Such	a	practice	is	not	recommended.	As	discussed	in	Chapter	16,	there	are	certain	conditions	of	soil	and	water	where	predrainage	to
below	subgrade	may	not	be	necessary,	or	may	indeed	be	impossible.	Under	these	conditions,	indiscriminate	application	of	a	standard	specification	serves	little	purpose,	may	lead	to	disputes,	and	may	undermine	respect	for	RISK,	DISPUTE	AVOIDANCE,	•	excavation	is	sensitive	to	seepage	pressures,	and	the	water	level	within	it	must	be	lowered	in
advance	of	excavation.	The	sand	stratum	beneath	the	site	is	under	artesian	pressure	and	represents	a	danger	from	heaving	unless	it	is	pressure	relieved.	The	contractor	shall	install	deep	wells	to	lower	the	head	in	the	sand	stratum	to	3	ft	(1	m)	below	subgrade	prior	to	beginning	excavation.	Tests	have	indicated	that	recovery	of	water	levels	may	be
rapid	if	pumping	is	interrupted.	The	contractor	shall	provide	standby	equipment	installed	and	ready	to	operate	to	ensure	continuous	pumping.	The	engineer	may	specify	a	minimum	number	of	piezometers	to	monitor	control	of	groundwater	levels	and	include	locations,	depths,	and	construction	details	on	the	drawings	to	ensure	that	the	observations
are	representative	of	the	condition	being	monitored.	For	example,	if	artesian	pressure	is	being	relieved	the	piezometer	should	be	isolated	by	seals	in	the	overlying	clay	so	that	it	accurately	indicates	the	pressure	condition	(Chapter	8).	586	PRACTICE	It	is	sometimes	desirable	for	the	engineer	to	predesign	certain	details	of	construction,	such	as	the
slopes	of	the	excavation.	If	the	design	demands	that	the	water	level	be	maintained	some	distance	below	the	slope,	this	should	be	stated	and	piezometers	should	be	specified	to	monitor	the	condition.	Or	if	a	sheeting	plan	design	depends	on	passive	strength	of	the	soil	below	subgrade,	predrainage	should	be	specified	to	the	desired	depth	inside	the	toe
of	the	sheeting,	and	piezometers	provided	to	monitor	the	result.	It	is	normal	industry	practice	to	remove	wellpoints	when	their	use	is	no	longer	required	and	allow	the	soil	to	collapse	naturally.	Wells	may	be	removed,	but	they	are	frequently	cut	off	about	3	ft	(1	m)	below	ground	surface,	backfilled	with	sand,	and	abandoned.	Pipe	underdrains	are
usually	left	as	constructed.	If	grouting	of	underdrains	or	abandoned	wells	is	desired	by	the	engineer	or	required	by	local	regulations,	this	should	be	specified.	29.2	OWNER-DESIGNED	DEWATERING	SYSTEMS	In	some	special	situations,	it	may	be	advantageous	for	the	owner’s	engineer	to	predesign	the	dewatering	system	and	take	the	risk	for	its
effectiveness.	One	such	situation	is	where	the	dewatering	system	is	to	become	a	permanent	part	of	the	structure,	such	as	a	relieved	drydock	or	an	underdrain	for	a	deep	building	basement	slab.	There	are	a	number	of	disadvantages	to	the	ownerdesigned	system.	First,	the	expertise	and	ingenuity	of	the	contractor	in	choosing	a	dewatering	method
compatible	with	his	various	construction	options	have	been	lost.	Second,	an	owner’s	design	is	necessarily	based	on	the	limited	information	available	prior	to	bid,	and	it	is	difficult	both	to	promulgate	a	design	and	also	to	retain	the	flexibility	necessary	to	adapt	to	unexpected	conditions.	Third,	an	owner	specifying	a	dewatering	program	must	understand
that	it	is	warranting	to	the	contractor	that	the	required	program	will	be	effective	to	accomplish	the	purpose	intended.	Finally,	rigid	quality	control	of	the	installation	by	the	owner	will	become	necessary,	and	inspectors	experienced	in	dewatering	work	are	not	often	readily	available.	Perhaps	the	chief	difficulty	is	the	unavoidable	confusion	over
responsibility.	As	discussed	in	Chapter	16,	many	dewatering	projects	involve	a	combination	of	predrainage	and	open	pumping.	The	predrainage	effort	is	designed	to	provide	a	workable	condition	in	the	excavation;	residual	seepage	is	handled	by	sumps	and	ditches.	The	open	pumping	invariably	affects	excavation	and	construction	operations.	When	the
owner	has	designed	the	predrainage	system,	controversy	over	the	responsibility	for	sumping	costs	nearly	always	results.	In	an	effort	to	minimize	the	controversy,	the	owner’s	engineer	may	be	overconservative	in	the	design	of	the	predrainage	system,	and	the	total	cost	of	the	project	is	thereby	increased.	Various	methods	have	been	attempted	to	put
dewatering	risk	on	some	sort	of	unit	price	basis.	Results	have	not	been	generally	favorable.	One	method	was	to	pay	for	dewatering	on	the	basis	of	the	quantity	of	water	pumped,	but	as	discussed	in	Chapter	28	and	elsewhere,	total	dewatering	cost	is	not	a	direct	function	of	water	quantity,	except	in	special	circumstances.	The	authors	have	seen	projects
where	payment	on	the	basis	of	water	quantity	has	been	much	less	than	the	true	cost,	and	those	where	it	has	been	much	more.	In	either	case,	controversy	results.	Another	method	sometimes	recommended	is	for	the	owner	to	specify	a	fixed	number	of	dewatering	wells	for	a	lump	sum,	with	a	unit	price	bid	for	additional	wells	required.	The	procedure
has	merit	in	some	instances,	but	in	practice	difficulties	can	develop.	In	variable	soils,	the	number	of	wells	required	is	often	a	function	of	the	contractor’s	skill	in	adapting	well	design	and	construction	methods	to	the	conditions	encountered	and	in	selecting	the	most	favorable	sites	for	wells.	It	is	not	to	the	owner’s	interest	to	give	the	contractor	an
incentive	to	construct	as	many	wells	as	possible.	On	projects	in	stratified	soils,	where	some	open	pumping	will	be	required	in	addition	to	the	wells,	controversy	can	develop	over	the	quantity	of	wells	the	owner	has	agreed	to	pay	for,	since	it	affects	the	contractor’s	other	operations.	In	general,	the	advantages	of	an	owner-designed	dewatering	system
rarely	outweigh	the	potential	disadvantages	of	the	procedure,	and	it	has	not	gained	significant	acceptance.	29.3	SPECIFIED	MINIMUM	SYSTEMS	A	procedure	that	has	been	suggested	is	1.	For	the	owner	to	design	and	specify	a	minimum	dewatering	system	that	the	contractor	must	install,	while	2.	specifying	that	the	contractor	must	provide	at	the
contractor’s	own	expense	any	and	all	additional	facilities.	The	contractor	will	receive	no	extra	compensation	for	any	augmentation	to	the	minimum	system	that	is	required.	The	advantages	claimed	for	this	method	are	several.	It	ensures	that	a	reasonable	dewatering	effort	will	be	made	in	advance	of	excavation.	In	the	course	of	installing	the	minimum
system,	an	experienced	contractor	can	develop	data	to	help	him	gauge	the	necessity	of	supplemental	work.	And	it	reduces	the	possibility	that	an	inexperienced	contractor	will	attempt	to	work	with	unsuitable	methods.	The	minimumsystem	approach	avoids	the	confusion	of	responsibility	that	results	with	owner-designed	systems.	29.4	DEWATERING
SUBMITTALS	It	is	normal	practice	on	projects	of	significant	size	or	complexity	to	require	that	the	contractor	submit	the	dewatering	DEWATERING	SPECIFICATIONS,	ALLOCATION	plan	for	review	prior	to	beginning	installation.	This	submittal	is	based	on	the	same	limited	information	available	at	the	bid.	The	engineer,	during	review,	can	do	little
more	than	establish	that	the	plan	takes	account	of	the	available	information	and	is	in	accordance	with	good	practice.	More	often	than	not,	the	actual	dewatering	system	will	be	modified	substantially	from	the	submitted	plan	as	the	contractor	adapts	to	information	developed	during	installation.	On	projects	where	the	dewatering	is	critical	to	the
schedule	or	to	the	safety	of	the	work,	a	two-stage	submittal	may	be	advisable.	A	form	that	has	proven	successful	is	as	follows:	Prior	to	beginning	work,	the	Contractor	shall	submit	to	the	Engineer	for	review	a	detailed	plan	of	the	proposed	dewatering	system,	showing	the	arrangement	and	location	of	wells	or	wellpoints,	methods	of	installation,	location
of	headers	and	discharge	lines	and	points	of	discharge	disposal.	Review	by	the	Engineer	shall	not	relieve	the	Contractor	of	responsibility	for	the	adequacy	of	the	dewatering	system	to	achieve	the	specified	result.	During	the	construction	of	the	dewatering	system	the	contractor,	in	accordance	with	good	practice,	will	be	making	observations	and
conducting	tests	to	evaluate	the	underground	conditions.	The	information	will	be	much	more	complete	than	that	available	at	the	bid,	and	a	second	submittal	is	more	meaningful:	After	completion	of	the	dewatering	installation	and	prior	to	commencement	of	excavation,	the	Contractor	shall	submit	for	review	a	detailed	plan	of	the	dewatering	system	as
constructed,	together	with	test	data	and	computations	demonstrating	that	the	system	is	capable	of	achieving	the	specified	result.	The	two-stage	submittal	is	of	particular	value	for	tunnels	and	for	complex	projects	where	substantial	delay	will	result	if	the	dewatering	system	must	be	modified	after	excavation	begins.	It	may	be	advisable	to	demand	that
additional	data	be	submitted	for	projects	involving	special	situations.	For	example,	in	excavations	enclosing	large	areas	the	contractor	should	demonstrate	the	ability	of	the	stormwater	handling	facilities	to	prevent	erosion	and	temporary	flooding	during	heavy	storms.	Where	the	aquifer	is	sensitive	to	pumping	interruption,	periodic	tests	of	the
adequacy	of	standby	equipment	should	be	conducted.	Where	suspension	of	pumping	is	critical	to	the	completed	structure,	the	specifications	should	require	that	the	contractor	submit	a	plan	for	deactivation	of	the	system,	including	calculations	of	the	adequacy	of	the	structure,	and	procedures	for	abandoning	wells	and	other	items	left	in	place.	OF
RISK,	DISPUTE	AVOIDANCE,	AND	RESOLUTION	OF	DISPUTES	587	29.5	THIRD-PARTY	DAMAGE	CAUSED	BY	DEWATERING	One	of	the	owner’s	concerns	on	almost	any	project	is	avoiding	or	minimizing	damage	to	other	property.	On	some	projects,	avoiding	damage	to	adjacent	structures	may	even	be	a	condition	of	the	right	to	build.	Damage	to	the
property	of	third	parties	can	occur	in	two	basic	ways.	The	damage	most	often	results	from	improper	dewatering	procedures.	However,	under	certain	soil	and	water	conditions,	the	very	act	of	lowering	the	water,	even	if	carried	out	properly,	can	cause	damage	[29-3].	It	is	within	the	control	of	the	contractor	to	conduct	dewatering	operations	in	a	proper
manner,	and	the	specifications	should	always	require	that	this	be	done.	Thus,	open	pumping	under	unsuitable	conditions	that	may	cause	loss	of	ground,	or	poorly	constructed	wells	that	continuously	pump	fines,	should	be	avoided.	The	general	specification	recommended	in	Section	29.1	will	prevent	such	improper	procedures	if	it	is	effectively	enforced.
There	are,	however,	certain	conditions	where	damage	can	occur	even	if	the	contractor	conducts	the	dewatering	properly.	As	discussed	in	Chapter	3,	the	act	of	lowering	the	water	table	may	be	harmful	under	certain	special	conditions.	One	such	condition	is	where	the	foundations	of	adjacent	structures	rest	on	compressible	soils,	such	as	soft	organic	silt
or	peat,	which	may	consolidate	under	the	modest	load	caused	by	dewatering.	Another	condition	is	where	lowering	of	the	water	table	will	affect	neighboring	water	supply	wells.	The	incidence	of	such	conditions,	among	the	thousands	of	dewatering	operations	that	are	carried	out	each	year,	is	uncommon.	But	since	the	possibility	always	exists,	it	is	the
practice	of	some	engineers	to	specify	that	the	risk	involved	be	borne	by	the	contractor.	This	practice	is	not	recommended.	To	dewater	without	lowering	the	surrounding	water	table	requires	extraordinary	measures,	such	as	cutoffs	and	artificial	recharge.	There	is	rarely	time	before	the	bid	for	contractors	to	determine	whether	conditions	will	require
extraordinary	measures.	The	tendency,	therefore,	is	to	add	contingencies	to	the	bid.	Since	the	costs	of	recharge	are	substantial,	the	contingencies	can	be	very	large.	When	the	risk	does	not	exist,	the	project	cost	has	been	unnecessarily	increased.	A	preferable	procedure	that	has	been	used	effectively	on	some	of	the	large	subway	projects	in	the	United
States	in	recent	years	is	for	the	owner	to	take	the	risk	of	damage	resulting	from	unavoidably	lowering	the	water	table.	During	the	geologic	study,	the	owner’s	engineers	have	time	to	investigate	the	possibility	of	third-party	damage,	with	methods	similar	to	those	suggested	in	Chapter	11.	If	the	risk	is	severe,	the	engineer	can	specify	construction
methods	that	will	minimize	lowering	of	the	surrounding	water	table	(Chapters	16,	21,	22,	23	and	24).	But	if	the	risk	is	moderate	or	negligible,	the	specifications	can	give	the	contractor	normal	latitude	in	his	methods,	with	the	provision	588	PRACTICE	that	recharge	and	other	extraordinary	methods,	if	they	become	necessary,	will	be	paid	for	as	extra
work.	With	this	approach,	the	owner	pays	for	the	risk	only	where	it	is	a	real	one,	and	not	on	each	and	every	contract	in	the	form	of	contingencies	in	the	bid.	The	procedure	worked	effectively	on	the	San	Francisco	BART	system.	On	four	contracts	through	areas	with	compressible	soils,	the	engineers	specified	such	methods	as	cutoff	walls,	compressed
air	tunneling,	and	artificial	recharge.	The	work	was	accomplished	in	these	critical	areas	at	added	cost,	but	with	no	significant	damage	to	existing	structures.	But	on	the	dozens	of	other	contracts	in	the	massive	BART	system,	construction	was	carried	out	with	conventional	methods	at	considerable	savings,	the	bulk	of	which	accrued,	under	the	form	of
specification	used,	to	the	owner.	A	recommended	form	of	specification	to	cover	the	risks	involved	in	lowering	the	water	table,	where	risks	are	moderate	or	negligible,	is	as	follows:	If	the	Engineer	directs	that	the	groundwater	level	in	adjacent	areas	be	maintained,	the	cost	thereof,	including	cutoffs,	artificial	recharge,	and	the	augmentation	of	the
dewatering	system	made	necessary	by	recharge,	will	be	paid	for	as	extra	work.	Where	the	risk	of	third-party	property	damage	is	severe,	and	it	is	desired	to	specify	that	drawdowns	be	minimized	in	adjacent	areas,	it	is	not	recommended	that	the	full	responsibility	for	doing	so	be	placed	on	the	contractor.	It	must	be	remembered	that	the	purpose	is	not
to	maintain	water	levels,	but	to	avoid	third-party	damage.	The	water	level	in	piezometers	can	fluctuate	for	reasons	other	than	the	dewatering	operation,	for	example,	seasonal	variations	or	the	effect	of	other	pumping	operations	in	the	vicinity,	either	for	dewatering	or	for	groundwater	supply.	Such	fluctuations	are	beyond	the	control	of	the	contractor,
and	if	they	are	made	the	contractor’s	responsibility,	controversy	will	result.	A	preferred	procedure	is	for	the	engineer	to	specify	the	type	and	depth	of	cutoff	used,	and	the	design	of	recharge	system.	Additional	recharge	effort	can	be	paid	for	on	a	unit	price	basis	or	as	extra	work.	While	this	procedure	demands	close	inspection	of	the	quality	of	the
contractor’s	work	and	some	of	the	other	disadvantages	of	owner-specified	groundwater	systems	(Section	29.2),	in	the	case	of	recharge	operations	it	is	recommended.	One	option	sometimes	overlooked	by	the	engineer	is	that	minor	claims	from	third	parties	may	be	preferable	to	the	considerable	expense	of	maintaining	water	levels.	Consider	the
example	of	the	Interstate	5	construction	through	Sacramento,	California	described	in	Chapter	3.	If	building	damage	is	only	superficial,	or	if	structural	damage	can	be	avoided	by	underpinning	or	column	pickup,	the	net	cost	may	be	substantially	less	than	cutoff	and	recharge	[29-3].	Of	course,	a	preconstruction	survey	is	essential	to	ensure	that	any
claims	are	equitable.	In	the	case	of	adjacent	groundwater	supplies,	it	may	be	less	costly	to	furnish	a	temporary	auxiliary	supply,	or	even	a	permanent	supply,	for	example,	by	extending	water	mains	to	the	area.	Such	options	are	best	studied	prior	to	bid,	when	negotiations	with	third	parties	can	be	carried	out	before	a	controversy	develops.	Where
settlement	due	to	dewatering,	as	discussed	in	Section	3.15,	is	a	real	hazard	and	the	potential	for	damage	is	severe,	measures	can	be	taken	to	limit	the	effects	of	lowering	the	water	table.	But	it	should	be	appreciated	that	such	measures	can	be	extraordinarily	expensive.	Cutoff	walls,	compressed	air	tunneling,	artificial	recharge,	and	other	methods	are
feasible,	but	they	can	have	a	major	impact	on	overall	project	cost.	The	authors	are	familiar	with	projects	where	these	methods	were	specified,	when,	in	fact,	the	danger	of	settlement	was	illusory,	and	large	sums	of	money	were	spent	unnecessarily.	A	preferred	approach	is	to	make	a	professional	evaluation	of	the	problem,	which	may	include:	that	a
sufficient	number	of	borings	are	taken	to	trace	the	compressible	deposit;	that	representative	samples	are	recovered	for	laboratory	analysis,	including	strength	and	consolidation	testing;	that	a	pumping	test	is	carried	out	to	estimate	the	dewatering	gradients;	that	existing	structures	within	the	zone	of	influence	are	surveyed	with	regard	to	structural
type	and	foundation	design	to	determine	their	susceptibility	to	damage;	and	that	a	preconstruction	survey	is	made	of	the	existing	condition	of	structures	in	the	area	of	influence	and	the	history	of	settlement	in	the	area	is	reviewed,	particularly	with	regard	to	previous	construction	operations.	After	such	an	investigation	various	options	can	be
considered:	•	If	the	risk	of	damaging	settlement	is	slight,	conventional	dewatering	can	proceed.	•	If	the	risk	of	damage	is	a	real	one,	special	measures	can	•	•	be	taken	to	eliminate	dewatering	or	to	restrict	its	influence.	If	the	risk	is	real,	dewatering	can	still	be	employed,	but	critical	buildings	should	be	protected	by	underpinning	or	by	column	jacking.
There	have	been	instances,	however,	where	underpinning	aggravated	the	problem.	Underpinned	footings	adjacent	to	the	excavation	did	not	settle;	those	more	remote	did	settle	from	consolidation.	The	differential	settlement	caused	more	damage	than	uniform	settlement	would	have.	If	the	risk	is	real	but	the	probable	extent	of	damage	is	not	great,	the
damage	can	be	accepted	and	subsequently	repaired.	In	a	number	of	cases	with	which	the	authors	are	familiar,	this	was	the	most	cost-effective	solution.	29.6	DIFFERING	SITE	CONDITIONS	As	noted	above,	groundwater	holds	the	dubious	distinction	of	being	the	most	common	cause	of	disputes	in	underground	DEWATERING	SPECIFICATIONS,
ALLOCATION	construction.	Often,	the	work	cannot	proceed	efficiently	until	groundwater	is	controlled;	often,	unless	groundwater	is	controlled,	the	work	cannot	proceed	safely.	Usually,	the	conditions	to	be	dealt	with	are	only	partly	understood	by	anyone	at	the	outset	of	construction.	Surprises	as	to	the	nature	of	what	conditions	are	present,	or	as	to
what	needs	to	be	accomplished,	or	as	to	how	it	can	be	accomplished,	often	lead	to	claims	and	disputes,	but	these	can	be	minimized,	both	in	incidence	and	severity,	if	the	contract	is	sensitive	to	the	realities	the	parties	will	be	facing.	Risk	Allocation—The	Common	Law	Rule	The	Anglo-American	legal	system	leaves	the	allocation	of	the	risks	and	rewards
of	construction	to	contracting	parties	in	their	contracts.	Unless	the	parties	provide	otherwise	in	their	contract,	an	undertaking	by	a	contractor	to	accomplish	a	certain	result	for	a	price	certain	includes	the	assumption	of	all	risks	associated	with	accomplishing	that	result.	This	rule	makes	great	sense	for	society	at	large	as,	typically,	one	promising	to
accomplish	a	certain	result	will,	more	often	than	not,	understand	better	than	the	party	to	whom	the	promise	is	being	made	what	risks	and	difficulties	are	being	assumed	and	how	best	to	price	them.	Thus,	a	building	contractor	will	normally	know	better	than	a	property	owner	who	wants	to	have	a	building	erected	how	to	identify,	assess,	and	deal	with
the	risks	of	weather	or	material	shortages,	or	even	what	kind	of	soils	may	be	encountered	in	the	area	and	what	contingencies	should	be	planned	for	and	priced.	When	a	contract	puts	the	risk	on	the	contractor	and	the	common	law	rule	applies,	the	contractor’s	only	hope	for	relief	from	the	rule	is	to	be	able	to	demonstrate	a	reason	for	the	contract	to	be
disregarded.	The	two	most	common	reasons	for	a	construction	contract	to	be	disregarded	are	breach	on	the	part	of	the	owner	and	fraud	(actual	or	constructive)	on	the	part	of	the	owner.	Thus,	regardless	of	the	risks	assumed	by	the	contractor	under	the	contract,	if	the	owner	refuses	to	pay	a	just	bill	or	wrongfully	terminates	the	contractor’s	right	to
proceed	with	the	work,	it	will	no	longer	matter	what	risks	the	contractor	assumed,	as	the	contractor	will	be	excused	from	performing.	More	relevant	to	the	current	discussion	is	the	matter	of	fraud,	actual	or	constructive.	Whatever	the	public	policies	and	societal	values	that	favor	a	rule	of	law	requiring	a	contractor	to	assume	all	risks	of	achieving	a
result	certain	for	a	price	certain,	they	must	give	way	in	the	case	of	fraud,	as	an	even	more	basic	rule	of	law	holds	that	fraud	vitiates	everything	it	touches.	Thus,	even	without	a	differing	site	condition	clause,	a	contractor	who	encounters	conditions	inconsistent	with	conditions	represented	to	him	by	the	owner	is	generally	entitled	to	relief.	This	is	an
unremarkable	rule	in	the	case	of	actual	fraud;	the	definition	of	actual	fraud	is	the	misrepresentation	of	a	material	fact,	known	to	be	false,	intended	to	be	relied	upon	by	the	other	party	and	relied	upon	by	the	other	party	to	his	detriment.	When	such	facts	are	present,	no	one	and	no	rule	OF	RISK,	DISPUTE	AVOIDANCE,	AND	RESOLUTION	OF
DISPUTES	589	of	law	would	have	the	defrauded	party	bear	the	burden	of	being	duped.	Constructive	fraud	is	more	subtle	and	has	led	to	far	more	litigation	in	the	construction	arena	than	actual	fraud.	Constructive	fraud	replaces	the	requirement	that	the	representation	be	known	to	be	false	with	the	requirement	that	the	person	making	the
representation	knew,	or	should	have	known,	that	the	representation	was	false.	Often,	the	issue	arises	as	well	in	the	context	of	silence	as	a	representation.	That	is	to	say,	if	a	party	is	in	possession	of	information	it	knows	would	be	important	to	the	other	side	to	a	contract,	and	knows	that	the	party	on	the	other	side	would	expect	such	information,	if
known,	to	be	disclosed,	then	remaining	silent	concerning	such	information	is	the	equivalent	to	an	affirmative	representation	that	no	such	information	exists.	The	combination	of	these	principles—constructive	fraud	and	silence	as	a	representation—means	as	a	practical	matter	that	an	owner	who	possesses	but	does	not	disclose	pertinent	subsurface
information	withholds	such	information	at	his	peril.	Furthermore,	in	the	case	of	actual	or	constructive	fraud,	not	only	does	the	owner	lose	the	benefit	of	the	contractor’s	having	taken	the	risk	of	actual	conditions,	the	owner	also	potentially	loses	the	benefit	of	the	bargain	in	every	other	respect	as	well	and	often	ends	up	simply	paying	the	fair	value,	or
quantum	meruit,	of	what	has	been	built	for	him.	Fraud	and	Constructive	Fraud	Prior	to	the	development	of	the	differing	site	condition	clause	(and,	to	this	day,	in	the	absence	of	a	differing	site	condition	clause),	construction	contracts	put	the	risk	of	unexpected	difficulty	of	performance	on	the	contractor.	Accordingly,	in	the	absence	of	a	differing	site
condition	clause,	a	contractor’s	only	possible	recourse	in	the	case	of	materially	adverse	conditions	is	to	find	a	way	to	set	aside	the	contractual	assumption	of	risk,	and	this	is	generally	by	way	of	setting	aside	the	contract	itself	by	a	fraud	claim	against	the	other	contracting	party.	The	classic	elements	of	fraud	are:	•	•	•	•	•	Representation	of	a	material
fact	that	is	false	.	.	.and	known	to	be	false	when	made.	Made	with	the	intent	that	it	be	relied	upon.	That	is,	in	fact,	reasonably	relied	upon	by	the	other	party	.	.	.to	his/her	detriment.	To	prevail	on	such	a	fraud	claim	requires	proof,	first	that	conditions	were	encountered	differing	materially	from	both	the	contract	indications	and	what	was	reasonably
expected	and,	second,	that	the	materially	misleading	contract	indications	were	not	simply	wrong	but	were	known	by	the	owner	to	be	false	and	yet	were	given	to	the	contractor	with	the	intent	that	the	contractor	rely	upon	them.	Fraud	claims	in	the	construction	contract	context	have	been	defeated	because	the	alleged	representation	was	made	by
someone	other	than	the	defendant;	that	the	representation—while	wrong—was	590	PRACTICE	not	known	by	the	‘‘speaker’’	(he	who	represents)	to	be	incorrect	when	made;	that	the	speaker	had	no	intent	one	way	or	the	other	that	the	representation	should	be	relied	upon;	that	the	reliance	was	unreasonable;	and	that	the	defrauded	party’s	damage	did
not	flow	directly	from	the	misrepresentation	but	rather	from	other	coincident	unfortunate	circumstances.	The	elements	recited	above	are	sometimes	called	actual	fraud	to	distinguish	from	another,	parallel,	cause	of	action	recognized	in	most,	but	not	all,	jurisdictions	called	‘‘constructive’’	fraud.	The	only	difference	between	actual	and	constructive
fraud	is	in	the	second	element,	where	constructive	fraud	requires	that	the	speaker	of	the	misrepresentation	either	knew	or	should	have	known	that	the	representation	was	false,	whereas	actual	fraud	requires	proof	that	the	speaker	actually	knew	the	statement	to	be	false.	All	the	other	elements	remain	to	be	proven	in	constructive	fraud.	In	a
jurisdiction	recognizing	constructive	fraud,	the	second	element	could	be	satisfied	if,	in	the	contracting	agency’s	records,	there	are	found	borings	or	performance	records	from	other	projects	in	the	area	that	are	inconsistent	with	the	contract	indications	given	to	the	bidders	for	the	current	project.	An	owner’s	prebid	silence,	or	nondisclosure,	as	to
relevant	and	material	subsurface	information	possessed	by	the	owner	has	been	held	to	be	a	misrepresentation,	and	this	is	a	compelling	reason	for	an	owner	to	share	with	bidders	(or	at	least	disclose	prebid	the	existence	of)	whatever	information	the	owner	has	bearing	on	what	subsurface	conditions	ought	to	be	anticipated.	However,	among	the	many
burdens	to	proving	a	fraud	claim	will	be	standard	contract	disclaimers	to	the	effect	that	geotechnical	information	presented	is	not	to	be	relied	upon	by	the	contractor,	who,	rather,	should	make	his	own	investigations	and	to	the	effect	that	the	description	of	conditions	in	the	contract	or	in	other	identified	data	is	not	warranted	to	be	accurate	but	is
presented	only	so	that	the	contractor	may	have	the	same	information	available	to	the	owner	and	the	design	engineer.	The	Differing	Site	Conditions	Clause	If	there	is	no	fraud,	whether	actual	or	constructive,	and	if	there	is	no	contract	provision	allocating	the	risk,	a	fixedprice	contractor	assumes	all	risks	of	the	difficulty	of	delivering	the	promised
result,	and,	as	discussed	above,	there	are	good	public	policy	reasons	supporting	such	a	rule.	The	policy	considerations	are	often	different	in	the	case	of	public	works	contracts	and,	particularly,	in	the	case	of	those	public	works	projects	involving	substantial	subsurface	work.	First,	to	protect	the	taxpayers	from	extravagance	and	favoritism,	essentially
all	governmental	agencies	at	all	levels	are	required	to	let	their	contracts	by	competitive	bidding	on	a	set	of	plans	and	specifications	necessarily	prepared	in	advance	by	or	on	behalf	of	the	agency.	To	prepare	those	plans	and	specifications	in	advance,	so	as	to	comply	with	the	public	bidding	statutes,	the	public	agency	or	its	design	consultant	can	be
expected	to	have	learned	a	great	deal	more	about	the	site	of	the	work	than	a	bidder	could	learn	in	the	brief	bidding	cycle.	Accordingly,	a	prudent	bidder,	if	the	contract	were	to	require	him	to	bear	all	financial	risk	of	what	is	unknown	to	him,	would	need	to	assume	at	least	a	likelihood	that	the	work	might	prove	more	difficult	on	account	of	some
unknown	challenges,	and	the	prudent	bidder	would	need	to	include	in	his	bid	price	enough	of	a	financial	contingency	to	compensate	him	for	the	risks	being	assumed.	Another	consequence	of	public	bidding	statutes	and	practices	is	that	great	technical	expertise	is	sometimes	developed	within	the	contracting	government	agencies	(e.g.,	the	United
States	Army	Corps	of	Engineers	and	the	various	state	highway	departments)	with	respect	to	the	types	of	work	they	repeatedly	put	out	for	bid.	Since	it	is	not	the	case,	as	in	the	private	sphere,	that	the	contractor	has	more	information	than	the	contractee,	the	public	policy	rationale	for	the	contractor	assuming	all	risks	is	not	present.	Furthermore,	to	the
extent	that	bidders	will	include	contingencies	for	any	unknown	risks	placed	upon	them,	it	is	not	in	the	interest	of	an	agency	that	puts	out	for	bid	multiple	and	repeated	contracts	to	encourage	extra	contingencies	in	all	their	contract	prices.	This	latter	consideration	is	what	led	to	the	Differing	Site	Condition	clause.	Differing	Site	Conditions	clauses
(formerly	called	‘‘Changed	Conditions’’	clauses)	allocate	to	the	owner	the	risk	of	project	performance	being	unavoidably	delayed	or	made	more	expensive	by	materially	unfavorable	conditions	that	were	unforeseen	or	unforeseeable.	The	logic	behind	allocating	those	risks	to	the	owner	is	that	the	alternative	is	to	have	contractors	include	in	their	bids
contingencies	to	cover	such	risks,	so	that	every	project	will	carry	an	expense	for	the	possibility	of	such	conditions,	regardless	of	whether	such	conditions	are	encountered.	That	logic	is	far	more	compelling	for	an	owner,	such	as	the	United	States	Army	Corps	of	Engineers	or	a	metropolitan	transportation	agency	or	utilities	authority,	who	regularly	and
routinely	contracts	for	subsurface	construction	projects,	than	it	may	be	for	an	owner	like	a	manufacturer	who	only	rarely	or	occasionally	contracts	for	construction	work.	For	the	occasional	consumer	of	subsurface	work,	a	premium,	but	fixed,	cost	for	the	project	may	better	suit	budgetary	and	financial	planning	requirements	than	would	a	lower
contract	price	with	an	unknowable	possible	increase	in	price	on	account	of	performance	being	delayed	or	made	more	expensive	by	unfavorable	and	unforeseen	conditions.	Nonetheless,	most	major	subsurface	projects	are	carried	on	out	behalf	of	agencies	that,	like	the	federal	government,	find	that	bearing	the	risk	of	adjusting	the	contract	time	and	the
contract	price	in	the	case	of	actual	differing	site	conditions	is	preferable	to	paying	a	premium	to	cover	the	possibility	that	surprises	may	be	encountered,	even	where	no	surprise	is	encountered.	Although	the	precise	language	sometimes	varies	slightly,	the	essentials	of	a	Differing	Site	Condition	clause	are	that,	upon	•	the	encountering	of	an	unforeseen
condition,	DEWATERING	SPECIFICATIONS,	ALLOCATION	•	which	is	subsurface	or	otherwise	concealed,	•	which	differs	materially	from	contract	indications	(Type	•	•	I)	or,	having	not	been	disclosed	in	the	contract	documents,	differs	materially	from	those	conditions	generally	understood	to	be	inherent	in	work	of	the	kind	described	in	the	contract
(Type	II),	and	which	results	in	a	change	in	the	cost	of	the	work	or	the	time	required	to	carry	out	the	work,	the	contractor	is	required	to	give	prompt	notice	to	the	owner’s	designated	representative.	The	owner’s	designated	representative	must	promptly	investigate	the	claim	and,	if	it	is	found	to	be	valid,	then	there	is	to	be	an	equitable	adjustment	of	the
contract	price	and/or	the	contract	time.	The	original	Changed	Condition	clause	was	introduced	into	federal	procurement	in	the	1920s	but	did	not	find	widespread	acceptance	in	state	and	local	government	contracts	until	late	in	the	twentieth	century.	The	impetus	for	the	Differing	Site	Condition	clause	to	eventually	find	its	way	into	state	and	local
contracts	was	the	federal	government’s	eventually	making	it	a	condition	of	federal	grant	money	finding	its	way	into	state	and	local	projects.	First	in	the	EPA’s	funding	of	Clean	Water	Act	(sewer	and	sewage	treatment	plant)	projects	and	later	in	the	FHWA’s	funding	of	Federal	Aid	Highway	construction	projects,	the	states	and	municipalities	were
simply	told	that,	if	they	wished	to	have	the	federal	government	fund	a	portion	of	the	project	contract	prices,	those	prices	were	going	to	have	to	be	established	by	competitive	bidding	conducted	in	the	same	way	federal	projects	were	bid.	As	a	practical	matter,	today	almost	every	major	public	works	project	will	feature	some	form	of	a	Differing	Site
Condition	clause.	The	‘‘Differing	Site	Conditions’’	clause	used	by	the	United	States	Government	is	one	form	that	can	be	recommended.	It	has	stood	the	test	of	time.	There	is	a	very	substantial	body	of	law	interpreting	what	is,	and	what	is	not,	a	differing	site	condition.	Most	of	that	OF	RISK,	DISPUTE	AVOIDANCE,	AND	RESOLUTION	OF	DISPUTES	591
law	appears	in	the	decisions	of	the	various	Boards	of	Contract	Appeals	of	the	various	government	contracting	agencies,	in	the	decisions	of	the	United	States	Court	of	Claims	and	its	successor,	the	Court	of	Federal	Claims,	and	in	the	decisions	on	appeals	from	those	courts	to	the	United	States	Court	of	Appeals	and	the	United	States	Supreme	Court.	The
issues	that	lead	to	the	most	generically	interesting	of	these	cases	tend	to	concern	(1)	what	constitutes	a	contract	indication	for	purposes	of	a	Type	I	differing	site	condition	and	(2)	what	is	ordinarily	encountered	and	generally	recognized	as	inherent	in	work	of	the	nature	under	contract	in	the	case	of	a	Type	II	differing	site	condition.	The	materiality	of
the	difference	can,	of	course,	be	an	issue,	but	if	a	substantial	amount	of	cost	cannot	be	associated	with	the	difference,	then	it	is	unlikely	the	case	will	have	been	litigated	to	a	decision.	Decisions	of	these	boards	and	courts	describe	what	is	and	what	is	not	a	contract	indication,	how	to	deal	with	ambiguity	or	contradictions	in	contract	indications,	how	to
determine	whether	a	particular	condition	is	generally	understood	to	be	inherent	in	particular	kinds	of	work,	what	is	and	what	is	not	a	material	difference,	and	what	the	basis	should	be	of	an	equitable	adjustment.	Consequently,	so	long	as	a	contractor	has	sufficient	experience	with	the	type	of	work	specified,	so	that	it	fairly	understands	the	conditions
generally	recognized	to	be	inherent	in	such	work,	it	can	bid	a	federal	project	in	reliance	upon	the	notion	that,	should	conditions	be	materially	different	from	what	is	described	in	the	contract	or	otherwise	reasonably	expected,	relief	will	be	available	in	the	form	of	contract	time	or	price	adjustments.	Happily,	courts	in	most	states	apply	these	federal
principles	to	the	state	and	municipal	contracts	with	Differing	Site	Condition	clauses.	However,	obtaining	relief	at	the	agency	level,	without	resort	to	the	courts,	is	still	a	more	routine	prospect	in	the	case	of	federal	agencies	than	it	is	when	dealing	with	most	state	and	municipal	owners.	The	common	elements	of	both	fraud	claims	and	Type	I	differing
site	condition	claims	are	that	there	must	be	a	mis-	Differing	Site	Conditions	(52.236-2)	(Apr	1984)	(a)	The	Contractor	shall	promptly,	and	before	the	conditions	are	disturbed,	give	a	written	notice	to	the	Contracting	Officer	of	(1)	subsurface	or	latent	physical	conditions	at	the	site	which	differ	materially	from	those	indicated	in	this	contract,	or	(2)
unknown	physical	conditions	at	the	site,	of	an	unusual	nature,	which	differ	materially	from	those	ordinarily	encountered	and	generally	recognized	as	inhering	in	work	of	the	character	provided	for	in	the	contract.	(b)	The	Contracting	Officer	shall	investigate	the	site	conditions	promptly	after	receiving	the	notice.	If	the	conditions	do	materially	so	differ
and	cause	an	increase	or	decrease	in	the	Contractor’s	cost	of,	or	the	time	required	for,	performing	any	part	of	the	work	under	this	contract,	whether	or	not	changed	as	a	result	of	the	conditions,	an	equitable	adjustment	shall	be	made	under	this	clause	and	the	contract	modified	in	writing	accordingly.	(c)	No	request	by	the	Contractor	for	an	equitable
adjustment	to	the	contract	under	this	clause	shall	be	allowed,	unless	the	contractor	has	given	the	written	notice	required;	provided,	that	the	time	prescribed	in	(a)	above	for	giving	written	notice	may	be	extended	by	the	Contracting	Officer.	(d)	No	request	by	the	Contractor	for	an	equitable	adjustment	to	the	contract	for	differing	site	conditions	shall	be
allowed	if	made	after	final	payment	under	this	contract.	592	PRACTICE	leading	contract	indication,	the	misleading	indication	or	representation	must	be	material,	the	contractor’s	reliance	upon	the	material	misleading	indication	or	representation	must	have	been	reasonable,	and	the	damage	claimed	by	the	contractor	must	flow	from	the	reliance	upon
the	misleading	material	misrepresentation.	The	differences	between	relief	under	a	Differing	Site	Condition	clause	and	relief	by	way	of	a	fraud	claim,	and	what	make	the	differing	site	condition	clause	so	important,	are	as	follows:	first,	the	availability	of	a	Type	II	differing	site	condition	not	founded	upon	any	representation	at	all;	second,	the	state	of	the
speaker’s	knowledge	in	a	Type	I	claim	is	entirely	irrelevant;	and,	third,	the	speaker’s	intent	in	a	Type	I	claim	is	entirely	irrelevant.	One	of	the	frequently	litigated	differing	site	condition	questions	is	‘‘what	is	a	contract	indication	that	may	be	relied	upon,	and	what	reliance	is	reasonable?’’	Any	information	in	a	contract	document	that	is	reasonably
understood	by	a	contractor	to	describe	a	physical	condition	can	form	the	basis	for	a	differing	site	condition,	but	the	understanding	or	interpretation	must	be	shown	to	have	been	reasonable.	On	the	other	hand,	if	the	contractor	has	relied	rather	upon	some	indication	outside	the	four	corners	of	the	contract,	then	the	claim	must	be	established	as	a	Type
II	claim.	In	many	contracts,	there	will	be	a	set	of	borings	or	a	soil	profile	presented	in	the	contract	documents	together	with	notes	describing	other	geotechnical	information	available	at	the	engineer’s	office	or	at	the	agency	or	elsewhere.	Sometimes,	contractors	have	claimed	to	have	been	misled	by	such	other,	noncontract,	geotechnical	information
but	have	been	unable	to	point	to	misleading	indications	in	the	contract	itself.	The	cases	are	clear	that	it	is	only	reliance	upon	objectively	reasonable	interpretations	of	actual	contract	indications	that	can	support	a	Type	I	differing	site	condition.	Sometimes,	agencies	have	tried	to	defend	Type	I	claims	on	the	basis	that,	had	the	bidder	taken	the	trouble
to	review,	in	addition	to	the	contract	indications	complained	of,	the	other	geotechnical	information	available	outside	the	contract	documents,	he	would	have	understood	the	contract	indications	differently.	The	law	is	clear	that	an	agency	will	not	prevail	on	that	argument,	at	least	with	respect	to	a	contractor	who	did	not	actually	see	the	inconsistent
noncontract	indications	(if	a	bidder	actually	did,	in	fact,	inspect	the	other	noncontract	data	prebid,	then	(a)	the	condition	may	not	have	been	unforeseen	and/or	(b)	the	bidder’s	interpretation	of	the	contract	indications	may	have	been	demonstrably	unreasonable).	Contract	Indications	If	the	contractor	is	entitled	to	an	adjustment	when	conditions	are
encountered	that	differ	materially	from	contract	indications,	it	becomes	important	to	identify	what	is,	and	what	is	not,	a	contract	indication.	If	contract	borings	say	that	sand,	gravel,	and	occasional	cobbles	are	present,	do	all	those	plus	some	boulders	make	for	a	differing	site	condition?	If	the	borings	say	some	boulders	are	present,	will	nested	boulders
make	for	a	differing	site	condition?	Questions	like	those	are	determined,	necessarily,	by	the	context	of	the	contract	in	which	the	indications	are	made.	However,	other	questions	are	more	generic.	If	a	narrative	in	the	contract	describes	one	condition,	but	a	boring	in	the	contract	is	inconsistent	with	that	condition,	may	a	contractor	rely	upon	the
narrative?	How	close	to	the	site	of	the	work	must	a	boring	be	for	a	contractor	to	assume	it	is	(or	to	be	charged	with	its	being)	a	contract	indication?	Owners	defending	Type	I	claims	based	on	boring	logs	often	argue	that	a	boring	log	is	only	an	indication	of	what	was	encountered	in	the	particular	2-	or	3-in.	(50-	or	75mm)	diameter	column	that	was
drilled,	so	that	the	contractor	had	no	right	to	interpolate	or	extrapolate	such	information	as	a	description	of	the	condition	between	or	beyond	the	actual	bore	holes.	Such	arguments	generally	fail,	because	the	bidder	needs	to	assume	something	in	preparing	a	proposal	to	the	government,	and	the	purpose	of	publishing	the	boring	logs	in	the	contract	was
to	give	him	an	indication	upon	which	to	bid.	However,	where	the	contractor	reads	into	contract	data	more	than	the	data	necessarily	indicate,	he	assumes	a	difficult	burden	of	persuasion.	Where	the	owner	issues	a	design	specification,	the	owner	implicitly	warrants	that	it	is	capable	of	achieving	its	design	purpose.	Thus,	to	the	extent	an	owner	specifies
a	required	dewatering	system,	that	design	itself	can	serve	as	an	amplification	of	other	contract	indications.	If	the	specified	system	can	achieve	its	design	purpose	only	under	a	subset	of	the	geological	conditions	possibly	described	in	the	contract,	then	the	specified	system	itself	can	constitute	a	contract	indication	of	conditions	to	be	encountered.	In
many	instances,	a	contract	will	disclose	the	existence	of	prebid	investigation	reports	(to	avoid,	perhaps,	perpetrating	a	constructive	fraud	as	described	above)	but	will	say	explicitly	that	whatever	investigation	was	done	was	for	limited	design	purposes,	that	the	owner	does	not	warrant	the	conditions	described	therein,	and	that	the	disclosure	is	not	as	a
contract	indication	but	only	so	that	the	bidder	may	have	access	to	all	the	information	known	to	the	government.	If	such	a	report	indicates,	or	can	be	read	as	indicating,	a	particular	adverse	condition,	does	that	preclude	a	contract	adjustment	for	encountering	such	a	condition?	The	law	is	clear	that	a	bidder	is	not	charged	with	knowledge	of	what	is	in
such	a	report	nor	with	the	conclusions	that	might	be	drawn	therefrom,	at	least	to	the	extent	the	noncontract	indications	are	inconsistent	with	contract	indications	relied	upon	by	the	contractor.	Thus,	such	a	noncontract	report	should	never	affect	a	Type	I	claim,	which,	by	definition,	is	based	upon	contract	indications.	(However,	depending	on	the
nature	of	the	report,	the	existence	of	such	a	report,	and	the	manner	in	which	its	existence	is	disclosed	to	bidders,	could,	under	some	circumstances,	be	inconsistent	with	a	particular	Type	II	claim.)	Although	often	overlooked,	a	differing	site	condition	can	‘‘cause	an	increase	or	decrease	in	the	contractor’s	cost	of,	or	the	time	required	for,	performing
any	part	of	the	work’’	and	consequently	may	result	not	only	in	an	increase,	but	alter-	DEWATERING	SPECIFICATIONS,	ALLOCATION	natively	in	a	decrease	in	the	contractor’s	compensation	or	the	time	to	perform	the	work.	In	practice,	such	equitable	adjustments	in	favor	of	the	owner	are	rare,	and	they	probably	would	always	need	to	be	for	a	Type	I
differing	site	condition	(reflecting	a	part	of	the	work	being	materially	easier	or	cheaper	to	perform	than	what	was	described	in	the	competitive	bidding	process)	as	opposed	to	a	Type	II	condition	(where	no	contract	indication	can	be	pointed	to	as	a	benchmark	for	what	a	bidder	should	have	expected).	However,	the	clause	is	very	clear,	and	there	are
some	cases	reflecting	the	fact,	that,	if	the	bidding	was	based	on	conditions	that	would	have	made	the	work	materially	more	costly	than	under	the	conditions	actually	encountered,	then	the	contract	is	to	be	equitably	adjusted	to	reduce	the	contract	price.	Because	prebid	investigations	are	conducted	and	prebid	geotechnical	reports	are	typically
prepared,	for	reasons	and	purposes	quite	different	from	assessing	the	difficulty	or	the	cost	of	the	required	construction,	owners	are	often	hesitant	to	allow	them	to	find	their	way	into	the	realm	of	contract	indications.	Even	if	two	different	bidders	are	both	acting	reasonably,	if	they	have	had	different	prior	experience	or	have	different	types	of	expertise,
they	can	draw	different	conclusions	from	the	same	geotechnical	data,	particularly	where	those	data	were	gathered	not	for	the	purpose	of	assessing	the	difficulty	of	construction	but	rather	for	the	purpose	of	addressing	a	design	problem.	For	all	these	reasons,	in	recent	years,	owners	and	designers	on	large	and	complex	projects	have	begun	the	practice
of	providing	a	Geotechnical	Baseline	Report	(GBR),	intended	to	serve	two	purposes:	to	address	the	anticipated	impact	on	construction	of	whatever	geotechnical	data	may	be	available,	and	to	define,	at	least	within	parameters,	what	are	the	contract	indications	for	purposes	of	asserting	or	dealing	with	a	differing	site	condition	claim.	Geotechnical
Baseline	Reports	In	recent	years,	various	agencies	have—in	the	case	of	major	projects—undertaken	to	collect	geotechnical	data	for	the	use	of	bidders.	The	collection	and	presentation	of	these	data	differ	conceptually	from	the	sort	of	data	previously	published	in	contract	documents.	Previously,	geotechnical	data	included	in	contract	documents	tended
to	be	the	data	(or	a	subset	thereof)	that	had	been	collected	for	purposes	of	the	design	of	the	permanent	works	and	tended	to	bear	sometimes	only	incidentally	upon	considerations	of	the	choice	and	efficacy	of	various	construction	techniques.	In	part	driven	by	the	new	risk-allocation	issues	presented	by	the	design-build	mode	of	project	delivery,	and	in
part	driven	by	the	desire	to	narrow	the	financial	exposure	for	megaprojects,	some	project	developers	have	chosen	to	carry	out	precontract	subsurface	investigations	relevant	not	only	to	design	considerations,	but	also	to	the	choice	of	construction	methods	and	to	the	cost	of	construction.	Thus,	where	an	investigation	for	design	purposes	might	have
stopped	at	the	point	of	identifying	competent	rock	or	the	bearing	strength	OF	RISK,	DISPUTE	AVOIDANCE,	AND	RESOLUTION	OF	DISPUTES	593	of	soils,	projects	are	being	put	out	for	bids	today	with	a	full	range	of	geotechnical	data,	including	not	only	the	data	collected	in	the	design	process,	but	also	the	kind	of	data—like	soil	permeability	and
groundwater	gradient—relevant	to	a	contractor	with	groundwater	control	responsibilities.	Typically,	these	data	are	presented	or	referenced	in	two	genres,	a	Geotechnical	Baseline	Report	(GBR)	on	which	the	bidder	is	contractually	entitled	to	rely	and	Geotechnical	Data	Reports	(GDR)	for	which	the	contracting	agency	disclaims	any	right	to	rely	but
which	are	presented	simply	to	overcome	the	constructive	fraud	argument	of	withholding	potentially	relevant	information.	The	GBR	can	help	to	define	who	pays	for	what	by	setting	contractual	baselines	for	site	conditions	and	foreseeable	risks.	It	is	essentially	a	rulebook	for	claims	assessment.	The	advantages	to	a	contracting	agency	of	a	GBR	are
threefold:	it	provides	an	opportunity	to	narrow	the	field	of	reasonable	inferences	from	data	that	may	have	been	collected	for	an	entirely	different	purpose;	it	can	provide	a	level	playing	field	for	a	larger	group	of	bidders,	some	of	whom	may	have	worked	extensively	in	the	area,	and	some	of	whom	may	be	inexperienced	in	the	geology	of	the	site;	and,	as
discussed	below,	it	may	provide	an	opportunity	for	a	reduction	in	project	cost.	The	advantages	to	a	bidder	of	an	invitation	for	bids	which	includes	a	GBR	are	equally	compelling:	•	It	can	eliminate	the	need	for	an	expensive	prebid	inves-	•	•	•	tigation	program	that	might	be	needed	by	a	newcomer	to	the	area	to	be	able	to	bid	intelligently	against	firms
with	vast	local	experience.	It	can	eliminate	a	great	deal	of	uncertainty	as	to	the	reasonableness	of	conclusions	the	bidder	is	drawing	from	data	collected	for	an	entirely	different	purpose.	In	the	case	of	the	disclosure	of	adverse	conditions,	it	can	level	the	playing	field	for	a	knowledgeable	responsible	bidder	by	alerting	potential	competitors	to	challenges
that	might	not	otherwise	be	apparent	to	a	contractor	with	no	local	experience.	It	simplifies	the	assessment	of	claims	so	that	a	resolution	may	be	reached	in	a	timely	manner.	A	baseline	is	a	contractual	statement	of	the	conditions	anticipated	to	be	encountered	during	underground	construction	that	is	used	to	determine	when	a	differing	site	condition
exists.	If	the	conditions	are	more	adverse	than	the	baseline,	the	owner	assumes	the	cost,	and	if	the	conditions	are	less	adverse	than	the	baseline,	the	contractor	is	entitled	to	the	benefit	without	a	credit	to	the	owner.	A	baseline	is	not	a	statement	of	geotechnical	fact	and	cannot	be	‘‘wrong.’’	A	baseline	can	be	set	anywhere	based	on	the	risk	allocation
strategy	of	the	party	preparing	the	document.	A	common	policy	is	to	set	the	baselines	just	slightly	conservative.	An	owner	can	set	a	very	conservative	baseline	to	minimize	claims;	however,	that	strategy	will	increase	the	price	of	the	bids.	594	PRACTICE	Baselines	should	be	provided	for	items	of	work	that	have	very	clear	cost	impacts.	A	good	baseline
statement	should	provide	a	clear	indication	of	what	the	contractor	should	assume	and	state	explicitly	how	the	condition	can	be	assessed	and	measured	in	the	field	using	recognized	methods.	In	the	context	of	Type	I	differing	site	conditions,	the	role	of	a	GBR	is	to	narrow	the	scope	of	the	reasonable	conclusions	that	may	be	drawn	by	a	contractor	as	to
project	conditions.	For	dewatering	work,	good	baselines	may	consist	of	the	following	conditions:	•	•	•	•	•	Initial	groundwater	elevation	Total	dewatering	system	flow	rate	Continuity	or	thickness	of	formations	Elevation	of	top	of	rock	or	other	impermeable	stratum	Concentrations	of	groundwater	constituents	that	may	cause	system	fouling	Where	a
baseline	factor,	like	aquifer	transmissivity,	is	derived	from	engineering	judgment,	calculations,	or	analysis	of	data,	it	is	good	practice	to	disclose	the	specific	method	of	analysis	and	calculation	employed.	In	the	context	of	a	Type	II	differing	site	condition,	the	role	of	a	GBR	is	to	narrow	the	field	of	characteristics	about	which	the	contract	is	silent	and
which,	therefore,	could	form	the	basis	for	a	Type	II	claim.	Baselines	are	more	difficult	to	establish	and	evaluate,	however,	in	the	context	of	a	Type	II	claim.	Ground	behavior,	such	as	the	stability	or	stand-up	time	of	a	particular	soil	may	be	a	more	significant	factor	in	a	claim	situation,	but	less	clearly	evaluated,	particularly	if	factors	such	as
workmanship	and	the	applicability	of	certain	construction	techniques	also	influence	the	observed	ground	behavior.	GBRs	are	seen	primarily	in	the	project	manuals	for	major	projects,	probably	because	the	cost	of	data	collection,	assembly,	and	analysis	could	easily	exceed	the	owner’s	cost	exposure	(whether	for	a	bid	premium	or	for	a	differing	site
condition	claim)	on	less	than	a	major	project.	This	concept	is	pertinent	to	decisions	during	the	geotechnical	investigation	program	(Chapter	11)	as	to	the	number	and	depth	of	borings,	whether	a	pump	test	or	borehole	tests	are	advisable,	and	the	like.	On	a	design–bid–build	project,	the	baseline	report	is	prepared	by	the	owner	and	included	as	part	of
the	bid	documents.	On	a	design–build	project,	the	baseline	report	is	typically	prepared	by	the	contractor	and	submitted	as	part	of	the	proposal.	There	may	be	a	multistage	GBR	if	additional	subsurface	investigation	is	required	possibly	as	part	of	the	contractor’s	unique	approach	to	the	work.	Geotechnical	Design	Summary	Report	(GDSR)	Reference	[29-
1]	recommends	that	the	owner	provide	with	the	bid	documents	a	GDSR,	which	sets	forth	the	designer’s	anticipated	subsurface	conditions	and	their	impact	on	design	and	construction.	The	GDSR	is	reported	to	make	the	res-	olution	of	disputes	over	unanticipated	underground	conditions	a	less	difficult	process.	However,	a	GDSR	is	different	from	and,
for	dispute	resolution	purposes,	less	than	a	GBR.	It	is	more	in	the	nature	of	full	disclosure	of	what	is	known	by	the	owner	and	the	owner’s	consultant.	Since	the	data	being	disclosed	are	the	data	that	were	collected	for	design	purposes,	a	GDSR	cannot	be	expected	to	include	extensive	data	collected	for	purposes	of	valuating	the	cost	of	the	work	or	other
nondesign	purposes.	Escrow	Bid	Documents	Reference	[29-1]	also	recommends	that	the	contractor’s	bid	estimate	and	supporting	documents	be	placed	in	escrow,	and	be	made	available	to	the	parties	when	they	are	negotiating	the	distribution	of	costs	in	a	dispute.	Favorable	reaction	has	been	reported.	However,	one	problem	with	escrowed	bid
documents	is	in	the	variation	in	bidding	practices	among	competing	contractors.	If	a	contractor	has	done	a	particular	kind	of	project	repeatedly,	many	of	its	prebid	assumptions	will	be	undocumented	because	the	whole	bidding	team	will	have	the	same	understanding.	If	a	bidder	is	new	to	the	same	kind	of	work,	it	may	make	and	document	a	special
study	of	the	problem.	It	is	hard	to	see	why	one	claimant	should	be	treated	differently	from	the	other.	In	the	end,	all	that	escrowed	bid	documents	can	accomplish	is	to	prevent	a	claimant	from	fabricating	‘‘evidence’’	of	what	its	prebid	plans	were.	Of	all	the	problems	of	claim	resolution,	that	is	rarely	a	significant	one.	Responding	to	a	Differing	Site
Condition	Claim	One	of	the	benefits	to	the	project	and	its	participants	should	be	the	requirement	that	the	contractor	give	prompt	notice	of,	and	the	owner	give	prompt	consideration	to,	the	encountering	of	a	differing	site	conditions.	Often,	if	this	procedure	is	followed,	a	solution	in	the	interest	of	all	parties	can	be	found	in	a	timely	fashion.	In	contrast,	if
the	contractor’s	only	remedy	is	to	prove	that	he	has	been	defrauded,	and	the	owner’s	only	incentive	is	to	be	defensive,	it	will	be	a	long	time	before	an	engineering	solution	is	found	to	overcome	an	obstacle.	An	experience	of	an	author	illustrates	this.	When	a	large	sanitary	sewer	tunnel	was	being	designed	near	a	major	city,	borings	indicated	typical
Piedmont	geology:	a	soil	mantle	overlying	residual	soil	(rock	that	had	weathered	into	soil,	but	remained	in	place),	overlying	partially	weathered	rock,	overlying	sound	rock.	The	designers	knew	that	siting	the	tunnel	in	the	sound	rock	would	substantially	lower	costs.	The	low	bid	came	in	within	budget,	and	work	began.	The	contractor	used	the	drill	and
shoot	method,	with	a	jumbo	drill	in	the	tunnel.	For	several	months	the	progress	was	as	expected.	But,	during	one	advance,	the	drill	operator	reported	‘‘something	funny’’	about	the	drilling	of	the	lower	holes	in	the	array.	The	explosives	were	set;	the	men	evacuated	to	the	surface.	Upon	their	return	they	found	that	soft,	wet	residual	soil	had
DEWATERING	SPECIFICATIONS,	ALLOCATION	flowed	into	the	tunnel,	reaching	about	100	ft	(30	m)	back	from	the	face.	There	was	an	anomaly	between	two	borings.	The	ground	surface	above	the	tunnel	was	a	handsome	wooded	area	much	prized	by	the	community.	The	engineer	had	been	prohibited	from	gaining	access	through	the	woods	for	borings
closer	than	1000-ft	(300-m)	centers.	The	situation	was	obviously	a	differing	site	condition.	The	contractor	had	been	led	to	expect	sound	rock,	and	had	encountered	soft	ground.	The	saving	grace	of	the	occurrence	was	that	the	engineer	recommended	to	the	owner	that	it	promptly	acknowledge	the	differing	site	condition,	which	it	did.	The	contractor	was
authorized	to	bring	in	a	dewatering	specialist,	who	mobilized	a	heavy	duty	drill	rig	and	an	ejector	dewatering	system.	A	road	was	made	into	the	woods,	and	corrective	work	began	less	than	a	week	after	the	face	collapsed.	Initial	drilling	revealed	that	the	residual	soil	had	the	characteristics	of	a	silty	sand	to	a	sandy	silt.	Good	quality	ejector	installation
would	be	necessary.	After	drilling,	the	hole	was	thoroughly	flushed	with	a	jet	pipe.	A	2-in.	(50mm)	wellscreen	and	riser	was	installed	and	surrounded	with	filter	sand.	A	bentonite	seal	was	placed	above	the	groundwater	level	to	enhance	vacuum	effect.	Before	the	single	pipe	ejector	was	installed,	the	screen	was	airlifted	to	complete	development.
Drilling	revealed	that	the	unexpected	low	spot	in	the	residual	soil	extended	only	about	150	ft	(136	m)	along	the	tunnel	alignment.	Ejectors	were	placed	on	10-ft	(3-m)	centers	on	both	sides	of	the	tunnel,	and	pumping	began.	About	three	weeks	after	the	face	had	collapsed,	the	tunnel	was	reentered.	When	the	muck	had	been	removed	back	to	the	existing
face,	the	residual	soil	under	the	influence	of	the	ejector	pumping	and	vacuum	effect	had	been	converted	to	a	firm,	moist	material	that	was	sufficiently	stable	for	the	contractor	to	proceed	safely	through	the	soft	ground	using	liner	plates,	without	a	shield.	The	desire	of	the	public	to	preserve	a	natural	resource,	the	beautiful	woodland,	had	prevented	the
engineer	from	spacing	the	borings	as	closely	as	desirable.	But	the	anomaly	might	have	been	missed	even	with	more	borings.	Because	of	prompt	action	approved	by	the	owner	and	executed	by	the	engineer	and	contractor	the	delay	to	the	project	was	little	more	than	a	month.	The	lesson	to	be	learned	is	that	the	delay	and	the	cost	overrun	would	have
been	healthy	multiples	of	what	they	were	if	the	acknowledgment	of	the	obvious	differing	site	condition	had	not	been	recommended	by	the	engineer	and	approved	promptly	by	the	owner,	and	the	rapid	corrective	action	authorized	and	executed.	Now,	consider	how	this	project	would	have	proceeded	if	there	had	not	even	been	a	Differing	Site	Condition
clause,	so	that,	to	be	compensated	for	any	extra	costs,	the	contractor	would	have	needed	to	assert	that	he	had	been	defrauded	by	the	owner	and	the	engineer	into	entering	into	a	competentrock	tunneling	contract.	OF	RISK,	DISPUTE	AVOIDANCE,	AND	RESOLUTION	OF	DISPUTES	595	29.7	DISPUTES	REVIEW	BOARD	The	UTRC	publication	cited
[29-1]	recommends	a	Disputes	Review	Board	(DRB)	to	assist	in	the	settlement	of	disagreements	between	the	contracting	parties.	The	DRB	is	typically	provided	for	in	the	contract.	Its	three	members	are	people	experienced	in	construction	practice.	The	selection	process	ensures	that	each	party	has	confidence	in	the	impartiality	of	all	three	members	of
the	board.	An	early	DRB	was	implemented	in	1975	on	the	Eisenhower	Tunnel	in	Colorado.	Since	then	many	scores	of	contracts	have	benefited	from	the	procedures,	and	many	more	are	currently	underway	or	in	process	of	preparation.	Projects	with	U.S.	dollar	values	in	the	tens	of	millions	and	some	projects	exceeding	$100M	have	used	this	DRB	to
settle	disputes.	The	effectiveness	of	the	procedure	has	been	extraordinary.	Reports	from	contractors,	owners,	and	engineers	are	almost	universally	favorable.	Experience	indicates	that	the	DBR	has	greatly	reduced	the	number	of	disputes	that	result	in	litigation.	Most	DBR	clauses	provide	that	the	recommendation	of	the	panel	can	be	introduced	into
evidence	if	there	is	litigation	later.	A	party	bears	a	particularly	heavy	burden	when	seeking	to	have	a	court	overrule	a	panel	of	acknowledged	experts.	The	incentive	for	the	parties	to	reach	an	equitable	settlement	through	this	nonbinding	procedure	seems	strong.	Disputes	that	have	been	settled	include	complex	conditions	and	very	large	sums.	An
unexpected	benefit	is	this:	the	existence	of	the	DRB	has	given	the	parties	incentive	to	settle	disputes	by	themselves.	In	a	number	of	reported	cases,	the	matters	never	reached	the	DRB.	The	effectiveness	of	a	DRB	is	a	function	of	how	quickly	it	can	come	to	grips	with	and	render	advice	or	insight	into	a	dispute.	Thus,	a	DRB	can	be	expected	to	be	more
effective	if	(1)	there	is	a	GBR	as	part	of	the	contract	that	the	DRB	can	consult	as	opposed	to	having	to	react	to	conflicting	geotechnical	briefs	as	to	what	should	have	been	expected;	(2)	the	DRB	meets	regularly	as	the	project	proceeds	even	before	there	is	a	problem,	so	that	the	board	members	do	not	have	to	be	educated	about	the	project	in	the	midst
of	a	contentious	crisis;	and	(3)	the	individuals	chosen	all	command	respect	from	all	project	participants.	Reference	[29-1]	gives	detailed	description	of	the	procedures	that	have	proven	effective.	The	recommendations	of	the	DRB	are	not	binding,	but	can	be	presented	in	court	if	litigation	ensues.	Qualifications	for	board	members	and	procedures	for
selecting	them	are	described.	References	29-1	Underground	Technology	Research	Council.	(1991).	Avoiding	and	Resolving	Disputes	During	Construction.	ASCE,	New	York.,	NY.	596	PRACTICE	29-2	Better	Contracting	for	Underground	Construction,	NTIS	PB236973.	(1974).	U.S.	National	Committee	on	Tunneling	Technology,	National	Academy	of
Sciences,	Washington,	DC.	29-3	Powers,	J.	P.	(ed.).	(1985).	Dewatering—Avoiding	Its	Unwanted	Side	Effects.	ASCE,	New	York,	NY.	APPENDIX	A	Friction	Losses	for	Water	Flow	Through	Pipe*	ccurate	prediction	of	friction	losses	in	pipe	is	a	complex	matter	involving	many	variables.	In	Civil	Engineering	applications,	the	Hazen	Williams	formula	is
typically	used	to	calculate	friction	losses	through	water	conveying	pipe.	The	formulae	are	as	follows:	A	hf(ft	/	100	ft)		hf(m	/	100	m)		1044	dinches4.8655		冉	冊	冉	冊	Qgpm	608,704,451		dmm4.8655	1.85	C	Q	L	/	min	C	(U.S.)	1.85	(metric)	where	hf		friction	head	loss	in	feet	per	100	ft	(or	meters	per	100	m)	of	water	pipe	C		roughness	coefficient	*
Standards	and	practices	for	metric	pipe	manufacturing	vary	from	country	to	country.	It	is	therefore	not	practical	to	attempt	to	address	international	variances	within	this	Appendix.	Accordingly,	discussion	is	confined	to	current	practice	in	the	United	States.	International	readers	are	advised	to	consult	their	local	regulating	agency	or	manufacturer.	Q	
flow	in	gpm	(or	liters	per	minute)	d		inside	diameter	in	inches	(or	millimeters)	Roughness	coefficient	is	based	on	the	material	of	the	pipe.	For	PVC	pipe,	the	standard	C	value	is	150.	New	steel	pipe	uses	a	C	value	of	140,	but	with	use	and	corrosion	a	lower	value	is	typically	used.	For	HDPE	pipe,	a	range	of	C	values	between	150	and	160	is	typical.	Tables
A.1	and	A.2	show	friction	loss	data	calculated	by	the	Hazen	Williams	formula	for	the	most	commonly	used	steel	and	PVC	pipe	diameters,	based	on	C	values	of	140	and	150,	respectively.	It	should	be	noted	that	steel	and	PVC	pipe	are	manufactured	to	different	sizing	specifications	and	therefore	do	not	have	the	same	inside	diameters	(Chapter	15).	The
inside	diameter	of	HDPE	pipe	can	vary	significantly	for	any	nominal	diameter	and	a	calculation	of	pipe	friction	using	the	true	inside	diameter	is	recommended.	A	graphical	depiction	of	friction	loss	through	PVC	pipe	developed	from	the	PVC	table	is	presented	to	provide	a	quick	reference.	A	table	is	also	included	showing	the	friction	loss	through	various
fittings	as	an	equivalent	length	of	pipe.	Construction	Dewatering	and	Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	597	598	APPENDIX	A	Table	A.1	Friction	Loss	Data	for	Steel	Pipe	APPENDIX	A
Table	A.1	(Continued	)	599	600	APPENDIX	A	Table	A.2	Friction	Loss	Data	for	PVC	Pipe.	Data	courtesy	IPEX	Inc.	APPENDIX	A	Table	A.2	(Continued	)	601	602	APPENDIX	A	Table	A.3	Friction	Loss	Through	Fittings	in	Equivalent	Footage	of	Pipe.	Data	Courtesy	IPEX	Inc.	Figure	A.1	Graphical	depiction	of	friction	loss	through	PVC	pipe.	Data	courtesy



IPEX	Inc.	APPENDIX	B	Measurement	of	Water	Flow	he	measurement	of	water	flow	is	essential	to	dewatering	design	and	execution.	Sometimes	very	precise	measurements	are	necessary;	more	often	estimates	with	an	accuracy	of	plus	or	minus	10%	will	be	satisfactory	to	the	purpose.	Precise	measurements	may	be	required	during	critical	pump	tests	or
where	water	quantity	must	be	reported	to	regulating	authorities.	For	close	measurement,	various	meters	are	commercially	available.	The	propeller	type	flowmeter	can	be	furnished	as	an	instantaneous	readout	as	well	as	a	totalizing	device,	giving	the	net	quantity	of	water	pumped.	A	totalizing	meter	has	the	advantage	that	its	register	will	reveal	any
pumping	variations	when	the	system	is	unattended.	The	rate	of	flow	can	be	calculated	from	two	readings	of	the	register	separated	by	a	known	time	interval.	Some	propeller	meters	can	be	equipped	with	data	recording	capabilities.	An	adaptation	of	the	pitot	tube	principle	(Fig.	B.1)	has	been	used	effectively	for	the	measurement	of	flow	rate,	but	is	not
totalizing.	When	using	commercial	meters,	the	manufacturer’s	recommendations	should	be	followed	with	regard	to	installation.	Generally,	for	accurate	measurement,	the	meter	must	be	level	with	about	five	to	eight	diameters	of	straight	pipe	upstream	from	the	meter,	and	one	diameter	downstream	(Fig.	B.2)	The	piping	must	be	arranged	to	keep	the
meter	full	of	water,	or	inaccuracy	will	result.	Periodic	maintenance	will	be	necessary	when	pumping	water	with	iron,	calcium,	or	other	incrusting	agents.	It	may	be	advisable	to	equip	the	meter	with	isolating	valves	and	a	bypass	so	that	it	can	be	serviced	without	interruption	of	pumping.	T	Estimating	flow*	within	reasonable	accuracy	can	be
accomplished	by	any	of	the	following	methods.	CALIFORNIA	PIPE	METHOD—PARTIALLY	FULL	LEVEL	PIPE	The	simplest	means	of	estimating	flow	is	the	California	pipe	method,	developed	by	the	U.S.	Bureau	of	Reclamation	for	gauging	irrigation	flows.	The	method	requires	an	openended	straight	discharge	(Fig.	B.3)	with	a	level	length	at	least
equivalent	to	8	pipe	diameters	after	the	last	elbow,	tee,	or	valve.	A	level	length	greater	than	8	diameters	is	recommended	after	a	downhill	run.	The	air	space	y	in	the	pipe	is	measured	and	the	estimated	flow	is	read	from	Table	B.1	or	Fig.	B.4.	This	method	is	not	suitable	for	pipes	that	are	flowing	full,	or	nearly	so.	TRAJECTORY	METHOD	This	method
utilizes	the	principles	of	basic	physics	for	estimating	flow	from	full	or	near	full	pipes.	A	particle	of	water	exiting	from	a	horizontal	pipe	will,	like	a	bullet	from	a	gun	barrel,	follow	a	path	determined	by	its	exit	velocity	and	the	*	Flows	for	each	method	are	tabulated	separately	as	gallons	per	minute	and	liters	per	minute.	Construction	Dewatering	and
Groundwater	Control:	New	Methods	and	Applications,	Third	Edition.	J.	P.	Powers,	A.	B.	Corwin,	Paul	C.	Schmall	and	W.	E.	Kaeck	Copyright	©	2007	John	Wiley	&	Sons,	Inc.	ISBN:	978-0-471-47943-7	603	604	APPENDIX	B	Figure	B.1	Pitot	tube	device.	Courtesy	Metraflex	Company.	Figure	B.2	Propeller	flowmeter—installation	requirements.	Figure	B.3
California	pipe	method.	605	Table	B.1a	Tabulated	Flows	in	gpm	for	California	Pipe	Method	606	Table	B.1b	Tabulated	Flows	in	L	/	min	for	California	Pipe	Method	APPENDIX	B	607	acceleration	of	gravity.	An	open-ended	level	pipe,	at	least	8	diameters	in	length	after	the	last	fitting,	is	required	(Fig.	B.5).	The	distance	x	for	the	top	of	the	water	stream	to
fall	12	in.	(300	mm)	is	measured,	and	the	estimated	flow	can	be	read	from	Table	B.2	or	Fig.	B.6.	Experienced	practitioners	will	lay	a	straight	edge	on	the	top	of	the	pipe,	moving	it	out	until	a	rule	indicates	that	the	distance	from	the	bottom	of	the	straight	edge	to	the	water	surface	is	12	in.	(300	mm)	plus	the	pipe	wall	thickness	t.	The	distance	x	can	then
be	read	off.	The	trajectory	method	can	also	be	used	to	estimate	the	flow	in	a	partially	full	pipe	(Fig.	B.7).	Note	that	the	12-in.	(300-mm)	measurement	is	taken	from	the	top	of	the	water	stream,	not	from	the	top	of	the	pipe.	Experienced	practitioners	will	measure	the	air	space	y	and	measure,	from	a	straight	edge	laid	on	the	top	of	the	pipe,	the	distance	x
from	the	end	of	the	pipe	to	where	the	water	surface	is	12	in.	(300	mm)	⫹	y	⫹	t	below	the	bottom	of	the	straight	edge.	The	flow	for	a	full	pipe	is	read	from	Table	B.2	or	Fig.	B.6.	Estimated	flow	from	the	partially	full	pipe	is	approximately	proportional	to	the	percentage	of	full	pipe	flow:	Percentage	of	full	pipe	flow		D⫺y	D	For	more	precise	estimate	of	the
percentage	of	full	pipe,	Fig.	B.8	can	be	used.	Note	that	the	trajectory	method	estimates	the	velocity	of	a	particle	of	water	at	the	surface	of	the	exiting	stream.	It	assumes	that	this	surface	velocity	is	representative	of	the	average	velocity	in	the	stream,	which	is	not	precisely	true.	Nevertheless,	the	method	when	carefully	applied	is	accurate	within	about
10%	and	is	very	useful	for	quick	flow	estimates	in	the	field.	VERTICAL	PIPES	The	flow	from	a	vertical	pipe	can	be	estimated	from	the	height	of	the	plume	h	(Fig.	B.9).	The	flow	is	given	in	Table	B.3	or	Fig.	B.10.	This	method	is	suitable	for	flowing	wells	Figure	B.4	Curves	for	California	pipe	method.	Figure	B.5	Trajectory	method.	608	APPENDIX	B	Table
B.2a	Tabulated	Flows	in	gpm	for	Trajectory	Method	Table	B.2a	(Continued	)	APPENDIX	B	Table	B.2b	Tabulated	Flows	in	L	/	min	for	Trajectory	Method	Table	B.2b	(Continued	)	609	610	APPENDIX	B	Figure	B.6	Curves	for	trajectory	method.	Figure	B.7	Trajectory	method—partially	full	pipe.	Figure	B.8	Percentage	of	full	pipe	flow.	APPENDIX	B	Figure
B.9	Flow	from	vertical	pipes.	Table	B.3a	Tabulated	Flows	in	gpm	from	Vertical	Pipes	611	612	APPENDIX	B	Table	B.3b	Tabulated	Flows	in	L	/	min	from	Vertical	Pipes	APPENDIX	B	613	Figure	B.10	Curves	for	vertical	flow.	and	other	piping	arrangements	where	the	final	vertical	run	is	at	least	eight	to	ten	pipe	diameters	in	length.	It	is	not	suitable	where
an	elbow	has	been	placed	at	the	end	of	a	horizontal	run.	Swirling	action	will	make	the	plume	hollow,	and	the	height	h	is	not	representative	of	the	flow.	Note	that	the	maximum	height	h	is	representative	of	the	maximum	velocity	at	the	center	of	the	pipe,	and	the	actual	flow	will	be	somewhat	less	than	indicated	by	the	maximum	height.	THE	V-NOTCH
WEIR	The	V-notch	weir	(Fig.	B.11)	is	a	reliable	method	of	estimating	flows	up	to	1000	gpm	(3785	L/min).	Flows	are	given	in	Table	B.4	or	Fig.	B.12.	By	the	use	of	a	stilling	tube	and	a	hook	gauge,	quite	accurate	measurements	can	be	made.	The	method	is	especially	useful	for	giving	a	quick	visible	indication	of	any	change	in	dewatering	discharge.	With
the	use	of	pressure	transducers	and	data	loggers,	the	weir	can	be	used	to	make	a	continuous	record	of	flow.	The	calculation	of	flow	is	based	on	the	Thompson	formula:	Q		1140h5	/	2	(U.S.)	where	Q	is	in	gallons	per	minute	and	h	is	measured	in	feet.	Q		8.4		104h5	/	2	(metric)	where	Q	is	in	L	/	min	and	h	is	measured	in	meters.	THE	RECTANGULAR
SUPPRESSED	WEIR	The	rectangular	suppressed	weir	(Fig.	B.13)	is	suitable	for	estimating	flows	from	about	500	to	5000	gpm	(1890	to	614	APPENDIX	B	Figure	B.11	V-notch	weir.	Table	B.4a	Tabulated	Flows	in	gpm,	V-Notch	Weir	APPENDIX	B	Table	B.4b	Tabulated	Flows	in	L	/	min,	V-Notch	Weir	615	616	APPENDIX	B	Figure	B.12	Curve	for	V-notch
weir.	Figure	B.13	Rectangular	suppressed	weir.	APPENDIX	B	18,900	L/min).	The	calculation	of	flow	is	based	on	the	Francis	formula:	Q		1495	Bh3	/	2	(U.S.)	where	Q	is	in	gallons	per	minute	and	B	and	h	are	measured	in	feet.	Q		1.1		105	Bh3	/	2	(metric)	where	Q	is	in	L	/	min	and	B	and	h	are	measured	in	meters.	For	larger	flows,	the	dimensions	of	the
weir	must	be	increased.	For	the	Francis	formula	to	apply,	the	weir	dimensions	should	have	the	following	relationships	to	the	head	h	at	the	flow	to	be	measured:	Crest	width	B	Crest	height	A	Approach	channel	C	Distance	D	to	measuring	point	617	3h	3h	15h	4h	minimum	to	10h	maximum	Table	B.5	and	Fig.	B.14	give	the	estimated	flow	at	various	values
of	h	for	weirs	constructed	similar	to	that	shown	in	Fig.	B.13.	The	weir	can	have	an	additional	function,	acting	as	a	stilling	basin	to	monitor	the	movement	of	fines	from	the	dewatering	system,	although	the	accumulation	of	material	in	the	weir	box	must	be	prevented	for	flow	measurement	accuracy.	618	APPENDIX	B	Table	B.5a	Tabulated	Flows	in	gpm,
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Drill	steel,	jet	grout	monitor	(incorporation),	441	Drilled	horizontal	wells,	349–355	equipment,	349,	351	installation	techniques,	351–353	installation	techniques	/	equipment,	349	materials,	353–355	Drilling	fluids,	271–273	groundwater	observations,	158–159	methods,	155–158	wastes,	containment	/	disposal,	161	Drop	tube,	necessity,	547–548
Drumlin,	15	Dry	unit	weight,	27	Drydocks,	intermittent	pressure	relief,	572	Dual	rotary	drilling,	274–275	typical	usage,	275	Duplex	drilling,	implication,	274	Dynamic	barriers,	232	Earth	pressure	balance	(EPB)	microtunneling,	504	Earth	pressure	balance	(EPB)	tunneling,	500–501	Earth	pressure	balance	machine	(EPBM),	492	tunneling,	soil
conditions,	501	Eccentric	duplex	percussive	drilling,	275	Ejectors	advantages,	252,	336	bacteriological	problems	/	incrustation,	sensitivity,	207–208	body,	construction,	340	efficiency,	339–340	groundwater	quality,	relationship,	345,	349	headers,	344–345	losses,	243	installation,	345	nozzle	design,	340–344	sizing,	339	operation,	339	principle,	336–337
pumping	stations,	338–339	construction,	338–339	pumps,	operating	pressure,	341	return	header,	usage,	243	risers,	344	self-priming	device,	337	soil	stabilization,	relationship,	349	swings,	344	systems,	252,	336	iron	deposition	/	iron	bacteria	growth,	sensitivity,	207	power	consumption,	340	venturi	design,	340–344	sizing,	339	Electric	generators,
564–566	Electric	logging,	usage,	180	Electric	motor	sizing,	298	winding,	losses	(heat	generation),	557	Electric	probe	(battery	operation),	115	Electric	submersible	pump,	usage,	328	Electrical	circuits,	grounding,	570	627	Electrical	conductor,	length,	567	Electrical	current,	metallic	connection	(presence),	196	Electrical	energy,	cost,	570–571	Electrical
motors,	usage,	556–561	Electrical	resistance	tomography	(ERT),	455	Electromotive	series,	196	Electronic	pump	protector,	usage,	306	Electro-osmosis	dc	current,	usage,	252	effectiveness,	45	End-stops,	removal,	389–390	Energy	charge,	571	Environmental	applications,	freezing	(usage),	514	Environmental	containment,	deep	slurry	trench	(case
history),	380–382	Equalization,	recommendation,	226	Equilibrium,	66	formula,	equivalence,	68	Equivalent	isotropic	permeability	(Ki),	61	Equivalent	isotropic	transmissivity	(Ti),	71	Equivalent	pipe	length,	calculation,	241	Equivalent	radius	of	influence	(R0),	64	Equivalent	radius	(rs),	70–71	Erosion,	impact,	150	Escrow	bid	documents,	594	Esker,	15
Estuaries,	characteristics	/	description,	14	Evapotranspiration,	3	Excavated	trenches,	variations,	356	Excavation	/	backfill	separation,	end-stop	(usage),	378	Excavations	conditions,	preparation,	259	methods,	proposals,	247	nonattempt,	263	open	pumping,	46	rainfall,	144–145	size	/	depth,	247	water	(handling),	open	pumping	(usage),	248–249
Exclusion	methods,	253	usage,	224	Exposed	frozen	ground,	insulation	/	protection,	522	Externally	regulated	generators,	565	Face	opening,	limitation,	501	Face	stability,	497	Fault,	16	Ferric	sulfate,	usage,	226	Fertilizers,	contaminants,	222	Field	investigations,	154	Filled	ground,	528	Filter	packs,	285–291	installation,	difficulty,	279	nominal
thickness,	289–290	quality	control,	289	selection,	296	sizing,	546	Filter	piezometer,	value,	298	Filter	sands,	320–321	Filtering,	resistance	(increase),	426	Filters	D50	size,	290–291	material	sizing,	299	uniformity,	286–287	optimum	grain	size,	287	placement,	290	sample	problem,	290	628	INDEX	Filters	(Continued	)	selection	criteria,	287	Prugh
method,	290	specification,	impracticability,	288–289	Filtration,	usage,	227	Final	head	(h),	72	Fine	soils,	description,	40	Fine-grained	soils,	22	classification,	38–39	drainage,	44–46	pore	pressure	piezometers,	117–118	stabilization,	wellpoints	(usage),	329–331	Finite	difference	models,	85	Finite	element	method	(FEM),	533	Finite	element	models,	85
FLAC,	533	Flavobacter,	204	Floculation,	usage,	226	Flood	plain,	12	Flood	zone	maps,	usage,	154	Flow	channels,	grouting,	475	Flow	conditions,	development,	483–484	Flow	lines,	series,	79	Flow	net	analysis,	79–80	Flowpath	access,	479	points,	484	chemical	grout,	usage,	476,	479	direct	communication,	484	identification,	475–476	location,	484	size,
variation,	480–481	Flowmeter,	recommendation,	299	Flowpaths,	grouting,	474–489	Fluidifying	additive,	usage,	426	Flyash,	465	stabilization	success,	329–330	Follow-on	tunneling	operations,	471	Foot	valves,	requirement,	337–338	Footing	drains,	providing,	574	Formation	loss,	78	Foundations	slabs,	drainage	blankets,	574	type	/	depths,	247
Fractured	rock,	packer	tests,	174	Fraud,	impact,	589–590	Friction	impact,	308,	310	loss,	597–602	electrical	equivalent,	567	Frozen	earth,	viscoelasticity,	530	Frozen	ground	concreting,	522–528	excavation,	522	strength,	530	Frozen	shafts,	quality	control,	525–527	Fuel	adjustment,	571	Fuel	oil	grease	and	maintenance	(FOGM)	materials,	577
Gallionella,	corrosive	enzyme	(secretion),	196	Gallionella	ferruginea,	203	Galvanic	corrosion,	195–196	development,	196	Galvanized	wellscreens,	avoidance,	207	Gamma-ray	logging,	usage,	180	Gases	concentration,	208	entrainment,	impact,	543	General	subgrade,	depth,	254	Generators,	types	(availability),	565	Geochemical	reaction,	543	Geologic
interface,	wellpointing,	319–320	Geologic	seal,	property,	510	Geologic	studies,	153	Geologic	time	frame,	11	Geophysical	methods,	180	Geotechnical	Baseline	Report	(GBR),	593–594	Geotechnical	Design	Summary	Report	(GDSR),	594	Geotechnical	engineering,	bibliography,	620	Geotextiles,	usage,	262	Glacial	lakes,	15–16	Glacial	outwash,	15	Glacial
till,	15	Glaciers,	14–16	Go	devils,	usage,	389	Graded	filters,	usage,	291	Gradient	correction,	310	Granular	activated	carbon	(GAC)	adsorption,	544	effectiveness,	227–228	Granular	soils	gravity	drainage,	43–44	hydraulic	conductivity,	164	determination	methods,	availability,	178–179	stability,	164	stand-up	time,	limitation,	507	Gravel	usage,	262	visual	/
manual	classification,	40–41	Gravel	bed,	placement,	264	Gravel	bedding,	261–262	Gravel	tremie,	82–83	Gravimetric	studies,	usage,	180	Grid	system	design,	235	Ground	behavior,	495–497	fracturing	potential,	444	movement	potential,	artificial	freezing	(impact),	534–537	penetrability,	412–415	penetration,	difficulty,	318–319	permeabilities,	variation,
414–415	support,	methods	(proposals),	247	Ground	freezing,	508	applications,	509–515	connections,	providing,	512	design,	533–534	geotechnical	investigation,	533–534	groundwater	movement,	impact,	534	history,	511	intent,	518	methods	/	equipment,	515–528	pipe	installation	/	deviation,	521–522	principles,	508–509	soils,	relationship,	528–533
theory	/	application,	simplicity	(deception),	509	Ground	penetrating	radar	(GPR),	455	Ground	Zero	slurry	wall	stabilization,	case	history,	277–278	Groundwater	adjacent	supplies,	protection,	183	analysis,	215–216	bacteriology,	195	bibliography,	620	INDEX	body	long-term	changes,	181–182	structures,	permanent	effects,	181–182	chemical	testing,	180
chemist	knowledge,	216	chemistry,	153,	195	impact,	374	conductive	electrolyte,	action,	196	construction	considerations,	3	previous	experience,	154	contamination,	153	impact,	374	control,	formulations,	449	control	method	combination,	253–258	selection,	247	cutoff	structures,	358	dispute,	585	equilibrium,	disturbance,	199	exclusion,	247	field
testing,	208–209	flow,	vertical	component,	170	gradient,	reduction,	484	levels	/	gradients,	153	measurement	/	monitoring,	piezometers	(usage),	111	modeling,	numerical	methods	(usage),	84	models,	program	selection,	91	movement,	project	summary,	535–536	pressure	differential,	414	quality,	ejectors	(relationship),	345,	349	site	conditions,	588–595
supplies,	problems,	182	testing,	208–209	treatment	costs,	231	elements,	226–229	requirement,	208	system	designer,	construction	activity	knowledge,	232	velocities,	205–206	Groundwater	control-permeability	testing,	verification,	456	Groundwater	/	vapor	extraction	/	treatment,	project	summary,	573–574	Grout	additives,	advances,	465	behavior,	464
delivery	systems,	types,	469	durability	/	permanence,	416–417	environmentally	compatibility,	417	flow	properties,	bleed	/	pressure	filtration	characteristics,	464	flow	rate	/	stage,	plots,	471	injection,	469–470	performing,	open-ended	/	perforated	pipes	(usage),	482	ratio,	402	materials,	412–415	mixes,	pressure	filtration	characteristics,	471	mixing,	469
requirements,	434–435	particle	size,	decrease,	427	pipes,	installation,	487	predetermined	amounts,	injection,	435–436	pump,	usage,	469	quality	control,	471	seal,	usage,	547	stability,	416	stability	/	bleed,	difference,	471	volume,	400	629	Grout	holes	drilling,	467–468	patterns,	465–467	requirement,	466–467	water	testing,	468–469	Groutability	ratio
(GR),	426,	463	Grouted	ground,	triple-barrel	coring,	438	Grouted	soil,	strength,	448–449	Grouted	zone,	geometry	(determination),	432–433	Grouting	bibliographies,	620	ground	treatment,	providing,	414	materials	/	mixes,	463–465	methods,	410,	465–471	monitoring	/	control	technology,	470–471	plan	development,	476,	479	success,	481	process,
monitoring,	480	program,	implementation,	519	test	section,	performing,	439	verification,	geophysical	methods	(usage),	438–439	Guar	gum-based	drilling	fluid,	avoidance,	206	Gypsum	stack	embankments,	heat	boils	(grouting	/	pressure	relief	usage	combination)	case	history,	486–488	project	example,	486–488	Hammer	grabs,	394	Hand	mining,	494
Hand-erected	supporters,	usage,	492	Hardness,	presence,	225–226	Hazen	Williams	formula,	597	Head,	total	loss,	78	Head	loss	/	leakage,	364	Head	ratio	(Rh),	calculation,	340–342	Heat	load,	groundwater	movement	(impact),	534	Herbicides,	contaminants,	222	Heterogeneous	anisotropic	conditions,	170	Heterogeneous	soils,	wellpoint	spacing,	313
Heterotrophic	plate	count	(HRC),	216	High	hydraulic	conductivity,	backoff	(sealing),	411	High	permeability	zones,	delineation,	468–469	High-capacity	wellpoints,	availability,	311	High-density	polyethylene	(HDPE),	238,	240–241	coefficient	of	thermal	expansion	/	contraction,	240	pipe	diameters,	597–602	piping,	239	usage,	283,	353	High-end	grouting
practice,	471	High-frequency	/	variable-moment	vibratory	hammers,	availability,	360	Highly	organic	soils,	classification,	39	High-pressure	jetting,	usage,	379	High-torque	continuous	flight	augers,	usage,	394–395	Hillview	Reservoir	case	history,	346–348	dewatering	system,	usage,	347	ejector	system	construction,	347	Historical	fills,	517,	520
Historical	maps,	usage,	154	H-O-A	switch,	automatic	position,	563	Hoisting	equipment,	impact,	270	Holepuncher	effectiveness,	318	usage,	318	Hollow	stem	augers	(HSAs),	155	630	INDEX	Hollow	stem	augers	(Continued	)	direct	contact,	158	usage,	279	Homogeneous	ground	conditions,	wellpoint	installation,	317	Horizontal	directionally	drilled	(HDD)
wells,	349–355	equipment,	349,	351	installation	techniques,	351–353	installation	techniques	/	equipment,	349	materials,	353–355	Horizontal	drains,	contaminant	recovery,	231	Horizontal	peripheral	freezes,	511–512	Horizontal	Tunnel	Freeze	(Syracuse,	New	York),	case	history,	513–514	Horizontal	variability,	64	Horizontal	wellpoints,	265–266	usage,
266	Horizontal	wells	contaminant	recovery,	231	development,	353	Horizontal	wellscreens	permanence,	ability,	354–355	robustness,	increase,	353	Horizontal-Flow	Barrier	(HFB),	93	Hydraulic	conductivity	(K),	29–35,	71–72	evaluation,	borehole	seepage	tests	(usage),	169–178	suggestion,	280	units,	30	Hydraulic	gradient	(h	/	L),	30	Hydraulic
submersible	pumps,	185	Hydrochloric	acid	(HCl),	usage,	210	Hydrofracturing,	437	Hydrogen	sulfide	concentration,	195,	208	gas,	production,	197	nondesirability,	222–223	occurrence,	197	treatment,	230	Hydrographs,	form,	142	Hydrologic	cycle,	groundwater	(relationship),	3–6	Hydrophilic	urethanes,	476	hydrophobic	urethanes,	contrast,	477–478
Hydrophobic	urethanes,	476	Hyperbaric	medicine,	505	Impermeable	clay,	aquiclude,	63	Impermeable	layer	(dewatering),	wellpoint	spacing	(usage),	313–315	Impermeable	stratum,	encounter,	317	In	situ	test	methods,	164–167	Incrustation,	198–199	dissolving,	acids	(usage),	210	field	analysis,	209	potential,	206–207	remediation,	210	Initial	head	(H),
72	Injection	ports,	distance,	479	Injection	system,	wellpoint	system	(usage),	233	Inner	drawdown	tube,	usage,	310	Inorganic	reactants,	usage,	418	Intact	sheet	piling,	head	loss	/	leakage,	364	Interface	problems,	314	Interior	wells,	addition,	255–256	Interlock	leakage	importance,	362–364	sealants,	application,	363–364	Intermediate	clay	layer,	water
entry,	263	Internally	regulated	generators,	565	Iron	fouling,	degree,	207	precipitation,	200	presence,	225–226	Iron	bacteria,	202–204	growth,	203–204	quantity	/	presence,	204	Iron-fixing	bacteria,	202	Iron-oxidizing	bacteria,	202	Irregular	boundaries,	89	Isolation	valve,	recommendation,	297	Jacob	distance-drawdown	plot,	129–130	Jacob
nonequilibrium	formula,	68	Jet	grout	columns	achievement,	441	topping	off,	451	Jet	grout	wall,	effectiveness,	454	Jet	grouting,	439–456	applications,	440	column	diameter,	variation,	446	construction	considerations,	449,	451	design	considerations,	445–452	process,	446	equipment,	441–442	jetting,	axis	(variations),	446	mixing	/	batching	equipment,
441	operational	parameters,	443–444	process,	444–445	work	sequence,	444–445	soil	suitability,	440–441	strength	requirements,	verification,	455–456	systems,	442–444	verification,	452–456	Jetting,	high-energy	development	method,	295295	Jetting	pumps,	189,	267–268	Joint	sealants,	importance,	360–362	Kettle,	15	Laboratory	analysis,	example,
216–221	Laboratory	test	data,	74	Lagging,	installation,	315	Lakes	characteristics	/	description,	12–13	surface	hydrology,	141	Lamellas,	usage,	445	Laminar	flow,	presumption,	30	Langelier	Saturation	Index,	216	Large	circular	open	excavations,	511	Large-diameter	borings,	163–164	Large-diameter	open-face	shield-driven	tunnels,	491–492	Large-
diameter	slurry	tunneling	systems,	usage,	500	Lateral	seepage,	problem,	261	Lead,	nondesirability,	223	Leaking	utility,	264	problem,	264–265	recharge,	498	Lenox	Avenue	Subway,	water	infiltration,	453	Lenox	Avenue	Subway	Reconstruction	Project	case	history,	332–334	construction	schedule,	tightness,	334	dewatering	conditions,	difficulty,	333
free-draining	sands,	usage,	333	geotechnical	study,	332	INDEX	hydrogeological	study,	332	project	alignment,	333	replacement	work,	334	wellpoint	system,	suction	limitations,	333	Lens	(permeable	gravel),	usage,	264	Leptothrix,	203	Levee	Floodgate	construction	project,	case	history,	302	Light	acid	treatments,	206	Light	non-aqueous	phase	liquids
(LNAPLs),	222	Limestone,	17–19	NATM	tunnels,	552	Line	source,	64	Liquid	nitrogen	(LN2)	freezing,	516,	521	Liquid	ring	vacuum	pump,	190,	192	Local	model,	110	Lock	and	Dam	26	case	history,	146–148	dewatering	system	planning	/	design	/	installation,	147	monitoring,	147	project	background,	146	system	load	variation,	quantification,	147	Loess,
14	Long	term	hydraulic	barrier,	case	history,	576	Long-term	dewatering	systems,	572	instrumentation	/	controls,	575–576	maintenance,	access,	572,	574–575	methods,	572	procedures,	575–576	types,	572	wellpoints,	usage,	574	Louvered	wellscreens,	manufacture,	284–285	Low-capacity	pumped	wells,	contaminant	recovery,	231	Low-capacity	wells,
systems,	304–306	Lowered	wellscreens,	284–285	Low-flow	wells,	problems,	305	Low-yield	deep	wells,	continuous	pumping,	305	Low-yield	wells,	testing,	137–138	Magnetic	contactor,	usage,	562	Manganese,	presence,	200	Man-made	contaminants,	list,	222	Man-made	ground,	19–21	Man-made	water	sources,	grouting,	475	Man-placed	water	sources,
grouting,	475	Mass	freezing,	512,	514	Mass-transfer	packing,	228	Mathematical	models,	85	Maximum	aquifer	penetration,	case	history,	281–282	Meadow	mat,	14	Mechanical	packers	placement,	479–480	usage,	479	Medium-diameter	shield-driven	tunneling	/	pipe	jacking,	492–494	Membrane	filter	index	(MFI),	542	Metal	wellscreens	(failure),
corrosion	(impact),	304	Metals,	contaminants,	222	Methane,	nondesirability,	223	Method	of	fragments,	79–80	Microfine	cement	grouts,	428	Microtunneling,	502–504	Mineral	acid,	quantity,	211	Mineral	incrustation,	198	results,	199–200	treatment,	210	Minimum	aquifer	penetration,	case	history,	281–282	Mix	water,	quality,	272	Mixed	aquifer,	well
(inclusion)	radial	flow,	69	Mixed	media,	filtration	(usage),	227	Mixed-face	ground	conditions,	497	Mixing	shafts,	rotation,	399	Mixing	tools,	verticality,	404	Model	calibration,	97–98	design	/	application,	steps,	90	Modeling	problems,	95	program	selection,	model	design	step,	90	MODFLOW	features,	93–94	introduction,	91–94	model	input	/	construction,
91–92	simulation	capabilities,	91	solution	/	model	output,	92–93	MODFLOW-SURFACT,	93	MODPATH,	93–94	Motor	controls,	561–564	component	malfunction,	problem,	563	problems,	563	Moyno	pumps,	469	Mud	pump	capacity,	270	Mud	rotary	method,	270–271	Multi-Node	Well	(MNW),	93	Multiple-shaft	mixing	systems,	401–402	Multistage
wellpoint	systems,	310	long	wellpoints,	usage	(case	history),	314	Murray	Hydro	Station,	case	history,	255–257	National	Electric	Code	(NEC),	mandates,	566	Natural	aquifer	characteristics,	61	equivalent	isotropic	transmissivity,	53	Natural	ground,	piping	paths	/	flow	channels,	483–489	Natural	groundwater	gradient,	232	Natural	polymers,	chemical
modification,	274	Natural	soil,	retention	(percentage),	286	NAVFAC	DM-7	recommendations,	366	Neat	cement	grout	formulation	problems,	464	usage,	473	Need	/	purpose,	definition	(model	design	step),	90	Negative	skin	friction,	47	Net	positive	suction	head	(NPSH),	327	New	Austrian	Tunneling	Method	(NATM),	491	tunneling	methods,	application
(increase),	524,	528	New	York	City	Water	Tunnel	Number	3	(Shaft	298),	moving	groundwater	(project	summary),	535	Noncontaminated	areas,	flow	reduction,	232	Non-ionic	polymers,	usage,	226	Nonplastic	silt,	flyash	(comparison),	329–330	Non-recirculated	clean	water,	usage,	268	Non-slam	type	water	hammer,	valves	(checking),	244	Non-steady
state	analyses,	89–90	Non-steady	state	programs,	91	Nozzles	design,	340–344	diameter	(dn),	calculation,	343–344	Numerical	groundwater	models,	usage,	66	Numerical	modeling,	consideration,	103–104	Numerical	models,	85–86	consideration,	87–90	631	632	INDEX	Observation	wells,	167–169	installation,	primary	objective,	168	Ocean	beaches,
surface	hydrology,	141	Odex,	usage,	275	Oil	/	water	separation,	recommendation,	226	Once-through	freshwater	supply,	207	Onsite	personnel,	health	/	safety	procedures,	162	Open	borehole	drilling	techniques,	271	Open	cell	matrix,	477	Open	drip	proof	(ODP),	557	Open	pumping,	259	predrainage,	contrast,	247–250	problems,	249–250	proceeding,
decision,	248	Open	pumping	process,	247	Open-ended	grout	pipes,	installation,	484	Operating	level,	measurement	(means),	298	Ordinary	piezometers,	111–113	Ordinary	Portland	cement	grout,	426–428	usage,	402	Organic	reactants,	usage,	418	Organic	silts,	11–12	Organic	soils,	22	Organic	waste,	contaminants,	222	Ostionera,	18	Overexcavating,
procedure,	405	Overload	relays,	usage,	562	Overpumpage	factor,	433	Owner-designed	dewatering	systems,	586	Oxides	of	metals,	formation,	200	Packer	tests,	advantage,	177	Panel	driving,	preference,	359	Panels,	usage,	445	Parametric	analyses,	95	model	design	step,	90	Partial	penetration,	72–73,	90,	98–101	usage,	48	Partially	full	level	pipe,	603
Partially	hydrolyzed	polyacrylamide	(PHPA),	usage,	272	Particulate	grouts,	426	Peat,	11–12	Penetrations,	dewatering,	505–507	Penn	Forest	Dam,	case	history,	473	Percent	silicate	grout,	417	Perched	aquifer,	153	Perched	water	layers,	encounter,	312	Perched	water	table,	5	Percussion,	usage,	274	Peripheral	freezes,	509–512	formation,	510	quality
control,	525–527	Permeability	reduction,	achievement,	415	Permeation	grouting,	264,	410–439	application,	410	methods,	432–436	effectiveness,	411–412	usage,	410–411	verification,	436	methods,	436–439	Permeation	grouting	/	dewatering	combination,	case	history,	423–425	Permeation	grouts,	properties,	415–417	Permeation-grouted	soil,	strength,
416	Permitting	process,	237	Pesticides,	contaminants,	222	Petroleum	products,	contaminants,	222	pH	adjustment,	necessity,	226	change,	208	measurement,	201	Phorphoric	acid,	210–211	Phreatic	surface,	5	Pick-up	points,	232	Piezocone	dissipation	tests,	177–178	components,	177–178	Piezometers	additions,	207	arrays,	125–126	construction,	113–
115,	167–168	data,	obtaining,	115–117	geotechnical	program	installation,	168–169	installation,	525	direct	push	technologies,	118–120	primary	objective,	168	performance,	verification,	115	usage,	167–169	location,	169	Piezometric	monitoring,	448	Pilot	pipe	technique,	504	Pipe	jacking,	492–494	construction	shafts,	requirement,	494	operation,
dewatering	requirements,	494	Piping	channels,	43	Piping	paths,	grouting,	475	Piping	systems,	238	Piston	pumps,	usage,	441–442	Plasticity	index	(Iw),	35	Pleistocene	epoch,	14–16	Plugging	index,	542	Pneumatic	slug	test	systems,	compressed	air	(usage),	173	Polyanionic	cellulose	(PAC),	usage,	272	Polymer	drilling	fluids	heaviness,	272	usage,	206
Polymer	slurries,	usage,	386–387	Polymeric	drilling	fluid	additive,	usefulness,	271	Polypropelene	rope	suspension	cable,	fastening,	298	Polysaccharide,	production,	200–201	Polyurethane	grouts	expansion	rate,	477	rigid	/	flexible	foams,	contrast,	477	systems,	components	(counting	confusion),	477	Polyurethane	grouts,	characteristics,	477
Polyurethanes,	hydrophilic	/	hydrophobic	materials,	476	Polyvinyl	chloride	(PVC),	238–239	coefficient	of	thermal	expansion	/	contraction,	240	fragility,	239	usage,	198	wellscreens,	fragility,	303	Pool	stage,	143–144	Poorly-graded	soil,	23	Pore	pressure	control,	44–46	relief,	252	Porosity,	26	Porous	rock,	fractured	tests,	174	Postgrouting,	471	difficulty,
474	Potable	water,	contact,	478	Power	factor,	564	penalty,	571	INDEX	Practical	vacuum,	308	Precipitation,	144–145	data	/	topograhy,	153	Preconsolidation,	48–50	Prediction	analyses,	95	model	design	step,	90	Predrainage,	247	methods,	250–253	open	pumping,	supplementation,	253,	257	Predrained	water	level,	impact,	262	Predrilling,	effectiveness,
268	Prepacked	wellscreens,	285	Pressure	balance	tunnel	machines,	500–502	Pressure	gauge	connection,	recommendation,	299	Pressure	relief	wells,	300	Pressure-meter	Test	(PMT),	164	Pressurized	face	tunnel	machines,	500–502	Progressive	trench	excavation	model	prediction,	105	transient	analysis,	102–105	Proximate	boundaries,	89	Prugh
method,	290	Pseudamonas,	204	Pulldown,	impact,	270	Pumping	decision	/	dilemma,	247	equipment,	vacuum,	307–308	rate,	128	systems,	installation,	572	well	accessibility,	574	design,	122–125	Pumping	tests,	121,	448	admissibility,	121–122	analysis,	model	requirement,	102	data,	74	analysis,	129–132	initiation,	133	modeling,	order,	101–102
monitoring,	128–129	planning,	122	usage,	181	Pumps	failure,	cause,	305	NPSH	requirement,	meeting,	327	options,	consideration,	225	performance	curves,	189–190	removal,	211,	212	sizing,	297–298	testing,	193–194	theory,	185	types,	usage,	185–189	warranty	(voiding),	sand	content	(presence),	300–301	Quicksand,	42	Radioactive	salts,
contaminants,	222	Radius	of	influence	(R0),	64–65,	66,	71	Rainfall	quantity,	pumping,	260–261	steadiness,	144	Real	systems,	analyses,	336	Real-time	borehole	locating	/	survey	system,	necessity,	352	Recharge	applications,	539–540	man-made	source,	problems,	482–483	operations,	permits,	550,	554	pilot	test	program,	usage,	541	piping	systems,	548–
549	results,	170	wellpoint	systems,	548	wells,	546–548	Recharge	boundaries,	64–65	impact,	130–131	Recharge	systems	construction,	545–549	effectiveness	/	performance,	instrumentation	(requirement),	541	operation	/	maintenance,	550	Recharge	water	chlorination,	545	problems,	541–543	sources,	543–544	treatment,	544–545	Recharge	wells	filter
sand,	impact,	550	location,	case	history,	548	Recharge	wells,	plugging,	541–543	air	/	gas	entrainment,	impact,	543	bacteria	/	algae,	impact,	542–543	geochemical	reaction	/	chemical	precipitation,	impact,	543	suspended	soils,	impact,	541–542	Recirculation	bypass	valve,	convenience,	297	Recovery	calculations,	56–57	duration,	126–128	Rectangular
suppressed	weir,	605	Refrigeration	plant,	capacity,	516	Reinfiltration,	145,	149–150	Reinforced	shoes,	usage,	359	Reinjection,	233–234	Relative	density,	26–27	Remote	sensing,	usage,	153–154	Reservoirs,	surface	hydrology,	141	Resistance	temperature	detectors	(RTDs),	525	Reverse	circulation	method	costs	/	difficulties,	274	water	head	dependence,
271,	274	Reverse	circulation	rotary	drilling,	271,	274	Revert,	usage,	271–272	Risk	allocation,	584	common	law	rule,	589	Rivers	characteristics	/	description,	12	surface	hydrology,	141–144	Rock,	16–17	cores,	obtaining,	160–161	coring,	160–161	flour,	497	groundwater	flow,	control,	161	jointing	/	fracture	orientation,	466	packer	tests,	174–177	strata,
hydraulic	conductivity,	153	very	high-flow	solution	channels	/	fractures,	grouting,	484	water	testing,	468	Rock	curtain	grouting,	456,	461–474	grouting	materials	/	mixes,	463–465	grouting	methods,	465–471	tunnel	grouting,	471–474	Rock	grouting	equipment,	469	grout	holes,	drilling,	467–468	performing,	466	633	634	INDEX	Rock	quality	designation
(RQD),	161	Rotary	drilling	circulating	fluid,	usage,	270–271	groundwater	level,	masking,	158–159	suitability,	156	Rotary	rigs,	holes	(drilling	ability),	270	Rotosonic	drill	(sonicore),	156–157	Ryznar	Stability	Index,	216	Saline	groundwater	conditions,	freezing,	530–531	presence,	531	Salts,	occurrence,	197–198	Samples	laboratory	analysis,	178–180
preservation,	164	Sandbags,	usage,	262	Sand-free,	term	(usage),	303	Sands	behavior,	529–530	deposit,	particle	sizes	(considerations),	496	drains,	252	filtration,	usage,	227	movement	designer	specification,	303	measurement,	problems,	303	pumping	conditions,	303	wells,	usage,	300–304	visual	/	manual	classification,	40–41	Sanitary	seal,
recommendation,	299	Screen	entrance	velocity	(Vs)	minimization,	207	safe	values,	selection,	280	Secant	pile	wall	method,	390–398	advantages	/	limitations,	398	concrete	mix	design,	395–396	construction	consideration,	397–398	sequence,	390,	393	types,	usage,	393	equipment	/	plant,	393–395	guide	walls,	necessity,	397	quality	control,	397–398	soil
applicability	/	depth,	396–397	Secant	piles	construction,	auger	methods	(usage),	397–398	suitability,	396–397	vertical	alignment,	importance,	397	Secondary	permeability,	16	Seepage	forces,	42–43	Segmented	linings,	501–502	Seismic	methods,	usage,	180	Self-destroying	additives,	269	Self-hardening	slurries,	374–375	Self-jetting	wellpoint,	310
screens,	fabrication,	310–311	suitability,	318	Semi-volatile	organic	compounds	(S-VOCs),	222	Sequential	excavation	method	(NATM)	tunneling,	491	Sequentially	excavated	tunnels	(SEMs),	504	Service	installation	charge,	571	Set	time,	415–416	Settlement	control,	recharge	(case	history),	553–554	dewatering,	impact,	46–48	effective	stress,	impact,
182	risk,	doubt,	182	Settling	/	clarification,	usage,	226–227	Sewers,	usage,	150	Shafts	construction,	ground	freezing,	510–511	dewatering,	505–506	Shallow	applications,	slotted	screens	(HDPE	usage),	283	Shallow	aquifers,	wellpoint	systems	(suitability),	250–251	Shallow	excavation,	clay	/	rock	penetration,	257	Shallow	penetrating	recharge	trenches,
effectiveness,	546	Shield-driven	tunnels,	497	Shock	chlorination,	214	Short	circuit,	protection,	562	Short	vertical	sheeting,	264	Short-flight	augers,	279	Short-screen	wellpoints,	availability,	311–312	Shrouds,	installation	(avoidance),	206	Silica	fume,	465	Silt	density	index	(SDI),	542	Silts	plasticity	/	cohesion,	35	visual	/	manual	classification,	41–42
Silty	clays,	11–12	Silty	sands,	40–41	aquitard,	63	plasticity,	41	Single	wellpoint	systems,	310	Single-fluid	jet	grouting,	usage,	442	Single-pipe	ejectors,	336–338	alternative,	337	Single-shaft	mixing	equipment,	usage,	399	Single-shaft	mixing	systems,	401–402	Site	conditions,	differences,	588–595	Site	reconnaissance,	154	Sixty-third	Street	Connector
case	history,	456–461	deep	bottom	seals,	460	design	test	program,	456–457	implementation,	458–459	jet	grouting,	460	permeation	grouting,	460	quality	assurance	/	control,	459	test	cell	center,	excavation,	457	Sleeve	port	pipe,	433	Slime-forming	bacteria,	204	Slip-type	couplings,	strapping,	244	Slope	stability,	problems,	259	Slope	stabilization,
sandbags	/	gravel	/	geotextiles	(usage),	262	Slotted	PVC	wellscreens,	spacing,	283	Slug	tests,	172–173	advantage,	173	Slurry	loss,	occurrence,	381	microtunneling	systems,	504	mixing,	372	quality,	monitoring,	377,	388	Slurry	diaphragm	panel	concrete,	usage,	383–384	excavation,	382–383	continuousness,	387–388	verticality	/	alignment,
examination,	388	joints,	389	sounding,	388–389	stability,	maintenance,	382	Slurry	diaphragm	walls,	379–390	INDEX	advantages	/	limitations,	390	cleaning,	383	concrete	mix	design,	387	construction,	382–384	considerations,	387–390	continuation,	384	innovations,	385–386	tools,	development,	385	equipment	/	plant,	384–387	quality	control,	387–390
soils,	applicability	/	depth,	387	Slurry	mixing	equipment	/	plant,	similarity,	386	Slurry	trenches,	367–379	advantages	/	limitations,	378–379	construction,	368–371	considerations,	375–378	self-hardening	slurries,	usage,	371	similarity,	388	equipment	/	plant,	371–372	quality	control,	375–378	S-B	backfill,	usage,	368	suitability,	369	Slurry	tunneling
systems,	500	Small-diameter	shield-driven	tunneling	/	pipe	jacking,	492–494	Smaller-diameter	wells,	advancement,	275	Sodium	aluminate,	usage,	226	Sodium	silicate,	combination,	418–419	Sodium	silicate	grouts,	417–422	formulation,	421–422	gel	times,	419–422	longevity,	421	syneresis,	520	two-part	mix,	418	viscosity,	417–418	Sodium	silicate-
ground	soil	hydraulic	conductivity,	reduction	(achievement),	420	strength,	421	Soft	ground	tunneling	groundwater	control,	491	methods,	dewatering	(usage),	491–495	Soil	cutters,	monitoring	/	adjustment,	386	Soil-based	backfills,	367	mix	design	/	properties,	372–374	Soil-bentonite	(S-B),	367	trench,	soil	mixture,	369–371	Soil-bentonite	(S-B)	backfill
compressibility	/	strength,	373	hydraulic	conductivity,	370–371,	373	mixing,	372	Soil-cement	geometries,	445	Soil-cement	mixtures,	compressive	strength,	403	Soil-cement	product,	design	geometry	variation,	446	Soil-cement	walls,	hydraulic	conductivity,	402–403	Soil-cement-bentonite	(S-C-B),	367	backfill	mixtures,	components,	373–374	placement,
371	trench,	construction,	371	Soils,	22	borehole	seepage	tests,	usage,	169–172	borehole	testing,	172	characteristics	evaluation,	497	Heuer’s	list,	495–496	conditions,	259	cuttings,	containment	/	disposal,	161	density	/	uniformity,	31	descriptions,	39–40	details,	163	dry	unit	weight,	27	effective	pore	size,	31	flow	channels,	occurrence,	483	formation,	11
geologic	seals,	510	geology,	10	gradation,	22–26	range,	288	groutability,	413	hydraulic	conductivity,	153,	414	initial	hydraulic	conductivity,	413	jet	grouting,	suitability,	440–441	low	hydraulic	conductivity,	499–500	dewatering,	304–305	mineral	composition,	11–12	movement	problem,	cause,	302	penetration	method,	399	piping	paths,	occurrence,	483
removal,	46	samples,	recovery,	178	sampling,	159–160	stabilization,	ejectors	(relationship),	349	steel	sheet	piling,	depth,	364–365	stratification,	31,	33,	421	stress,	42–43	structure,	22	surveys,	153	thermal	properties,	529	variability,	421,	505	visual	/	manual	classification,	40–42	yield,	288	Soil-to-grout	particle	sizes,	ratio,	426	Soldier	pile	tremie
concrete	(SPTC)	wall,	384,	389	Soldier	piles,	standup	time,	263–264	Solution	cavity,	high	flow,	484,	489	Solutions	grouts,	417–432	Solvents,	contaminants,	222	Sonic	drill,	156–157	equipment,	usage,	519	Sonic	drilling,	276,	278–279	accomplishment,	278	advantages,	278–279	variations,	availability,	278	Specialty	dewatering	subcontractor	quotations,
581–583	Specific	capacity	(qs),	58–60	Specific	gravity,	26–27	Specific	retention,	27–29	Specific	yield,	27–29,	53,	55	Sphaerotilus,	203	Split-spoon	sampler,	usage	frequency,	160	Spoil	examination,	376–377	return,	444	Stagnant	water,	iron	presence,	208	Stainless	steel	corroding	agents,	resistance,	198	corrosive	groundwater	attack,	198	Stainless	steel
rope	suspension	cable,	fastening,	298	Standard	Penetration	Test	(SPT),	164	Standup	time,	263–264	increase,	permeation	grouting	(usage),	264	Starter	tunnels,	dewatering,	505–507	Steady	state	programs,	91	635	636	INDEX	Steel	casing	/	drilling	mud,	155–156	Steel	piping,	238	Steel	screens,	assembly,	284	Steel	sheet	pile	cofferdam	design,	365–366
open	pumping	risk,	366	installation,	359–360	types	/	properties,	360–362	Steel	sheet	piling,	358–367	advantages	/	limitations,	367	construction	considerations	/	quality	control,	365–367	equipment,	359–360	Steel	sheeting	availability,	360,	362	nonrecommendations,	364	Step	drawdown	tests,	136–137	Stepped	Lugeon	testing,	468	Storage	delayed
release,	65	depletion,	73–75	Storage	coefficient	(C),	53,	55	Storebaelt	(Great	Belt)	Link	Railway,	case	history,	502–503	Stratification,	31,	33	Stratified	aquifers,	88	proposed	tunnel	conceptual	model,	107–108	feasibility	(3D	model),	106–110	local	model,	dewatering	simulation,	108–110	Stratified	soil	structure,	impact,	330–331	Stratified	soils,	61–63
problems,	288	Strong	acids,	hazards,	211	Structures,	grouting,	474–489	Submerged	unit	weight,	27	Submergence,	192	ratio,	192	Submersible	electric	pump,	lifespan	/	recommendation,	298	Submersible	pump,	low-flow-protection	(providing),	305–306	Subsurface	conditions,	111	Subsurface	stratigraphy,	152	Suction	head,	measurement
(impracticability),	189	Suction	lifts,	307–310	Suction	piping,	size	importance,	321	Suction	wells,	251,	311	Sulfamic	acid,	210	Sulfate-reducing	bacteria,	204–205	Sumps,	259	characteristics,	260	cleaning	/	maintenance,	260	construction,	260–261	nonusage,	206	size,	determination,	260	waterflow,	260	Super	plasticizer,	465	Superposition,	76–77
Surface	hydrology,	141	Surface	water,	nonusage,	544	Surfactants,	introduction,	210	Surge	arrestor	valve,	installation,	244	Surge	block,	usage,	295	Suspended	solids	presence,	225–226	problems,	541–542	Suspension	grouts,	426	Swab,	usage,	295	Swing	connection,	importance,	312–313	Switchgear	systems,	566–570	System	load	variation,
quantification,	147	Tectonic	movements,	19	Tensiometer,	usage,	44	Terminal	moraine,	15	Terminating	tunnels,	predrainage,	506	Terraces,	12	Test	pits,	163–164	Theoretical	vacuum,	307–308	Thermal	conductivity,	measurement,	529	Thermography	data,	problems,	180	usage,	180	Thermoplastic	insulated	cables,	value,	566	Thermoset	rubber,	value,
566	Third-party	damage,	dewatering	(impact),	587–588	Thixotropic	set	time	testing,	results,	471	Three-dimensional	(3-D)	model,	102–105	partial	penetration,	98–101	vertical	flow,	101–102	Three-dimensional	(3-D)	programs,	91	Throttle	valve,	recommendation,	297	Throttling	valves,	installation,	207	Tidal	corrections,	132–134	Time-drawdown	plot,
131	Topographic	maps,	usage,	154	Torrential	rains,	occurrence,	143	Total	dissolved	solids	(TDS),	195	Total	dynamic	head	(TDH),	189	Total	petroleum	hydrocarbons	(TPHs),	222	Total	refrigeration	load,	elements,	516	Totally	enclosed	fan-cooled	(TEFC)	construction,	557	Track-mounted	drill	rigs,	fixed	leads,	393–394	Trajectory	method,	603–604
Transient	analyses,	89–90	Transit	system	reconstruction	project,	case	history,	124	Transmissivity	(T),	53,	71–72	Transportation	process,	11	Traveling	hammerhead	mill,	usage,	381	Treat	options,	consideration,	225	Treatment	tanks,	intermittent	pressure	relief,	572	Trees	(urban	parks),	concern,	183	Tremie	seals,	405–408	Trench	bottom,	examination,
381	Trench	cutters,	385	Trench	drains	disadvantages,	357	pumping,	357	Trench	excavation	continuousness,	375	model	grid	/	simulation,	105	Trench	walls,	sloughing	(prevention),	377	Trench	work,	wellpoint	systems	(usage),	331–335	Trenched-in	drain	installation,	advantages,	357	Trencher	drains,	355–357	Trenchers,	capability,	356	Trenching
machines,	mounting,	355–356	Triangular	spacings,	usage,	460	Tributaries,	12	Triple-fluid	jet	grouting,	usage,	442–443	Tripped	circuit	breaker,	problem,	563	Tripped	overload	relay,	problem,	563	True	piezometers,	111–113	True	power,	supply,	564	INDEX	Tube	a	manchette	(TAM)	grout	pipes,	460	pipe,	433–434	Tubex,	usage,	275	Tunnel	boring
machine	(TBM),	491	Tunneling	machine,	launching	/	retrieval,	506	Tunneling	techniques,	built-in	groundwater	control	(usage),	500–504	Tunnels	dewatering	design,	497–499	excavation,	512	grouting,	471–474	linings,	494–495	predrainage,	methods,	499–500	support,	horizontal	jet	grouting	(usage),	442	Turbine	submersible	pumps,	185,	187,	556	Two-
dimensional	(2-D)	model,	95–97	Two-dimensional	(2-D)	programs,	91	Two-pipe	ejectors,	336–338	simplicity,	338	Type	N	grout,	417	Ultrafine	cement,	usage,	419	Ultrafine	cement	grouts,	428–432	bentonite,	addition	(avoidance),	429–430	injection	flow	rate,	monitoring,	436	particle	size,	maximum,	429	permeability,	increase,	429	problems,	430	set
time,	factors,	430	thickening	comparison,	430	Ultrafine	cement-grouted	ground,	430	Unconfined	aquifer,	57–58,	153	Underground	Technology	Research	Council	(UTRC),	Technical	Committee	on	Contracting	Practices,	585	Underwaterable	ground,	fracture	grouting	(case	history),	437–438	Undisturbed	sampling,	usefulness,	160	Unified	soil
classification	system	(USCS)	(ASTM	D-2487),	35–39	Uniform	soil,	23	Unit	weight,	26–27	Unsaturated	flow,	27	Unsaturated	soils,	freezing,	531–532	Unstratified	sands,	trench	excavation	(dewatering	problems),	335	Untreated	timber	piles,	183	Upstage	grouting,	469	Utility	maps,	usage,	154	Vacuum,	presence	(nonrecommendation),	300	Vacuum
pumps,	190–192	Vacuum	wellpoints,	45	Vacuum	wells,	252,	300	Vane	Shear	Test	(VST),	164	Variable	frequency	drives	(VFDs),	558–561	advantages,	560–561	Variable	limestone	investigation,	packer	testing	usage	(case	history),	179	Varved	silt,	behavior,	497	Varved	soil	structure,	impact,	330–331	Varved	structured,	creation,	13	Velocity	head,
inclusion,	241	Venturis	design,	340–344	diameter	(dv),	calculation,	343–344	Verification,	94	model	design	step,	90	Vertical	drains	consideration,	45	effectiveness,	252	637	Vertical	flow,	81–82,	89,	101–102	Vertical	gradients,	case	history,	170	Vertical	hollowshaft	motor,	557	Vertical	lineshaft	pumps,	187	usage,	187	Vertical	pipes,	604–605	Vertical
sheeting,	264	Vertical	wellpoint	pumps,	326–328	casing,	328	convenience,	328	variation,	328	Very	low-density	polyethylene	(VLDPE)	membrane,	placement,	381	Vibrated	beam	method,	379	Viscosity,	415	measurement,	478	modifier,	465	V-notch	weir,	605	Void	ratio,	26	Volatile	organic	compounds	(VOCs),	222,	544	variety,	573	Volatile	river
groundwater	cutoff,	case	history,	406–407	interaction,	142–143	Wash	boring,	158	Wash	rotary	drilling,	155	Water,	22	conditions,	259	content,	26	existing	structure	origin,	150–151	flow	friction	losses,	597–602	measurement,	603–619	trajectory	method,	603–604	hammer,	243–244	damaging	effects,	244	head,	variation,	505	leaks,	grouting,	474–476
levels,	stabilization	(time	length),	159	main	source,	chlorine	testing	(inadvisability),	265	quality,	150	analysis,	inorganic	parameters,	215	quantity	(estimation),	treatment,	225	samples,	obtaining,	216	source	introduction,	481–483	source,	identification,	475	Water	horsepower	(WHP),	189	Water	supply	aquifer,	long-term	harm,	50	records,	153	yield,
temporary	reduction,	50	Water	table	decrease,	303	distance	plots,	138	lowering,	572	Water	table	aquifer,	5,	57–58	complexity,	136	transmissivity,	144	well	(inclusion),	radial	flow,	68–69	Water	to	cement	ratio,	465	Water	treatment	analysis	/	control	report,	217–221	considerations,	221	observations	/	interpretations,	219	recommendations,	219–221
638	INDEX	Water	volume	acceptance,	495	impact,	262	removal,	497	Watertight	watertubs,	510	Weak	soils,	presence	(geology,	usage),	182	Wedge	shapes,	usage,	445	Well	construction	details,	295–299	illustration,	297	methods,	267–279	testing,	267	Well	development,	291–295	air	surging	/	air	lift	pumping,	alternation,	295	chemical	additives,	usage,
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