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: wci~ht r,f ;m, W., in the :.h i I rn<.::,:; is <L:.urnt:d to l::.e negligible. 

W, 
Dry unit 'Height = '14 = V 

L~] ~' 

(1.10) 

Whtn a ~,d rna::.~ is c:r,rnplttely saturatc-tl (that is, all the void volume is occupied 
water), tr;e rnr,i ;, t unit weight cA a so il ( Eq. (1.9) J becomes equal to the saturated unit 
'ght({,..). s,, '/=·; ... if vv = VN. 
Vfore uxful relatic,ns em nCJw be developt{l by considering a representative soil 
~;men in ·nt.ici1 the vr,lume rA :;~, il J<";lir:l:; is equal to ur~ity, as shown in Figure 1.3b. 
te tha t if V, = I, frc,m Eq. ( 1.1), V. = e and cht weight of rhe soi l solids is 

W~ = C,lw 

ere C, ~" sr,ccific gravity r,f :;<, iJ snlirh 
'"=unit Wtigltt CJf water (~81 k:ilm 3

, or 62.4 lb/fr 3
) 

o, from Eq. (1 8), the weight of water W w = w W,. Thus, for the soil specimen under 
~idtrutir,r,, W" "" w W, "" vJ;, 'I •. ~ir>"N, fur thc general relation for moist unit weight 
en in Eq II ~J. 

W W, + W. G, 'I _(1 + w) 
I ~--.:.:.--- -----::..------ ---- - -

V V, + V" I + e 

nilarly, tJ-.e rir1 unit weight [Eq. (1.10) ] is 

C:
---

W, W, _ C,1 ... 
-V = V, + V" - 1 + e 

om Eqs. (Ill) and (112), note that 

·; 
~~ = _ , __ 

I 1 w 

l soil sp<..--cimen is completely sarurated as shown in Figure 1.3c, 

V. "" e 

leo. fc,r 1!. i :.1 t;<Lc 

hue 

W. _ wG :.1:::. = wG, v. = -:;~- "/w 

(1 .11) 

(1.12) 

(1.13) 

r .. , I r - ~ 
- ~.J r ---J , _____ 

. 
I 

I 

' 

,, 
j j ,, 

e = u;G, (fur satm;Jted :;uil only) (l.H) 

. J 

II 

c:::J , , ' ' r--"' , R~pr=.-,-, •. .-o~·e Val\,·o;,- ut- C,, ·e, \tr:u , ;-:or Nkruraf'Soils 

The :;altlralt:d unit weig ht of ::;oil bcmmL'::i 

W, + lV"' C, y"' + e1.., 
Y,., = V + V = I + e 

' v 
(1.: 

Relationships similar to Eqs. (1.11), (1.12), and (1.15) in terms of porosity can also 
obraim:d by considering a representative soil specimen with a unit volmne. Th6 
relation ::; hips are 

1 = C, y..,(l - n!(l + w) 

"'d = (1- n)C,{.., 

i',., = [(I - n)(;, +n);·,. 

(1. 

(l. 

(l. 

1.5 REPRESENTATIVE VALUES OF Gu e, AND rd FOR 
NATURAL SOILS 

I 

Except for peat and highly organic soils, the general range of the values of speci 
gr:.~vity of ::illil solids (C.) iuund in nature is ratha smalL Table 1.3 gives some repres< 
tati ve values. Fur practical purposes, a reasonable value can be assumed in lieu 
running a test. 

T TABLE l.l Specific 
Gravities of 
Some Soils 

Quartz sand 2.6-1-2.66 
Silt 2.G7- 2.73 
Cl.ty 2.70 :!.!) 
Cll..t!k 2.G0 -2.75 
Loess 2.65-2.73 
Pe:~t l.3G--1.9 

Table 1.4 presents some representative values for the void ratio, dry uni 
weight, and moisture content (in a san1rared state) of some nafllr.:l!ly occurring soils 
Noic th;lt in most cohesiunle::;s soils the void ratio v;1ries from ahout OA to 0.8 
Tilt: t.lry unit weights in these soils generally iall within a range or about S0-
120 lb( ft' (1+- 19 ld'l ( m ' ). 
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Y TABLE 1.4 Typic~! Void R~tio , ~oisturo Content, and Dry Unit Welibt Cor Some Soil a 

L..n...c: .: .. ;.::: . .... ; , j fJd ::JJ !fl 14 .5 
Ocr!!.<: um! O.'Tn >.4r .d 0 ;5 16 115 18 
Lc.c..sc ar. 0u1u gr.ur.ed si lry sand 065 25 102 16 

o.,.,., ar.;,ruw gr"ir.ed silr1 sand n~ 15 120 19 
!:A ,tl <.!. t 0& 21 108 17 
S A1 t!A t (j'.J 1.1 "!I! 5() T.J.-.92 11.5-14.5 
L-r-~ O'.J ~ IS6 13.5 
5-Aluia.r:>e day 2.5 -32 9:l-120 JB.-51 6-8 
G l~ r. wJ nil 0.3 10 134 21 

1.6 RELATIVE DENSITY 

In granular soils, the degree of compaction in the field can be mea~ured according to 
relatit·e density, D,, which is defined as 

D)%)=__:~ X 100 
emu- emia 

where emu = void ratio of the soil in the loosest state 
e .. ,. = void ratio in the densest state 

e = in situ void ratio 

(1.19) 
j 

lj 
II 
I 

The valut::~ of e .... are determined in the laboratory in accordance with the test 
prc..<.A:d,,w,, ' '"tlincd in the American Sodcry for Tt::~tinK and Materials, ASTM Stan· 
ciJmi> (IV:J~. Tt:'.>t Dt:~il(Tlation D-425-1). 

T he rt larive dtnsiry can also be expressed in terms of dry unit wei~:~ht. or 

[J,(%) ~ {~!.- 7Ji,mlnl } 7J~mu! X 100 
/o11u .u1 ~- '/o111.,lltJ '1111 

(1.20) 

'Niu:rc '• = '" >tlu dry tmit wei~:~ht 
j'"'""' - dry uHit wei~:~ht in tl1e dauu/atate-that is, when the voiJ ratio i3 e '"'" 
'"'"'"'=dry unit weight in the loosest state-that i~. when the voiJ r:Jliu 13 e'"" 

The denseness of a granular soil is sometimes related to its relative density. 
Table 1.5 givts a general correlation of the denseness and D, . For narur.1lly occuning 
!><lnJ~ . the rrwl(nitudL-:s of e ..... and e,.10 (Eq. (1.19)) may vary widely. Thc main reasons 

4i :. 

.f ). 
,.rf'.r· ;. . 

.. :f.:J 

l~ 
'· .{ · 

T TABLE 1.5 Dcnscne•• of a 
Grun1dar Soil 

~'0 ·10 
·10 61) 
ti() .. ,:j(J 

80-JOO 

Very loose 

l..o< .se 

MeditJm 
Dense 

Very dense 

1.6 Rcb nvc Dens1ry 

for such wide variations arc the unifom1iry coefficient. C., and the roundness of 
panicles, R. The uniformiry coe!'rlcient is defined in Eq. (1.1). Roundness is defined as 

R = mi~imt~~radi~~L~:::E:_~ges (1. 
mscnbcd rJLlnrs of the entire panrclc 

Meas \rring R is difficult. but it can be estimated. Figure U shows the gem 
range of the magnirude of R with panicle roundness. Figure 1.5 shows the variarior 
e ..... and e'" '" with the uniiom1i ry coefficient for various value:; of panicle roundn 
(Y,Hrd . I!J?:l). This r~llll{e rs a pplicable to clc:r n sa nd with norma l t<> lllll<kr:.~td y skc' ' p:rniclc ·s il c d i~ l ributiun. 

\:~.) 
"<] 

~ 
"\:? 

Very un~ular 
R < 0. 17 

R "'D.l 

([) . 
. R "'O.JU 

0 . . /{ • u J.l 

..,. 
FIGURE 1.4 

Gen<r.JI range oi the nugnitude of R 
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4 · ·- --- e rnJn 

', 

~:: ; ~~~-:. ~ :_ :::: :_ :_:_r_ ·::::._ -=--= -~-~~~~~~~~~~~~~ 
~~:~---~~------o,y R"OI ll 
0 7 6 

~ 
0 

I 
Uniformity coeffiCient. c. 

;-"_,_j L-:J c.= C~ . ...J 
'--

FIGURE 1.5 Appruxunat~ V<Uiauon uf '~and e.,. with Wliformity coefficient (based on Youd, 
1!173) 

EXAMPLE 1.1 

·a s.oil with vr, id ratio = 0 81, rno i ~rure content = 21%, and C, = 2.68, calculate the 

a. Porosity 
b. l.x:;sr~e vf saturation 
<::. 1\.l<, i:.t writ wtii{Lt in lb/ft 3 

d . f.Jr:f Uioit Wl:l)Sht iii Jb/ft l 

[--·--l (:___; 
'------' 

,, 
II 
j j 

._ j 

,, 

' .J ::::J j ::::J j 

Solution 

PJrt J: Poro:.i ty 

From Eq. (l.Ei) 

-= 0.81 

. c::J 

II "= -- = = 0..1 ·18 
1 - e 1 + 081 

Part b: Degr:-e of Saturation 

From Eqs. (L7 ) and (1.14) 

S V,.. wG, (021X268) 
6 

_ 
= -- = - = = 0. 9J = 69.5% 

V,. e 0.81 

Part c: Moist Unit Weight 

From Eq. (U::. ) 

C, ::jl + w) (2.68X62.4Xl + 0.21) lb/f 
3 y = = = 111.8 t 

1 + e 1 + 0.81 · 

PJrt d: Dry Llnit Weight 

From Eq. (l.E:) 

tJ = C,:'w = (2.68X62.4) = 92.4 lb/ftJ T 
1 - e l + O.!:ll 

T EXAMPLE 1.1 

A representa tr:,e soil specimen collected in the field weighs 1.8 k\f and has a volwne of 
0.1 m

3
• The r.aisture content as determined in the laboratory is 12.6%. For G, = 2.71, 

determine the 

a. Moi.::t unit weight 
b. Dry .mit weight 
c. Voic rJt io 
d. PorC;3 ity 
e. Degc e of saturation 

Solution 

PJrt a: Moist Lnit Weight 

Fr~m Eq. (1.9) 

W 1.8 kN 
1 y= ---= - - - ·-= 18kN/m 

V 0.1 mJ 



"-- . 
lA. . --- o:;E __ _ .rlmic 

an b : [Jrt I Jn1t 'Neizht 

rom Eq _ (I LJ 

~es 

·; 18 
'/4 = -- = = 15.~ kN/m3 

1 + w 12 6 
1 + --

HIJ 

:lan c: Void Ratio 

•rom Eq. (1 12) 

If 

cl /.., 
'/4 = 1 T 2 

C, 1 w (2.711981) 
e = -- - 1 = _ - 1 = 0.66 

to 1;)_99 

Jan d: Pc.rc.•itl 

1rom E.q. (1 6) 

e 0_66 
n = 1 + e = 1 + 0 66 = 0.398 

P:tn e: Degree of Saturation 

Refer to Fi;surt: lJb: 

- , J L _j 

V w wC, (0 126'1211) 
0 

_ 

S"" -- ~ ---·- -----·- -· x 1rtl- 51.7 Y. .,. 
V. e 0 Ui 

--y EXAMPLE 1.3 

c:J 
::...=1 

(._ ~ ,--L..- .] I ( I j [- ....... J 

Foc a granular soil having 1 = 108 lb/ftl, D, = 82%, w = 8%, and G, = 2.65, if emJo = 
0.44, wha t would be e""'? \Vhat would be the dry unit weight in the loosest state? 

Solution From Eq. (1.13) 

y 108 J 
Y4 = -1 - =, A A A = 100 lb/ft 

-1-W 

From Eq _ (II~) 

G ·; .,4 = _!.:::. 
1 + e 

}(I) - !~ ~~~fi2 1) 
1 j - ; - --

e = 0 654 

--' 
J _:J c::J c::: ' 

From Eq. (1.19) 

t: - t.! 
Dr=~-'---

ema l - e nliO 

O.H2 ~" ~!!.!~' - 0.65·1 t:"': :·=-_-:(j~T. ~-
emu = 1.63 

G, r.. _ ~~~~~~?.:'~~ = (i2.9 lb/ft3 
/ J(m i nl = -1 -:-1. -, - - } + 1 Ji:l 

t:;llaJ. 

\ nei .... ~· its 

T 

1.7 ATTERBERG LIMITS 

Wht:n a clayey soil is mixed with an excessive amount of warer. it may flow like 
semiliquid. If the soil is gradually dri ed, it will lose ~oisture . Depending on its moistu 
content, it will behave like a plastic, semisolid, or solid material. T ne moisture comer 
in pt;rcent, at which the soil changes from a ·liquid to a plastic sr a r~ is defined as tl 
liltllid limit (Ll.). Similarly, the mois ture wnt..:nts. in percent, at which the soil ch~mg 
from a plastic to a semisolid state and from a semisolid to a solid 5tare are defined , 
the plastic limit (PL) and the shrinkage limit (SL), respectively. The:>c limits are refem 
to as A tterberg limits (Figure 1.6). 

Volume of the 
soil -" aln 

[II i., lllf(! 

I I 

Solid I Semisolid I Pbslil! ~miliquid 
I I 

I slate 1 slat e I sl a te Sl<H~ Increase of 
1 llhJ I) tu rc conten t 
I 
I 

I 
I 

: ~ 
I I 

I I 
I I 

I I 
1-----r- ~ 1'L i L L ~Sf. 

I I I \l ois ture 
COil kil l 

T FIGURE 1.6 Ot:!ini1inn of :\llcrbcq.; limits 

~ The liquid limit of a soil is determined by Casagrande's liquid device (ASTi\-: 
Test Designation D-4318) and is defined as the moisrure comem at which 2 

groove closure of ! in. (1 2.7 mm) occurs at 25 blows. 

~ Tilt: filastic limit is defined ~I S I he mnisture cont..:nt Jr which rhe soi l LTUmble:: 
wht:11 1ollt:t l in tD a lhn:.ll l t>f A in. (:l. ltlnun) in dian11.:ter (:\STl\1 Test Dc::;ig· 
nation D-1318). 



:ri· ,, I .... .~, ...•... , ·---· .tr ' ·' -·1 .,, \.... ·- - I ~ -. C r --:::1 f ... - ., 
L ..r---~ L ,-.-.-c-. 

..,.. The shrinkage limit is dr::fintd as the moisture content at which the soil does 
r,c, t IJr.d ~: r;~' J f11r.l.t:r •;r,J,JrrH: cha nge with loss of moisture (AST:Vl Test 
J;,:· .. i61,;1tir,r, I; ·1i'l). Fig-ure l 6 ~ hr,w:; this limit. 

Tne difitrt:nce btr::etn t~.e liqu id li;nit and the plastic limit of a soil is defined as 
Pla.>IJCIIJ 11ula (!' [), r,r 

[ PI= LL- PL (1.22) 

T:,i, ir: I f:i gi·.b or,rr.t ~~;:.r~ ot ~:.c::·:<: ·; aluts of liquid limit and plas,:c limit 
St'/t:ral cla1 minerals and :iGIL HG·se•:er, Atterberg limits for various soils will 
r cc,r,,:de:-;..Ll/, dt[A:nding en the so1i':; origin and the nature and amount of clay 
:ral~ in it. 

TABLE 1.6 Typical Liquid and Plastic Limits (or Some Clay 
~finerals and Soil~ 

:,lU'.JIC ~-IW 25-35 
le 50- 100 30-f,() 

'lltmtJ71llon.ile ](..() ij/X) 50- 100 

IWJn l:l u~: day ·10 20 

icii6'J c.kq w 20 

ui!>iana cia y 75 25 
oi:Jn c1t 'i 00 Z1 
ml.md&e day 33 21 

:KII<Uli< day 52 18 

ississippi Gumbo 95 32 
cssial 50ils in nocth and northwest China 25-35 15-20 

.SSIFICATION SYSTEMS 

classificali()n divide:; soils into groups and subgroups based on common engineer· 
pm(A.:I1it:~ ~uch as grain -;i.ze di>tri/;ution, liquid limit, and plastic limit. The two 
or classification sy~term; pr~ently in use are (1) the AASHTO (Amen·can Associ
n of Slate Hr~hway and Tmlllportatirm Ojficials) System and (2) [ht! Umfied Soil 
Jt)ir:utwn .~..iy•I•:IIJ (;J l:,c, /1 .S FJ!J Tl1c A,\:.illTO cla:J~ific.ation :~y:~tcm i:~ used rn<3inly 
:lassification of high way !:iUO!{rades. It i!:i not used in foundation con:m-uction. 

!'4.SHTO System 
! AASI!TO S,,jj Cla ~r:; ific:.ation Sysrcm was originally proposed by the Highway 
earch &;ard's Commintt: on Cla~ificarion of Materials for Subgrades and Granular 
1e Roads (1 9 15). According ro the preS<:nr form of [his system, soils can be classiiied 

T 

:J ,.-----. ' ' c:::J i ) 
1"=-.. ,.~l l L:il ~:n .. '-lnon s~~lCOlS 

according to ~ ight major gro11ps, t\-1 throug h :\ -8, base-d on their grain-size distribution 
liquid limit, a 11d plasticity indices. Soils listed in groups .-\-1 , .-\-2. and A-3 are coar:;c 
b'Tained m<3ttrials, and those in groups .-\--t .. -\-5, A.·b, and .-\ -7 are i':ne-grained materials 
Peat, muck, ::, nd other high ly organic soils are classified under .-\-8. They are idenrifi 
by v i ~ 11;d im:l lcct ion . 

Tl1c :\.\~:iiiTO cLi s:; iti< :; ltlilll systc n1 (f,,,. Sllil::; :\-1 thruugh A. -I) is presented i 
Table 1.7. i'-' J te that group .4.-7 incluc.lcs two types of soiL For the .-\-7-5 type, th 

ThBLE 1.7 AASHTO Soil Classification System 

Grou p classific:Jtion 

Si~: v c analy ~ is 
( ~~ ) p:l' ; .illl{) 

No. 10 ~ \eve 

No. -!0 sieve 

No. 200 sieve 

For frauion pass ing 
Nu .1() s ie \· e 

l.1quid li nut (LL) 

l'las uCily index (P[) 

Usual tyP<: of ma tcrial 

Gr0up c!a.:;,ific:Hion 

Sieve analys is (% p.<ssing) 

N>J. 10 sieve 

No. ·10 "ieve 

No. 2m sieve 

For fraclion p:,;:;ing 
Nl) 10 :.~ icvc 

l. 1quid limit (LL) 

Pla>liciry indc.x (P[) 

' II PI ,:; LL - 30. ir i.:s :\ ·7-5 
• U PI > lL - 3.0, it i.:$ A -7 -6 

.4-1 
--

A-l·a A-1-b 

50 max 

30m;u. 50 max 

15 max. 25 max 

E max 

Slone f>:lb'lllcnts, 
!l'~vcl . _nd s;llld 

A-1 

3S min 

410 max 

10 max 

A-3 

51 min 

10 max 

Nonplastic 

Fine sand 

A-5 

36 min 

41 min 

lOmax 

Mostly s ihr soi 

A-2-1 

35 max 

-Ill max 

10 max 

A-2-5 

35 max 

41 min 

10 max 

A ·2 

A-2-6 

35 max 

40 max 

11 min 

Silty or clayey gr.:~ vel and $;lnd 

A-6 

36 min 

~0 ma.x 

ll min 

A-7 
A-7-5' 

A-7-6" 

36 min 

41 min 

ll min 

A-2-7 

35 max 

41 min 
ll min 
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plastici <; index of the soil is less than 0r equal to the liquid limit rnim:s 30. F.x the 
,\ 7 o t;j.<:. tLc l~l~ : .tic it:r ir. dex i~ ;:rcater than the liquid limtt minus 30. 

Fr,r qll:Jiii :Jil'tt e·~;dtJ~II<,n ,,f the clt:,ira!Jility of a ~o il as a highw<Jy subv,radc 
mattrd. ~ cr11111 i.<:r rdc: red t<J as the ;{ r 'JUP lllli~x has also been dcvclojA:d. The hi Kht r 
tr.e ·;a Jue uf the grr,t tp index for a ;sivtn ;;tJ tl. the weaker will be the soil's {krfom1a nce 
;, ., a :.uL;,r:,dc ,\ gr!J tJjJ tnd cx r,f <!fJ <Jr mr,re indicates a vcr; poor sub!lradc m:llcrtal. 
Tire ft,rJ rtt JI~ fu ;,rr,rJp i11dt:x. (;{, 1:; 

Cf = (F!oo- 35)(02 + OJI'BLL- -!0)} + 0.0l(F200 - 15)(?!- 10) 

.... i.'' '" F,,,, , ·- i"'''.t:c t p:, .: .. in ;, r.r, . '2r!J ,ie·:e. expn:s:;ed as a whllle nwn l~: r 
LL ~ ;, c_,..;;e,; itr;;i: 
PI = pl as ticiry index 

(12.1) 

When callltlating the group index fr,r a soil belonging to groups A·2 ·6 or A-2·7, use 
r,Jd y tltc f•<Jrti :d g't ''"i' tlldt X t<jiJ<I[IIJfl rtiatiiiK to the fJJil:;ticity mdex; 

Cf = 00l!F200 - 15/Pf- 10) (121) 

1l~e grr,up ind ex is rounded to the nearest whole number and wrinen next to the soil 
gr r,u p trt parent l11: . .<::.; fr,r example, 

A= 4 15J 

I Group index 

:;, ,tl 61'' ,\J fJ 

Unified System 
Tr.e Unified Svtl Classification System was originally proposed by A. Casagrande in 
I S ~~ "''d ·;;a~ later re"li:.ed and ad(Jpted by the United States Bureau of RL-clamarion 
aL'!tl.t G,r;,., ,,f En ;stnccr~ . Thi;; >y5tcnt i;; prL"'.ltntly u:;ed in practically aliiSL~Jtcchnical 
~~ I 

In the Unified System. the following symbols are used for identification. 

:; M c 0 Pt H L IV p 

Gravel Sand Srlt Clay Organic silu 
and clay 

Peat and highly 
ocganic soils 

High 
plasticity 

low 
plasticity 

Well 
graded 

Poorly 
graded 

T.J!,Ic I Cl and tltt: pla~ticity chart (Fi!SIIf~ 1.7 on pal{c :.!:!) ijltow tlte prcx :L~ lurc for 
dctcnntn ing the !SrCJIIp ~yrnbob ft;r various t;-pc:; of soil. When dassityiniS a soil be sure 
Ill pr r.v trk the group name thar generally describe::! the soil. along with the group 
"i'II' I",J T.J! ,Jr- :, I ~. 1 10. and 1.11. ft.:::; Jl< :L1i\·cly, ISive the criteria for ubtainin~ the grottp 
''"" '" , f,,, c ""r:;c: I{< a1111:d ut;il, iB"rl{artic fi11c 11raincd ~"'1. and orl{antc fine I{Taintd :I!Jtl. 
Tl.r · ~: t;J! ,I,c; ;;rc l;:' ·"'d r,n ,\ST:-.tUe:.il{n;lllort IJ ~ - \Cl7 . 

~ . 
J T ~· 'lLE I • \t ·•· ordilll' fn rht= l_ ~u~ll··d l :lu:u:tilil:u rion Sv~tt~ m 

jJ~ .• ;· 

Cour!ic-KruincU !iuil 

RJIIt >~ 

Gr.J velly soi l 
I<,. > 0.5/(uo 

Sondy soil 

H. !: U!Jk;ou 

·• 

Fine-g.r'uincd soil 
(lnor~unic), nlO. s 50 

Silty and c:bycy ~~oi l 
lL < SO 

Silty and clayey soil 
LL<!SO 

1-";uu < ~ - C_ :: ·1. I ~ L·, .::; 3 

F wo < 5. C. < ·l. and /or C, no( l:x: tw L-cn l and 3 
F, 00 > 12. PI< l ur Att crbt:rg limits plot 
below :1 line lft~u r c 1.7) 

F1011 > 1:!. 1'1 > 7. and t\Lt erbc.:r~ limits p!O( 
on '" a hove .·1 line IF I I{\ Ill: 1. '/) 

F zou > 12. U . < SO, 4 ,;. /'/ .s; 7. and Attcrberg 
limJts plot on or <JbtJVI! :1 line 

5 .s; F, 00 .S: 12 ; meets the gr.>dation oitL'fia of 
G IV and the plastiLily critecia of G;l( 
5 :.: F 11111 ~ 1:.! ; lTlL't: l ~ the gradat ion rritcria of 
CW Jlld tht: pi:J :..t lnt y Ll' !l t.: 11a o( l;C 
5 :_: F~ 1111 :... 1:!; :: :l:t::.i t l :~ t)IJtLitltm LTiiL'I'IJ ll{ 

Gil ,JJ;d tl:c ;Jb.):.;~..:-: ~:: =o!...:nJ tJ [ G~ l 

5 :; Fzoo :5 12 : ntl't!IS thl! gr.lCL1tion criteria of 
GP and the plastimy criteria of GC 

1-", 00 < 5. C. ;:: G. l :. C, :; :! 

1-"~ 00 ...:: 5. C. < G. .u uljur C
1 

not lxtwt.";= ll l and 3 
F:uo > 12. PI ....: ·l. or Aucdx:qs lilllll!i plot ' 
below .·l line (Fib'UfC 1.7) 

F, 00 > 12. Pi > 7. and Al! crbcrg limits plot 
on Ill ~•hove .-l line (Fi.,;llrc 1.7) 

f":uu > l~. U > 50. I :.: 1'1"' 7, and Al!crbcrg 
limits plot on or above .·l line (Figure l."tl 

5 ~ F, 00 .S: 12; tnl'< lS the b'T:lttnion m teria of 
SIV and the pla:;ticiry criteria oi SM 
5 ~ P:oo S 12: mt."Cr!i (he: b'TJd:nion aitcria of 
S \V and the piJ::;tici ty a ·ll cn:t nf SC 

5 :.. F:uo :..: 1~: II H."Ct~ the !)LH I. I IIt HJ lJllt'lia llf 

SP ;.sn LI tin: pl.1~ t1 t:i1y a ucn.1 uf S:\1 

5 .s; F, 00 .s; 12: mL-cts rhc !(rJda tiun criteria of 
Sl' and the plas ticity critcri::.t of SC 

PI < 4. or .\l! trbcrK lim itS plot below 
A line (Figwc 1.7) 

1'1 : .. ~, , aud ,\ucri)d'K limit~ plot un or alx1ve .-t lin e: 
(Figure 1.7) 

4 .s; PI .s; 7, and Atterberg limits plot above A tine 
(Figure 1.7) 

Ancrbcrg limirs plot below .4 line 
(figure 1.7) 

Atterbefl( limitS plot on or above tl line 
(Figure 1.7) 

Fin&-g"tnined soil (organic) 
Or)rJnic silt and clay LL.~ ... . <M < 0.75 

l .L < so l.f .•.•• ,., 

GW 
G!' 

G~l 

cc 

GC.CW 

GW.CW 

GW<;C• 

GP G ~. 1· 

GPGC• 
SW 
Sl' 

S~l 

sc 

SC-SW 

sw.sw 

sw.sc· 

SI'S~I ' 

SP-SC• 

MI. 

CL 

CUlL" 

~fi! 

Gl 

OL 

(), ij .lllll: :r <lt a uri d .ry { /. 0 11 
11 . .: ~AI -· · :!·: ~ :: : :=~~ ! ....: u ·;~ 

I u ....... __________________ -1 
Not.t : F:oo- pc:ra:nt finc:r Uun no. :.'03 , :cvc ; R: oq - pcn:1:1H rrcaint.,J un no. :.\XJ :licve; R, ... PCfll::lt n:oulC\.1 on no ~ 
line; C.- unlinnmty l."l'l('(li( it1ll: C,- O:lC!Iicacut u{ l{rJtbt ion : LL ... liqmd IUm t; 111- plt!>UCUY m..Je>. ; .-\ncrl~ Wntt3 b.:lx\1 \X1 
muma no ·10 fr.1l11on 
'U..~~~tl r.dil~~tl:J.:..e:; tl u.&ld.ui~llitil t iun 
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10 Ui,>.VTC:i< G: ;~ Go.te<hr:~c.d f' ;r;vcrt:c:;-;,1 ':1.11 
CJ 

Y TA SL E 1.9 Gr"up N•mca ( o r Co•n~ -Grainr.d Soila (Buoed o n 
AST:-1 D -21o7) 

-G'IY <15 Wtll w.ukd gr•vd 

:2:15 Well -g;rad<d gravel wi th sand 

GP < 15 Puurly ~~ gravel 

"15 Prnrl)' 0r:J•~~~ or• vd with s.and 

G:.-1 <15 Silt y o,r ... , t:J 

:2: 15 Silty gravel with sand 

GC <IS Clayey gravel 

:2: IS Clayey g;ravd with sand 

r,cr,M < lS Silty cu yey IIT•vcl 

:2: 15 Silty cla yey ~a ve! with sand 

GW-G:.i <15 WtlJ.g;radt:d gravel with silt 

:2: IS Well -graded gravel with silt and sand 

GWJ'.C <IS Well graded gravel with clay 

:2:15 Well graded "'"vel wi th clay and s.and 

G?-Gl.i <IS P=ly graded "'"vel with silt 

:2: IS Poorly graded gravel with silt and sand 

GP-GC <15 Poorly graded gravel with clay 

<!:IS I'c.-..-ly graded gravel with clay and sand 

':, VI < l!:i Well IP"ilikd ""'Ill 
"'1 5 Well llfJ•lo l '"'"I with IIT>Ycl 

5P < 15 PUJ(I y or.JLicd aaJJd 

;;: IS Poorly graded sand wi th g;ra vel 

OJ~ <15 Silty sand 

~ l!j Silty """d with ~vel 

!:£ < l!i Cl;.ycy .,,><! 
;;:15 Clayey ...M with ~vel 

SM-SC <IS Silty cl;Jyey sand 

:2: 15 Silty clayey sand with gravel 

SW SI~ < 15 Well-graded ,;wd with silt 

;, 15 
Wtll graded .and with >ilt and gravel 

SW '5£ < 15 W &graded sand with clay 

:2:15 
W eU-grarled sand with clay and &ravel 

SP SI.i <15 Poorly graded sand with silt 

;,: IS 
Poorly ~ sand with •ilt and gravel 

c.-_-·~- -,~ c_~"' 

;.p ~;C .r lr. p.,,d y IP"'k<l sati<l wi th clay 

;c 15 l'ourly fll.dt<.l aond with cl.! y and IIJ"'Vd 

f/o <t ~rxl fr"'-1 ion - p<:n:=t of IOU puaintl 00. 4 Uc-n: but r=inc<1 00 
oo. 

200 ~v~ R 
R j 

110 
- R. ; 6)"1 .,d b .cW:JO - pttet:rlt ol llf.AI pas:sina: J. IIL Pert b.l1 n:wned on no.. 4 11cV • 

-------·--------

(---

I 

1 

I 
I 
l 

I 

·• 

I 
j 

j 

·• 

. . d 
J 

,.. ... 

T TA B L e 1.10 Group Nume• for lr.organic Fi01e-Graincd So ils (B a sed on 
AST~Ill - ~lll1) 

CL < 15 Lean c!ay 
15 to 29 :2: 1 !..an cl.ly o.ith sand 

< I l ..c.:.~ n c~y with w.tvd 
;,30 2: 1 < 15 S.audy !e n ~.: !.Jy 

:2: 1 " 15 S r.!i;: :a.n d.ly with grJ.vd 
< I < 15 Grav~.:~y· .can ci.a.y 
< 1 :2:15 Graveily l<::Ul clay wi th sand 

ML <15 Silt 
15 l ll 29 :2: 1 Silt with s.Jr.d 

< I ' Silt wath b'nvd 
:2:30 :2: 1 <15 SJndy 5ilt 

:2: 1 :2: 15 SJndy sil t " i th gravel 
< I < IS Gr.J\-clly sd t 
< I :2: IS Gravell y sil t ?.i th sand 

CL-ML < 15. Si lty cby 
1S to 29 :2:1 Silty cl.ly ..._; th sand 

<I Siity c!ay o.itb gra vel 
:2:30 :2:1 < IS SJmly silty cby 

:.: 1 ,;.: 15 S.audy ::, alt y L" la)' with KrJ vd 
<I "15 G t .J vcll~· Stlt y d .Jy 

< I :?:: IS .Gn vc!ly silty d.Jy wi th s:111d 

Cll < 15 F~ t cby 
15 to 29 :2:1 F~ t cby wi th sand 

< I Fat day "- ith &'I'"''d 
;: 30 ;,I < IS S..ndy f:u cl..ty 

:2:1 :2: IS Sandy b t clay with gravel 
< I < IS Gravelly iat cby 
< I :2: 15 Gr.>velly ia t day wi th sand 

Mil <15 Ellitic Sil t 
15 to 29 :2:1 Ei.btic ;.ilt .,..;tb sand 

< I Ebst:ic silt ..._;th gnvel 

:2: 30 :2:1 < IS Sandy <:bstic ;il [ 
:2:1 :2: IS Sandy e!:lsoc ;ilt with gra,-.J 
<I < IS Gnvd!y d.J.>cic silt 
< I ::: IS Ct .H d ly d..uli..: si lt wi.th SJnd 

No tt : R:oo - pcf\"l::ll ( of ::.oi l rtt:tint'\J on nu. :.'00 s.H: \·c: ; s.mJ IT:I L"tlon - pcn."l:nt oi ~ p.l.:.~.w~ no.. '-' SJcT C' 

but n: r:unOO on no. :.W SLC:\" e - R100 - R. ; fr.Jvcllricri l.)n • pc....-n::m o{ sotl p.lSStn}C 3-in. ~n: but rt"c.mt"d on 
no. "' steve- R. 
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1.2 J !;. VI i ~ rCT7ii1:. C•.:, /f:r 171-;ll"':':l Pn~~r.not~~ ,,,, S<",i l 
;d - ' ,----.... 

Y TA BL E 1.1 1 Gcuup N•rnr.o l•>< On(•nic Fine-Graine d Soilo (B u<: <l on AST!\1 D- 2187) 

:_..}~;~:~~~~:·--·~~··'-~. :.~:.:~:e ·.~:~ .. ~ ·- ·:~~·· .. ~d-0$ .. ~ · ~ ,.~· :·/~:·~~~··::Y .. :M~~~:~·~,·~1j~ 
. ; .:/~ ~. !ir"' ·:)!j•~"'l•~ './.~~ . .. ~m~~1 l',iffH;\':;•\, : ".oJ;'Is.1 •';·• ... ,..,.,·,.. 1/') ~ ' ~1 .. ...::,j } )·,.J,,; .... #,":/I ,~..i;!:: 
'·~~···, · ~ ,:.}~ · ,! .·.\":.·l:J.. ·/ r.:·'l : ·: 'J. , •. · • •• • · ...... ~ <~ •t:. ,..,. ~4 .... · · t~ ·· .. r·~· 

',(:, ')'_ ~~~~. ~~~/0·.,:~, ;;.o6"J~f.. t .. .,.,!·,,;J /~J_.af r, ,~ .. · ' ,~ I ' ' ,,.• ' '~ !of i;, I /~~ ,; ,:..:_ .. ! •' \ :,,;'It{: .fl~l .:~~:-:~:: ;: .. ~:: ' ·'1·:~j,Pr~/rJhw:grP.rii"':~1~'· 1JrtnYI ·~ . llcrn4. • · ··' ·, · '.'. · ·' • ·:· :·~·~;:. •. 1,.?);: . :f/f.~;.\ 
:!If~ t~~ f/1Mffl4F''''" ~~~ t.-,'.!!.~qfflftffllf'(J•{ ll'lfft4f ' · (!'!!Fiffl!l ·f'fffi!P ~m,··;,· ·:,: ~' ·. ~- · :' :· 
0L i'li!4.;;.;.:J <15 Organic clay 

Ana~ 15 tD 29 2:1 Organic clay wi th sand 
lunjtl (J{J <I Organic clay with gran! 
t..K <:f/ •. ,e <::30 ~! <15 Sandy organic cia y 
A ;u.c <::1 2:15 Sandy organic cla:1 With gravel 

<I < 15 Gravelly organic clay 

<I 2:15 Gravelly organic clay wi th sand 

P/<(and <15 Organic silt 
Alta~Jor 0 15 u. ZJ <::1 ()r~aruc »iit wi th :~and 
!ur.H> l•b t <I Organic >ilt with IIT>Vel 
l.dr,-.., .-t llf.t: 2:30 <:: I <15 Sandy organic silt 

<::I 2: 15 Sandy organic sil t with gravel 

.-: 1 <15 Gravelly or~>nic ~li t 

< I <:: 15 c;rav<i ly or~anic ailt with aand 

011 ~.r:atn" <IS Or,.:1nic clay 
!u.:r t> ~ivl IS to 29 ;d Organic clay with sand 
oo ur •llrn: <I Organic clay with (!Tavel 

A li:.c <::30 <:I <15 Sandy oq;;:.ruc clay 

;, I ~ 1 5 Sandy or~&anic clay with gravel 
~ l <15 c; ravclly rn-gamc cuy 

< I <:: IS Gr.vclly orl"!nic clay with und 

All<l'be:-6 < 15 Organic silt 

lir.. ! t1 yb< IS tD 29 <:: I Organic silt with sand 
l.d'/_. A ltr.e -: I Or~P~nic &ilt with {lr.lvd 

<: :iJ ;,; I < IS S..ndy or!Pnic ailt 

:01 2: IS Sandy organic si lt with gravel 

<1 < IS Gravelly organic silt 

< 1 2: IS Gravelly ocganic silt with sand 

fku · R,.,. - ;:.cc..c1.l r..4 vAJ r~Jr..cJ w rYl.. '4./J 11~e ; ~nd fn.a.i.r.o- yc:rc.cn t of ac.iJ pa.it1K no. 4 ai.eve bul rcta.incd on 011. 

2:.0 s.w:v c • R ; A - R.; itTHtJ fnczy;o • ~t ul YAI p;a..3.i:-:iC J. in. "~c: lhlt ret:Uned on ou. 's\evt - R. 

, ,n 
L_ -,j l, 

j ~ 
I 

• I 

l 

... ...__ 
---' 

L. ' 
~ 

l.. JI C.l.CJ :srs .23 

-->< 
1J 

-:::l 

·= >. 

:~ 
" a: 

7() --.,---,--,-~-T-T-T~Tr--T- 1 
6111--t--T·---i---

, U-lin<! _ 

so I P/=0.9(LL-B) 

I 
I " l 

40 1- ·· ---· --,---- l··'y-
1 I f:L I 'L ' <] I : 30 , I • "' A 

0<-..L I / I I I I I I 
0 10 20 30 ~0 ~() fJl 711 on 90 !CO 

li q11 id li 111 il, LL 

T FI GURE 1.7 P!Jsnciry chJrt 

Y EX AMP LE 1.4 

Cbssify thl! followinf{ ;oil by till! :\ .-\SI ITO classifiGt tion systl!m: 

' l'ercen t p;1ssing no. ~I sie ve ~ H~ · 

Pl!rcc nt p<Jssing no. 10 sil!ve = 71 

Percent passing nn. -10 sieve = 6-1 

Percent pas~ing no. 21Xl sieve = -II 

Liquid limit = 31 

Plasticity inrlex = 12 

So luti on Refer ro Table 1.7. More than 35% passes through a no. 200 sieve, so it is 
a sil t-clay material. It could be A .. t, A-5. A-6, or A-7. Because U = 31 (that is, less than 
~0) and PI= 12 (that is. gre.:ner than 11), this soil f:JIIs in group A.-D. From Eq. (1.23) 

So 

(;[ = (F~ 011 - 35)[0.01 + O.OOS(LL- ~Ol) + O.OI(f200 - l5Y.,Pf - 10) 

Gf = (·11 - ~Sl[O 0~ + 0.005(31 - -10)] + 0.01(H - 15Xl2 - 10) 

= O:l7:::: 0 

Thus the soi l is A-6(0). Y 
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. 2 .. - ---- ClL'.l- n ::" .;:;E L.~ ... ~.-c~:iCJJ ~-~ -- ... > ol 5<;_ c. u c.==-= 
l' EXAt-1PLE 1.5 

Ci;,s;,liy the fr;llvmn~ sr;i l by the AAS!ITO cla.osification system. 

Pucen t passing no. 4 sieve = 92 

h:r u:nt l, ;,::,io~ fHJ . 10 ~icve = frT 

['<:rLUt t l,;,:,. ,,tii(S flO. ;j() oiCVt! = 65 

Percent pa.ss ing no. 200 sieve = 30 

Liquid limit = 22 

P!a"e~C:'/ index = 8 

'-----' 

Solution Table 1.7 shows that it is a granular material because less than 35 'lo is 
pa.:-:- tn;: a no. 2(;0 sieve. With U = 22 (that is, less than 40) and Pl = 8 (that is, less 
tr. an irJJ. rl:e :,.-,i l f;dl :; in ~:~rr,ttp A-2-4 . From Eq. (1.24) 

(;[ = 0 C)l(F100 - 15'1,1'!- 10) = 0.01(30- 15X8- 10) 

= -03::::::0 

Tne ~,i l is A -2-·1(0). ... 
T EXAMPLE 1.6 

CL1.s:; if-; the $<', il dt!>Ciibed in Example 1.5 according to the Unified Soil Classification 
S;:..ttnt. 

Solution F"r F100 = 30, 

R100 = }(;()- F 100 = 100-30 ~ 70 

As R "''' > S{J, it i:; a coof"...e ·grained soil. 

l< • - !C/J - pe-rcent pa!;lling ru>. 4 sieve 

= 100-92 = 8 

As R. = 8 < 0.5R 100 = 35, it is a sandy soil. Now, refer to Table 1.8. Becaue F,oo is 
g-rwtt:r tl .a n 1~ . tlte gwup ~yrnbol would be SM or SC. As the I'! is ~:~rcater than 7 and 
th .1.tt t:L<:rg limit!; plot above the A lint: in Figure 1.7, it is SC. 

Fur tJ ,e gruup namt:, rtft:r to Table 1.9. The gravel fraction is less than 15%. so 
the grr,up name i:; clayey sand. l' 

1.9 PERMEABILITY OF SOIL 

1lte vr,id :, p;tu:-J or pore:; between soil grains allow water to flow through them. In soil 
IJH·r lt.tltll "' .JII d fr ,ll llri.tli•Jtl elll{lllccrinl{, you mu~t know how 111111:h w;t!cr i~ llowin l{ 
tlt rc,ttglt a ~<Ji i in llltil tunt:. ·n l i~ knowledge i:~ rt:quir~d to d.,ign eanh dau1~. dctctlltlltc 

;il 

J} 
l 
" ' J. 

·I 

., r" 
I 

~· J J9 !5, 

the quantity of SL'I!pag-e under hyrlr.111iic srntcntres, and dewater ~fore and during the 
con~lrouion of f<llllld .tiiiHt:;. il.Jrcy (1 8!"i<il propo~cd the fo llowing ct)ll:.ttion (Figure Ul) 
for c:tl<:u l;tllllf: !Itt: veb:ity ui lhnv of w;aer thnnt~;h a ~otl. 

El 
where u =Darcy velocity (unit: cmiSt.."C) 

k =coefficient of pcnnc:~bility uf soil (unit: em/sec) 
i = hydrau lic gr;Jdicm 

The hydraulic graditr.r. i. is defir.ed as 

!':,}z 

i=T 

where /l.lz =piezometric he:td difference lx!tween Ihe sections at .-L-t and 88 
L = distance betWCt!ll the sections at '.-L-t and 88 

(1.25} 

(126J 

(Note: Sections AA and 88 are perpendicular to the direction of ilow.) 
Darcy':; law [ Eq. ( l.~ !i) l is va lid inr a wide rJngc uf soi l types. However, wirr 

materia ls like clt!<Hl gravel aut! open gi~Hit:d nx:kfills, fbn:y's law bre:.~ ks down bccau:;. 
uf the turbulent namn: uf tlow through them. 

~ 

.~ 

--r 
:J.h 

___t_ ::: 

---- -----... 

Direction uf Oow 

8 

T FIGURE 1.8 Definition o{ D:lrcy's la w 

The vaha! of the coefficient of perrn<!:lbility of soils var.cs greatly. In the labor· 
atory, it can be dcttm1in.:d by mcJn~ of constant ht!ad or falling heaJ pcnn<!:lbiliry tests. 
Tltc Ctllt:.!.Utl ih'. lli tl':;t is llltlll ~ oltl i.thle l• >r !{t: llllll:tr Stlils. T~ulc 1.12 provide$ the 
genet ~I 1 ;lltf;<: lor lite v .tltte~ ut k lor v;u iuus sui is. In sr:mubr :;vik;, the value prim:uily 

. -·-· . ··· --:--...... -·-
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T TABLE 1.12 H~n"e fJ(the Co-t:fficlent of 
P1:rmt~hdity [fJr Yarioud 
StJil) 

4 ~ ~ .~,~,,-~ ... (f.h,•!1 ''1 . , ; 

·;tJti'!'~.~1;r~3': ,.,..,~:;1<·;:; ;{., ~-, · ~en' ff 
·~ r,-~'-'<.l:,::.~;~~~r.»-tt"!E,.r;,J~~i'J: ~""'tr,t. 
; , :.'~:f~'i!;tol~.fjjl, (1• ""''~'' . .. • ' .• 

~ . J t.t l li~ Jf l I IJ U ..I.JL ..C 6 /'..J. ';t:i 

Car-.-< to fwe :.ar.d 
Fint sand. s1hy ~d 

Sli t. ck/tY ed t. cd•i' cO.y 
c,-_ .. , 

Grt:<lll:f than 10 · ' 

10" 1 to 10"' 
w-' tow-> 

10 " 4 to 10" • 
10 _, ()[ le:;• 

. "] 
l c ..--..., ,...._....., 

'-----' 

de~nds on the void ratio. In the past, several equations have been proposed to relate 
the va lue of k 'JJHh the void ratio in the granular soil: 

k' ef 
k; = ~1 (127) 

( e~ ) 
k, 1 !· :.~--- =( ----, ) k2 e! _ 

.1 + e, 

(128) 

(-=L) 
k 1 1 I e 1 

k; - ( ~-~1 ~~) 
(129) 

where k 1 and k 2 are the coefficients of permeability of a given soil at void ratios e 1 and 
e 1 • rc-.. jA:<.ti'll: ly 

ll;,zcn (1'/~JJ prof.i<J5ed an equation for the coefficient of permeability of fairly 
uniform sand as 

k=ADfu 

where k is in rnm/S<."C 
.4 = a con~tant that varies between 10 and 15 

D10 = eifective soil size. in mm 

(1.30) 

Fc,r clayey s0ils in the field, a practical relationship for estimating the coefficient I 
of j~ : lfll>: - d,dtt :t (T.t v ctta~ ct al., 1\HH) ill 

e0 - e 
log k = log k0 - -C-

• 
where k "' coefficient of permeability at a void ratio e 

k,, = in ;ilu u-cfficicnt of permeability at a void ratio e0 

C, = (A;nr<cability ch<lnge index ::;;; 0.5e0 

(1.31) 

,--..-..,, 

·• 

,...--...., I J 

1.-,,r cla yey so ils. the coefficient of permeability for flow in the vertic;tl and hor 
wm:il dir~:uions 111a y vJr;· ~ t l ll s t ; uuiall y. Tltc codficicm or" pcrmr.::J il ility for tl.Jw in ti: 
ven ic:d di rection (k ,.) for in situ soils can be ~timated irom Figure !.9. For marine an 
other nt ; I ~s i v e clay deposits 

,,, 
! < 1.5 
<,. 

when~ 1<, = coefficient <>t pem1ea bili ry for flow in the horizonta l diret.:ion 

For var·;ed clays, the ra tio of k,/k" may exceed 10. 

~ 
-~ 
J 

" 

2 :1 -~~;---r--r-r-~----r-~ 

~ . 11•-

I '•-· 

PI ; pb~ticn~ 1nd ~.: .'( 
cr ;; d.ly fac(t lr 

(J .j . I 

111"
11 

10" 1
'' 1o· • 
~ . Cml ... t:( ) 

FIGUHE 1.9 
\' , lrl ,Jll tlll u( 111 ll fu k, for d .ty :suds (.Iller T.J\' ~o.'ll .J. .i ct J! .. : ~\:i:il 

T EXAMPLE 1.7 

(1.3 j 

The coefficient of perme:Jbiliry of a fine sand is 0.012 em/sec at a void ratio of 0.5: 
Estimate the pem1eability coefficient of the sand at a void ratio of 0.72. Use Eqs. (l.Z 
and ( 1 . ~~)) . 

Solution From Eq. (1.27) 

kl d -- = -i 
k, r: , 

For k 1 = 0.012 Lm/ S<.'C. e1 = 0.57, and e, = 0./2 

001 2 (051)' 
;;-; = iD.7:!)' 

k, = 0 .019 em/sec 
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GL-"'"IT'D:.1< (J t :C.'---u--o.ctt.i".r.Jc.:t i r· i ( J~nt~ o(J m 

F rc:-rn Eq. (J 29) 

_.:L 
k I -,.- e , 
_! =. - -,-
k e, 

l ---

1 t· e, 

(fJ.S/1 ' 

O.fJl2 I + 0 57 = 0.5-14 
-k- = (07fij'-

1 -- - · - -
1 r () 7',! 

k 2 = O.UG~ cmf~ec 

STEADY STATE SEEPAGE 

,. 

,_ - --.J 
'--.-) 

..__) 
~----' 

For mos t cases of seepage under hydraulic srrucrures, the flow path changes direction 
and i.:; not unifr,rrn u'ltr the entire ar~. In such ca!X!S, one of the way~ of determining 
tl.e r<Jte d :.n :;''''ie 1~ Ly a f>rar,hical construction referred t.o a!l }low net. The flow net i~ 
L<v.:d c,n wr-la cc·~ thc,,r/ cA w nrinuity. According to thi!! theory, for a steady flow 
wndirion, the flow at any point A (Figure 1.10) can be represented by the equarion 

a'h a'h a'h 
k - · -- + k --- + k - - ~ 0 

~ iJ ll , U:; l ' Cu l (133) 

t I 
1 
.II. __ '- +~:te~·level ,. r 

y 

--~qu_,-~t,~n;;;j:-::.;~:l :·tJ::/~ - ~i';;)_~:·_:;,:)f:·~-~!Tt';};t1i;-j·:;\·i,{::{:;:i! i··i.'~ F 

Y FIG U Ill! 1.10 :l,r,;,•l y ot:ol• w:f"'~• 

l 
J :::=J 

·• 

l -..____. 
. L-. J . 

1 ~m-51'""dr St.:He S.:ep.lge 

where k" k , , k, = codficicnr oi pcrmc:.t bili ty of the soil in .r, y, and z dirL>crions. res 
. ti vcly 

h = hydr.llllic he:Jd :tt point .4 (that is, the he2d oi water tha t a piez 
ercr placed at .4 would show with the dmum JS the docms/n 
rmtcr l.:c·cl as shown in Figme !.10) 

For :t Lwo-di1nensi"""l tlow t:llllditioll as shown in Figure 1.10 

8°h 
-,- =0 a-y 

So Eq. ( L:l:!) t;tl;es the r'onn 

(-::.h (·:.h 
J.:x ~~ 7 k: ~~-;--: = (j 

If the soil is isotropic wirh re:;pect ro permeability, k, = k, = k. anci 

c'h [B
-----

__ _:_~z ' =-~--

( ~ 

(l 

Equation (1.35), which is referred to as Laplace's equation and is 1·aiid for confined 1 
represents two onhogona l sets oi curves that are known-as _r?o1c iin<s and <quipo li! 
li11es. A flow net is a combination or numerous equilXJtemial l it lt~ anci tl llw lines . . -\ 
li11t: i~; a path, that ;1 \\',Her p.uud e wou ld tlJ IIuw in tL ivclin t-: tJ'LI Cil ;he upstre:un sic 
the down~ tl c. llll >Ide . . -\n eql ll jXll etn i;d line IS a line a i<Jng wluch ',l';:tter in pie~OCil< 
wou ld rise to the s:tme dev:H ion (:;ee Figure l.JO). 

In drawing a flnw ncr. you need to e:;tablish the boundary conditions. 
example, in Figure 1.10 the brrmmd surfaces on the upstream (00) and downsrr 
{Dll) side:; arc equijXJtenti:.t l lines. The b:.tsc of the dam b.!low the ground sun 
0' UCO, is a Clow li ne. The lup of the rock surface, EF, is ::~ bo ::1 rlow line. Ouce 
boundary conditions arc established, a number of flow lines and equipotent ial line; 
drawn by oial and error so that all the flow elements in the net ha 1·e the same lc:ngri 
width rario (L/8). fn most cases, the LIB ratio is kept as 1- r:hat is, the flow elemr 
arc drawn as ctlrvilinc;Jr " square:;." This method is illus[f;]ted by the flow net sh01V1 
Figure 1.11. Note that all flow lines must intersect all equipotential lines at nglz t ang 

Once the flow net is drawn, the seepage in unit time per unit lengrh of the sr 
ture c.1n be c-.J lculared as 

N 
f/ ·• 1.-h .. L II 

.... , IVJ 

where N1 = number of flow channels 
NJ = num b<: r of drops 

11 = width to -length r:Jtio nf the flow dements in the rlow net (8/Ll 
h.,,., ~ dtffLTe tH:e in w;uer k vcl lx: twee ll the upstre:un :llld . 

dowtbln::1111 sid,:s 

(1 
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'~ '-~ ~ Water level 

~ ~ - ~1:::==~====~~:::::::::: -----.-) :, -- '~-- ·'...~ -·-:. . . . 
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I/ - -:' /:~ - -, ; :I \,-I-; ~~ · =~ .\~ \, ~ · ';: ~~c:k_~ ', 1 ~ .' ', : ; ~~:~~~~ ·~I~~:. '-
T FIGURE 1.11 Flownet 

Tne ~pace between t'No consecutive flow lines is defined as a flow channel, and the 
space Ltrwttn rwo consecutive equipotenriallines is called a drop. In Fi!SUfc 1.11 , N1 = 
2 . . V, = 7, and n = l. When square elements are drawn in a flow net, 

q = kh t:!L 
rnu. N4 (1.37) 

1.11 FILTER DESIGN CRITERIA 

In the d e:, i~n c,f eanh structure:s the engineer often cncount.erJ problems cau~:d by the 
fl r,-" c,f ·.ya ter, ~w.h <Cl !;I'Jil c:r rA! ion. which may result in structur'al in~tability. Ero~ ion 
is )it:nt:rall/ prevtnt.td by building soil zones that arc referred to a~ filters (:;ce 
Figure 1.12). Two main factor.; influence the choice of filter material: The grain-size 
disoibution of the filter materials should be such that (a) the soil to be protected is not 
w«:.i.L·d int rJ tht: filter and (b) excessive hydrostatic pressure head is not created in the 
!;l',il tlwt h<Js a lowtr codfident of pemteability. 

Ti. t: [.<rL"l .. t:ding cor.ditions can be satisfied if the following requirements are met 
(ferzaghi and Peck, 1967) : 

~!2!~l < 5 
u . lln) 

[to 11<1tisfy condition (a)) (138) 

~!.2!~1 > 4 [to satisfy condition (b)] (1.39) 
{Jf lfUI 

In tl u=.<: rtl~tifJn~. the ~ lll/.;aipt:l F and 8 refer to thefi//~rr and the base material (that is. 
the !o.<,i l tor"" protected). Abo DD and D8 , rtfcr to the diameters throu!Sh which 15 ~'o 
ar.d as·~ ~ d tl.t ::.() il (fi lter or base, as the case may be) will paS!!. 

111 
.J 

.~, .~ :II 

1 
; 

I· . 
l, ·'· 
J .. 

I 

' '0-;. . 

.....----, ...____, J • J . J ~ r~ .. r--1 . ,.,___, . 
. l ' 1.1:.!--.:;-a~X"::JVe :::,b-~ com::epc 

t---;. 

T FIGURE 1.12 Filtcrdc::;ifpl 

The U.S. Department of the Navy (1971) provide:> some add itional requirem 
for filter desi!:,'Tl to satisfy condi tion (a): 

e~o .. , < zs 
D"""' 
D'"'1 <20 
DlltBI 

Currently, gcotex tiles are also used as fi lter materials (see Chapter II). 

' 1.12 EFFECTIVE STRESS CONCEPT 

Consider the vertiGJ l stTcss at <1 point .-1 loca ted at a depth Jz 
1 

+ It, below the gro 
surface, as shown in Fig11re l.IJa. The tuta l vertic;!( s tn:ss. a, ar .-1 is 

a=h 1y+h 2 ;·,., 
(l 

where y and y,., are unit weights of soi l above and below the water table, respective! ~ 

The total stress is carried partially by the pore· water in the void spaces ; 
partially by the soil so lids at the ir points of contact. For e..umplt!. considcr a wavy pi 
AB drawn through point .4. (sec Fib'Uft! l.l3a) that passes through the points of com 
of soil grains. The plan of this section is shown in Figure 1.13b. The small dots 
Figme l.l 3b represent the areas in which there is solid ·to-solid contact. U the sum 
these arl'as equab .-1', the area lil b l by water equab .\'}' - .-1. The r'orce c:t.rried by 
pore water over the arc.:J shown in Figure l.!Jb then is 

F.;= (XY- A')u 

where 11 ~ p<ire wa ter pressure = Y~ h, 
(1. 

(1. 

Now let F,, F1 , ••• be the forces of the contact points of the ~il solids as shown 
Fib'llre l.l 3a. The sum of the vertica l comp<ments of tht::Se forces over a horizontal a 
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., FIGURE l.ll Effo:rivescnsscaJculation 

XYi:. 

F, = LF,,., + Fl,., + ... 

. r - · ~ 
c_--:J, 

--· 
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Sulid ·ID·\Oiid 
contact 

... [· . T • 0 • 

t • ' • •• : 

• 0 • , . ~ .. 

1· .... 1 
f--.\--j 

(h i 

n 

where F11.,, F11 . ,, ... are vertical components of forces F 1, F1 , ... , respectively 

H;,:,cd rm the principles of statics 

(aJXY- F~ + F, 

or 

(•J)XY ~ (XY - - !l')u + F, 

~) 

a = (I - a)u + rf 

c 

(US) 

(!.Hi) 

cJ ...___. J c::J CJ I. I~ . 
•e :;:,crc:::._ ._ ....... ~pt 

where a ~ .-1 '!XV ~ fr.Jction of tile 1111it LToss-secrional area OCL-upic.J by so lid -to-sol 
curuact 

rJ' = F,i(.\T) = venic:~ l component of fo rces ar solid-to-solid conracr poinrs ov 
a unir cross-secTional area 

Tla: tem1 or ' in Eq . ( l.-Hi ) is generally rcfc1Tcd ro as the L"ertical 1!_1/cctit·e stm 
i\l:;o, the ljlidlllity 11 in !Cq . II . Ii i) i,; very ~ n• : dl. Tli11~ 

~ (1 .-ti 

~I•Jt<: -~~.r the o:r<cc: :·.-~ s trc~s is a dcn·t·ed quan;::-:.- .. -\lso. :o::1use the eficc'i 
srress rJ - is related to rhe comacr berween rhe soil solid;;, changes in enecrive srress v. 
induce volume changes. lr is also responsible for producing fricciollal resista11ce in so 
and rocks. For ury ~n ils , u = 0; hence a "'a'. 

For the problem under consideration in Figure 1.13a, u = h~ ;·~ (yw = uni r weig 
of water). Thus the effL>t: ti ve ~rres~ at poim .:1 is 

a' =a- II = (/L,i' + Jr~ { ,,)- hl i'w 

·~ h,;- + h,(;-, .. - ;·J _, h,( -1- "~ / 

where / = effccli ve or the submcq:ed unir weight of soi l 

So 

= fut - i' w 

From Eq. (1.15) 

(, 1 i' ... 2:...:~ ~ 
i'ut - ··· -~-.. 1-- t! 

(, " + 0:" y ({, - 1) 
y' = r .. , - Yw ....-:: -!\-+ e_!_-:;: - Y ... ::......; -~-~--'f- e -

(!.· 

(L· 

For the problem in Figure 1.13a and 1.13b, there was no seepage of water in t 
soil. Figure 1.13c shows a simple condition in a soil profile where there is upwa 
seepage. For this case, ar [Xlint :-l 

(J = hlfw + lz~ {,., 

U=(h 1 +bz+h);·w 

Thus from Eq. (1.-17) 

o ' ... a - II ~ (Jr,;-w -f- Jr , (.,,) -· (iJ 1 + h, + h) yw 

= h~( '/,.,- i'J- hi'w = hl / - hyw 

or 

o ' - h ( ··· ·- !~ " ) - h .(·/ - ~-l' ) 
C o }zl ' w -' , •• (LSC 
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i lr,tc in Eq . (I :JJ) tkJt h/h 1 is the hydraulic gr.Jdient, i. If the hydraulic gradient is very 
1 11~; 11. _, , tli;, t / · · 11. IA :< .t,rrilc> ttf(), the ejf•:clit·e slreH wz/1 become zero. In oil1cr wt.rd s , 

ti. c'c i ~ '' '' •:< ,r•t;,u "tzc· ... , lA:t·Necn the :;oil r-antclL:J , and the soil structure will brea k up. 
Tni; ; it u;,w,n 1~ rcf~rrL"t..! lU as the qUJck cornillum, or fazlure by heave. So. for hea ve. 

. . / r; - 1 
J ;.:..;. lt. r :.=. - ~ --' --

fw l + e 
(!51) 

·nr:crt i" ~ t.Titi ca l n,rlraulic grarlient 

F• ,r ut•. , t -<J Ld/ ::.~ .il;. ' " r..tn;:cs frr;m f) 9 to 1.1. with an avera~e of abmH l. 

T EXAM PLE 1.8 

F"r the Yill prufilc ~hown in Figure l.H, determine the total vertica l stress, pore water 
r.-r l:'c.~tlft . <~nd dfcuivc vertical stress at A. B. and C. 

Solution At A: 

a ~ o 

"t [j . 

.,. 

u = 0 

a-'=0 

a ~ (r..XlCJ) = (110)(10) ~ 1100 lb/ft 1 

u = O 

a' ~ llUJ - 0 = 1100 lb/ft1 

A 
. • : . · .... "·- . !· ··: 

Dry sand ;·. 3 110 lb/ft' J(Jft 

l W. ter table 
:! 8 

1 
- . ·.·· 

IIIII Cl•y ·;,., • II~ lbi(t J 

1 c 

f-IGlJHc 1. 1-4 

:I 
~ J 

., 
....... ::::J 

At C: 

c=_...,, ........ )" n ,-;...,~,-,1 :>.JU 

a = lrJX IO) 1- (;- ,., XIO) -" (l lOXIOl + (IIHXIOl = ~~ 80 lb i ft' 

u = (i•wX IOJ = (ti:2. 1XlU) = 62 ·1 lbfft' 

a'= a-u = 22&J- 62·1 = 1656 lh/ft1 l' 

1.13 CAPILLARY RISE IN SO IL 

When a capillary rube is placed in water. the water level in the n1be rises (Figure l.l 
rlti s ri se i ~; c;m ~;;,d by the surti J,·c l<nsiun dl~:c t. c\cmrditJg to Fi;;ure l.! Sa. the pres) 

....t t any point .-1 in the r:Ipi llary ttli;<: (wi th respect to the :~r.r.osphcric pressure) Gl< 
--.:x pre~:;,;d J5 

11 = -rwi (for z' = 0 to iz, ) 
:and 

u =O (for l' ;::>: lr.) 

In a gi ven soil mass. the interconnected void spaces can behave like a numb~ 
:::apillary tltbcs with va r·yin g diameter~ . The surface ten:;iun force may cause wato 
Oh c soil to ri:;e ai~Jvc the water table, a:; s hown in Fi!,,ou re 1. 15b. The height or 
=<~p ill ary rise wi ll depend on the diameter of the Glpillary rubes. The capillary rise 
:iecrease with the increase of the rube diameter. Because the capillary tubes in soil ! 
;-ariab le di:lllwters. the height of C::Ipillary rise will be nonuniiorm. The pore w 
:.ress tJn: at any poim in the wne of c:rpilbry ri:;e in so il c;m be .!ppruxirnatet.l :Js 

II = - Syw.f 

:;here S = degree of 5al.llra tion of soil [Eq. (1.7)] 

z = distance me:Jsttred ablwe the water t<Jble 

------ ,. 1-- ·'"--: 
J hl .- Ill 

-l- -

(a) 

r FIGURE 1. 15 C.qltll.try ri :;c 

(1 

; ' 

tbl 



ill liilil 1¥5 ~ -... - - -
36 

-- -------- -- -~ CHAYTER m;E ~!:&.:uc:ll Pr~es of Sool 

1.14 CONSOLIDATION 

r 

lu th t li tlu nt.t~• ct.t orf t:o ,Y trli iJ. ;i,.l~i[i,isJ .:i'ii / .'a.jtl ,\,; .V:.'T~<i';.<·1 · ·.!•~or r.l'..i\!.! :~)1• : 1>:; •.\-..: 
constnK1ion of a foundation-the pore water pressure in the clay will increase. teGJuse 
the crA:ificicnt:. d [A:rmcarJiliry r1f clays are vt:rf small, some time will be required for 
tlit cxu: .. ;, pr,n: water pn: .. :,urt: to di ~~ ipatt and the ~trt;:;:; im:rcas.: to be tran;,ferrcd to 
the so il skt ltron gradua lly. According to Figure 1.16, if t;,.p is a surcharge at the ground 
suriace over a ver; large arta. the increa:.e of total stress. 6a, at any depth of the clay 

layer vn ll Lc eq u<.~l to l>P. or 

6'1 ~ !:.{; 

However. a t rime t = 0 (i.e., i.rnmtdiateiy aiier tht ;treS-5 applic.ation), the ~:( C':::o, 
pore water pressure at any depth. uu, will equal ~p. or 

D.u = D.h,·;w = t:,p (at timet=- 0) 

Hence tLe in Gt<J:A: <1f cffcc1ive strl'SS at timet ~ 0 will be 

6a' = 6a - D.u = 0 

TLcr ,r ci i• , J!I; . at t1r11 1: t ~ ·f . , when all the tY.C C'~~ pore water prc:;sure in the clay layer 

ha:, riL·.q,;,td a:, a n~.u lt r,f clralfi<JISe mto tht :XJnd layer:;, 

t..u = 0 (at tirnt t = ~..c) 

Titen the increase of efb::uve stress in the clay layer is 

('. r/ •• /';</ - l';u - {\/J ·- 0 - 1'./J 

' £1 1 i~ ;,: ra riu~l tnt:rt::.~ :-e 1n the effective srrc:;:; in the clay layer will cause :;ett lcmcnt over 

a f.ot:nr" l vf titn~: and is referred to ~ cuTISolUlation. 
L;,l:.<;r., tr, ry t to>~ on undisturbed sarurated clay specimens can be conducted 

vs r: .l Tt·. t [ A:·.- ·~ n;, ti r,n D-2n5J to dttermint the consolidation settlement caused by 

~-Cro~~~-.t ~ r~ tobi: ~~.f--: :_:. /. :\~~: ·~ 
,, . :. . : , :.• , I • 

· ,_.· .. s."d 

.., FIGURE 1.16 Pnnt.lt:.l"' o! cun:llJiid.ltion 

Immediately after 
loading• 
timet- 0 

~T 
.:.h, 

_L 

ll-. -. -. - lm!J. ~ c.......,. ... 
1.1~ Consolidation 

vario1ts incremental lo:tdinf::i. The t~: , ; t specimen~ arc u~ua ll y 2.5 in. (0.1.5 mm) in dian 
ctcr and I in. (~5 . ~ IIIII\) Ill hci::ln Spct~itlCCl;i art piJc,:j inside d rir. ~. v:ith .Jne j:>.)T.>~ . . . -
~~ l'.1:1r~· ;~~~. ·.: ,-; ·.·.~:,.. ~: .. :: 'XI': :..: . ~r: : :".1~ : ;:: : ,· ::l: ;.j :c. :-...::: ~: · ~-:....!.-.= --· ....:., • ._..: i.i,~ ..;r.. =. 

spectmen is then appiio::d so that the tot:a l srress is equal top. Scttl~ment re:~dings fo 
the specimen are t:aken for 2·1 hour~ . .-\fler that. the load on the specimen is doubled an 
scttlc tncnt re;tdings Me taken .. \t :t il tllltcs timing the tes t the Spt.'t.imen is kept unde 
water. This procedure i~ continued until the desired limit of srress on the clay specime 
is reached. 

Ba~d on the labor:.Jtory tests. a graph can be plotted sho~>ing the variation of thl 
void ratio e at the end uf consolida tion again~ t the corre:;ponding stress 
(semilogari thrnic graph : eon th..: arithntctic wca le and p on the log .;cale). The natured 
var:<.ttion ., [ " :t;;2:~ .• ; [ lllg {! [or a .:b:: ,q:;cc ltncn io sho"-r: :n r;s-.:re l.l7b . . -\r~e~ ::J 

[ .t) 

l .;J 
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T FIGURE 1.17 (a) ~:ht.:mati~ diaKr..lm uf l\11\~lll idat ion test arr.u1;:t:m c:m: lb) rlog p curve for a soft 
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de:;irtd wn:;()JidatitJn pressure ha~ been reached. the sp<."Cimcn can he gr.:tdually 
unlc;a ck·d . which 'Nill rt:,ult in the swelling- of the sp<.'Cimcn. Fi!St!re l.l7h abo :;litJw~ the 
variation of the void ratio during the unloading period. 

From the e-log p curve shown in Figure 1.17b, three parameters necessary for 
calculating 5enlcmcnt in the field can be determined. 

L The preconso/Ulalwn pressure, p,. is the maximum past effective overburden 
pre1·5ure to which the soi l specimen has bt."tn subjected. It can be c..lctennincd 
by using a simple graphical procedure as proposed by Casagrande (1936). 
litis prc-ccdurc for dctennining the preconsolidation pre-.;sure. with reference 
to Fi;,'l tre 1.17b. involves five ~tcps: 
a. C.ete:mine the point 0 on the e-log p curve that has the sharr,est curva· 

ture (that is, the smallest radius oi curvature). 
b. Draw a horizontal line OA. 
c. Oraw a line 08 that is tangent to thee-log p curve at 0. 
d. [Jraw a line (j(; that bi~ccl.!i the anjSlc AOD. 
e. Prr,ducc the straig-ht line portion of the e-log p curve backward to inter· 

stet OC. This is point D. The pressure that corresponds to point p is the 
r,rccnnsolic..lation pressure. p, . 

Natural soil deposits can be normally consolidated or overconsolidated 
(or precunso/Uiated). If the present effective overburden pressure p = P. is 
tqu<~ l to the preconsolidated pressure p,, the soil is nomzal/y consolidated. 
IIVNE!Ver. if P. < p,, the soil is overconso/Ulated. 1 

l'rcc:CJn :;~ ,Jirlatirm prt.-:J3Ure (p,) has been correlated with the index pa1m· 
ctcr~ l1y ~cveral in vc-J llgatur~ . Sw~ anc..l Kulhawy (EJH-1) ~lliSHc-otcd !hat j 

& = ]()'I.II-1.62Ll) 

a, 

where a.- atmc>:~phL-ric stt~ in derived unit 
LI = liquidity index 

The liquidity index of a soil is defined as 

LI = w- PL 
LL- PL 

where w = in situ moisture content 
LL - liquid lirnit 
PL - pla!;tic limit 

(153a) 

(153b) 

The U.S. Department of the Navy (1982) also provided generalized 
rclatir,rdri[/J lx:twccn p,, Ll. and the l>Cnoitivity of clayey soils (5,). This 
tr:l:rti r, fl :,lrip w;,~ abo rccorruncnckd by Kulhawy and M.1yoc (J~)(l) . The ddi· 
rrll i1 oll c,f ~A : Ii~llivity i~ Hivcrt in S..:uiCJn 1.17. l·iiSliiC I.IH :rl111w~ the rclatirlll · 
sl:tp. 
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Prct.:on soltd.uwn pressure. Pc (ton/ft.: J 

FIGURE 1.18 Vmarion of P, widt U(afrcr U.S. Dep;mm<!flr oitho :\a,·y, 1982) 

2. The COIII{Jrcssicm inclcx. C, . . is the slope of the Srr.Jight·line portion (bttc 
of the.: htding t:llrvc). ur 

t! -t!, ··~- = (p) C, = log;~- lu iS p, log\j~ 

where e 1 and e ~ are the void ratios at the end of COrL<:olidation under stn 
p, and P2 , respectively 

The compression inda. as determined from the laboratory e-lc 
curve, wi ll be somc.:what different from that enconmcred in the field. 
prit11ary reason is th:.~t the soil remolds to some degree during the lidd e: 
r.ctilltt. The n;mcrc of vari;uion of the c- log p curve in i.hc: tidtl ior a nom 
cunsulid:.ttL'<.I day is shown in Figure 1.19. It is gentT.J ily re ferred to ~ 
virgin compression cun•e. ·nte virgin curve approximately intersects the l< 
~tory Lltrvc at a void r.:ttio of 0..1:!.:, (Tet-z.lghi and Pa:k. !Still. Note that 
tire V11id r;rtin oi tire cby in tire iidd. l'nmvinf( the \ ' JhiL"S ui ~, and P,, 
Lilt e.r:.ily wn:;t1111:t tir e.: viq; 111 cu t ve :.tud t.:.tkul.J tc the wmprcssiun indc 
tire virgut cut vc by using Eq. (l.S.I). 
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., FIGURE 1.19 

I 
I 

p , p, 

Pressure . p 
(lr,~ scale) 

GJn:.rnu.tJr,n {){ vtrl{in compraalon curve for normally con$olid.aled clay 

The value of C, can vary widely depending on the soil. Skempton (19·1-1) 

h.a.s ~inn an empirical correlation fur the compr~sion index in which 

G~ = () (j.f.J.LL - 10) 
(155) 

wbtrt LL ~ liquid limit 
&sides Skempton. other investigators have proposed correlations for 

the compression index.. Some of these correlations are summarized in Table 

1.13 
3. Tl.c swelling index, C,, is the slope of the unloading portion of the e--log P 

curve. In figure l.17b, it can be defined as 

e -e. 
C, - .-l--(P ') 

log ,p~ 

(15fi) 

In JIICr.J t GJ~ th~ value of the ~welling index (C,) is 1 to \ of the comprc,sion 
inckx. Fc,IIJJwlng arc :;ome representative values of C,; C, fnr natur~l ,oil 

dc(.o<Jo liS. 

I 
l 

fL~ ,_.., -, 
1...---.J 

-. -... 

13.-swn lllue do y 

Chicago clJy 

;-icw Orlt::J.ns ciJ y 
Sl. l..awrcm:c d~'Y 

--. 

0.15-0.3 
0.15· 0.28 

0.05 0.1 

Y TABLE 1.13 Co rrelations for Compression Index 

BfffflDIII--~ ·'.. ·. · ~ ·. ·.': :\. . ~ . . . ' ' ' • '. ' • '!. 

.-\zzouz , Knzck. and Curull:) \l~fit.i) 

Rendon-lkrrero (1 980) 

~~~~~•raj ;mJ ~huty (l !J1t)) 

Wroth and Wood (1918) 

l.crouerl. Tavenas. and l .cll •lc,n (l ~t!:l) 

l.J' ) • -

~ 
] 
~ .E 
§-
:; 
u 

u 

,Vltfc: G, .. )~"\ilic bTJ viry u( ~il suli\IS 
lL •liq111d li tntt 
J'f - pl.ts lh uy m,tr~ 
S, - ).Cll ::o t!I V IIY 

"'· - run u-;1\ mmsrun: ron tc:nl 

C, = O.DI " '• tll>icago clJy) 

C, = 020&. + 0.0083 (Chic:lgo clay) 

C, = O.Dll5cu. (organic soils. pc.ot] 

C, - 0 Ot~lti(LL- 9) (llr:wlian .:IJy) 

c, '= o.wc; ·f ~.'·r" 

C - O.:!J-1:1 ( U . \; 
' llXl} ' 

( PI·) C, - O.SC, 100 

'->' 

4 

In silu .. ·nid rJiiu. ~ .. 
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The s·Helling index determination is important in the estimation of con· 
50lidanc, n o,en ltmcn t of overconso/Ukited clays. In tht: field. depending on tht: 
pre:ssure inm:ase. an overconsolidated clay will follow and e-\og p path abc, 
as :;hcmn in Figure 120. Note that point a, with coordinates of P. and e., 
u.rn: .. j-" >II<L tcJ the fidel conditions before any prC$sure inLTcase. Point b corrt:· 
~fhiHl:.. tr, the prt~:<Jfl!>()lidatic,n prc:-~ure (p.) of the day . Line ab i:.; approx· 
ima ttly par.:~lltl to the laboratory unloading curve cd (Schmcrtmann. 1 ~5:J ) . 
Hence, if :ou know e., P., p,, C,, and C,, you can easily construct the field 
ccn:;c, \irl ;nion curve. 

ii ;,;~~raJ and Murthy (1985) expressed the swelling index as 

C = 0.0463( LL )c 
J 100 J 

t ~''·~: pi, 

------fJ, 
- -·· j 

I . . ' · \ 

I ......_ ! b 

I '-.. . \ 

I ~ . 
1 \ corn pre-s.s10n 

LaixHator v \----- cun e . 
cr, ~~ ~d i cLtion '\ Slo~ Ct 

Vir 0in 

liH ., C 
I 
I 
I 

I J 
I 

\Slope 
I c. , -- -----
1 
I 
I 
I 

' 
\ 

0-

c 

I Pressure, p 
P. (log scale) 

(I S-;-'1 

T FIGURE 1.20 0Jnstruction of fidd ron.oolidatioo curve (or overcoruolida1ed cLly 

Calculation of Settlement 
'l11c onc -di1 ucn ~i onal con:;olidation a<:ttlement (cau&ed by an additional load) of a clay 
layer (Fi!Surt 1.21 a) ha vinK a thickne::;3 H, may be calculatt:d a!l 

s = --~ ll 
I + e, ' 

(I S<l ) 

, Jmr,. ..... -vw - '------.) 

. ._... -.. ...... 
.\dd t·d prt ·,~ ••rt .· 

l I I I 
-: ~;r~~~~~~~r-.!:_1:1~~-~-

S.IIId -

1\~1-~0~~- ~~!::~:::!:.::.' 

C.t~~: 

s. ,·od ~ 1' . 

(;,} 

\ 'ouJ 

ratio . e 

1 ..1.· ~-

fl. 

__ l:~~ . 

Void 
r ;.~ t au. \I 

-~-~ ~lop,• C, 

1'__1__~\l -- I 
I I 
I I 
I I 
I I 

I' . fl . +..'.p 

.\ ••r :11..1 ;J.. r.- .. iu l.1ttod l· l.~ ~ 

0 

_J..t_T 
I ..le C:" SL' ~ 

..lc. I 
J~_-::-:, 1 ---
T S~l~,:}/L_ ,: 

( ' I I 
· , : : 

.0.1 .. ·_ - -I I 
I I 
I I 
I I 
I I 
I I 
I I 

-~lope C, 

I I I 
I I 1 

~-'----i_t __ _ 
1' . 1- ..lp 1' .. 1- ..lp Jl , 

l .. a 'I.' I l · .• " · -~ 

( h cn:un::.Diid aled d.J~ 

(c) 

Prcs'iu re . 

" ( lo'-: \ l ' a l t'l 

Pressu \ 
p 

T fl G U R E 1.21 One dicncns iun:cl setllcmcm t.:~k11 1Ji ion: (b) is f<>r Eq.I I.59J: (c) is for Eqs. (l.o2J ;u 
(l.t> l) 

where S = settlement 

ae = total change of vo id ra tio caused by the additional load application 
e, ~ the void ra tio of 1he dar before tht' applic:nion of load 

Note that 

ae . . 
-- = £, = vem cJI Stram 
I + e, 

Fur lltlrt11:dl y C<Hisulid:llcd cby, the fidJ ~-log p curve will be! like the one show 
in Figure !.:!lb. If P. =in itia l averJge eik"':tive overburden pre;..:;ure on the ciJy lare 
and ap =average pressure increJse on the clay layer c:mscd by the added IOJd, th 
change of void ra tio caused by the lo:td inLTe:Jse is 

c'.e = c: !ng ~ + t:,p 
P. (1.59 
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n uw, CWJLinin;,: EljJ . ( 1.~) and (1 .59) :litlds 

I H, ,, ••• + "' 
e, P. 

(1.60) 

For o·ttrcr;nsolidat td clay, the field e-log p curve will be like the one shown in 
Figure 1.21 c. In this case, dcpcr.ding on the value of t:;p, two conditions may arise. Firs t, 

if p, t 6p < p, ' ' j 

t! e ~ C. •. /".:!:.. ~~ 
P, 

Combining EGs. (158) and (1.61) gives 

s = fl. c, JCJ/ ' + op 

1

··- ·-----------

1 .,.. e, p, 

Scl;r;nrl, Iff;, < P, < P. + op 

C I 
p, C I p, + op oe = 6e +lie = og- + og---

' 
2 

' P. ' P. 

Now, C(JrnL i1. in~ Eq~. (1 S8) and (1.63) yields 

~
~-- -------------

c.~logE"- + C, H, log~+ t;,p 
l ·t- e, P, 1 + e, p, 
··-·---· 

Average Degree of Consolidation 

(161) j 

(162) 

(15.1) 

(1 .64) 

Earlier in this section (see Figure 1.16) we showed that consolidation is the result of 
gradll41 di s:o ipa tion of the excess pore water pressure from a day layer. Pore water 
r-r to.3un: di ·, , ipation, in turn. increases the effective stress, which induces settlemenL 
Hcr.ct, to t::o tirr.a te the degree of consolidacion of a clay layer at some time t after the 
luad app lication, you nttd to !mow the rare of dissipation of the excess pore water 

!Jn:.:'"w e. 
Fi f>u re 1.2~1 ~howa a clay layer of thickness II, that haa hi11hly pcrme;~hlc sand 

laycn at it.:; top and bottom. Here. the eXct::)!j pore water prc~urc at ;~ny point :l at Jny 
timet afttr the load application is t.u ~ (tlhl"!~ · For a vertical drainage condi tion (that 
i~ . in th e dirL<t: ti<m of< only) from the clay layer, Tazaghi derived the follow mg difi~rcn · 
ti;,l ~<[ll:llil,ll: 

er~ ll) ~ c ~'!(\c~~ 
at -, u•' 

(16:1 ) 

11 

, ,H · ·-~ 'J .,""'"1 --:12 
.______ .....____ _,"111 --B C:::::U 

Ground 
. W3ter bh\e _ _,. __ 

..,_j ..,. ~------ . · ~ . 

;. .. 8 ::':·::·· .'.·:: :· Sand > '. · ·•·· · 
(a) 

T 
.J.h 

.l 
['<';:::-- - - - ----- .J.U 

(b) 

t = c, 
....__ T. = T." 

T FIGURE 1.22 (a) Dcnvation of Eq . (l .b"i]; (b) nature of variation oi .J.u with time 

where C, = coefficient of consolidation 

k 
C,=--= k 

Ill .. 
•• I•.- ee 

;~f~(- 1 - t· ;:~) ;-_ 

where k = coefficient of permeabiliry of the clay 
t:.e ~ tt Jt;tl dt:llll:C nf void ratill cu1s~d by a st ress incrc;tsc of op 
e., ~ Jvcr:tge Vllid ratio liuriug consolidation 

(I 

m, = volume coefficient oi compressibility= l'.ef [.1p(l + e.,)j 

Equation (1.65) can be solved to obtain 6u as a ti.mction of time I with the followi 
boundary conditions. 

1. &'C!use high ly permeable sand layers are located ar z = 0 and z = H,, t 

excess pore water pressure dcveloJX.'Cl in the c!Jy ar those points will be i.mrr 
diatcl y dissipated. Hence 

t.u = 0 ar z = 0 

1.\u - 0 at z ~ Ff. ~ '.!./! 

where H = length of maximum drainage path (due to two-way draina! 
condi tion-tha t is. J t the top and bonom of the cby) 

2. At tim<! t "' 0 

011 == l\ u, = init ial exct-:;s pore wa ter pressure after th~· l<l-1d appliation 
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With the preceding boundary condirions, Eq. (1.65) yields 

6u = 2:: ----2.. sin - e- ·"' r. ~- :· [~tw) (M.t.)] 
m•O M fl 

( 1.67) 

where M =((2m+ l)rr]/2 
m = ~n integer = 1, 2, ... 
T. ~ tlflfldiutcngion<.~l time factor -(C. 1)/ I fl (I .G8) 

Detennining the field value of C. is difficull Figure 1.2.1 provides a 
first-order detenninarion of C. using the liquid limit (1.1 S. Department of the 
Na•r;. 1971). TI1t va lue of 6u for various depths (that is, z = 0 to z = 21{) at 
an1 t,ri•;tn time I (thus T.) can be calculatt:d from Eq. (1.67). The n<.~rurc of this 
vanauun of 6u i!; shown in Figure 1.22b. 

1\ j_l 
I \f\ 

10'' . 
8 I \ 

:l::~ c-~e--- ' ' l--1=1=1=--
J Un<liuurbe<l samples: -f---

1 "' \ / C, io range of virgin compression 
2 

~ "~ / '\. 
1 

...-- C,. in ranie of recompreSiion I 
w·• r--~ •. '\.., .. '\,.,r""" Ues above this lower limit 

: =i~ ""' "" 1 1 I I I I I 
S I " " I" 

4 --t-- " " 
Jo~ ·- ~ """ b-. 
2 

' Completely rem~ ~ ""-. ~ I I I 1 
sampl~: "-... I " 

a-' _ C,. lics below this upper limit ........_:-....., ~ 

~ ---j-- --- - ·- I 1'--- "--. ~tsL-
6 ' .:,...__ s 

4 " 10. s 1 1 I I I 1 
2U 4{) 60 8U 100 1::!0 l.Ul 160 

I 

--+-

Liquid limit. U 

FIG lJ R E 1.21 il>n~o ol C, (after U.!l. Ot-paruncnt ol the N•vy. 1971) 

TI1e aL·erage degree of consolidation of clay layer can be defined as 

~ 
~ 

(Ui~ll 

j 

l 

1) 
· ·- ,.._--~ 

·• 

ri-
where U = aver.:~ge degree of consolidarion 

S, = ~cttkmcnr t> l a clay layer ar time t after th~ lood applicltion 

S'"" = maximum con:iolid<Hion ~wkmem !hal !he c!Jy '.l.lil undergo under: 
g-iven l oallin ~; 

lf the initi;~l pore water pres~urc (6u) distribution is CO I15rant with depr~ 
s how 11 iu Fi g111e l . :.! l c~, the avcr;1ge degree ut consolida ti t> n an also 0c e.xpressetl as 

S i~
11

(6u 0)dz - i211

(6u)dz 

CJr 

U=-'-= o w o 
5

'"" I (l'luoklz 

ru 
(ou 0 )'?fl- Jc (6u )tlz 

U = ----~--- = I 
(6u.)2fl 

rw 
Jo (6u)dz 

2fl(ou) 

Now, combining Eqs. (1.67) and (1.71), we obtain 

U S, 
-- ~--· - ·~ I 

Il l.( 

lli gh lv pe rm ea ble 
Ia~ cr {s.llhi ) 

.. 

·j(,g~Y,;~~~2~!.1f.ilr\' 
~~i~~~{~ft~ ·~~~~~;-~·!J,.,·_~~. 
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T Fl G U R E 1.24 Drain.1ge condition for consolidation: (J ) tv."O-way ~: tbl ane-v•ay drainJg 

The va ria tion of U wi th T. c:Jn be ca lculatl-d from Eq. (1.~) and is plotted 
Figure 1.:25. ~ute that Eq . (1.72) and Lhu~ Figure 1.:?5 arc ai:;o \<!lid when an impcrJ 



\]j;._ ··-' 

43 
f.~ 

! .. 

& 
~; 
::; 

.J r·· _ I ___ :J 
'------' --.J c=J •r---, 

----.) 
---crr1.Yn:H f.S: d: (~::t-..rcc :-.rLJr.=tJ t-':-tlp(:t"Uo vl ..... ~ !1 

abl~ lay~r i:.. lu.::Jted at tt.~ l.x,ttfJm of the clay lay~r (Fi~s .. urc 1.2-1 b). In that c:Jse. excr=;s 
VAt "ll<•t~r [,r•=--•" r~ di : .. : .. 1pati"n C<Jll WY.e pl;.a: in one clir~ctir,n only. The lcn~:th c,f the 
TIULr<mum druina<te path then is equal to H = H,. 

Tr.e nria tion of T. with U shown in Figure 1.25 can also be approximated by 

and 

rc(!J%' ' 
T.- 4 Tc~!) (ffJr U- 0--.130~'•) 

T. = 1.781 - 0.933 log (100 - U%) 

(1.13) 

(for U > 60%) (1 74) 

Si varam and Swamee (1977) ha ve also developt:d an empirical n:latioll ,; i,ip 
b<:r.vet:n T, il f.Cl C ;hat is valid fc,r U •;a.-:::ng from 0 to 100" ~ •. [r is r;f the form 

(:=)(0~)l 4 J !()() 

T. = [1- (~~torJn (1.75) 

~------Eg. (1.73) f-Eq. Ci7~1-

I u. . -- r . . I 
~Ob (~:'"''" 1-\T'~ ~·~d ,i I _ 

~06 ZH-113 H-1~-+--!+-.: .-, .. ,,1-~ 
r ~ Sa~d .lu

1 
-=- corut;tnt ·~~'R C:C~ · 6u

1 
- constant 

OAt------r---~r---_,-----t----~-----r--~~-----

0<[± 
---'-----..1-· .1() 80 ~ 0 10 

Avero~c de11rce of com<>lid>tlon , (} (%) 

y fiGURE 1.25 Plot of rim< factor arraizut avaa~e dewee o{ ccruolidation (6u, - cu r\.SI> Ill ) 

.I 
:J, ~~-~'--

I>a. .. 

Y EXAMPLE 1.9 

A labor<Jrory consolidation resr on a normally consolidated clay 3l:o•.•;ed the foll01 

140 

212 
0.92 
086 

The specimen rested was 25.4 mm in thickness and drained on both sides. T 
re-quired for the specimen to re.::tch 50% consolidation was -1.5 min. 

A sirnibr clay layer in the lieltl, ~ -~ m thick and dr:JinL-J on both sides, 
jected to simibr avcr~Jge press11re increase (lh;Jt is, P. = 1·10 k.'i . m; and P, + 1'>, 
kl'J /m 2). Dr:!t<!mline the · 

' 
a. )::xpecred maximum consqlidarion settlement in the field 
b. ~ngth of rime reqr1iruJ for the total se ttlement in the field ro reach 40 

Solution 

PJn J 

For normally consolidated cby [ Eq. (1.5-1) J 

c = ~ = 0.92 - 0.86 = 0.333 

' (P·) (~~~) log - ~ log --
p, j . j() 

From Eq. (1.60) 

C, H, I P. + l'>p (0.333X28) 212 
S = -- og--- = 'J log-= 0.0875 m = 87.5 mm 1 + e, P. 1 + 0.9_ 1.JO 

Part b 

From Eq. (1.69) the average degree of consolidation is 

S, .JO ( 00) 5 7"' U = - = -- I = ~ . ·• sm.. 87.5 

The coefficient of consolidation, C., em be CJiculated from the laboratory 
From Eq. (!.Gil) 

C., I 
T, = Hl 
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F<Jr :JJ% cun•.;, lirbt lr,n (Fil{urc 125), T. = O.IY?, I= 4.5 min, and fl = HJ 2 ~ 12.7 rn m. 
Su 

C 
_ fP (0 19T~I2 .7) 2 , . 

= r -- = ------ = 7.061 mm·/mm 
• lo I 4 5 

At~alfl , fr,r field cr,n ~,, lidation, U = 45.7%. From Eq. (1.73) 

But 

or 

;r ( (.:'% ')2 1! (41.5' 2 
T, = :j J(X) = ~ . HXl) = 0.177 

C, t 
T. = ff 

0.177(2_._Bx_l_000_)2 

T, fP 2 = 49132 min= 34.1 days 
I = -c-: = 7.061 

T 

J 

1.15 SHEAR STRENGTH 

ll1e ::,he;.~ r ~ trcn~h. s. of a soi l, in terms of effective strcs,s, i~ 

ll = c + a' tan 'P 1 (176) 

where a' = effecri ve normal stress on plane of shearing 
c = cohesi on, or apparent cohesion 

1/> = angle cA fricti r,n 

Equari rj n (1.76) is referred to as the Mohr-Coulomb failure criteria. The value of c 
for S<Jnds and niJrrnally consolidated clays is equal to zero. For overconsolidatcd clay~. 
c > 0. 

Fr,r lll< t. ,l tby -tc, day work. the ~hear strength parameters of a soil (that is , c and 
'Pl arc dt:lt:JIIlllll:d by two tilanc!ard l;1boratory te~ ts . They arc (a) the tiircd :;hear It: :; / 

a11d {l,J the trw xirJI 1<:;/ . 

Direct Shear Test 
IH! :.<Jn rl C:Hl l..c u,nvcnicntly lt:$lloQ by direct shear tl~ts . The ~nd is pbcL'1:1 in a ~hea r 
i:r,x that i, ::,plit inw two halve:; (Figure 1.26a). A normal load i~ fir.it oppl icd to the 

'\ ,. --. _ __ j .J CJ 

.Y 

J~ r===.\ . ' :> :~ - - ll l__j · ::;~ .• , . 

1,: - : ·~: .. =1 
~ ~· 

..... 
1.15 Sh= Stren&'th 

She:.r 
) l rL":,S 

$"----------~.:=-~~-~~/ 
/ : 

'· / I 

~~---7(1-------: i 
· ------- I I 
5 I I l 

- "---- I I I 
, I I I 

/ \I l I l 

/ <P 1 I I I ; 'l<lrmal 
a; a 1 stre:,s 

(bl 

l' FIGURE 1.26 Din'Ct shear lc:;t in sand: (a) schematic diagr.un oi test <quipment; (b) plot of te 
re:.ult ~ w obl:lil\ tile f.nclion Jn~lc, ~ 

specimen. Then a shear force is applied to the two halves of the shear box to a 
failure in the sand. The nom1al and she;1r stresses at failure are 

N 
a' = A 

R S=A 
where ..t ~ area of the f;1ilurc pb nc in soil-that is, th~ area oi cr= section of 

shear box 

Several t,;ts of this type Clll be conductL'1:1 by varying th~ normal load. Th~ angli 
friction of the ~nd can be dt:temlincd by plotting a graph of s a!fJins t a', as showr 
Fii{llrc 1. 2Cib, or 

~ ~ rno-• (~) I (1. 

For sands the angle of friction usually ranges from 26' to ~5' , increasing with t 
relative density of compaction. The approximat~ range of the rd.:Jtivc density of co 
paction and the CO!Tl'!i iXl iHi ing- r.Inf:c of the angle of frictilln fo r v.:Jrious c~grain 
~oi b is shown in Figmc 1.2'/. 

Triaxial Tests 

Triax ial compression tests can be conducted on sands and clays. Figure L23a shows 
~hcm:lli c di:1g1~llll oi the triaxial lest arrangement. E:;&nti:!l ly, it l\Jnsists oi p!Jcing 
soil specimen w niincd by a n.Jbber n\elllbl-ane in a lucitc chamber.' .-\n all-around conii 
ing pn:ssurc (a J) is opplicd to the specimen by means ot the dlJml:.cr fi uid (genera! 
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T FIGURE 1.17 k•r:<e •,f rd:.ll n dcruHy of cr,rnpact ion and corre~ponding ron;{< of an~le uf fiimon 
{<,r v••r'-" ~r•mc<l :y,d {aftr:r 1; S. Dcpartmentulthe tb vy, 1\171) 

water Gr glyce:-!n) .. -\n added stress (6a) can also be applied to the specimen in the axial 
direell'A• tri r;;,u ~e f;,ilure (Lla = 6a 1 at fa ilure). Drainage from the specimen can be 
<.J I,,·"t'l r.r ~ ~ '· l•Vd. rle;.o~;nding ()n the tc::;t condition. For clays, three main rypc!l of tests 
L<JIIIA: UJCidiH.tt:d v111 h tria xi;; l equipment: 

I. Cw=h lida ttd ·drdinL-d test (CD test) 
2. Cr;nsc li dattd ·undraintd ttst (CU tes t) 
3 (Jr.r:r,r:·;,lido tr:d unrlrairaed lt:~t (lJ1J lts t) 

T~Lk 1.11 I>IIIr•rnMW::J tlo e..:c three lt:'J IH . 

For consolida ted.Jraimd tests, at failure, 

Ma jor principal effective stress = rr l + 6rr 1 = rr 1 = a'l 

Minor prinLipaJ effective stress = rr l ~ a'l 

Chang1ng rr l allows several tests of this type to be conducted on various clay speci; 
men:;. The shea r strcnrsth paramettT.> (c and ¢) can now be dctennined by plottin1 
M<,J,r':. urc.le ;,t f.;il oJrc. a!> ;,hown in Figure 1.28b, and drawing a common l;:tngcnt to the 
M<,hr ':J urr:lc:, . Tb i:o b the Mohr -Crmlomb failr4re erwelope. (No te : Fur norma ll y con~o li· 
d~ iul Li~ y . c :::;: 0.) At fai lure 

a'1 ~a', i;,n l (15 + ~) + 2c t;:Jn(IS + ~) (1.78) 

,1" -.J ' ' r-----._) =:J ' L 1- ..__.. 

So il 
specimen 

.J 

cha mber 

Chamber 
Ruid 

~ 

T c 
_t_'------'::-----'::-__ _ 

Shea r 
} l fl'\S 

Sh,·u 
strc::.s 

pore ,.,,.a tcr prc::.surc 
dcv it:l.! 

Schemat ic di:.t~CJ.IIl of tri axial 
tes t eq uiplllcnt 

(a ) 

Total slrcss 
bilure 

Norma l 
aJ <T , a

1 
sC rt!}S, a 

Effec tive 
stress 
bolurc 
en velope 

"'----..----'-<!> 

She" 
stress 

T 
s- c .. 

a; ~orrr 
stress 

ConsnlidJ ted ·d r>incJ lest 
tbl 

Total stress 
bilure en ,·dopc 
(0 ~ 0) 

I '--';--":---'---.L.. 
Normal 
stn.:::.s, a ' 

Cnnsolid .lkd·undrained ie>l 

l '-'-----'-----'--~ 
<T, 

(c) 

T FIGU RE 1.18 Triaxi:JI tc:a 

a, a , Norm: 
Slress 

Cnconsolidated·undr :~ ined test 

(J ) 
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~.r~t?.t''"' "' 'Pf.,..,....d'r:r • :'\:"' T""'' , ~,. .. '"1;~ .. "-r.~ If ~.. . ·. .... • . . Jlt.a ~ . 
. :"- -;,. -~ ;: . "',. ·:•.: lki!f · ·~~: ,: tr'f .. :· -. , l;!JTII ~ 
~ .... t; ·i':::~~·~~ ;·tint* .,~-'-f";.f :~:_,~~~ ~~ , . . .. · ... f~ ·-- ~ ';_ .. ··. ·. · ·~ 
:l.1t~'ft:~·~::~i ~~~i{~~i<r ;.~;~f. "::~;/!:~ .. fft · · ~ ·> :.~·-< 
,;~J~i!S~4~1ffr~~tl~f{1¥!t;$~«:t~~t ; ~ . t .. · ··y -~~~ ~· ·• ~:····i< r' ·' '····~!!._ 1f.."' .~;:, .. .f ·'l"t ,, .·" . ' 
t'Mtawiv.~,..~~rf;~~~~~~.,i~, · 
_,,,..,., }-~•:·~"r~ ;·t;·(~ , ~_.: '>·"~ .· ~ · 

C.:..r.:...~,iiiLiLtd · 

c1I.Ji:. tJ 1 

(u,ht.llfl · 
ur.dromaJ 

Ur.uJn:./ ,1-b tr.d· 

Ul.Jir~u.r...d 

A~p l y uwwl:..:r IX=lf<, a,. 
,'1, ll'o' UJIIJ t,lt1c dr.tiruue.. 50 

y.r,rc w.ila VfC""-J.~Jft (u - uj 

dr- ·l d 1, ,....-.tJ L3o u:ru. 

Apply cha.rnh<:r pr=ure. a, . 
Alluw annl'k:u: dr.iiWK<. :so 
VA"e 'H"dla Pf"""'Ue (u- uj 

dt.-vtlo~ "' u:ru 

A 'Jy ly d~,rn tA:t prezure. a, . 

(j(J hiA diLJW rir.WJ.<.ajSt:, "" 

p-;n: '#olc:r pr=ure (u - uj 

<kveloped thrwKIJ application 

of a l is not z.ttn. 

Fr,r CIJiil(J/u.bJied undrained t~:::;t:~. at failure, 

Apply axial str=, t.a, slowly. 

AJJ"w drainJ~e. >0 p<><e walt'f 
1-Xl:'J.l..tlle: (u - uj de·tti!J t.~e~l 

l.hrCJtJI:{h appli r.::..~wm rJ ( .\a i~ u:ro. 

At failure, t.a ~ ua 1 ; total pore 

waLer prtSSw-e u 1 = u. + u .. """0. 

Apply axial str=. !J..a . Do not allow 

dr•inage (u - u, ,. 0). At bilure, 
6a- t.1 ; pore water pr=ure 

" .. "'r - u. + u.~~- 0 + u41 n· 

Apply axia l stress, t.a. Do not allow 

dr•=~e (u - u, ,. ll). At fJilure 
t.a- t.a1 ; pore wata pr=>ure 

"-u1 -u.+u.-n . 

Ma jor principal total srress = <1l + !1<1 1 = <1 1 

Minor principal tota l srres:~ - <1 1 

MajfJr '-'rmcir,al dft!{.tive ~trC!lS • (a 1 + t1a 1 ) - u 1 - <1'1 

Minor principal effective srress = <1 l - u 1 = <1'3 

[ . ! 
L -==:J-D 

Changing <1l permits multiple tests of this type to be conducted on several soil 
spedmm:;. TJ ,t tota l stn.~ Mohr's circle!! at fai lure can now be plotted, as shown in 
Figure 1.2&, and then a common tangent can be drawn to define the failure en ~·e lvpe. 

Tn1s total stress failure envelope is defined by the equation 

S = C0 ., + (] tan r/J,w (179) 

wht'rc c,. awl r/1,. are the coruolidaUd·undrained cohesion and anl;/le offn'ction. r<:~ rcc · 
tivcly (nu/e: c,. :,; U for nom1ally consolidated day:~) 

Similarly, tfftL"tive srress Mohr's circles at failure can be drawn to de termine the 
effective ;lre;s failure envelopes (Figure 1.2&). They follow the relation exprr::;~ed in 
Eq (1.71J) 

Kcr1ne:f (1959) hJs given a correlation between the friction angle, ¢, and the pbsti · 
tl t/ ir ,dcx, 1'1. of"'" rnJIIy cun,olidatt-d clap ba;;cd on the obscrvJtions of 111ore than 60 

--~ ;~ 

n 
..... J c=J c::J 

·I 

t::J .______,. 
•"7'15' Shc.ir";:,crc!ngih 

soils. This corn:l:ll ion is shown in Fif,'\lre 1.29. l1ascd on the average plot. the value 
gener.lil y deere;,, ,.,; from al;,n1 t :!7 -:1s·• wi l11 a pbsticity index of ..I bout 10. ro abuu 
with a >J ia or ici ty index ni alxnn 100. The consolidated und;-:~intd merion angle(¢, 
norm;.t ll y consoli tbtcd :;;J lnratcd cbys generall y rJnges irom 5' to :20' . 

For /IJIC.'OJ J ~ulidat,:r! - rurdmincd ln;lxiJ I tests 

f'vbjm I" 1\H:ip.li tll t;li s trc:;~ ~ a 1 + .:lu
1 

"' a 1 
Minor principal total stress = <1 

3 

The total stress Mohr's circle at fai lure can now be drawn. as shown in 
urc 1.2Hd . F"r sat 11 rarcd d ays, the va lue of a,- <1 1 = 6.<1

1 
is ;.t constant, irrc,;pect:i' 

the chant her confinint: pn:c,: ;lln:. <1 1 (;li so shown in Figure l ~"d ) . The tangcl 
the-se :--.l uhr's circles will be J h01i.:o \lla l line. c:Jilc'tl th~ ,j =I) condirion. The : 
srress for this condition is 

I , ~ ,~ ~ ";, I 
where c. = undra ined cohesion (or undrained shear strength) 

The pore pressure developed in the soil specimen during the unconsolic 
undrained triaxial tes t is 

u = " ·· -1- llJ 

0.8 

~~ '£ 0.1 

H.U., ~b -- - --· ·- ·- -- -- --

=i-: ~ -~ ~ f.r; ~-'/;'"' 
/ / / / 
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-IT--t- 1--
/~ / 

/ 'v / 
' / r.z / ' / . ;f:>' -<.., / // / / . 

, .... "$. 

-· .:: 0. 
:.n 

1" "'-[-<. f-<> 
/ . / / 

",' / - -- --- - .. _ 

r~,r - t- - - ~ -· 

-- ·· f--

'--~ 

()~ 

0 
~ 10 20 :JO ~() J()() 15\l 

l'l.1>tki ty iudn. 1'1 

T F IGU RE 1.19 VJrialiOn of sin .p wilh Ul< piJslicity inde.' vi S<Y<r.l] ~"S (n:dr.\ \>ol) mer K=.e 
t%~) 



-
~· 

v 

56 

liiiiil liiiri .... [~ .. ~.,. .. 
OiAPTER O:IE Gwu:chrucal Propaties of Sou 

TI1~ rhr ~ pn:: ,',ure u. is the mntzibution of the hydrostatic chamber pre.;~ure , a 1. lienee 

u. = Ha1 

where B = Skempton's pore pressure parameter 

Simslarly, the pore prc:;~ ure u, i~ the result of added axial ~tTe!l~. t:.a , ~o 

u, = A t:.a 

where A = Skempton's pore pressure parameter 

I fr,wc·;c r 

t:.a = a : -a 1 

Combining Eqs. (1 .81}, (1.82}, (1.83}, and (1.84} gives 

u = u. + u, = Ba 1 + A(a 1 - crJ} 

TI1e p<,re water prl:Ssure parameter Bin soft saturated soils is 1, so 

~~>a 1 t· Ala 1 - a 1) I 

(1 82) 

l1 .83) 

{I S.l) 

(1 j)Sl 

I 
j 

(!81)) 

The value of the pore water pressure parameter A at failure will vary with the type of 
lhil. Fr. llr.wing i~ a ~ener .. tl range of the value:~ of A at failure for various lYf..CS of 
dayey ;_~ , il encr,untcred in nature. 

0-<.uly U.. t• 
tl<xuuily uxw.liti.t.td d.ly-. 

0 ·'""""'1l<L.w1 U..ya 

05{17 
0.$-1 

-0~-0 

Fi~e 1.30 shows a photograph of laboratory triaxial equipment 
Figure 1.31 shows the range of variation between c.fcr. (cr.= atmospheric stress) 

and liQuidirJ index for undisturbed clayey soils of low sensitivity. The definition of 
liquidity index is given in Eq. (1.53a). 

1.16 UNCONFINED COMPRESSION TEST 

ll1e uncrmjined comprenion leJI (Figure 1.32a) is a special type of uncon~olida!C<I· 
w.d1aiucd lJ iaxt<JI l~::. t in which tile confining prcs~urc a 1 ~ 0, a~ ~huwn in Fig 
ure 1J2b. In this tes t an axial srress, lla, is applierl to the specimen to cau::;.! fa!lun: 

-..-..-- -- .. z~ , 

~·~.-...... ~~ tllli" liii'" lllf"' 
1.1 6 

-i-1 ·::..::-.-.. ·~--· --·----

T FIG u HE ) .)0 T I J.I XJ.Ji ll':.. l r.:q lll plllr.:IJ ( 
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0 

a. -~ . 17< ----
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<"v/ 
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T FIG lJ II E l.ll V.m.1Uu11 of c)o . w11h liquiJi1y index th.J :;..-J on \Vov.i l!"\$3 ; l\ulluwy Jr.d ~ ! 
l~JO ) 
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T Fl G U R E 1.32 Unconfined compr=ion test : (a) :>Oil specimen; (b) Mohr's circle for the test : 
{t) vanari(m uf '1 .. wnh d~ de-gee of !kltun.Urm 

i~ . tla - tla 1). 'lltc C(Jm."!iponding Mohr's circle i~ ~hown in Figure l.:J <!h. Note that, 
fur thi~ ca:,e, 

Major principal total sn-ess =- tJ.a 1 = q. 

Minr, r vrintipa l total stres - 0 

I 
j 

j 

The <Uial stress at failure, tJ.a 1 "" q., is generally referred to as the unconfined 
compression strmgth. The shear strength of saturated clays under this condition 
(¢ = 0), from Eq. (1.76), is 

B 
I 
j 

(1187) 

The unconfined compression strength can be used aa an indicator for the consistency of 
clays. 

Unconfined compression tests are sometimes mnducted on unsaturated soils. With 
the vu11 l r.1t iu r,f a uui l upt:t:iltlcn rcmainin!l corwtant, the uncon fined corn pres>; ton 
&tn:llv. tlt ' "l* ll i' rleCJea : ,<::~ wi th the Jc~rec of l><.lturatirm (Fi~urc 1.3Zc). 

h;(IIPo I 3.'J ~ I H,w:; an unconfined comprc:>~ion tl"!it in pru~re:,:J. 
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FIGUHE l.ll 
l hu.IHllith'll l.'ompt c:.:-.HHI tr~ t in prnun::>S (L,)IlJ'lL":iY oi S..nhcst Inc., Lake Bluif. 
l llm~ ·i ~ l 

The undrJined cohesion, c., is an important parameter in the de5ign of fou 
tion:;. F11r ll<Jrtna ll y coo:;11 li tbll:d d t)' dcpo~ its {Pigure 1.3~). the m;tgni tud~ < 

increa,;c:; a lr nu~ t linearly with the increase of dfective overburden pressure, p. Sk. 
ton (1957) correlated c. with p in the form 

S! = 0.11 + 0.003/(PI) p 

where ?I = plast icity ind<!.x 

(normally consolidated clay) 

The vanation of cjp with ov~rconsolidation ratio. OCR = PIP, (p, • 
consolidarion pressure) fo r some naturJ! days is shown in Figure 1.35. Based on t 
ob~ervarions, we CJn say that 

(c .. ) (c") - - "- l --

/J uv cr cu ou ullo.J.ucJ P nurnull r O:IH'Ihl(hJal rd c 
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Figure I .36 ~how5 the range of variation of ct with OCR based on the experimen tal 
r~ul t.o d~;;il1td in Fi.sure US. Fur ini tia l t:!;; timation pur-po:;e:; , the va lue of 2 fro m the 
ave:-age pier of Figme 135 may be used in Eq. (1.89). 

I 8 r-----------------~ Curve Soil PI --
1 ...... Marine o rganic clay ... J.l 
2 ...... Bang kok. cl ay ........... 41 
3 . ... .. Atchafalaya clay ....... 75 

u ~ ...... Bos ton Blue cl ay .. .. .. 21 
5 ...... Con necti cut varve 

u 
Clay layer ..... . ...... 39 
Silt la yer .. ........... . 12 

~ UJ 

"' 
0 8 

(J L_ ____ .:...._ __ t_.L_ __ L_...l.._ 

I 2 3 4 6 8 10 

O CH 

Y f l G lJ H E I .J S V ., . .,. .. ,, 11 r1l cjp with O<....'H lor th e t:~ y aoi la (;a !tct l...1 d1 1 awl FoCJI, 1'1/ 1) 

::=J 

I 

c: (J 

'-

s1 i I \ . 1 \:.:· }>, 

1 2 ~--~-----'-----'----!----

Y FIG U AE I.J6 Varia tion of> with OCR [ Eq. (1.89) ] bas.:d on the roo,-uJrs shown in Figure 1.35 

T EXAMP LE LIO 

At a point in a saturated overconsolidared clay deposit. p = 2300 lb/ ft'. The plasiici· 
index of the clay is 2'1, and the overconsolidation ratio, OCR, is 2.5. Estimate ti 
undrained cohesion, c, . 

Solu t ion 

From Eq. (1.88) for normal ly consolidated clay, 

S! = 0. 11 + 0.0037(?1) = 0.11 + 0.0037(2-1) p 

= 0. 199 

For OCR = 2 5, the va lue of ::t. from Fi~ure 1.36 is about 1.9. From Eq. (1.89) 

(c·) (c·) -- ~ 0. -

P UY CftOn JuliJ al c J P autm ally t Oc Jo!ld&tcd 

= (1 .9)(0. 199) = 0.318 

So 

c" • • (0 :r/!lX/1 ) ·~ (O.:I7tlX:!:J!Xll ~ !!!i!)..l lh/ft 1 ..., 
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SENSITIVITY 1 

For many naturally depusited clay soils, the unconfined compre!;Sion strcn)Sth i~ mu~ch 
lt$S when the soi ls are tested after remolding without any change in tht! moisnhe 
cuntenl Thi~ property of clay soil is calk-d sensitivity. The degree of sensitiviry is the 
rJtio ,,f the lll< u,n f~rlcd ccJmpn:s~ion strcn!(th in an undis turr)(:d st;Hc to that in a 
remc,Jdt:d :, wtc, or 

s ~ ~ ::!~:! :!~~~!2! 
I 

Cf:..!f t iiP;I •JcUI 

(I. C.{)) 

The sensitiviry ratio of most clays ranges from about 1 to 8; however, highly 
floccul en t marine clay deposits may have sensitivity ratios rangin!( from about 10 to 80. 
S<,rne clays rum to viscous liquids upon remolding, and these clays are referred to as 
"Cjui ck" cbys. Tl1e lv.;.;; of srren!(th of clay soils from remolding is cauSt.-d primanly by 
the dc:,tnJcti r,n of the clay particle structure that was developed during tht: original 

vru .t - ~ cJ :.A:' Ji rrlf:rd;J tif Jrl. 

PROBLEMS 1.1 F"r a naturdl sand. 0 00 - 0.8 mm. 0 10 - 0.3 mm, and 0 10 - 0.15 mm. wlculate : 
a. The unifr,rmirt cu:fficient 
b . ·n.e wcificltn t of gradation 

l.Z A rntH~lwil haa a vr,id ratio of 0.65, the moisrur~ content of the soil ia l-1'.'., and C,- 2.7. 
DtU:rmine : 
a. Porosity 
b. Degree of saruration (%) 
c. Drt umt ·;;eight {Y.N/m 3

) 

1.3 For t!:e soi l described in Problem 12: 
a . V.'ha t would be the saturated unit weight in k.N/m 1 ? 
b. How much water, in k.Nim 3 , needs to be added to the soil for complete saruration? 
c. What wc;uld Le the moist unit weijSht in kN/m 1 when the degre-e of satur.Hion is 

7()'~'~.~? 

lA ·n ,e moist unit weiKht of a soil is 119.5 lb/ftl . For a moisrure content of 12% and C, -

2 f.i5. GJILlJbtc: 
u. 
L. n 
c . 5 
d. ;, 

r:n 
r..d!q 

'P 
it .. ( ,: 

~j 
. ~a 
,. 

~ : 
\ 
t ,, 

.. 
< 
I 

l 
t 
f 
i 
1 
I 

: ~ 

i!· 
.=¥.'.{ 
-~ ~ - t 
:;: ···: 
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:r-;· 
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~ 

I ri.i 
-
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. ~ -, -· ... -... -- --- =-Probkms 

1.5 For the soi l de:.;crilx:d en l'rob lnu t.'·l : 
u. Wkn wouiJ be 1he ""~<r=< l• , l uni t weil.!ht in lb, ft" 

b. IIIJiv much wa~cr . iu 111•11 ', Iln~b [l) tX: J(\tktl [lllh~ ~lli\ ior tilmp\M. ~"=~on ~ 
c. \VhtH would be ll:e rnr11 :-. 1 \IIIII Wtlght in lbtftJ when rf:c rie:--.tr~ oi :i...,runncn is .30 

1.6 A samrnted soil specimen h:<s"' ~ ~li"o and i'J ~ 8.~ .· l3lb ; ftJ De!ermine: 
u. Void r;llio 
h. Jt, JfO: oH]" 

c . Spcci lic b'TJVHy ui ~ ~~1 :-.olitls 

d. SaruratL'<l unit wc:i~ht I in Ill · ft .. ) 

1.7 For a ~o il sample, V ~ :u it-'. W ~ TIH lb. w ~ 12.5':,. and r;, = 2.57. Calculate : 
a . 
b. >I 

c. 
d. ;.·J 
e. s 

1.8 The: laboraw"· lest resul<s of a sand , a r~ e = 0.91 e = <l .~ .:l. and C, = 2.67. 
wuu ld be. the .dry and ""'"t lf<llt we<ghts ;;'{'this sa~d ·~,"nen compacted at a moi 
contt.:nl ul lO o,, lU a n:lau•:t: ch :lb ll y oi OS~o? 

1.9 The l;li xu·;uory tc:a n::;t ilt :, .,f :. f\ >·lfd:; ;~re Kiven in tlce follow in~ ::1~1<. Cbssify the SOl 
1\ce ,\ ,\ SliT() " '" d""''llic:cll<>ll :.y:.tecu anJ g1ve the brDUIJ indices. 

-1~ . 9:! [ [j) too 95 100 I~ 10 ·IB till 
' ~B !)() 91 6:! ·I ll w ·II ti:.! i!) &l ~~ 

~~Xl 13 3:.1 72 &I 31) 55 
Liquid limit 31 38 56 35 -13 35 Pta!; tic limit 26 25 3! 26 29 21 

1.10 Classify the soils in Problem 1.9 by using the Unified Soil Cla:;;inc:nion Srstem. 

1.11 The pcrrncabiliry of a s;~nd was tested in the labor.uory at a ,·oid rario of 0.6 and ' 
dctcrtllincJ to be O.l·l cmts..-c. lise Eq. (1.27) to e:;tim:ue the ,wif.ci<nt ui pcinl<.Jbilit] 
thi s sand at a n>id ratio o { 0 !l. 

1.12 A 5;Jnd has a cO<!fiicient of 0.3 cm/:x.'C at a void ratio of 0.65. Lcimate the \"aid rari< 
which its cociiicic:nt of pcml<.Jbllity wou ld be 0.15 ml /S<..-c. C:;., Eq. tl.:.'Jl. 

1.13 The l/1 Yllll Lllcificicnt of pcnn'"<hility of a clay is 4.2 X ·w-. em ic.: at J void rario a{ 0. 
vVhat wnuld be the cll<!ificltlll ,,; pcrmc:J biliry at a void ratio oi 0. ~~ ? l";c Eq. (1.31). 

~· "'"i. ·---:a · 
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1.14 

1.15 

1.16 

1.17 

1.18 

1.19 

A y,d l"'' filc i> :, ho,wn in Figure P1 14 . Dt:tt·rmine the total srre:;s, pore water pn:: .~ure, and 
tl fo:-.t J ,,, elf<~ . : . a t A, U. C. and D 

A 

· t Dry ·.und: c = 0 6: G, = 2 65 ." 

~~g:~.~:r~:~.•i;:d~:v~f.·~;~:~)( ·:- ~~~ci.~~'~i~ ~..c - ::;:<'_.;,:.J£1 · ' 0-A ~~,~~'-'""""?.<l"' ~*r~~~-- ' . ::.~:;,.r· .. v~~ ,~~ ·: -r...$.;~~~~ 
>; --:·--~ ·"' ; -·&:~ ~ .Hod(, = 2.68 < = fH8 ::>.(.~-;::>. 
~.;:~ -~ ?.-"'· ~~ ;. ~ - ~~YiJ · .. ,;~, , .. ~, ...... ,- -.- -~-=~;r~ _ - ,,. :.-:n.·-:r"r; ~;:r~- ~:~ 
~~..-.£q';r.~:: ·: L.r.~:-;~ ~·;! ~:~~C .;1~-; -.. 'J,r.l'((~':'t!-.:. ·Jy_ .. {l.;.~;:. .. ll'.i! 
• . -~- . r~ ;~ ~:~ .~-'~;7. : _ ,:_·_:~-... _ .. ~T.;:;(.~i~ts~;.·.~ c~~!,1~~?t1 
_,,..f, , , _ ' .t":fC· ''"pV:~.·,ji< · o~':t? · ;'.iJ.(f'{''''''' I' ' • 

!Bthif.~fj£~~'\-:i&~.J&~l{i~W,~ 
:--."' r;.f,131m~ Clayw= 3fJ%G,=2. 75 t;:~..">' 
~~.~-::-~;~ ~; - ;l':'t' .~ ;~;··,·;: 'i-t:~;;;;.-.~l,f.J'!~~1~:1f:J:tt~~,;.;;-:.;&..~~· '•.J . ...,,,r.. ~.,. '/~, 1' <4 ."/ 1" • ( f .... • ,,.: '"' .... t· •"A./( "i-"\•' l'' ·r·{; -:·} .. ~7.1 1o·, ~: ,r:~ ... ;;~'r'·., .. ::J,.y ... · -.. '~~. -.. ; ~<· ·::::~ '(:~\::~. ~~~~{~;·,_:·c:;~~~y;~. 
Y FIGURE Pl.l-4 

A :;;o nd y ;,~, II (G, - 2 C<i). in il3 den!le3t and loo:!e3t state".!, ha!! void ratioo of 0.-12 and 0 97. 
resr-.:o1vcly. Lurnate the range of the mrical hydraulic gradient in thi~ so1l at which 
qtllc~::;Jr.d u~r.diti()n m1ght ocrur. 

A l<.' Jt lu;,to~ l< . l;,y dt;/lllt in the ficlrl ha5 

l.i 'jUII ) II II oil - b1 ':~ 

Pb~tiC limit ~ 21% 

M'~l:..t l lle ClJnttn t """2-0~'a 

Lum~u: tloJ: l'rtiJJrl::h lid~ tirm pre5ure, p, (lbilt'). U:;c Eq. (1.53). 

A normally amsolidated clay layer 8.53 It thick has a void ratio of 1.3, U = ~1. and 
average effecti ve strtsS on the clay layer= 1720 lb/ft'. How much consolidation swle
rr.cnt w<,ll ld the clay layer undergo if the average effective stress on the clay la yer is 
in<Jt:a.•..<:d to l5JIJ lb/ ft' a:; a re:;ult of the con!Hruction of a foundat ion? 

Rtier to Prc.blem 1.17 . . -\.ssume that the clay layer is preconsolidated. P, ~ 1980 lboft;. and 

C, = l C:,. Ltirnatc the conso lidation $<:nlement 

l<tftr t<1 Fi~11re 1'1.14. ' l11e clay iH normally consolidated. A laboratory consolidation tes t 
<nl llt r. Ll.l/ ""'/e the (<,ll< iNIJII& rL'l>lllt•. 

Jill 
'O il 

(j'j{ /. , 

OBI5 

FJm ,.,. 
~ '---

1.20 

1.21 

1.2!! 

~ 
~ 

~. . ..,.,. r---w c..__-. 

a . Glculatc the aver.1ge elfL"c ti ve srre:;s nn the d ay layer. 
b. Dctt.:mlinc the LOill pn·:;:,lt m IIHft:x, C(. 

c. II the avaa~c ciiccti\'L' strL.,;.,; on the day bycr is increJS(Q rp
0

-;- Clp) lO 11~ 1\Nfm 
-... -ha t wou ld be the 101.1 1 conso lida rion scttiL'menr? 

Reier to Problem l.l!Jc. For the day ;o il , il C, ~ 5.6 mm' .'min. how long will it take 
reach half the conso lid:lluJn ~c llkml'ltt' (Note: The clay l.l )'cr in the ;jdJ is dr.tinctl on o' 
side only .) 

A clay soi l specimen, I in. thick (drained on top aod bottom), was :e:;ted in the laborato 
For a given load increment. the time for 50% consolidation was 5 ;nin 20 sec. How lo: 
will it take for 50% conso lidation of a similar clay la yer in the field ;P.at is d.2 It thick 1' 
drai1:L'd on one sitk un lr? 

A ~~::- ·~'.:-: ::;heJr tesr '.\'a:; ':ondw.:tL'fj on a 2 in. x ~ :n . .:pa . .::ir.:t!~ .-;; i· dry ~d. ·.1.-!th 
follc,· . ..-rng results. 

:J3 
5517 
6(j 16 

::!tl ti7 
35.8 
40 2 .. - -----------------..J 

Dr.t w a graph of shear s tn-,;,; at ia ilurc vs. normal str,;s and dcte."'::linc the soil fricti 
an.:le. 

1.23 A consolidated-drained aiaxial tes t on a normally consolidated cia~· ~ielded the foiJoy,.i 
rc~, ult !.i: 

1.21 

1.25 

1\ll Mound wnfining prc:;surL' - u, ~ ~0 lh/ in.' 

AddL-d axia l stress at failure = 6a = ~0 lb/in.' 

Octcnnine lhL' shear stren~th p:lr,Jtnclcrs. 

Fol low in!< arc the results " f two consu liJatcd ·drainL-d triax i.:J I teo;ts on a clay. 

Test I: a,= 82.8 kN/m' ; a11 ;,"""' = 329.2 kN/ m' 

T~t 11: a,= 165.6 kN/m2
; rr"''"""' = 558.6 kN/m' 

DL"termine the shc.u strength parameters-that is, c and tj>. 

A consolida,tL-d·undr.JinL-d triax ial test was conducted on a s.:Hur.ned r.omull}' ronsolidatt 
d ay. F11 ll11win;: arL' thL' tc:;t rL'sulls. 

cr 1 = 13 lb/ in 2 

0 fiC •IIw~tl - :t.! ih/in . .I 

Pore water prc:;sure at fai lure = u 
1 

= 5.5 lb/in.' 
DctL'rminc c., .P.~ , c, and <jl. 

I . ~U A nonmlly consu lid:ttL'I cby soil hJs .P - 28' anJ .P .. - 20•. If a L'UnsolidJtru -undr:!in« 
lt ·~. t i:J l.'tltll lttcted 0 11 this day wnh a 3 ... :!1.5 lbj iu. J' wha t wuulJ.bt: tht! lllJ~nituJI! oi th, 
pri11cip.tl s trc..-..~ . cr 1, anJ the Ptlrc water prl'ssurc, u, ac f.Ji lurc? 
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f" l.J :; CH:HJ JfH~~X = 21 

TL" '"·'' "' t.J/,1•: '·'"''' t• !.-::: ·;.'llh the lj'rt•11nd surface. If the clay is nt>rmally consolidate<:J, 
c.tinr.Jit; tJ.c u, ; ,~IIII IJ dr: ~~1 c.lk : ~ . roJ) ;Jt .J dqHh rd d rn frtJHI th..: ~TCI\11111 :1111 f;ru: . 

A;.our:ot tbJt the day layer in Prr;olern !27 is overconsolidate<:J and mat the OCR = ~ . 5. 

Lt irr.<J::: ti:c rr.Jg-rlirudc Gi c. r:.:.:-; .m'J Jt a depth of 6:5 m below the gT0Und suriace. ' 
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The dcsign of fuuucbtions 0f s tructures ~uch as bllikting:.,, h1iclges, and dams gener
ally r ~(j uin: : ; a i:llniiL·tl :.:e nf :., 11, h f.h :t<•.:; ; . ~ ( ; ,)till: t .~ ,~tl th:.t will h~ lr:w~; lltittc.l by 
11.~ ""t ':<:. t<lll .llllt: !11 !he l<HIIId.<ti~<<l .;y:. telll, thJ tl, ,: <<:•tlliii: IIIC<ll~ ul the h" ·.d htuhl · 
iilg u xk (c) tl11: l• .. ll .J Vt!lr :11·.d ~ tr:.::,: , rcbt~d dd •. \\ m.llJil ity nt Jnib that will ~upp\Jrt 

the fOtHHiJtiun ~ y :>kll<, Jlir! (J) tlie l:L'>Iogic:,! cOtHJiti L n~; nt !ht: ~uil umL:r considr::r· 
;;tion. To a fo<tr;d .J tinn engine..:r, l!H! bst two factms are e:·an:mt ly important Lec.:Ju~e 
lli..:y CL·ncccn ~oiild t:.:: h .. ~ui c:.;. 

T\,c gelllt•:hni•:. llpropt.rlic:; of ,J soil .. - ~;udt a~ th~ !)rJill·!iilC di~t;ihution, pb~
li :-jry, cumpre:.>~il,ilily, and ~hear ~trcng·d1 ---c;m he as::~~.;,;d by [Jrupcr laborawry 
testing . . -\nd, re.:entiy, em[lhJsi:o has \;~en [!heed on in siit; dctctmination of strent,<th 
and rldonnation tJI'<Jt) e.rti<.:$ oi ~oil, b~wt.:e this pnx:cJs avoids the sample dis· 
turb:Jil r t::J that occnr rh.ring field exploution. !],lweve:r, und.:r ccrt-;;iu circumst:lnccs, 
all of tb.: ne.;ded parameters GlllOUt l;e d.:tc.-miucd or are uot d~knnincJ lx·clu::;e of 
economic or other rciiSOns. In such CJ~cs, the engineer mu~t nuke certain assurnp
tiOP5 regan] in!{ t'lt.: p.-r.jkt·tics oi the soil. To Jt>St ·~;:; the ao.:t n ar:y of ,;oi l 
p:lranll:tt:r:; --wbdh•:r tl..:y wen: d~t.:nnin~d in the l a l~1t;ltory ~nd the fidd or wen! 
a::;:;utncd --- thc t·ngi!l<:•:r tw ";L hil '/ t; a g•xJd ~::r>< :; p of th<: \n;ic principle$ uf S•JilmtYha · 
nics . • ~. t rhe :;.11:1<: tlln <: . h.: or she IIHIJL r~:di:.~ that the n;tt<u;t\ ~oil dqJ<l:;il's on whi..:h 
foutld:uion ~ ;tr~ . :on ~ill:,:kd ;1rc not IH l l'lln[; c <lc t nl~ itt mu:; t ' t~ :ie~. Thu~ the engineer 
tnu~ t ha v ~ a tl~:1r<;<tgh tnlikt~t ; uHiin!:l ullhc t;L'lhii}Y of the Mca ·--th<Jt i~. the nri!lin 
and nat111 t: ,,f ~:1il s\1 .uifi, ·. ttion ;utd ab1 the f:l'llllndw:tt<:r •~lllditiutl:i. FLHilHhLion 
u :t; itu:e rlllt; i~ a ct.:vcr <.'llllll>in.11io11 nf ~llil 111c..: hanic~. cnt;inccrint:: t;t:olu~;y , :lllJ 
t•;llp<.r j1 :: tt.:nlc11t dcn•11:d f11111l p;1:;l cxpnicncc. Tu a ccrt:1in cxtc•ll, ilnl<tY he Gdbl 
~~n ·· a1 t." 

\\iltcn dcl<:n<li,ling which f,l\IIH!ation is ihc mo:;t L'\:onomic-:!1, the engin~-cr lllll3t 

con~itkr the ~illt1 •.: r ~; trw:llllo: \na.\, ihc :>\1\.:.;,~ i\ wn<lition:>, an1l the ,J,::.;ite<l tr,\cr;l\lle 
~•: ttlc! .1clll . lu l! ~ · ~ .. r. ~ l. i<:IIIIILiti<lll:J ni I J ilil.li<IJ~:; .111d btid~c:i '""Y b-: dividu l inh> two 
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majr, r Ul!f:'6GritS: (])shallow fo uru1at0ns and (2) deep founda..-ions. Spread footings, wall 
ft,u lrr~J{ ' . ;, nd m<Jt f'"'"' /"t""' ', arc all >haJir,w fr111nda1ion~. lrr mo~t "hallow formda1iono, 
ll:e dzpth of an&edm~nt can be ~qw1l to or Ieos than three tu (u ur lillie~ the width o/ lice 
f ouruia nun. Ptl;: ar.d caisson foundations are dttp foundatiolllS. Tht:Y are u~ed when top 
layers r.an pcor icad -t<:.aring capacry and when use of sMi\ow foundations w1ll cause 
cr, n~ i tlenUc ~tnJCtu ra l darnage and.'or instabiliry. The pr: .b!t:ms relating to ~ha llow 
fr,u r.d a t : ,, n~ and rnat fr,undatiuns are considered in Cha i= er·~ 3 and 4, n::ipccti vcly . 
G ·.;,r.ttr a di.,{.-.Jo.:,e:i \JIIc fuundati r,ns. and Chapter 9 examinl5 drilled ~hafts. 

T nis chapter serves primariiy as a review of the b"'sic gtmcciUlil.".ll propcnie:; 
of soils. It ir.cludes topics such as grain-size disrribu:ion. plasticity, soil cla~i· 
f.Ultion. dftctive srress, consolidation. and shear strength parameters. It is based on 
me a:..~rHn (-ti r JII that yr,u have already been expo&:d to th= concepts in a baoic 

s.r.~ ll mt!..f . .a r~ ic-:3 CIAll:...e. 

1.2 GRAIN-SIZE DISTRIBUTION 

In any sr,i! mass. the sizes. of various soil grains vary grl!:<l.tly. To classify a soil prop
t:rl/ . yr,u rr rr Ll Y. llVII ill grain-:; i.u distrib ut ion. The ~-size di~rribution of coarse· 
grained ~.~~rl is KerH:rally duennin~ by mean~ of sieve alliJ iy~ is . For a fine -gra ined ~o il. 
U.e bf3JJ1 ·:.i:a: di~tribu tiun can be obtaintrl by means of hy::lromeler analysis. ·n1e fumJa. 1 
rr.e:nd fa.n.~:ts Gf tht::.e analyses are presem.t:d in this seaon. For detaikd descriptions. 1 
:-a: ~n 1 :;,il rr.~har.iw latoratc.ry manual (for example, D;zs, 1993). j 

Sieve Analysis 
A sieve analysis is ronducted by taking a measured amo.mt of dry, well-pulverized soil . I 
Tr.t o)', r! i.> r..a:.: . .<:d through a stack of progressively L-.er sieves w1th a pan at the I 
U.,ttrml. Tr.t: ;,rnrjunt uf y,i l retaintrl on each s ieve is .m1 easurL.J, and the cumulative j 
per=tage of soil passing through each sieve is det.e~t:d. This percentage is gt:ner· 
~ill rdt.:rL-d to as perce11 t finer. T able 1.1 contains a lis1 of U.S. sieve numbers and the 
u,rrc:.r;,ndin g ~ize of their hole openings. TI1es.e sieve=; are commonly uSt.-d for me 

an;,!y:. iJ r, f :;,il fr,r d~:.:. ifir:ati on purposes. 
'll rc [«:rr.crr1 firr cr for each ~icvc deu:rmined by a sieve analysi~ is plotted on 

semrlogantlrmic graph puper. as shown in Figure 1.1. Nae that the gr.1in diameter, U, is 
plum-e! on tht logarithm ic scale, and the percent finer is ? loned on tht: arithmetic scale. 

T wo p3rJmctcrs can be determined from the pin-size distribution curves of 
u,;,r...<: (ir ;JJil t:d ~r , ib : (1) the unrfonnity coeffu:ient (C.) ~nd (2) the coefficient of grada.· 
lr un , r, r u'''}/ir rott of curuuture (C). ·nn::;e cudficicnts a rr~ 

G;J -

0 

(1 .1) 

.. 

:l. 
":\ . .: 

l' TABLE 1.1 U.S . Standard 
Sieve Sin!!J 

.~. ·; ;~) 

:l :l!Al 
B ~. :JiiO 

10 ~ . IXXl 

16 1.180 
20 0.850 
30 O.IW 
·10 O. I ~J 

50 0.3!Xl 
60 0.2.')() 

80 O.!!lO 
HXl 1u :•> 
HO ll.liXi 

170 llilHH 
200 0.075 
270 0.053 

DL, [~-------

_ c, = (D.oXD~ I 

1.!! Grain-5ile Oi:;tribunon 

(1. 

where n .. ,. /J"'' and IJ.,., are thr: di;JrJJclr: ro cmTesponding to ll<!rccnls finer than 10,31 

and W%, respectively 
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Fc,r tht grain-::.izt di·~mbuti,,n rur te ':: hown in Figure 1.1. D, 0 == 0.08 m:n. DJa == 

.17 mm. ar.d 0 ,_
0 

== CJ.S7 rr.m. T nus tr.e valuts of C. and C, are 

() 57 c , _ --- ~ 7 . 11 
• (J ! ,(1 

0 17
2 

:: 063 
C, == (0 :.1 )0 08) 

Parameters C, ar.d C, are used in the Cn i{u:d Soil Classification Syste17'., which is 

descri\:,.;.~ laa:r 1;1 thi':: chapttr. 

,.. 

Hydrometer Analysis 
Hydromettr anal'/sis is based on the principle of sedimentation of soil partiC.es in water. 
This ~t in·, ul·;t:; tf.e UY.: d SO grarrG of dr;. pulverized soiL A defloccula:ing agent is 
always addtd to the soiL The must common deflocculating agent used for hydrometer 
anal:t;.i;, ~::> I ;G u: rA .:l % y,lutir, n of y /iium hexametaphosphate. The soil ;3 allowed to 
soak for at lr:.a'::t 16 hutm in the dt ilu:cJlating agtnt. After the soaking per:iod, distilled 
water is addtd . and tht soil -dtf1c,.cculating agent mixture is thoroughly ~itated . The 
sample is tl:i:n rran:Jerrtd w a 1Cfi1-ml glass cylinder. More distilled wat~ is added to 

the cylinder u, fill it to the JC(.D-ml mark. and then the mixture is agai~ thoroughly 
ag i t.at t:~ L ?. la:tdn,IIIett: r i:, pi<J cd in tht cy li nder to measure-usually ovooer a 24 -hour 
perir,d -t.l.t: ~r.-ct.i fi c gravit'J of the soil-warer suspension in the vicini~ of its bulb 
(Figure l2). 1-hcirt. rr.tttr:; are calibrated to show the amount of soil tl::at is still in 

', i . ~\ 
L 

:-:. .: __ . 

, ·: ·~~r ;. ~ l 

~~~~~~L. 
.., Fl G U R E 1.2 H1drur.w::r ar.ai;--sis 
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1.3 ::nze Limi<s ror ::xJ1ls 

suspension at any given time, I. The l<irgcs·t diameter of the soil particles still in suspe 
siun at time I can be determined by Stokt:s's bw : 

D = J--!~'!-= ({ I (1. 
(C, - l)i'w .J f 

when: D = diameter of the soil particle 
C, = specific gravity of soil solids 

'7 = viscosity of water 
rw = unit weight of water 
L = effective length (that is. length measured from the water surface in t 

cylimler to the center of gravity of the hydrometer; see Fibrure 1.2) 
I= time 

Soil particles having diameters larger than those calculated by Eq. (1 .3) wou 
have settled beyond the :wne of me:Jsurement In this manner, with hydromet 
readings taken at various times, the soil percent ji"ner than a given diameter D c 
be calculated, and a grain-size distribution plot can be prepared. The sieve and hydr 
meter techniques may be combined for a soil having borh coarse-grained and fir 
gr:J ined soil CClllOililllents. 

1.3 SIZE LIMITS FOR SOILS 

Scver:JI organi<:ations have attempted to develop the si;:e limits for gravel, sand, silt, at 

clay based on the grain sizes present in soils. Table 12 presents the size limits recor 
mended by the American Association of State Highway and Transportation Officia 
(AASHTO) and the Unified (Corps of Engineers, Department of the Army, and Sure< 
of Reclamation) Soil Classification systems. Table 1.2 shows that soil particles smaH 
than 0.002 mm have been classified as clay. However, clays by nature are cohesive ar 
can be rolled into a thread when moist. This property is caused by the presence of cu 

T TABLE 1.2 Suii-Supnruto Silo Limit~ 

AASIITO 

Gr.1vd: 75 mm to 4.75 nun 
Sand : 4.75 nun to 0.075 nun 

Silt and clay (fines): <0.075 mm 

Gr.tvd : 75 nun to 2 mm 
S.nul: 2 111111 to IH~i mm 
Silt: O.ll!.i mn1 10 ll.tXl"2 llllll 

Clay : <0.lXl2 mm 



- ~ ----
{APTER Ol o"f: Ge'Aecr..r.ic::JJ PrOJ=tlf:S of Soil 

rinerals such as kaolinite , illite, and montmon-/lonite . In contras t, some minerals such 
; quartz and fe/.d;pa r may be prtStnt in a soil in particle size:; as small as clay min
:-a!s. But d-.e:S<: ~nicltS will nm have tht cohesive properry of cla y minerals. Hence 
hey an: GJll L4 1 cwy ,i.a f.Jartic/e~. not day oarticles. 

~VOLUME RELATIONSHIPS 

In nature, soils are thrte-phase 5/Stellli consis ting of solid soil particles. water, and air 
(oc gas). To develop the weight-volume relationships for a soil, the three phases can be 
separated as shown in Figure l.3a. &sed on this separation, the volume relationships 
can te dtfir.trl in the fr; ll r;wing manner. 

Void ratio, e, ~ the ratio uf the volwne of voids to the volwne of soil solids in a 
given soil ~. or wrimn as 

v. e-
V, 

where V. = volume of voids 
V, = w,lume of soi l solids 

(1.4) 

Poro5ily, n , i:; tht! ratio rA th e volume of voids to the volwne of the soil specimen, 
or 

V, 
n =v 

where V = l!Jtal volwne of sr;i] 

Moreover, 

v. 
V, V, 

n= -= - !j___ __ e_ 
V V, + V. v. v" 

-+
V, V, 

1 + e 

(1.5) 

(1.6) 

Degree of saturation, S, i:l tht: ratio of the vo\wne of watL'l" in the void spaces to 
the volurr:e of voids, generally expressed as a percentage, or 

C"IO v~ 
-=>~ .q '"" ·v: "'- HtJ (1 .7) 

where V. = volum e of wa ter 

Note that. for sarurated soils. the degree of saturation is 100%. 
I· .. n~ WeiUhl r~\ :niun~hip~ ;m moi.Hun wn,~m, mQ~~ ~mif W~hr, dry unit w.::~hl. 

I . 

L 

and saturated uml wet/sht. ·n,t:y t.:m Lc dt:fintti all fulluwti: 

. rv_ 
Mats rure conrent = u.1~a) = -V x 100 

f • 
(1.8) 

-~ 
I 
I 

I 
! 

... -- --- .... ....__ ~'Sir lllr -- -- .- ....- • 1.4 Wei;si::r-Volwne Relationships 

Volume 

-1 
v 

_,_ 

Volume 

T Vie 
T 

v, 
_t_ 
t 

Vw ~ tcCJ 

t 
V ;• I 

j_ 

:--lnte: V, + l' w +- V, ~ 1/ 

\ V,. +IV,= \\1 
Weig ht Volume 

T Tf· "' 
\V -l + l 1 

Air 

:·}~~~;~.~~fA}· >J\.: : 
~1 ·:.<:~Water:~·!~·~~~:; 
+;·~\'! ~; ~~::>~~~~~~; 
.,..., <. l. i 

~~!~[W~J~ 

(a) 

Weit; l)t • 

T 
\V = 0 
~ ' t - t-

IV ~ we -y 
w t I W 

T 
\\' = Cy j_'' w 

(b) Unsaturated sui!; V, = 1 

Volu11H! 

T 

I' 
-,- i };-'~~i.~!{-'-it:-y:~~;'~l-~ :1if. L '~;~~l ~ • -~ 

~~.. . _.....·. ~--; ;i·~:. ~{;·'\ ~~.~~~~ v = we = e -~!t ater:::·~t"~; 
lU I .}• :l;::~·~ .:.. i,. / :1/l.:' t .~~ .. 

+ )\·j~ ~ f;;,(~ ; i·!{~J!ill} 
J..• l I ~t!f;~ ... ~f.' .' 
w~· z.~~!i.:<~~:t~;h 

'"'('''' 
lV +we,,. ~ ''· 
\V, = e,-yw 

j_ v ~L' il~~~j~~~ 
(e) Suiurult.:J soil; V, - 1 

T FIGURE I .J Weighr-volum~ relationships 

where W, = weight of the soil solids 
JiV _ = weight of water 

w Moist unit weig-ht ""' /' = --
V 

where W = total weight of the soil specimen = WJ + W.., 

Weight 

f·-o 
+ w, 
j_ 
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i.l ODJECTIYES AND TECHNIQUES 

In its mos: £:enerJl se~se. dewaterim: means modif\'im: ~round b1· lcm~rinfe th: water 
tJble. re::ii~cting see:age. or simply reducing its- •.~--~,;r conre;t. In co~se-p-ained 
soils. ce·,·arering c:::.:1 x achieved by gravity drJinage :rHo sumps. dit::iles. and .,~,·ells. 

In ilne-;::rained soils . zraYitv draina£e is slow or inef:'"e:::ive: for this tYoe of ~und 
._ - - - - ~ .... , 

the process of dewc.re:lng becomes synonymous witil :·arced consolidJtion t induced 
by preloaciing or elec::.vosmosis). 

Dewatering of soil (or fissured rock) in civil e:-:;!neering or mining pro::cts is 
carried out for one or more of the following reasons: -~ 

To pro1·ide a dry working area. such as in exca1·c.::ons for juiidin; foun::i:Hions, 
dams . and tunnels 

To stJbiiize ccnsc.--ucted or natural slopes 

To reduce late:-::.i cressures on found:Hions or re:::ining srn.:::;ures 

To reduce the ccmoressibility of granular soils 

To incre:1se the ~:l;-ing capacity of foundations 

To impro1·e the ',\Orkability or hauling ch:lfacte:;srics of bo;-ro11 '11Jteri3.is 

To ~~e1 · ent liquer.action due to an upw:1rd gradie:-:t 

To reduce the iicu~fJction pDtential during eanhquakes 

To cre1·enr soil ;c:1;1ick mo1·ement by groundwat~:- ilc:.Jdin; :o c::c1ng) 

To pr~1·ent surfc.c~ ~rosion 

To p:-e\·eht or recuce damage due to frost hea1·e 

E\-e:-y engineer de:1iing with soil is acUleiy aware of the signific:w;::e of the \\"Jter 
plme in the soil. yet e:1ch engineer ·s perspecti\ e may differ signific:mrly. d~ Fer.ding 
on his or her speciaiis; background. A groundwater hydrologis; ~a~ emphasi;:e the 
ch:lr::Jcre:lstics of ware:- Aow in terms of quantities and directions . Tne £eotechnical 
engineer is more :1ware of what benefits reducing pore water pressures -has fer soil 
strength (and the consequent increase in bearing capacity and slope stabiiiry). A road 
engineer· s interests may extend to e\·aluating equilibrium moisrure condit1o ns in a 
sub~r:1de. in pa\·ement cesi£n an en£:ineer m:1v also be ccncemed with the rrans;-Ttission 
of ,:- :-Her in ;.apor ·rathe:- than just liquid fo~. Howe\·er. here !n our disc~ssion of 
hydraulic modification oi ground. 11·e will only deal with ;he comroi and mana_=:-em~nl 
of free ware:- in soils and rocks. 

The inst::lllation oi drainaf!e SYstems Jnd wells co:.~ld be conside~d an 3£~old ._ . . -
buiiJing r~rblem. 1\'e\e:-:heless. drilling and pumping tec;;nology has been imoro\ing 
steaJily. :1nci today ccns;ruction procedures Jre highly efficient :1nd may inc!~ J= dle 
USC of geC'tC.\tiies and feCmembranes. • 

De\\ :uerin£ tec hnJLJu es based on traditil!nai ~ravit\· Jraina£e .:nd :~moin~ in.1111 

sumr.s Jrh.i 11 ells- are t--~1;~y int roduced in thi s .:h:;ptcr .. ;1·hich also :nci:..:..i::s. J r-, i ~W 
of r~ nJ :-~m e:ml so ii -W:Jter re i::Jtionships. The hydr::Juiics ,,i slots .:; ;-:j lleils is -:0 1 ·~rcJ . 
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rNT?.ODt.:CTION TO HYDRAULIC ~10DIFiCATION }33 

~cap. 8; its principles underlie the des ign 0~ dewatering sys tems for excavations 
a.r.J siopes (C::w: 9). ~ ec:wse the_y are rela u ,~e_ ::: new but _rapid ly growing in impor

"'·> aeosvnti:~[!CS ana thei r app!tc::.uons for ;,;: ~:mon , dramage-, ·and see:;ae:e control 
tzl.~.. ..... = ~ ~ ~ ...... 
a.r.: =: e:].[eci seprc.tely in C~ap. 10. The concept cr ;:r~Io_ading as a means of dewatering 
fi~~-srJ ine d soiis is covered in Chap. ll; this :opic IS now closely associated with 

C 
.• ntn' etics. =-=cause todav vert ical drains are 2-imost exclusive!v made of synthetic 

g• '. . -·, ~ ~-,.;3.ls . Chac:er 12 rec:1ils e lectroosmosi~ as a means of consolidating ( = dewater-
m-·-- . . in~) hne-g rained soils. Tnis process has been0:0'-1' n f?r many years but has seen reia-
~ ,~e!·; few prac:ical applications. Nevenheiess Hs ~otenual for modifying difficult ground 
anti imp roving :.he perfonnance of foundation e!ernents within it is we!! recognized. 

Besides u'le traditional dewatering by gravity and the more involved preloading 
or e!~woosmosis . other geotechnical ?rocesses c:ln be resorted to fo r eliminating or 
ccn rro lling groundwater. Tnese include compressed air techniques in caisson construc
tion md tunne!!ng . and \·arious cutoff systems ;diaphra gm wai ls, sh ee~ ;Jiling, geo
memcr:llleS 1 .. ..\ lthough :hese methods may be important in combination with de
wa:e;ing. they J.re consiJc;eu uutsiJc the scope of ground modification in this text. 

It should :-c pointed out tha t physic:ll an0 c:-:em ical modification tCup . 13-15) 
3.iso :lffects grcund wate r anJ perme:!bility. Eowever. bec:!USe asrec:.s other than 
dewJtering are :.':e dominant t'e:.1 tures or' these tec~niq ues. they are tre:ned 3.5 a separate 

grcuD ! Part I\ ' ·. 
1l1e s uit~:Cdity of soiis for the more tradit ional groundwater control techniques 

J_ ~de;:cr:Js large!~ on their ~rai n size Jistribution 3.5 illustrated in Fig . 7.1. 
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7.2 TRADITIO:\AL DEWATERL~G 
METHODS 

·;~.~ ,: ~ ., 

., 
7 .2.1 Open Sumps and Ditches ~ 

Collecting seepage water in open sumps and ditches and removing it by graviry flow . ~ 
or pumping is the most common and cheapest dewatering metilod. Th is technique ! 
works wdl in relative!:· s halio~ exc~varions in dense, wel.l-?aded coarse soils. in: a 
rock. and m the case or perme:wle SOliS overlymg 1mperrneaoie strata. It ;-;:ay also be ~ ~ 

considered in siruations where f1oaters or other obstructions cio not allow L':e sinking ~ r; 
of weils. When used for sheeted and braced excavations, the:-e :s the dange~ of slump- .; l 
~ng, ~· all collapse or b~tt~~ inst.~~ility ~ue to an upward see;n~e gradiem. The latter= !; 
IS rete:-red to as a " qu1ck conOI!Ion (F1g. 7.2). 1: 

Dewatering of clayey siopes may possibly be accompi ished by a ccmbination . ~ 
of a t~ drain a~d gr.avel- fi lled lateral sims (Fig . 7.3) . Stabii iz~tion is th=~ effected 1: 
not onty by graoual aewatenng but also by the suq:ortmg (rei:Jtorcmgl e: : ~ct of the , 
buried gravel walls. A similar concept :1pplies to the use of "sand piles'· or .. gravel , .. 
columns .. in foundations . , 

7.2.7. Gravity Flow Wells 

If the water level in a borehoie is lowered by ste:!dy pumpmg . ~rG;ndwate~ will flow 
into the well under gravity until the phre:uic suri:lce. the !eve! at whic~ the water 
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-
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Unstable 
slope 

~: .• 
:n r 

C!c;yey soil 

~--- r 
:; I 

d fl FIGl'RE 7.3 

r L;~ni t.ir.linage slutS . 

~;mure is arr.: cspheric . has Jropped :o J new ec:.1iiibrium f:Osirion. This process can 
1:-e ~sed to lowe:- the wa ter lc\el for construction purposes~ iilusrr1ted in Fig. 7..+. 
n~ CIS UJl Jim ,'i Jewate:ing is to lower the ph.re:HiC line :o J le\'ei J[ le:lS[ 0.5 m 
~: ow the base Llf an excJ \'JUon in gr:1vel and come sand: in tin~ s.Lnds. the water 
!ere! should tx !owered lu n hc ~ . prer".:-rJb!y ..1nure_ihJ n 0. 7 m below theb;Isrof the 
e.\c:J. I'Jtion. 

I r 
r r 
f 

St:mJJrJ =--ored wells :11\oh·e the insenion of an inner cJSing (with a scree:1 
sec:: on Jt the ~ttom l into 111:.: cased borehole . :\fter dropping appropriately graded 

.. fii:cr ma terial into the sp:1ce be twee!l the inner J.I1d outer CJSing. the !Jner is with
:: d.r.l".vn . Water is pumped to the sun'ace through a riser pipe lov.:ered into the inner 
:: CJ.S ing . The c:J.s ing and well screens mav extend to a depth of 10 to ::o m: usual 

.': di:ur.eters arc l ~Q ~o 200 rnm. One -s tage i.nstalbtions generally allow the lowering of 

( 

. ~ i the wate r leYel ~v a ma.ximum of about 3.5 to 4 m near the center of a. building 
:~:excavation. Altho~gh more complicated. multistage installations are frequent ly used 
<,:>!~ (Fig. 7.5) . 
.i~-: , 
~:y.:_- . The use of eductor wells. working on the Venruri principii!. allows considerably 

.;;d~;:-e r wells th:J.I1 in the stand:m1 arrangements . As demonsu:ued by many deep large
.. ~~ diame ter wells in operation fnr municipal and industrial water supply. submersible 
. : :~ ; pumps have \·irru:J.Jly no limit as far JS depth J.I1d diameter of practical wells are 

· ~_<~; ,concerned . 

... . :\~ ~ · A system l't close ly spaced single-pipe wel ls of small JiJ.Ineter \vith a common 
he .:: d ~r pipe and .1 central pump inst::tl!Jtion is commonly re!~:-red to JS 3. 'rell-poinr 
sys:,·m. D1c 1\'d points (o r ~ pe~trs) are Jriven l1r jetted into the ground. Several 
P•tcr.tcd sysr r.: ms m: :~vai!Jbk tfil!. 7.ol. Gener:lih·. Jftcr sirr.i..:inl! the wdl point to ie J~Sin:d Jeph. ;l SJnJ lifter is -f0m1ed :tround t.he point ~~- fL:eJins c'OJfSC S:J.nJ 
01':n tl1e hole. This i:; ret'em:J to as .. sJnJine in . .. Water ~Llws to the wdl under L,: gi':l\'ity JnJ is Jr~wn to the sur r'Jce by the \'acu-um in the he:1Li~r mJ1n. 
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FlGURE iA 
Well types. 
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c=...- =-:r. x= ,, 

nfc-="" ~ :1 

:::::::- ,· I' . _. _. _.. . ... · , .. 
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SeH·te!!;l"q ~ pomt 

~ :s.l.J Vacuum Dewaterin~ Wells 

.In !l ne s:111Js J.nd silts . with pcnne:.~bilities of 10-.1 to 10- 6 m.·s. water docs not flow 
freely under the !nrluence uf :;ravity. due to capiib.ry tension. To make dewatering 

~ :.:}.Itrl r. rnbi!i J: in g oithc:Jc ;~ o i!J po~J ibk. n Yncuum mo~· h" n ppli ~tti roth~ ~e1lr'fi-off filr~r 
~<sec:io n of the well. Seepage into the well is then increased due to the influence of the 
: : ~~' ~tmo spheric pressure. Water inflow is generally low and wells may only require 

.·:=·,tnte:mi nenr pumping out. 
. ;:;~· Vacuum Jct ion is also present in well-point systems which use a combined 

~ 
T: ,vacuum :mJ cenaiiug:ll pump: the net vacuum appli~ at the well point is. however. 
:.~ · only ~4ui,· :~lent to the vacuum in the he:1Jer pipe bs the lift in the ri ser pipe. Care 

.has to ~~ tJkcn th:H all cotmcL·tions in the pipe system a.re Jinight and lil effecti\'e 

seal is f0rmeJ .m'unJ the riser pipe in its upper section. 
Tll t'e :: r fcc:m:~ . \'acuum "·ells hJYe to be ~ pJceJ very c!0sely . sJ\' 1 to 2.5 rn 

ap:m. The Ji~t:ln.-;c> t,c tween r1111 s of wells slmuiJ no t be more :!lJn I 5 tl1 20 Ill. 

j' 

Su~mc r;; l bk ~urn ps in c·,,mbinatiL111 wi th l':lCUU ill pump -:oultl pn.)\·iJe Jewa
ter. ng :l1 :;rc:lt J:.':':n . Huri ;:nnt.tl systems :trc :tl so Cl~nceivabk 1Fi~. 7. /) . 
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FIGL"RE 7.7 

Vacuum dewatering '-''C! !s.' 

7.3 Fl3NDAl\1L\'TAL SOIL-WATER 
RELATIONSHIPS 

This section reviews basic phase relationships. the concept of ~re pressures. the 
principle of effective stress. and Darcy 's law. These topics JSe usually c:o\·ered in 1 

first course on soil mechanics and are included here for those re:>.ders .....,..-ho wish 10 

briefly brush up on these concepts. At the same time it atte:nms to form a bridge 
bet\veen the vocabulary familiar to the hydrologist and that co~only used by ~ 
geotechnical engineer. ., 

·l~ 

t 
~ 7.3.1 Phase Relationships 

Soil mechanics describe unfrozen soil as a multiphase mate:i:U consisti ng of ~ 
distinct phases: soiid. liquid. :md gas. In most problems these ~hJ.Ses ~ Fresent 50 

solids. water. and :lir. For the definition :md deri\'ation of basi.: ~e! :Hi ons~ i: ps t-etwctl 
these components. J.n element of soil is con\'enie!1tly se?:l.r2ted into ir.S fhJ.SCS jj 

sho\vn in Fig . 7.S . 

where I' = total \'Oi ume 
\~ = volume of soil soliJs 
r ... = volume of water 
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where g is the acceleration of g:raY1ty. Preferred units are (t/m
3

) and grams per mil- · 

liliter: sometimes grams per cubic centimeter are used. 
;~ 
' 

In soil mechanics the water content is expressed in terms of weight: 
r 

i \-\.' = 
w ~ = water content (usual lv expressed in IX) 

In groundwater hycirauiics. the water content may also be expressed as L'le ratio o( 

volurr:e of water over wtal volume. £ 

WJ -

lm!XJrtant volume relationships are 

V,. . . n = __;_ = porositY (usuallv expressed m C:c) v - . - . 

r 
e = ......!: = void ratio 

\' 
J 

s = 
v .....::: = saturation (uscr:J. llv exoressed in rc) ---

~ 
t 

.: 
.L . 

) 

S:nuration. porosity. and water content are...-usllillY expressed in per-:e:-:t. while . 
the \'Old ratiO is always 3. number. rang ing from 0 to more than l . . \ num~:::~ cf useful 

inter.-el:l.tionships are worth remembering: 

\' . ' 
L" 

G
1
w = Se 

(7 .1 ) 
1 

e ~(7 .2) 
n=-

l + e 
! 

G + Se 
y, = , + e 

y,.. 
(7 .3) 

•· 
:t 
r 

y, 
'Yd=~ 

(7 .4) 

~· 
These e~pressions can be easily verified using the schematic representation of tlt 
phases of a soil element as gi,·en in Fig . 7.8 . particularly if simpiifyi ng3Ssumptiotll 

are mJcie such as sening \', equal tO l. ·' 
Depending on the type of deposit ion :md stress history . soils may ll:J.ve a coO' 

sidenbk ram:e oi dens it ies. ,·aid ratios. and water contents. For tYo ical r ::1iues of t]J: 

vari ous pro p~rties oi soils the reader is referred to st:m dard soi l. mech :1nics te~ts. 
Howe\"er. as 3. guide w the orde r of magnitude. the ioi iowing ,·Jiues :ue ~Json~blc 
Jssumr;ions fo r a medium Jen~:: sandy. gra,·ei ly soii: 

': 

~ ~.' . 

G, = : .65 

e = 0.6 

II=~% 

Y.J = IS kNim: 

~ 

~ 
~ 

.. a 
g 
·~· .. 
~ 

~ 



"'~~·'Z..!: 

"
· .. ·;.,. 
~ 16~ 

.~~;: 
-- ~¥-~·- ,. 
3_ ff!f ' 

'1 1~; 

~ 
I 

ii.r 
INT.<CDt.:CilON TO HY!:?_At.:UC ~-fOD:P.CATION 141 

w-= .:0% (saturated) 

t /', = 0 kN/m 2 (partiaily saturated) 

Note that these ·:aiues do not exactly correspond to each ot~er and that they are 
uideiines only. Densities coud easily vary by = 20% and •:oid ratios bv ::t 40%. 

~pecific gravities of soil soiids ~eneraily do not ,.ary by more :han :::::: 5C:C. 

off 
7.J.2 Geost.atic Stresses a•1d Pore Pressures r 

I 

l 
I 
I 

I 
t 

Gc:ostatic stresses are stresses ..:ue to the soil's own weight in :1 deposit ·.r.·ith a hori
zont:ll surface :md where proce~ties do not change :1ppreciabiy in a horizontal direc
tion. In this c.J.Se '.Ve can reic.te he vert ic :J.l stress cr" on an cl=::-:e:1t oi soii :J.t depth ::: 
simply to the we: ght of soil :.br -,·e that clement: 

cr, = y,::: (7.5) 

The Jetcrrr:ination of the !: JriLOnt:J.l stress is not straight!cr.vard. :-..tar.hematically 
the ho ri zontal s~ss is obtained '1y mult io iying the .,·ertic:Jl stress '.vith :1 f:1cror K. the 
ccernci~;;t of lJte:-J] stress. T.l c value or i'·: Jepe;.ds on the s~ss hisrory of the soil 
mm :::.nd the st:J.:e Llf c:quiiicmH!l it is in. For gecstatia condir :ons. K is se: equal to 

K0, which is the ~oc:flicient ur lateral stress at rest. me::tning :hat the soil mass is 
nelti':e r CJn Jerg cH~ g compre5SIL'i nor c:.-;;:-:1nsion. The factor .\ ..:erines :he ratio of 
hori wntJ.l to \·e:. ical stresses i•1 terms of c:ffectiYe stresses. Tr.e effec:iYe venical 
stress is equal to :..1e total Yer:ic. :l stress IJ, minus ~e pore ware:- pressure :J: 

CT~ = err - U (7 .6) 

The effecti\·e \·e:.ic::ll stress in a -;aturated soil dec·<JSit can also be calculated direct!\' 
. by multiplying Je:ct.h ::: with the 1JUoyant unit weight of the soii. EffectiYe horizont;l 
stress and total horizontal stress 1s the11 obtained 3.S follows: 

t;;;,:.:r :~ 

~~;r. 
n~"fi,. 
·. _[~~;. ' 

u~ Ku~ 

CTh = CT~ + U 

(7.7) 

(7.8) 

: · ;.~~( · Effecti\·e s~sses are of p:trticular relevance in stability problems. Wherever 
~re pressures increase without a corresponding increase in toral stresses. such as 

i might be due to see:::JJ.Ce or extemal forces. the stJbiiitv of a soil mass with frictional 
.. ·;she.1r s~ngth is redu~eJ. In sit:Jations like this the benefits of dewatering can be 

' ~dearly demonsu:ued -
''· . 
·;· . The b·el Jt which the j:'0rt: water rressure is atmospheric is referred to as the 
~ounawa r e r ic:Yei. :he water t:1bk. or the fh re:Hic surf:-tce. In the seostatiL' condition. 

1 Fe pore press ure :ncrcases li nt'.: rly with Jepth ~iow the W:Jter t:Jbk (Fi~. 7.9) . 
·lollowin ~ the IJ \\ ' ,lf hyumst:lti-'S. the r ore pressure is equal in .Ill direc ti LlllS . As 
a rc:Jd\' Ina" . . l . l " .. h J . ali. . . IC:l teu. : xtcma 1111 u.:::.:cs ma~· cr.::He e:o;cess y rr st:-ttlc pre~sures. usu-

y Jetnmt.:nr:-tl to ~ t Jb ilirv. 
I Bt'C:1t1sc t' r' ,·::C'IiLn-,: t't,rc~·~ . water ma\· rise .1 N.m:! the ~n.':wJw:Ha k,·cl. The 
CJpiJJ . . . . . . . . . - . . 

.1.0 n ~e 111 ~,111s 1 na~· \·:uy lr;·m il.05 111 111 co:U>c ~r:JveJ tLl n:ore 1han I 111 111 ltne 

~ .. ~:. ' 
~f .. ' ' "-~ 

~~.-
%).-,,~ "' .. 
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Pore pressure u 

.·.·. ·.·.·. ·.·.·.·:.·.·.·.·. ·. ·. ·:·~ :·~ :J ::.:.·: ·.·.·:. ·.-.·.·:.·::.·:. ·.·.·. ·.·.· 
"{_~_] 

Capillarj zone '\j GWL (or WT) 

Water io;;;1ed 
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~ 
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I 

FIGCRE 7.9 
Pore pressure and cJoJib.rY rise. 

sarH.i :mu :o more th3;-; 3 m in siii. The pore press ure above the water table is ;: ~ gat ive . 

Tim ne;::rYe pressu~~ is re!e:-:-d ro ,as tension. suction. or capiil:J ry pressure: . A.s long 
as there is a continuous channe i of water do1vn to the phreatic surl::!ce. this :;egati ve 
pressur: 1 a>-ies I in::::~ i y 11 i th :ii::: Jistance from this !:::1·e I ( Fi _; . 7. 9l. Whe:-~ :here is 
no continuity to the :·ully sarura::d zone. the magnitude of the pore water su:::ron can 
be re lated to the wJ:er content. 

T.~e ex tent oi :he satura:d zone ::~bove the water !3ble depends on hen\· J pJr
ticu!JI new phreatic suriace eYoh·ed. The levels of satur::~tion maintJined foi iowing a 
fall in the grollndw::Her le1·el are higher than those resulting from c::~pillary rise :1lone. 

De~ending on :he type oi soil and the history of water le\'el changes_ :,~e total 
unit wei~ht of soil 2bo1·e and below the water table may be measurabl y di fferent. 
Howen~r. because most soils ret::~in a signific::~nt amount of water Jfter dr;Jinage. it is 
usually not appropriate to c::~lcuiJte stresses above the 1vater table using dry 11nit weight 
equi1·alent to that oi the satur.l!ed soil below. 

Another aspec: of impon::~nce is the conclusion that the lowering of the ~und· 
water Jel·el will inc:-eJ.Se effecti1·e stresses below the original 1vater table. An increase 
in cffecti1·e stress wiil c::~use serrlement of compressible strata. This is the re::3.Son why 
dewateri:Jg of an ex:JI·ation may lead to damage of JdjJcem buil di ngs. Ia order to 
a1·oid th is problem rech::~rging of the aquifer may be required in critical ::~re::!S . 

7.3.3 Drainable Pore "·:Her 

Fi gure - . 10 illu sto::l :~ s the! ch:m~es which occur in the SJturat ion o! 3 soil wo:~n the 
1\':ltcr ta b i ~ is l ow e ~:::.i (rom :1 c~pth :: I to dep th .::2. Because l't L:lpiila ry ic -::~s. thC 
w:lter J0::s not Jr :1 1;1 ,,ut com~ i t!tcly abo1·e the new water tJb lc . The r:nr ,, ,,( thC 
volume ,,! 1\'ater 1\'hi..:h will drain from :Hl clement o( soil unti~r ~ r3 1 · it 1 · 10 ::s to t:U 
1·olume is te rmed ~ ::eci1ic yit!l,i or phrc:ltic storage coe!li ci:::;t. Typic;! r.3 i :J ~ S (ur 
coarse ~ JI1Lb ::~ nd ~rJ \ t! l s r:mgc t'wm 0.2 to 0.3. 
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100 Jl SaturatJC;"I (%) 

. . . :::1::::::. : . '. 

-~ WT i 

Jf ~ \"lT ;: 

I ,,, (ar!er .ower 19) 

pl,. 
·, z 

:~.-~ ~ :: .11Gt:RE i.lO 

c':. $l.'Ur.li1Dn with cha.::~n2 water !able. 

ppressure u 

'' .... . :1:::::::::::::::::::::::::: . 

:\ 
····::\ 

·.~:~ ~ 
·Jl"' ....... .. -.. -·-- -

-:::i 

WT ~ 

WT2 
I 

-:... 
~ u, 

__.. 

z 

~ 

• ~ u2 -::::-, 

~-,, .. 
TI1~ spec:.::: rerennon is 1 me:1sure of the"' :unounr of ·.vater ret:Jined after the 

. -
Jpwfic _rielJ h:J.S ::-een rek:Jscd. n1e sum of the speciric :de!_9 :1r.d the specinc retention 

.,,must equJJ the ;:'Qi"DSity of th~ 1·orous medium. or \l.:e c.JJUvn:e: 
·'' 

·or. ( 

;rr 
~<. 

Specific rete 1tion = porosity - specific yield 

·:.!1 ( As poin tec c1 Ut c:JI!icr. :1 d crc:Jse in pore pressure me:ms :m incre:J.Se in effective 
:::ft. : :'}~ss wh1ch le:J.G.s •o cornpressi · rn of ~e. soil ske!e[on. This_c::uses some " :ater to be 
. ~ ,~· .releJSed from the sod wh1cn rc:n::uns tutlv satur::ned. In so1t mech:mics this process 
~':t f :f.i.s CJlled consolic::.r.ion. In groui;dwater hydrology the volume of water rele:lSed from 
· I ;~.the soil per unit' oiume of JquiL:r per unit change in ~e::1d (or water ~~ss~) is ~al~ed 
i )~ Jjlecific storage or specific :7Ulss rrorarznry . If the specific mass storatmty ts multtplred 

~ · i ·;'···-.: !Jr th:- .thickness of the water-i1e:uing laver, it becomes the srora~~ coefficient (or 

J
§;:, -":~~VIty) of an ::quifer. 1 

.~,l ~ ' 
;tj ' ' 

~:- (;-~t~-4 Darcy's Law 

'I ~gllre 7. 1_1 illustr.:ues a simple experiment in which water is made to ftow under a 
~COnstant 1 .l • • 1 _.,,· . leau Jlz fuough a coltitn!l of sand of lenr.th Jx. O.lrCy conducted thts ex-

. f ·tr.nment some 120 ye:Jis ago and found the iollowing re!::ltionship: 

~ 
·:·i~i' 
~r . 
. ::,·J' Q = kzA 

' 

!'t\ 
' -... : 

(7 .9) 

u l :.·;: 
' .l Sl(\1':111\' ' ' ' ' • ltrn! .. . '1\ ~' I J.n ".. :X"\lnnncd J.:ou11 ·r r~ rhc: ~ .1s rrs s ~r:1c ! reid. Ft'(" ,~:mnncd J<.1Urlcrs ~mly the 

1 ;,__ >IOr:Jtr\'rt\·· · is t:..<.-:'tl: 111 this,·= ::· c dc:nnrlrt'n 1rr ~ peer ric \·reid would fh'l r.ul;c: ~n!'C. ; m,·c the so il 
·-~rns Ut . 

;~· · llrJtcd. l .-\..;~:rcr types :!11: r.:r:·n c:rJ 111 SC\: . :\. l.l 

J 
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0 

Area A ~I 
dh 

F1Gt:RE 7.11 
Darry 's cxpenment. 

where Q = f1ow through area A per unit time. m
3
/ s ~ 

k = coeffi::::::nt of permeabili ty (or hydraulic conducti\·ity). m/s 

"l 
~ 

· ·:~· 

·3i-

··! 
·~ 
2> 
"!;t 

~~ ,. 
:. 

}. 
' -.• 
., 
' 

i = hydrauii:: gr:1dient = dh / d.< 

DJrcy ·s !Jw is oniy ·; :J.!id for bminar flow . In most ground\"'ate:- probJerns ~rJdients 
Jre small and the mouon is indeed laminar . Howe\'e:-. tms may not be the c:!..Se in tht 
vicinity of pumped \l.cils or ior water flow in very fin e soils su:::h as clays-

In the:" tr::J.diti o:l:J.l soil mechanics liter:J.tu re. the coei::..:~nLo f perf!1eJ':Jiiiry is 
quoted in units of centimeters per second. HydrologiS!S may use all kinds of other 
uni ts. su::h JS me~e~ per dJy. In these notes either centimeters ~er second or mete~ 
per second will be used. Typical \'alues are : 

Coarse graYe l k = 10 cm / s 

Fine graYel k = I cm / s 

Coarse sand k = 10- 1 cm/ s 

Sandy gn>Yel k = !0-~cm/s 
Fine sand k = 10--' cm/s 

Silt\' sand k = 10- 5 cm/s 

-

Clay k < 10- 7 cm/s 

These Yalues are me:liltas a guide only . The coefficient of penr.e:J.bilit\' of a p;uticulJf 
so il can easily vary by :1 factor of 100 if the soil is deposited or :::ompa~ted a.t di fTe~ 
densities. The dete:-mination of k in the field and laboratory will be discussed in Se'-

The c oefficie~ t of penneability k depends on the densi;Y of the Ru i ri l!ld i~ 9.1.1. 

"i scosit \· c. The desi re to hJ\'e a penneJbility v:1lue which is inci ece ndent of :he Ou~ 
pmpeco." hos led to the deti,;t;on of the ;mrins;c penneobd;"· wnkO ;s 0~ i,. ~ll,J 
to the p ro~nies oi ;he porous medium. With 

k; = intrinsic permeJbility m-
.~ 

TJ = dyn:1mic viscosity t/ m:"s ~~ 

p = m:1ss density t/ m3 
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g ~: cce!eratiorr of graYif'j 

r.; = ~ inernatic viscosi.ry 

Ti~e intrinsic ;;e:;neabiiiry is l J!cuJated• as foJJo •.J.·s: 

7] t: 
~j = k- = k-

pg g 

m/s: 

m2/s 

, 
m- (7 .10) 

This term is not commonly u .. ed in soii engineering but does find appiic:rtion in the 
srudy of polluta.m flow in the sround. 

In grounti·.vater hydrok1 ·:y, flow through an aquifer is onen expressed per unit 
width. The cross-sectional ar: ·a A of an aquife:- .:an be expressed as the product of 
aquifer height Jz and width b. Darcy's equation L1en becomes 

Q = kihb = hkib = Tib m 3/ s (7.11) 

where T = transmissivity (s- 1
) = kb . 

The tr.msmissi\ity tenn has l'rovetl useful in descri bing the :n-p!ane permeability of 
. . geotextiks (Sec. !0 .2) . 

"'' 
t ': PROBLEMS 

;~~ .· Pre ri xes indit.::lte :.-:ubiem type: C = 

...... ' ...... J f 
caicui:Hions. B brief :111swer. .\! muitipie choice. 

lj 
Se~:tion 7.1 (Objectives ar;d Techniques) 

87.1. 

1 ... I.;.-, . --~1 -~ .. . 

i 
.· 87.1. 

l 
~: .. ::. ....... .. . . ~ .;;.. ~· 

. .:·tr1.'. 
ull· :;%t.· . -~E rc . • ,, 

. .~~.) ~ 

;ec. J ~;~ B7.J. 

~~ · ·J ,h'tJ ... ~ ... 
I f . M,~~ eJ ,·~·. u,' 
tt :~,~~- M7 ~ 

'·. · ~: . . 

t 

I .J 
~ .. ' 

l i_,_:_ .. 

I ' - -~:?: t ••' !,' J~· ~ .. ' \•,\! . 

~- IS:~~ .. . 

~i .. ~: .. 
-:t~· - · 
\ -.. • "-\~ 

.:'!<t-\) 

~.-ci 'S~ .. ~~ 
~ ... - • • l 

~- .. 

Name icur methods oi. ,>ntroiling groundwater. 
(u) ____ _ 

(b)----
(c) 

(d)-----

Name t\\·o geotcchnicJl :'rocesses which could be used to eliminate or control ground
water but Jo nut neccs~.uily result in a reduction of the liTlOUnt of free pore water 
present in the soil. 
(a)-----

(b)-----

Name four reasons for cewatering soil or rock. 
(a) 
(b) ___ _ 

(c) 
(d) ____ _ 

Tile folil1Wing method ,,( ground modification ~enerJ.lly results in J mluction of the 
amounr l'r' free water rrt' ~ e nt in the soil (by water draining Nit of the soil or chemically 
combi nm~ wirh other mPiecuicsl : 
(a) c~l mrJctil1n 
(b) Use ,,( !;cornembr.wcs 
(c) Ek-c~;srnnsis 
(J) sl)rl frce~lll!' 

~~:J;•';~~ 
. :.;-::..,;.~ ·f.• , .. :-,). ' ~~ 

:· ~~'l"~Jt.:;;.~.~~ 
--~-~"'~t·-~~~~~~J 
.'::lr ' .:.DI'<'' ,_, .,1. f.:.~~ 

· .• · ·-:~n~·t : ·-~~~ .~·.--r .. .:-'r ': L~ ·.;._~JC,: - . "" .... . .. , .... .. ~ ,.:._:::i .~~ ·{•,-,.,, .;.:;..~\ . 
~~~~·-- ~ -~~~~~t - .... :- ~·,· ~}~~l ~ J ; 

.- ~">;!. \" .. ':f' ~ .<.-~~ 
-?; -~·';." \:.~,(' , >' '-4,0,: ' 
-- -J-~3·)~\~~: ~~~:-.~ 

. :~· ., ·.:_.:-:-
~ '· .·. 

\ ~::: .. ~"' ... :'! 
' . ... ~--~ •• , J:. 

. .. ... . "-....:.. ~'\ 1\ ... 'l..oJ"'-==' ·:~,t.~f\ ' 'f , ' \ ' '\'";' 
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l\17 .5. L0wering ;.he ~unciwa:er level may cause 

(a·l Liqi.Je!a::uon. 
(b) Settlement. 
(c) A decr-..2s.e i:1 beJ-"i<lg capacity. 

' ·'· 

;;~ 

? 
< 
; 
{ 

~: 

-~ 
i · (J) Decr-..2.Sed ctTe-::rive sm:sses in Lhe soil mass. 

M7.6. 
'The suit2biiiry of \'ano:Js groundwater lowering ~echniques depends signifi cantly on 3 
(a) The Dearing capac1~· oi the soil. .~ 
(b) The grun size: dis:riouuon. ; 
(cl The cohesiYent:ss of the soil. 

.... 
·~ 
~ 

M7.7. 

~17 . 8 . 

(d) The :::~ysicoci".cmic:!.i properties of the soil. 

Dewatering oi soil may 
(a) Cause s·••eliin~ . 
(bl Reduc: lique:'acticn po:ential. 
(c) Reduc: bearing c::pacir:; . 
(d) Reduce eifec:ive unit weight. 
The rnos: su11z.bk soi l for c.lewntering by gravity wells or slots is 

(a) Gr:m:!. 
(b) Sand. 

(cl Silt. 

ta' ) C!Jy. 

Seciion 7.1 (Tr::cirioi'J.J G::watcring~!-etoods) 

~17.9. Vacuum wdls 
(al Are C:-:~ s.lim: :~.s -:dt:c~cr wells. 
(bl May rr,:lie ciewatermg in fir.e SJ.Jlds and silts possible. 

(c) Always ileed submerged pumps. 
(d) Are ~viry wells using vacuum pumps. 

~17.10. Vacuum wells. rJ.tiler than gravity wells. may be needed for 

tal Coarse ~vel. 
(b) Fine ~vel. 
(c) Co~ to medium S2Ilds. 
(d) Fine ~1ds ~d sil ts. 

ll7.11. ~ame ~types of wdls which ;!..-e different in hydraulic Jction. 

(a) 

(b)-----

(c) 

1.' • 
.}-. _, . 

..:;.> 

.·~ ·:..-

Section 7.3 (Fund.J.ment:.U Soil-\Vater Rebtionships) 

C7 .1:. :\ soil hJ..S 2 water ccntent of 45.2':"c when iuily satur:He:.i lb.:iow the puundwatd 

level). n: s ~cific ~\· iry of the soil so lids is .:: .65. 

Total unit nitht " = kN · nU 
" 

Toul dens1~· p, = g/ em' 

Void ratio ( = 
Porosi ty n = c.;, 

~· ..... v:.w 1...1..... ""-.. ..... ~" ---- .• -u. ::r '\ ... ~,__..._ -i 'I.I. Jitli ~.. . .. , 
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Now assume th:Jt the g1 •Jundwater Level drops and some ·.::ater dr:~ins out of the soil. 
reducing a· to -+OS:. If 1· o compression of the soil mass occ:.~rs. the new values are: 

Tut:Jl d~:1sity ~ · p, = t/ m' 
Total unit weight y, = _ L'\ .'m 3 

Satur:Jtion 5= cc iy,, 
i C7.lJ- A sa tu r;;.ted soil hJ.S :1 ·vater content of ::6CC . The tot.:U satur:J.ted density is 2 t/m 1 . ,, ( 

De termine 

Dry demity 
Submerged density or b'loy;mt density 
Speci iic gr:.tvity of soil oliJs 

'Yd == t/ m3 

p~ = t/m·' 
" ,, 

I 

r' 

Gs ==-----
.. M7.1-t. A soil contains 80 g oi oil so lids and 20 g of water. Tnc! ·;ol ume of the soil solids is 

30 mL The total \oium~ of the soil is 60 mi. Correspondi:1gly . 
(a J The water conte!:t i~ 20'/c.. 
(b) The 1·oiJ r:~ tio is 0.: . 
(c) The ~o ra l densitY is ! .6(1 t; m·'. 

, (dl The sa tur;~tion is I~ :'."c. 

, I .·· M7.15. If th~ r~tai stress in J ~: 1 : urated soi l is 100 ~PJ and the ~:·:-~"tr 1 1e stress is 60 ~Pa. the 
.,:;; 1mplieo pore pressure IS 

) (a) 0 ~PJ. 
, c.; (bl .UJ ~P::. 

·: (c) 60 ~PJ . r •} . ~ (dl 100 ~PJ. 

f ~- ~. ~17 . 16. Lowerin ~ !he g roum.iw~1 -r level in J soil mJ.Ss m:~y c:~use xn kmen: bcc:~use it 
(a l Dec:-:::!ses th e ~<e1gh· of the sod. I (b) Causes dow nw;mi 5<' :page rressure. 

•. ·: (cl lncr:::ses dTcct:Ye 1 · nical stresses in the soil. 
J . ·-·: (d l \ !J.i...cs the soi I ~ L1(tc: 

1,, ·: ~ hl7 .!7. In groun~11ater hydrolo!C ·: : the ,·o lume of 11ater rele:~sed f:-Dm a unit Yolume of satu-
, ·"~ r:J.tcd sou per Ulllt chan~~ 1n he:H.I (or pore water pressure l 1s ..:Jlled 

f ·~:·i (a) Speciric stor:~ge. 

I 
~,\: (b) Stor:1ge coefficient. 
~~ (c) Conductivity . 
.. ,-:;.; (d) p b'l ' - i ··*· ermea 1 JlV . 

~-~, ·,~}11\17.18. Above the phre;tic surfare 
:~%· (a) A soil is completely olry. 
!C. (bl A soil is alwavs satuJJted. 

j~~ (c) Pore ;:-ressures. are JX' ~ itive (higher than :~ir rressure l. 

~ 
:~:;· (d) Pore rressurcs are IH: ::ative (less th:Jn :Jir rressure) . 

}.~ .':~17.19. A permeability of 10_ , L·m/s (lo-s m/s) is t~-pical for a 
:.·~; (a\ Fine cr:1vel d ,1: . ..: ::- . 
''·,=··: (b) Co~ sand . 

~ 
(cl Fine sand. 

· ~· · (ell Silt\' -:!Jv. 

I 

1
.·· B7.:0. TI1e f,~Ii,, ~, i~g llOtati L~ n 1' . used to Lk~cribc .111 elt:ment. ~~ i so_il: total \.l'iume, == \'. 

I'Olume l' t S\lll SO lidS = \,,volume llt ll'ater = \ ~ , .. WC::I~!1t l' t sod SOiiUS = H,, Jnd 
II'Ci ); ht ,,( ,,.Jt<:r = \\ · ... l ; ing th~~~ Jt:s i~n:.tti,,ns Jt:line: 
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(al Ware~ content 

·! ;· 

I (b ) Pomsi ry = - ----
(ci Void ratio = 

' (dl Saturat ion = . 

B7.21. A SJ.rnple oi wet Ay <Jsh 1 G, = 2.0) has a volun;e of !50 mL and weighs 2.!D g. After ~ ; 
being dried in an ove:1. the sample weighs 200 grams. Determine 
(a) Water content w = %. 

(bl Dry density pd = _ t/ m3 . 

(c) Saturati on S = _ x. 
(d) Void ratio e = ------

B7 .22. De tine one only of u'le following ter ·ns : 
(a) Specifi c yield (or phreatic storag .: coefncier.t) 
(b) Speci nc retention 
(c) Speci:ic storage tor spe. ific mass storariviry) 

B7.:J. Darcy 's law e.\pressed in Q, k, i, and A reads: 

where k = in units of 
J= in units of 

A = in units of 
Q= in units of 
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8.1 AQUIFER TYPES 

A pe:-;;;e::~bk soil or ro...:k fommion which stores or transmits si!2niticmt amounts of 
water is cal led an aquiier. If it is fully saturated and confined b\· impervious lavers 
at its J~~r and low~r boundaries. it is referred to as an artesian aa;tifer.· If a perme~ble : 
layer is only paniaily filled with water, it is described as an unc~n:fined aqwfer (Fig. ~ 
8.1 ). In nature. semiconiined (or leaky) acquifers and semi unconfined aquifers may j 
occur [for definit ions see textbooks on groundwater hydrology, e.g .. Hazel (1975)]. J 

rC .. 

When sinking a bore. several water-bearing layers may be encountered. and ·; 
there fo re more than one groundwater level may be identified. possibly including tern- .{ 
porary or pr.m1ane:1t pcn:hed groundwater. A perched ::~quifer is an unconfined aquifer:j 
separ:ted from an unddying body of groundwater by an unsatura ted zone . .~ · 

. . } · 

For the anaiysis of rhe most basic problems in the flow ?f water ro aramage :~ 

slots :nd wells. an aquifer is idealized to have horizontal boundaries . ro consist of 
homos:e:-:eous and isorropic porous materi::~l. and to ha\·e infin ite exrent. The simplest : - . 
sol ut ions an~ deri\·ed !or the case wtrere the slot or well fully pe:-:etra tes the aquifer. . 
In te llT!s oi hydraul ic theory. Darcy 's law is assumed to be vJiid . and simplifying 
assumotions are made with respect to the hydraulic f:!Jdienr. 

8.2 DCPUIT-THIL\1 :\PPROX-1.\IATION 

Accorciing to the Dupuit-Thi~m approximation. the hydraulic f:r~Id:e ~t b~i0w :2 ny point 
of the cirawdo wn cu n ·e is assumed to be equJt m the siooe t.if :he :: ra wdo ..,,_.n curn: at 
that point. 

Figure 8.:2 shO\\S what sometimes is referred to as a pe;;.e ::t slo t or well with 
gr;n·ir\· Row. It iuil~: penetrates a homogeneous and isotropic horizonta l water- bearing 
stratum v\·erlying impermeable soil or rock. The ware; flow is :J <.coniined. Feeding 
the system is a line source (for the case of a drainage slot) or a circular so:.Jrce (for 
the case of a well) at a di stance L. Of basic interest to the engineer is the determination 
of the pump dischar~e required and the equation of the drawdown curve for steady-

wlmo~;~eabte0_/ 
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I FIGl'RE 8 . .: p Peri~! sia l or weii -.·1th graviry now. 

Sl:! le s ee'a:~~e cc:u.ii1ions. TI1::~ir Jerivation makes :.JSC of D:u-c.- ·s law-Jlld the Dupuit-. - . 
Th:em 3pproxi m::nion. 

For J pe r:.ect slot we fi rs£ rind the dischar~e quantity q ;x:- unir kn-gLT J:t" [from 
Eq. (7 .9)] 

·~-~:._ : . 
·; :· I 

q = ki.l 

,Jv 
=k-'-y 

Jx 

where A = y (uni r slice) 

; _ Now the vari:J.blt!s :u-e sep:u-:ucJ and both sides of the equation are inregr.Hed: 

~' 7 : l" lL ~-~~<~ : y dv = :1. d:r 
·""i ,'j, h - k 0 }v · • 
~ ~:~~· 

J.::t. h2 - h1 qL 
- ~f} 2 "'=k 

't ,>t 
~;)ohing for q (flow from one side), we find 

· -·~ 

~y (h" - h: . ~k 
. q = 

2L 

The to tal 110\v from both sides is equal to 2q. 

.~ ,"';o:-

~·· ~· 
~ s,· 

U
";.\. 1 ~'' 

i• ~s-
- ~ ~~- .. 

For the t:q:wion of the JrawJo wn ~ urYc ,~,_.e C:J.Il Jeri\' 

, , L - .r '\ , 
h-- y- = -L- (h-- h-;J 

(8.1) 

(8 .2) 

~ 

---
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Similarly. for :.1 r::-!2.:: wdl we: can find the discharge quantity 

7Tk(h~ - h2
) 

Q = w 
(8.3) :i 

In (L/ r) 

The ;::hreatic surfa~ \L1r cone of depression) is defined by 

_,.2 - h2 = Q In (x/r) 
M" 

(8.4) 

7Tk 

For the dete::mirution of the seepage quantities it is generally safe to use h0 (see - ~ 
Fi£ . 8.2) instead of h .. in the formula, as this will result in a conservati•:e design of :: 

.... ~ 
the pump capacity. t 

., 
{ 

8.3 FREE DISCHARGE HEIGHT 
The WJter le\·el in a ~il'[ L)r well is ~enerally below the ~oint of ent.r:m::e oirhe phreatic 
line \O f drawdown c:..:f\::l. resultin~ in venicaJ·draina~e o\'er the 5o-called iree dis-

char~e he'ight 
h, = h •. - h0 

(8.5) 

The free uischargc> :: ~ :~h t depends on the drawdown in the well (O r slot). [l•e steeper 
the phreatic line ne:::- G;:: welL the more signific:mt :, , is. For rou~ calcu l3ti._o~ the 

existe:1ce of a free di~.::h:.lfge he:ght may be ignored. 
Fcrmulas for esumJting h, are of an empirical nJture and are usual!>· b:lSed on 

model tests. results o:· which :1ppear to vary consider:vly . For slots. the disunce h, 
may be determined us :n~ diJ~I ams proposed by ChapmJn ( 1956 ). Tf.e d ia~r-:3-rn shown 
in Fi!! . S.J is recomrn~nded for p-avity flow to a full\' oenetratins -slot~ par wells. 

._. . . -

f 
'i 
I 

Kezdi ( 1969) gives a il1 m1ula amibuted to Olios (elsewhere credited to Ehrenberger): 

h = C(h - ho)2 (8.6) ·: 
~ 

l h 

Olios proposed a Yalu~ of C = 0.5. Henh and Amdts (1973) give no less; than si~ 
other formulas for estim:ning the free discharge height in wells. Some are nFroduced. 

in App. SB. 1 
The ratio (h - h.) ·(h - hl)) is also called the well efficiencY. usu31JH.;r:.pressed ' 

in percent. It increJses ii the well screen has insufficient openings or is ;00 short. if 
the surrounding filter zon~ restricts the flow. or if construction of the well co 111~inate5 , 
the Jdjacent soil with rines (as sometimes happens with drill in~ Ouids). 1~ :::ificienl 

wells me:m higher co~t ~ of pumping . 

" 8.-l I\FLUE!\CE R:\l"GE 
F0r Jr:.1111J~e slots the i nnu~nce range L shou ld be 1-:nown with rec.son:.1 bk :c- c::rl'Y' 
sin co !he J ischor,e '"''"i'Y is inJicoC!ly proponionli :o i1 [ Eq. , S .l! 1. In 1r>e "~ 
fomJUIJ [Eq . (S.J)] ;_ 1:1l~o c:1 ikd the radiUS of intl ue:1ce) app~Jrs in 3 lo~~ttHll"' - 1 

·"f 

\~ 
.;! 

--
. ~, ..... ,_. 

T; 

ac, 

F, 

11-

for 
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I~ I -.. ~ f;;;f#<:J h 

' 

A)p~ ·-• 0.8 

.. :,, 0.6 

h, I h 

0.4 

r' 0.2 

I 1'1 ·,, '· ~ 01 h~0-;-~--.1--.J 
' .21 

.4 

0 iC I 0 2 3 4 5 FIGl'RE 8.J i-r L!h Free c:sch:u-t:e surfJc! :·or slo1s . [C:coman ( 1956!.1 

, 
p 

le:-m. Jnd a geed asscssmenr of the coefficienr of permeabi ii ty k is mucil more im
j:'<):1::.nt than :t; e ·:alut: of the int1uence range. 

: ~ .. Stricti_\· spe:.1i\ing. rumping from an aqu ifer will onl;· produce a sready-st::He 
: f _ C£~~1 0 11 ut ~roundwatcr_:J_c::_,~f the :.1quifer is co~un ually rec~arged from somewhere. 

t · If .lJ1 OC'en '.\Jtc:course or rese r\'O ir IS near the sewatenng: po1nr. the dJStJJlce to that T source will re~rese nt the distance Lin the discharge formub fer slots. SpeciJl formubs 

( 

for ·.,'C!/s. e.~ .. ne:lf J line sou rce. are given in .-\pps . SB Jnd SC. If no recharge 
·. ~c:::-s. !he in rh.:e:1ce range .... ·iii continually incre:!S~ with tirr._e. although Jt a deere::~: 

'.:~ mg rare. For th1s nonsre::1dy state of now for an oro mary perrecr well. Kozeny (I 95_,) 
;;!;:.quores a time-Jependenr expression for Las follows: r ~~)r-. Vhf( I .-_::.-;·' L - 1 5 - (8.7) 

l~l~" tenn n represents the poms;ty of ~e : 0 ;1. n 
:-?,W·'· ln most c:lSes it is sufficiently accurate to obtain an approximate value for L 
"""·ac .. 

<·: :~;- coramg to an empiric::1I formu la proposed by Sichardt (I 923): 
, Jr~ .-
't~'f..~ :· L = C(h - h.,..)Vk 
·fir J :;t = Cs\/f .:.f~•' ' 

-~T Fo r s in meters Jnd /.: in meters per second. the \'alue of the L'OnstJnt is 
! ' 

[
3000 for wells (Sichardt) 

C:: 
1500 ro 2000 1 U.S. Corps nf Engineers) for sing ie-line wdl roints 

(8.3) 

lllc ! ..1 rr~r \·alues .:;i \'en by \ !Jnsur and 1-\au(m:Jnn :.u-e quoted in Lwn:uus tl962) . 
. -\cccmJ inL: w 1-\c.di J.nLi ;\!Jrko ( 1%9) the (oiluwinll \'Jiuts ll1J\' s.:rYc JS a guiJe 

for ·1n · d - -- - · , Ct1 flflne J lj Ul lers: 

i . 

. ;.,~-
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~ ~ · ~it I 
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-coJise gnvel and cobbles 
CoJise gr.1Yel 
Medium gr.1vel 
Sand 
Fine sand 

L = 500 m 

L = 100 to !50 m 
L =50 m 

L =33m 
L = 5 to 10m 

8.5 FORCHHE:DfER EQUATION FOR 
~1ULTHYELL I:\STALLATIONS 

:i, 

:; 

:~ 
.'i 

~ 
· .. ~ 
'6 
-~·t_:-

·~ 

~~ 
) · 

Forchheimer ( 1930) derived a formula for the discharge from a sYstem of perfect ~; . _.... 
gravity flow wells of e~ual length and capacity. 

Consider a point Pin a iie!d of wells as shown in Fig. 8.4. If only well numi:>er 
I is acrive. the ware:- ievel y ar P can be derived from the equario;J 

Q, = 
1T'k(h : - y") 

In L - In .r 1 

(8.9) 

A sim ii:r equation can ~ wrirren for rhe situation where only ·.,ell number 2 is 
ope rari n~ . and so on. Fo:- rhe si multaneous pumping irom n equ1v.:ie:;r wells. Ferch
heimer fo und that the~t:J.i disch:uge quanriry is equal to 

Q_ ~ -m L - (1 / n) ln .r 1.r, · · · .r 
- n 

rrk(h: - ·'.2) 
(8.10) 

In deriving this formula it is assumed that the ::~quifer is thin relatJ\e :o its honzonral 
exp::~nsion and thJt the rules of potemi::~l theory ::~ppJ y. 

For a circu!JI :U.::..'lgement oi wells (Fi g. 8.5), the warer ]eYe! .... 3! thecenrer of 
the exca\·:;tion can readily be caicu!ared from a simplified version or" Eq . (S .10) as 
follows : 

rrk( h::. - ,-2) 
Q = . -

In L - Jn a 
(8 . 11) 

The water level II;) of an individual well in the circular group can be compUied from 
Eq. (8.10) with x 1 equal to the well radius and .r2 • • • xn the distance fro.t'D well 
number l to all the other wells (Fig. 8.6). 

Well 2 

x~ 

" 
X, 

~ 

Well 3 

Well 

FJG l'RE S. ~ 
Multrrie "''ells- nou::oo. 

'f' 
:.• 

\' 
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Wei I 

a 

Ct ~ FIGURE 8.5 
Circular arrangement of wells. 

:r I 

I 
r~ 

8. 6 Il\·IPERFECT Y\~LLS AJ\D 
OTHER CASES 

PJ...1iaily pcner~:ui n g (impe:.-.·ct) \Veils occur mo re oiten in practice th:?.l full y pene
tr:Hing wells . . -\ccording to Schroder ( 1966) practical rules sugges t thor the di scharge 
quantity Q C:lic:.Ii atec.l for :1 r:erfect wei! is.to be incre:1sed by 10 to JOrc ;·or t = 0 to 
r > 211. res'pec:i;·eiy (Fi g. S. -;') _When the disch2.rge irom imp-=:..cct wells is estimated. 
the :~c t th:H \'c :1ical permc:Jb il ity oi natl)ral depos its is o!te:1 more th;m I 0 times 
sm3ib than horizo ntal pe:-:.:e:~b ilit y should also be co nsidered . Soil loye:-s below the 
1~d rio ma\· therefore onh· comribute relati\·eiv little water. .-\ nother t:Jctor which 

r 
' . - . - --

mJy reduce the :n llow of wJtcr from be low J wei! is the fJc : that \veil points and 
sumps often oniy Jllow side emry. rather than side :md bottom en try oi water. 

.-\ncsian weils (Fig. 3.Sl and slots ~J\'e bee:1 analyzed for perfect and imperfect 
contiitions by Kl'Z:eny . ~!usi-;:lt. and others. as quoted by ~!Jmur Jnd Kaufmann in 
UOilJ.rds ( 1962). Funher re!e:-ences are gi\·en by Schroder (1966). 

An approxi mate eva.iu:nion of the discharge from vacuum wells was developed 
- ~ ·.::_by Szechy ( 1959). 
· In JcwJte:ing projects encountering inhomogeneous, nonisotropic soil deposits 
-. _wilh uncwJin recharge patterns. and where irregularly shaped e:"\cavations :rre needed . 

.J_~ there is still a considerable amount of engineering judgment required in order to design 
-~·r.-

1',....."' t..:.\i-·. 
E·.~:: 
~ ·L,, 
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Orig . GWL 

I 
~--~-Jr~- . , r ::·~:\ ·-~ 11-~. f~T,~-;-:---~-

. - - . . ·- _ .... 

:::-:-:-:-:-:-:-:.;.;:;::::-::;:;:;:;:;:;:;:: ·, ~-~ ~ -r ·~-~ ~-o i ~ · ::;:;:;:;:;:;:;:;. FIGURE 8.:" 

Pmially pc:r.:-'..illlg wel! . 

a satisiactory .md economic:J.] w~il system, unless ·a.'l e_-o;: :ensi \'e :1eld testing FOgranJ 
is unde:ulen. · 

Discharge formui:J.s fo r :l:e mos t common :J.IT".ill~:=:n:nrs oi siors and •.•·e!ls with 
p:lVity now J.rC gi\·e:; in Apps. SA. 8B . .md sc for s:oLS. singie '.Veils . and mui~le r 

wells. re:sr;ect ivelv . • 
• 4< .'· 

8.7 DE'\"ELOP)1E:\T Of DRA WDO\Y'i\ 
\\1TH TL\fE 

In most dewatering pro_i ects. the major design decisio:::..;. such as Lhe detenninarion of 
the number of wells and the pump capacity required . .:::.: ec made J.Ssuming a st::!dy
st.ate flow condition and using a constant influence ra::~e Las estimated by Sichardr's 

Pi ezometric su rface 
after 

Orig. GWL 

~·'l ~~-~~ :%~ ',_: 
;~~%. 

~?.;~~~~~ " 0'~:. .., ... /~W,/ . , , ._ . . , 
'" 

Perm eable 
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err.oiricJI fow:ub. Howe·:e~ , if the :::orist.ruction schedule is tight and relatively slow 
dr...ining soils :re involved. it may be imponam :o assess i:ow long the pumps have 
to te operateci ]efore it is safe to commence e:::.:avating. E:ma pump capacity may 
~ ~::auireJ fo: the initial period of dewatering. The Theis formula. pa.rt.icularly as 
u::odifieu by b::obs, provides a prac;ical so!uticn to this problem. 

8.7.1 Theis Formula 

Theis (1935) developed a ilonequilibrium wei! Eorrnula for grnviry Row to a single 
well. making u'le following assumptioils: 

• "Perfect" \c-eil conditions exist. The well fully ;:cnet.rntes J homogent>ous. isotropic 
horizontal aq:;ifer overiyin~ an im~errneable sc-.:rum. 

• 7/:e Dupuit-7!!iem appro.rimwian ;wi£is. 1l1e ::yciraulic grntiient below any point of 
the Jrawuo-w~ cun·e is as,;umeu to 2e e4ual :o :...'le slope of the JrawJown curve at 
that point. 

• There is no recharge of the aqlllfer 

• \rarer flo ws o:a of the pores of the soii as qwc.iiv as the u"rm~·daa·n of rize phreatic 
sur;:;ce occ:a.::. 

• 7/ze Jrawdoll n s is smail rclatice :o rlze ac;.nrer rlzicxne.ss h so thar h - s is 
anproximwci\· eq;_u!.J. ra h. This is equivalent :o Jssuming Jn mesian Jquifcr ot 
t.hic!JJess h == m. 

' 
The J~ri\ · ation SlJ.rtS with eljl!ating the water !low through J cyiinuric:J.! m:a arounU 
the wei! Jt a distance x to the volume ot water :-emoved from the soil beyond x uue 

: to lowering of t..he phrcJtic surfJce (Fig. 8.9). The tommla is usually \~tTitten as 
. ~i· 

··~ -:~;.. 

• .. -.:.:~ . 
.~-, 

~f 
0~ ., \ii(.·.-
~~~~ · 
~ 
\ l i" 
1'-'i•· 

··~;-=}~~ 

h 

Orig. GWL 

I 

s = _jL IV(u) 
4rrivn 

·~·· 

;Y-dy . . y 

f1GLIRE S.9 

(8.12) 

·.-:-:-:-:-:- .. 1:. ., ·.·.-:-:.:-:-: -:-:·.·.·.·.· .... -:-:-:-:-:-:-:·.· .·.·.·.·.·.· 

JPhren tlc sun:1ce at 11me I I 
/P hrea tiC sur1:1ce at lim e :hJt j Luwenng ,,( rtu-e~U<: ~ Urt:\c'C W\lh 1111\C. 
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The function W(u ) is the so-called well function, defined by· · 

' 1 tr u· 
Wlu) = - 0 .5772 - In u + 11 - 2 x 2! + 3 x 3! -

u~ 
---+ 
4 X 4! -

The variable u is giYen by 

x 2S 
u =- 4rkm 

(8 . 13) 

..~ 

':t ... .. _. _ 
~~ 

'"!:" 
-~ 

-~ 
-~ 

The product of the coefficient of permeability k (also caiied the hydraulic con~ 't 
ducriviry) and the Lhickness of the aquifer m is referred to as the :ransmissiriry of the •· 
aquifer. The termS representS the storage coefficient (or sroratiYity. specific yield) of 
the water-bemng layer (see Sec. 7.3.3) . For an unconrined aquife:- it is equal to the 
ratio of the vol ume of cirainab!e water over the total volume of :.he soil. 1\ umericaJ Jy 
the storativity muSt be equal to or less than the soil porosity, wh i c~. in soil mechanics, 
is des ignated with t.he letter n and defined 2.5 the volume of voids to the total \'Olume 
of an ei ement of soii . For cor:rined aquifers. which remain satur::.~ec during pumping, 
S may be J..S low as iO- ~: ior unconfined aquifers. it ranges from 0.0 1 to 0 .3. 

Tne funct ion )_\'w) is t:ibulated in most handbooks on hyd~o i ogy and ground
wat~ . ~ .g .. in the book GrcunJil·arcr and l'r'ells [Driscoll (1986. '2d ed.) ]. 

Figure 8.10a gi\·es a numerical example of the drawdown deY:"ioped at \·arious 
__ ___distances from the "c!! \\·i[f. T;ia1e. lf plott ed on semiiog paper. :,~ e crawdown curYes 

plot JS strarght lines l:fig . S.!Obl . except perhJps very close to the:r we ll or at ciistJnces 
:1ppro:1ching the infiuenct rang~. A simi iar picture is obtained if ;he drJY•.ciown at 
specific locations is plotted versus log (tirr.::) (Fig. 8.11) . 

8. i.1 Modification by Jacob (1940) 

If pumping time t is Sliff.ciently large, the \'alue u is small. For :1 < 0.05 the well 

function may be approximated by 

W(u) = - 0.577 - In u 

2.25 
= In-

4u 

= In 2.2:kmr 
x·s 

(8.14) 

The drJwciown as a function of time then b~comes 

Q '2 .25kmr 
s = -- ln --,-

4rrkm x-S 
(8.15) 

TI1is function piot.s :1s a strJich t line Lm J semilog scJle t::tk i:-:~ ~i t her tim:: r or 
distance .r :lS J vari:~ b!;: ::tS :1 func:i~n of t i m~. Figure S.J ::: co rn par;:; :=:e result Jeter· 
mined acccrd ing to th~ Th~ is formu!J with L::ob' s :1pproximarion. 
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k m = 1250 m 2:dav 

s = 0.00019 

Q = 2730 m3:cav 

log x (mJ 

60 

1=200 min 

a. Normai (anthmetlc) pia! 

-0.5 

!<. m • 1250 m2
:day 

s • 0.00019 

0 

a • 2730 m3 'day 

log x (m) 

0.5 

b. Log-normal plot 

Dnwctown J[ vanoos time ill[crnis. 

i' j'·_. 

•~---~ ~~ -
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log t (days) 
. 3 . 2 . 1 

0 

0.5 

E 

Cl) 

c 
:;: 
0 
'0 
:;: 
C1l 

0 1.5 ~ I k m • 1250 m 
2 
Ida y 

s • 0.00019 

a • 27:30 m
3 

/ day 

2 

FIGURE S.ll 
Drawdown at specific loouons. 

log x (m) 
Jacob approximat iOn 

·I ·0.5 0 0.5 

0 
1.5 \. z 

+--------'-~_..________._____ .. /T 
"/ Th'" locm"la 

0.5 

E 

'll 

c 
~ 
0 
'0 1.5 
~ 
~ 

0 
2 

2.5 J 
FIGURE 8.1: 
Drawdown a=rdtng to the Thcts formuia snd Jacob 's approximatton. 

S. 7.3 Extension to Unconfined Flow 

k m • 1250 m" i day 

s • 0.005 

a • 273~ mJ /day 

.t • 10 f:'liO 

0 

.... 

~ '~ 
,;J 
·: 'i'. 
I . 

--r 
: '} 
:~ .... 

J 
! 
" ·'t 
:,\ 
r 
4 

Tu cxrcnti hcob' s for.nub r'rom :mesian to unconiined fl ow , we 5c: ::: = h mJ ;.;lt.· 
usc of the :mJlogy 

2ms = he - y~ 

:u1esian unconfined 

:~ .r,;. 
_'{ 

% 
~ 
.. % 

ar. 

8 . 
M 

A: 
fl 
t} 

r:: 
c: 
tr. 

8. 

li· 

d 
I< 

d: 
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0 

~ : ~ :n.._ ........,_ <a 'rK I 

;: 
a 

3 
,-: c 2 

5 1 0 50 100 500 ~ GCO 

Time (min) 

• Ideal c:..::ve 
= Rechar~9 of aqUi ier occurs Within influer.ce range 
+ lmper.::ous bounuarv encountered 

5000 

<=> Trans;ent influence evident (other wells. ~ :des. flucr~ar :ng recr.ar~e) 

F!Gl :\. F: 3.13 
ii:::: -.; n wdown c:.:..,·~cncounte~tJ 1n th~ ri c!.:i . 

wh ich hoiJs ior iully penerr:umg wells. We then find 

h2 - ,.: 
s = 

21z 

·' and 
lz: - \'" 

2Jz 

Q '2..25kht = --ln-,-
4rrkh x·S 

1: ·. 
, : , 

(8. 1 7) 

(8.18) 

. ;-;·::\ B.iA Interpretation of Time-Drawdown 
·--£::-":t Measurements 

f~~ 

' As discussed :lt the beginnin£ of Sec. 8.7 .1. Theis had to m:J.ke 3 number of simpli
fyin g JSsummions in order to-mi\'e ar :1 time-drawdown relationship. It would be rare 

that :illthes ~ :l.Ssumptions are :net fully in natur::U geologic :md hy~logic conditions. 
Driscoll ( 1986) JS well as Powers and BWTiett ( 1986) give good discussions of the 
effect of nonidd conditions ,m the results of field pumping tes!S. Figure 3.13 illus
trates some of these cases. 

S.:.4.l DETER..'I!f.'IATIO\' OF PER;\IE..\.13ILITI'. Equation (8 . 15) c:m be used to 
de t er:n t n~ the ~'t':-:n::::~ b ilit\' k lllr tnnsmissiYity = l:ml of an Jquifer from time-draw
down me ::~ s urcn~~ :-:ts in J. ~ in~!c:: obsc::r\:;tion . hok. if the plor is a StrJi~ht line on 
semt k~ ~ ;':!per. J.S is thcorc:1..: ~: i ly expec:::d for ide:t! conditi0ns. If s 1 ami s ~ are the 
dr:l\\'J,mns llbse:·Yed ;1[ times :

1 
J.·d I~. we can \\ntc 

~ t_ 

r 1 

~ !. : . 

· -f.:·:;~ :· :: , ' ·,: It ;~\ 

·~ ~~~:~0££tJ~ 
r ·--·--"x· · · >~· .·•rl" ~"~~·:·;·~'~!!if . ... ~-~l·.f·- ,., ....,'!' 

.· ·'.,~~-~~n·~;:'). '>?:~ 
~. · -·~ ·~i-: :~· :·.t~ t\r .. ..... )_;: .. 

· · ·-~j,,): .. , ~~:,.· -\~ ·,;-. ~~ 
~ .... - ~.:..!l:~-;:;{~ .t' (~ ~~ .. 

~\~:l:.:~{f.~·.~j~· : 

~ - .... 
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Q (, 
s2 - s1 = - .-ln....:: 

4:=-xr.: tl 

and hn= 
Q 

4=is, - s1) 

(8 . I 9) 

tz 
(8.20) In-

t I 

t 
.~ 
~ 

.1. 

-! · 

~ 

$" -;;: 

~ 
DITER.MI~iATION OF .ITOR.AffilTY. If the time-drawdollm line on the ~-8.7.4..2 

sem.ilog ?iot is extended to z.e~ cirawdov.-n. the corresp0nding time 10 easily yields 
tbe storar:i\ity S. If s = 0. it foilows thar the value of the argument of L'1 in~- (8.15) 
must be equal to 1: 

'2.25bnt0 

=In :J?s (8.21) 

2.2.5 kmro 
(8 .22) s = ' or 

.r 

8.7.4.3 01TER.PRETATION OFTiiE L'ifl..l"E.\"CE R.A;",'GE. A vaiue :·or the influence 
range c;;.n be calcuiaree from Jacoo·s apprmimarion by settings = 0 and soiving for 
.r. We L'len obtain 

:1 

~ 
-l 

(8.23) ~; 
," 2.2.Skmt /kmt 

L = : = 1.5 ,_ 
\' s y s 

This IS !he same exr;:-::.ss1on Kozeny (I 95.31 g1\·es when reiemng :o work pubiished 
in the 19.30s. 

Sic;,:udt"s em~ i ri::al esrim:ne of the intl uence range L can thereiore be viewed 
as being associated wilh the de,·eiopment of drawdov,:n of an ur .. re::harged :1quifer 
at a parti::ular p0int in time. Since most natural aquifers are re::harged, either 
underground or through rainfall. Sichardt"s formula still proves to be a useful 
approximation. 

PROBLEMS 

Prdixes indicate oroblem tYpe: C = calculations, ~I 

CS.l. 

k=:! x i0 - 6 mJs 

h = 4 m 

h0 = 0.4 m 

' 
:. ·~ ~~ 

u ... . .. 

~~ ' . 
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] ) ~ 
cs.l.· Wells are located at the comer of a square - ~f width 8 m. Tne aquifer is 12 m thick. 

The water ievel in the cente r has 10 be Jowerea JY J m. Dete~:ne the pump rate required. 
The coei~c i ent of perme:~bil i ty is 0.003 m/s. :md the wei! rc.riius is 0.3 m. Assume h0 

equals 7. 6 m for the esr im:t te of the influence :-ange. 

j) ~ 
,. 

CB.J. Two wei ls are 22.5 m apart . From each wei!. 25 L/ s are pumped. The water level in 
the wei!s is 8.37 m above the base of the aquifer. which is 15 m thick. Tne well radius 
is O.J m. Estimate the penneability of the soii. Use Sicharet's formula to estimate the 

'influence rJnge. Jssuming :1n initial value of ( = 0.0005 m 1S. Iterate to find a more 

accur:~te value. 

· ~ 

:; ~ CS.·L TI1ree •;.-ei ls are equidistJnt from e:ch other. fer the following data calculate the water 
level in L'le center of the tnangle J.J1d in a wei!: 

i ) ~ 
I 

'I r 
r 
Iii 

(3.5. 

h 

Di ~ rance be r•, ·een we! is 

15m 

19.5 m 

r = 0.2 m 

Q = J7 L/ s 

:.: = 0.0005 m. s 

Two ~' ci i s :.re sp:1ccd !0 m :1p:1rt in Jn uncon f. ~ed Jquifcr wnb J thickness of 5 m. The 
r:1dius or :::e well s is ll . .:: n' . and the coefncie::t of perme:~b i iiry is 0.000-fm/s . If e:~ch 

f 
.... wc ll y ic i:.is Ll.5 L/s :J ltc r ~ t ;!Jdy- s tJte condillc:Js_Jre reicheri. ·.-· h:~t is the drawdown :Jt 

J ro mt J ~ Jwav from L' ne we ll :L1ti 6 m :1\l. JV tram the olh=:r well" r C3.6. W~ tcr is ~:.~mped from J .::{1-m-thick con tined .Jquifer Jt J rJ:e of 2000 m3/ day from a 
. sin elc we:!. In an obsc rntl.ln ho le Jt J di stance oi 70 m from the well. the drawdown 
I :J.Jt ; r 10 iT.J n oi pumpm~ \\ JS 0. 66 m: :Jfter !000 min. it '~:15 1.92 m. CJ.Jculate the 

~ 
."·:· coe t"ficie r.t oi perme:~bliit\· rm / day) and the storJtJvity . 

. ' : ~ CS.7. :\ circu!Jr e~cavarion tdiJmeter = 60 m) is 10 be made in J.J1 unconrineri :Jquifer which 
· - ~· is 12 m thick Jnd underiJin by an im;:ermeable !Jyer. The tol.J.l amount of water pumped 
. \·. is 0.2 m2 .'s. The soil h:lS a remleJbilirv of 10 -• m/s. and the ;:-orosity is 0.3. Determine 
E the rime recuired ro dmv down the !~vel at the center of the :.'I:.C:lVation by 3 m. Use 

_ ·, ~;;!~ ·_ the Jacob formula. 
·::riir-· 

:~~:iultiple Choice 
. ~5" :· 
.• ,. ... l 

... 

-~w~ nl8.3. 
~j . 
:.::~-'!.:, 
t:~~·.· 
.·f..-'l' v 

" !~~t 
- ~·§. ; · ... .. 
~~{:. ~ 

18.9. 
.,..,, 

- -. ~-~~~,-

kl
~ 
,, 
. 

- ;: 

Di sch:t~e quantities from wells Jre directly proportional to the 
(a) Diameter of the well. 
(b) Perme:~bility of the soil. 
(c) Soil gr:tin size . 
(d) Pump c:Jpacity. 

llH: Dup it-ll1iem appm~unJtion 
(Ill Is u s~ in the dcn1 a11nn of J ~ impk formuiJ for the csrimJtion ot the intlucnce 

ran ~e . 

(h) SJ\ ~ : ~:~t thr.: g r:~di t: nl of rhr.: wara !lowing toward the well is the same at equal 
di stan c-::s r'rom the ' ' <'il rc gJrdl.:ss nr' the derth. 

(c) Is u ~ed to dc.:ri vr.: D.m:-v 's law . 
(d) .-\110'' ' us to r.:s rim:ll.: the free Jist:haq_: e hei~ht. 
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- ~18.10. With respect w the level at which the phre:nic suriace intersects th:: well perimeter, 
- the water level in the well irself is 

(a) Always r.igher. 
(b) Exactly L'le s;liTle regardless of pumping rare and soil type. 
(c) About the same or lower. 
(d) Higher or lower depending on soil type. 

J\18.11. According to Sichardt. the influence range is nor reiared to the 
(a) Drawdown in the wei!. 
·(b) Configuration of wells. 
(c) Soil penneabiiity. 
(d) Well radius. 

l\18.12. Kozenv's fm:rll'ia for the influence range L is 
(a) \Jhk;n . -
(b) h5 Vkrin. 
(c) l.SYhlft n. 
(d) mr~ / 2. 

~18.13. 
In dewatering f'rD!ecrs. the number of wells and the r;ump capac ity requin!d is estimated 

by assuming L1a.t 

(al ·Soil beha\'eS as v. :Her. 
(bl Steady fl ow conditic: ' exist. 
(cl Nonsre:;dy now conditions exist. 
(d.) There is 010 recharge of the aquifer. 

;\18.1~. For natural sec:m:nrary soil deposits we often find that venicJl :1nd ho rizontal perme· 

abili tie s com;:: :-..-:: as fol io\\ s: 

:'118.15. 

f\18.16. 

(al k, > !Ok,. 
(b) kh > 1 Qkr. 

(cl k, = k, . 
(d) k, > 100 k,. 
The equation most frequently used to assess drawdown with time for gnvity flow 

toward a well 
(al Was propos.::d by Sichardt. 
(bl Was propos.::d by Forchheimer: · 
(c) ?\·lakes use of :he well function . 
(d) Assumes th: aquifer is continuousl y recharged. 
Theis developed a formula for gravity now to a single well for 

(a) Nonequilibrium conditions. 
(bl Equilibrium conditions. 
(c) Nonisorropic soil. 
(d) Continuous recharge conditions . 

Brief Answer 
BS.17. Fi gure P8.1 shows J perfect well with grJ\'ity 00w . ~arne the 1:cms that are !JbclcJ 

a. b. c. and d. 
J = 
b = 

c = 
d = 

~ 
~ 

-~ ,; 
~J 

J 
~ 

f · .. 

. 
l 
! 
-~ 

') 

~ 

~ 
"'' ,, 

'. ";\ 

B.' 

Bs 
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~ 
nil'<' 

... 
·:.;/ 
.':2 ' ~ -' 

,..: - :. 
/~ 

~ :·:;_~ ., 
. :. ~- ' 

:-:-.-: -:·:::.·.·:::: .. .. . . ... .. . . 

·~- · . .... 

P 
' 

... :~~~ -
~~=--· -~.::: ~ . , ....... · .. 

. ~. -~:.;~ :. : 
c 

~ 

~ 
.... ,, 

. :~~:~::\ .. ~ / 
-+=-· ,: . 
:;._~ = 
. --.!.?-~ : .. 

--
.. ~~: · . .:; . 

d 

b 

_, ,.,~.: .: FIGURE P.8.1 

~!.13. In the c~ri ,·a tion or' th~ eq uation of the dnwdown cur>e fo r :1 slot cr well, we 

. ::-:._': 

.. · u.I9. 
. · · ·: ·--·:. 

make :lii .;opro:< imat ion ri rst proposed by Du~un and Tnie::1 . Tnis means ·.ve assume 

Deriving 1 dischJrge formula for a "'per1-ect" · ·,.·eil or slot means we assume that four 
ideal or >implilied conditions hold. List them . 

(a) -
(b) ___ _ 

(c) 

(dl--~--
Tile desi!;Tiations h,. h~, :md h0 re fe r to water !en:ls in and :.round the bore!";ole. Deline 
these ter.:15 and their interrelationship: 
(a) h, is r..'Je __ _ 

(b) hw is the ----

(c) ~ is the ----

(d) h, == ----

Identify the following fonnub.s which m: associ:Herl with the :1J.mes of D.:m:y. Sichardt . 

. ~ -~~- Forchheimer. and Kozeny. , , 

-~~~'- · ;rk(h- - y-) td == . . 
In L - (I/ n) ln .r ~· ~ · · · .r ~ 

Q == kiA 

Q == 2rrrn0 \ 'k 
15 

Q == 1.5\'hkr 

n 

Theis developed :1 fonnula for the Je ,·dopm.:nt of d.r:lwdo11 n with rime. Lis! rwo of 
the si ·- · 
( 

mp iJIY Jn g assumplil'!lS lie made. 
o) 

(b) -----

o I .... ' • lol . . ' , ..... , ...... _ .. ~ ~ 
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-APPENDIX 

8A 
DR~A.INAGE 
SLOT 
FORMULAS 

---

SAl FU"LL Y PE:\t:TRATING 
("PERFECT") SLOTS 

8Al.l Unconfined GraYity Flo'~ 

For designations see Fig. AS.l. 
The Yariable q = flow per uni[ length of slot. 

Piezometric surface 
after drawdown 

Orig. GWL 
~ 

l y r::;:-H :,s 
hw /hot 1 

!Influence rang_:_~ .,. 
- --------

Permeaole 

: : : : : :: : ::::: : : :: : : :::: ::::: : : : ::::: :: : < :::: : ::: : : :::: : : : :.: :: :- lmp~~~ eaole :· 

!~ X ~I . 
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nGURE AS.l 
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h Permeable 
· · : · • ' -:"'- ' ... , . . '; ' 

f1GL'RE AS.: 

q = 
(h 1 

- h2 ~k 

2L 

' , L -X , , 
IJ· - y- = -- (h- - h'J 

L 

(A8 . 1) 

(A8.2) 

rL 
The !Tee Jisch:U!=-= height h, m:11· be estim:Hed according to Cha~mm tl957) f;um data given 

in Fig. S.J. 

t · 8U 1 Artesiun Flow 

r-I ~· ~r d:i~ n:Jtitlll$ ::e<: fig . AS .2. 
Ft'r full :ll1~~i:Jil !low tJ -= 0, or lrw ~ m): 

I .- (/r - h, )km 
q == 

L 

~
· ~· 
.IT. . ;.!\.·. h q(L - .rl ·.;~s - Y = ..:,..;_ __ 

I I ~ FoqmU~ """'"'!low (h. < ml km 

. f:~_:_ k{2mth - m) + m::. - h
2

] 

I
' tl.'~~~. . <{ - 2L "' 

. ;A. . • • • 

. :~~-·- · 

I 
~" U.m::. - h=:J 
-~~~~ J .. --~--...:.::::--

r l ~ '2Jn{h - m) + m~ - n:. 
• ;~x· -
I ~i~~· (;i,~· 8A2 PARTL\LLY PEI\ETRATING SLOTS 

r ' ... ,. I ·-;I 8A:.l Um'tmtined F1nw. Single Slot 

I \';i, &e Fi~. :\~U. 

:-:,. · 

(A8 . .3) 

(A8A) 

(A8.5) 

(A8.6) 

(AS. 7) 
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Orig. GWL 

T 

,. 
'·· .:· . .. -~ .. 

Permeable 

FlGt'RE A8.J 

8A2.1 Unconfined Flow~ Double Slot 

See Fig. :\SA . 

· r .. ' 
\?~ 

~ 

,. 
<-
-:--
-~ 

-...:... 

' _, 

Residual i:JcJ.rl 1d = 10 [ C ~C, (T - 10) .._ I J 
(C 1C:\., .... - 1.48 

~f 
(r\8.8) - ~ 
- if 

F:~ctors C: and C: Jre fro m Figs. AS.5 and AS .6. '4 .... 

8A2.3 Artesian Flow, Single Line Source 

See Fig. AS.7 . 

km(T- Ia) 
q = 

L + e 

e(T - Ia) 
rd = L + to + e 

(A8.9) 1 
~

;1 
(A8.10) .£+ 

i 
~ 

Given L. m. and m1• the dist:u1ce e can be calculated from data presented in FiE. A8.8 . 

I''"' B=n. "qnmol by""''"' md Konfmm ;, Leon"'" (1962)[. ~ 

--. 
Flow 

,,· 

Flow 

~ 

l 
" 
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1.2 

I I 
1.0 

0.8 

c, 
0.6 

0.4 

0.2 

~ 

( I I 
·I 
I I 

I I I 
I I I 0 

0 2 4 6 8 1 0 FIGL"RE ..1.8.5 
b!t 0 [After Cl:nnmnn. ( 195SI.] 

OL_ ____ L_ ____ L_ __ ~ 

0 0.05 0.10 0 .1 5 FIGURE A8.6 

biT (Afur Chapman. (!9561.] 

e L 
.. , 

Y Flow 

i• 

!':'!;.~.:~~ · .. ,, 
• t~ 
. -~· 
.: ~ -

"'· ~-· · 
~ . 
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FIGURE A8.8 

.· 
~ 

,. 
::. 
~ 

:~~ 

~ .. i .. ,.. 
·.~ 

0.01 0 .1 

elm 
1.0 5 [Afur Barron. as quot(d by Mansur and jf 

Kaufman in uonards (1 962 ).] • .• ~ 

SA.:. A Artesian Flow, Double Line Source 

Total fl ow 
'2km(T- fn) 

L + Am 

x + Am 
_r = fo + (T - ro) L ..;- :Vn 

The !·:ctor A is obtJmeci irom Fig. AS. 9. 

m1/ m 

1 . 0 L.----l---1...-.....l--....l 

0 0.5 1.0 1.5 2.0 
A. FIGFRE A8.9 

~ ;~,_ . :. .: _· - . ~· ..... .:... -- ..... - . · .. _: -

(:\8 .11) 

-:;;J 

~ 

-
(:\8.12) j ' 

.. 

~ ,. 

.. 
' 

-~ 
' 

' 

' 
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'11 ·. 8Bl SL~GLE W t.LL. CIRCULAR SOCRCE 

APPENDIX 

8B 
SINGLE-WELL 

FORlviULAS 

f ·:· 8Bl.l Fully Penetrating Wells ---r l . 8Dl.l.l PERfECT WELL 1 C:'o/CONIT'IED GRA \TIT FLOW). 

I ~- Fig . BS.l . 

[ I i:t'· 
l
~ :~~; 

~?t ~ 
r 1 " 

~(f;< : 
~::c 

- r )~_brig. GWL 2 r 

m1h; - h:J 

Q = In (L/r) 

, h' Q l . . ) F - ;:. = ~ n (:<fr 
m.: 

J
l@;;.' ~ ~ 
~~ --- -- ---------- --------
· (;' 

·-::::x· 
~r.; ~~ 

~
r ;~· · ti . 

w.~ '> . 
r~ 

(l.t~ 

~ :~ 

~ .. 

y 

Permeable 

FIGt'I~E 111!.1 

For designations see 

(B8.1) 

(B8.2) 

171 

~· . -· 



fl 
~ I 
• 1tl 

rJ 
rJ 
[ J 

[1 

( l 

l 
I 

I 

172 HYDRAUUC MODIFTC.\nO:-; 

h 
-: . 
• ~-= . 
~~"':.c=..: ·:. . : :· -, ... 

;. m ' y ;_ :· it':;: . . .. : _J , 

.. 

:-:-:·:·:·:·:·:-:-:-:-:<-:·:<·:-:-:-:- :-:-:·:·:·:-:-:-·-·J.·.·.·.·.·.·.·.·.·.·.·.·.· . . ·.·.·.·.·.·.·.·.·.· . ·.·.·.·. · . ·.·.·.·.·.·-~r······lmpermeable 

~L~ . F1GURE B8.2 

Note: A wide variety of formuias has been proposed for estimating the free discharge height ,;,;. 
h,. Tne iollowing e:tJ=:ressions were presented by Herth and Amdts (1973): f 

O.S(h - h0) (Boulton) 

(h - h0 )
2 

h, = (Ehreni:>erger) 
2h 

(h - hol e'- a/TT) 

. Vk 2r-:+.~ 
where a = - --·. 

15 Q 

8lll.I.l ARTESIA .. '-; WELL. See Fig . B8.2. 

2-:ri:ms 
Q = In (L / r) 

(Juhasz) 

Q 
y - hw = -,-.-In (x/ r) 

.. 7TXl71 

8B1.1 Partially Penetrating Wells 

8ll1.1.1 

where 

UNCONFDiTI> GRA \lTY FLOW. See Fig. B8.3. 

rl[T1 - (hk. + t)la 
Q = In (L/r) 

fh hr - h 
a= ·- "1--

\'TY T 

Or. after Breitenbder [as quoted by Herth and Arndrs (I973)]: 

where ;; is obtained from Fig. BSA. 

Sll.l.1.1 ARTESL\.S FLOW. See Fig. 88.3 . 
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FIGL"RE B8.3 

Curve :-:o . I hiT I 
1 1.0 ' 

! 2 0.9 5 

3 0.9 

I 4 0 .8 

I 5 0.7 
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I 7 0.5 
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9 0 
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-E ; r m 7T1T! 1 where f.L = I + 7 ·- , - cos-. 
\ 2nr \' m 1 2m 

FIGURE B8.6 

8D2 SINGLE WELL, LINE SOL'RCE 

- SD2.1 Unconfi1ied Gra,·ity Flow 

For ceslf:OJtions s~ Fig. BS.6. 

m..•h" - n:: 
Q=---

ln (2L0 / r) 

Nore: This fonnuia ll.' JS derived using the method of im:~ge wells. If~ > L. use 24 = ·· 

8D2.2 Artesian flow 

See Fig. BS. 7. 

2 ":7J..ms 
Q= 

In (2Lo/r) 

Impermeable 

FIG l"RE 3.S.. 7 
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APPENDIX 

8C 
rv IUL TIPLE-vVELL 

FORlviULAS 
(UNCONFINED 

GRAVITY FLOW) 

.. 8Cl MULTIPLE WELLS . CIRCL""LAR 
:s.f l~l;'RCE 

SCl.l Gener:ll Case 

C.:Signarions see .=ig. C3 . 1. 
For well (i) oniy: 

, , Q, L. 
h-- v:- =-In-

- I rrl; I ; 
(CS.I) 

////1' ,-· .-.- , ~. , //// , " ///,.. ... , , " . , 

f4 
L, 
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·~ 
\ l-l 

F1GURE C8.2 

For n wells: 

n 

Q =I Q, 
,. I 

Nore: For artesian ;';ow formui:l. replace h2 
- .'~ by 2ms as for single-well cases. 

8Cl.1 Circular A.rr::mgement of Wells 

Se~ Fig. CS .2. 
For 'n wells at distance a irom point P: ---

8C1.3 Rect.an£Ubr Arrangement of Wells 

See Fig. CS.3. 

; 

i 
: t 
:• 
- ~ 
~ 

(CSA) 

<! 

~ 
., 

.. ~ 

For prelimin:u-y design. repia~e the rectangular area by the equi\'alent circ:Jil!'"area l'ili 
r.1dius a calculated a; follows : 

a = 0 
v1T 

8C1 MULTIPLE WELLS, LINE SOURCE 

8C1.1 General Case 

For designations ~ Fig. CSA. 
For well (i) only: 

r i · · · i 
L! ___ _.... ~:----+--.._._. __.! l--j 

~o~l .. ----- . I F1Gl.iRE CS.J 

- .. 
. · ..... ~ ..... " l~.: .... - ·~·!;<r;_~ ~ --'--"'""~'''" 

(C8JJ 

i 
_!': 

~· .. 
j 
·to 
. -~ 

• . 

'·' 

:~ -: 

'"! 
··. 



Image wells 
Reai wells 

M UL T!l'1-E ·WEll F<JR.'-1 u US ( lll' CC :-iFlSED G RA V lTY FLOW) 

F1Gl.ltE C8A 

Q, r: 
-!n
d r , 

~ Q,l . • ;r == .:.... -;:- n .r ,, r, 
I- I A. 
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9.1 GROC~TI AND \-VELL DETERtvlL~...L'ITS 

9.1.1 Determination of Ground Permeability 

rr.e discharge quantity from a well or slot is directly proporrional to the coefficient 
of penneabiiiry k. For sands and gravels. the soils most suicable for dewatering by 
weil s and open drainage systems, k may vary from 0.0001 to 0.01 mt"s. A reliable 
e,<;timate of/.: is therefore of great importance in the planning of well systems and in 
the pretliction or" the requicet.i pump capacity. 

1l1e soil ~roperties wh1ch signinc:mtly affect the perme:1biliry are [Lambe and 
\\nirmar (l969lJ: 

. :: 1. Particle size 

. : z. Void ratio 

3. )fineral com[)()Sition 

4. F:1bric (so ii 5tructurc) 

5. Degree of saturation 

For a cohesionless soil. the void ratio is likely to be" the most import:mt deter
mi r.m t of its pe:-:ne:Jbilit\'; m1neral com[)()sition :md the fabric componem of the soil . . -ri SL"~:~ure are mc:-e import::.nt :·o r tine-gr::.ined soils th::m for sa.mis and graYeis. f h 

BeCJ.use :r is '-:ery difficult to obtain represer;tative undiswrbed SJ.Jr.;Jies o co e-

1 
si o~i~ss so iis. st.::ndard labor:uory consta.nt or fJ..ili ng-h"e::n:±-:ests m:1y not g1ve perme-

F !b i~ity coefficien~ which ~e \ ttfficiently· reiiabl.e fordcsig~ ~urposes. For _this reason 
1 j ana bec:wse of :ne vanabitli\. llf natural so d oe;:osl[s._ fietll.'e~ts are h1gnly recorn-

J 
me~ dcd . Howerer. 1f onlv a disturbea sarnole or sod IS avadaole. recourse may be f , ·;,:~" to an emp'ri'"l ceb;wnsiHp borweon iro'n size distcib"'ion and pecmoability 

~ ' ~~ l??.I.I.l ESTI;\LHING k FR~:\f PARTICLE SI~E. ~\fany te~tbooks quote a formula 
- ~ : attnbured to HJZen (I 892) wnn expenmented w1th hlter sanas: 

~ ~ -~~-~ k = 100Df0 cm/s (9.1) 

J J'here DID is the diameter in centimeters corresponding to 10% passing. as read from 

I I :}~.~am-size-distribution curve determined from a sieve analysis. 

I f~fl· ::. · More generally the formula is writt~n as 

r ; .,~::..1 k = CDj0 cm/s (9.2) 

11· -~~~nstant C has. been found to vary~ with ~he uniformity coe!~ficient C..,. According 
-~,:~: '-)er [as quoteo by Schroder (196o)], C ts related to C, as tallows: 

: ~~ I=. K~-...,-,D-1 .. o---LC-
(.<i.·· ·, .~ I :..:.1-1 9 
I !tf, . 110 

"\" ""'2.9 

I ' :~.~9 100 

l ·:,i· S-9.9 Q() 

:~ _IQ...I9 9 SO 

1 ) :~~ 
9 :;:~ ·' 
I .... ,....;. ·, .. 

. I .:\·~-
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t 
dh 

_Lr-==-c-,-. 
1~ 1\ r-dx~ L_ , 

t . .. r·· 'I ::::::::.: :: J 

L-L ----=--=--=--=· :-: :-:-: :-:A : :.:-';-: ------' 
t>>:.:-:-:-:·: ··!:·>1 

FlG!.JRE 9.1 
Constant r.:ad t::.st. 

Powers and B umett ( 1986) [ Jiso see Powers ( 198 I)) ha\·e ?Ubii shed c:-:::.ns origj.'::; 
nally prod uced by Prugh ( 19591 which gi\·e the permeability as a iunc ti on c:· D5(J anl:· 
the uniformitv ccdricient for either a loose. medium. or dense st::He of th~ zranular::. 
soil. These c;rreiJtJons are sait.! to be reliable. providet.! the s:1mples tes te: ~e rep-;~ 
rescntJtivc and there is no excessive stratiiicJtion presen t. .i~ 

9.1.1..:: LABOR.-\ TORY PER:'>!E'.\BILITY TESTS. Jn the const::.nt he:Jd test . :=:g. 9. 1) 
water flows from an upper resen·oir through J cylindric:Ji soil sample of : ~:1gtli dx': 
and cross-sec ti oml are:J A to :1 lower resen·o ir. For a given difference dh :a water; 
level between the consrJn t he::.d resen·oirs. the f1ow of ware:- Q is meJSiJ :-ed. lllt'
coefticient of perrne:Jbili ty k is c:Jiculated di rec tly fro m DJrcy·s !Jw [Eq. (i .9) ]: 

Q dx 
k=-

A dh 

· ~ 

(9.3/ 
· .~ 

J 

In the falling he:Jd test (Fig. 9.2) water drains fro m a standoipe throug:tlhe soit.-
specimen into a consL1I1t-levei resen·oir. .-\t time r1 the head of water in the sU1Ildpij:( 

• 

a 

FIGURE 9.: L·~ 
Fliltng hc:sd ::st. 

9 
c 

I . 
( · .. 
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. bserved as 1! 1; at time r, it has fa ll en to h ~ . If the cross-sec tion al area of the 
:;dpi!X! is a anc.J that of the Jx-1ong specimen is .4. the coefficient of permeabil ity 

~ founJ 10 be 

(9 .-+) 

~- .:.. . 

-~f is important to keep an accll unt of density and sa turation of the specimens tested. 

,.J.l.J FIELD PER,\lEAiliLITY TESTS. Although it see:11s most desiraole to deter
mine kin situ. che imerpretauon of fieid test results is not J.lways easy because of so il 

·djsru.riJance. cloggi ng of screens and filters, anisoa-opic conditions. md other diffi-
. . ·-• .lities. 

Pumping test with obsen:.~tion holes. The mos t reliable fi eid test reauires the in-
• st.liiJ tiu ll of J. :·J il- size pumping weil plus at k:J.St two additional borei':oies where the 

(:tbmctric Jt~., d em be ob~cn' ec.J . For steady-state conditions. the quation of the 
Ci':!',l'down curYe [ELJ . (8. -i l j is wri tten in terms of the water levels y1 J.Jld y1 in the 
ci:servation hoies wh ich :crT Jt c.JistJ.Jlces .r1 and .r~ from the we ll. For uncontined flow 

· -~~= coefficier.t of perme:.!bii ity can then be calculated from 

:IJ _, k = Q In (x,..'x,) 

:~} --- 7T\Y~- y~) 
I (9 .,5) 

n:~ 

- ~Tfcr a coni1:1eo(jncsian ) aqu 1fe r of thickn~s m the expression for k is 

k = Q In (x):r! l 

I ] ::;y,'. 2 -:rlll\ lz ~ - hI) 
51, ~\:::_The de termin:uion of k from me::Jsuremems of the de\'eiocment of dr:J.wdown with 

(9 .6) 

"'fX .:~>me at a steady pump rare was discussed in Sec. 8.7.4. . 
;~·~ ~ · 

l 

I 

.,.:~·~: 

:,;:~·Single-uorehole tests. Formulas for single-borehole tests for a varietv of geomeuic, 
·I.~_ soil, md water lev~ l conri~urations c~ be found in the ''Design ~tanual" (U.S. 
'~Nary, 1962) and in Lambe ~d \Vhitman (1969) referring to Hvo~le\' (1~9). These 

· ~'( tests are either carried out by obsen·ing the equilibrium water level in the well for a 
'' ~ "': speci fi c pumping r.:J.te (i n or out) or bv recordincr the change in water !eYe! in the well 
. · With time after pumping has ceased (rising or f~ling head rest). 

.. ·;" 
9.1.2 Filter Criteria and Design 
of Well Scre€ns. 

~ ope n dr.1ina~e situations tFig . 7. 2) it is desir.1bk th::Jt warer Joes not exit on the 
:'1°~s. in urti~r ru prc\·~ nr ~ lump in~ . TI1is nl:ly be ach ie' eti by constrUcting a sloping 
~ · t er .lS sho,,n in fig . 0 __ ~. Ct:c.Jergren tl960) proY iJes Jesign ch:uts that give the 
Cks ired k(f1 lter!, .\(sod) rJtlll as a function uf the slopeS .U1li the ~eomecrv of the rilter 
!one. - · 

'- ..... - ... ~· - ~ -- __ :.: · ~ :~~~ -



Jl 
I I 

i 
I '· 

~ rl 
rl 
r i 

fj 

I' 

182 HYDRAUUC ~lODrFlC.\TION 
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Slopmg filter destgn. [C!dasrtn ( 1967).] ~ 

TI1e traditional way of preventing the migr:J.tion of fine s01i p:u11cies into grad·~ 
filled drain:1ge ditches and s-=reened sumps is to consli1.lct one c~ seveni niter laycl1. , ; 
usu:J!h· con s istim~ of sand with a cr:1in size chosen accord in£: :o ~I ter ciiteriJ such JS ~ i. 
recom.mend~d b~: the ~. S . Corps ~f Engineers [~qs. ( II. : i ~ - . : 1.12). J_nd (1!.13)].: ~ 
These cnrem. ensure :wcquate f1ow through the niter zone. ;-:-e,~ntion or f' IPlllf . .wJ ~ 
su!ficient uniformitY or the maten:Jl. TI1e cri teria are exoress~c : <~ terms i.~r' the ~r:uJ . i.; 

si'ze ind icators D 15 , .D5D . Jnd D35 of both the soil to be pr~rec:~i :.:-~d the ~lt~r r11;1teri~~~ • 

. . . ~ --~ . . ... .,. ,~. - .~ ...... , .... ~ ~ . . 
l \ · -
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. s D D aml D. rep· resent the diameters corresponding: to 15, SO, and fnJicaror 1!· _ 50• . . , _I. . . . . -

8500 passing on a gram-size-Ji stnbuuon cur. e. . 
It is becom ing more common to fully or partially replace grJnular filters by 

geote.\tiles. introduced in Cil~tp. l I . Filter action. particularly as related to geotexriles. 
•
5 

discussed funher in Sec. 11.2.3. 
1 

Tempor:rry wells may consist only of pert-orated casing surrounded by a sand 
or a ravel pad:. chosen acwnJing to proper filter criteria. ~lore permanent ~nstallations 
arec-l ikely to be fi tted with commercial 1vell screens. which have considerable advan
tJ!!CS comp:JJed with makc ~ ltift slotted and perforated pipes. They JJe :.~sually made 
icorrosion-resisrant metai. provide continuous uninterrupted inflow over a maximum 
r-ercentage of open JJea. h:.m~ V -shaped slo t openings that widen inw:JJdly to pre•:ent 
clogging. ;md Jie built strong enough to resist stresses during and aite:- installation. 
A properiy ci:osen weii screen wil l give the '.J,:ell a maxtmum spedic capacity. 
measured in iiters per se::oml per meter of drawciown. 

9.1.3 Indiridual Well C:.1pacity 

The preliminJ.ry design o! .1 Jewatering system usually stms with a dete:mination of 
the roral quar.t::;.· of ware:- to be pum~ed for a circul:tr exca\·arion with ;m JJea equ:ll 
to the one :a ~ dewate:-eti. In order to be abk :o estimate the required number of 
nils of J. gi.,en size . knowledge of the c:1paciry of :m indi' idual well is required . 

. Fer ;m inr.ii i'IG :.!Jl well or· r:tJius r. the Ji sch:tr;e quantity is cJlcu!Jted Jccording ro 
. ·~ . ~ . 

. ,.;. 

' 
(9. 7) 

where h., c:m ~ set eouJ! rll /r0 if the free disch:trge height is ignored ;md i, is the 

l 
_.,·. ave:-:1ge enr:ry ?diem. According to empirical nndings by Sich:trdr. the ~ntry gradient 
~{,' should not exceed 
\~: - : 

' lt~t-~ 

l 
1 

;~~ 15\k 
(9.S) 

'>·~· 

~?H~ (where k is entered m m~ters per second). othef\l.·ise turbulence. high head losses. 
~t:~'anct filter inst.1bility may result. This rule is m:ommended for well spJcings larger 
!~' thJn about 15 well diameters. The capJcity of 3.Il individual well is therefore limited 
,~;to 

Vk j1~;, ' ~~ -~f:~.'·~<-ith rand~ in meters. kin meters per second. Jlld Q in cubic meters per second. 

Q. = 2rrrh0 -
lr=l 15 (9.9) 

. ,_ 

-~ ~ 
': ' .) ~ 

i 

~~~ 

II 

:{._~ ~·ore that bath expressions [Eqs. (9.S) :md l9.9l] are empirical rules ;md are nor 
~-:: dimensionJ!ly ..:onsistcnt. 
·· . If Qlml\ is piouctl ~lS .1 funcrion t'f h0 , J srr:1ight line! resuhs JS .\ho\vn in Fig . 
· ... :A. TI1is ligure .tlso shOI\S \}, calcubreJ :.u:cording to Eq. tS .• ~) which reads (negkct
··· tng :.he free Jis..:h:m~e hei~htl: 

· :~-L - -
•\. 

·. ~. : : ~ . 
~-:~·::'"'. 

~k(h"- - h.;) 

In (L r) 
(9. JO) 
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FIGCRE9A 
Wdl cJoaciry. 

ho (m) 

12 

8 

4 

Example : 
h- 12m 
k • 0.0005 mJS 

r- 0.25 m 

0.0 1 0.02 

·j , . 
.f.l 

0 :~A 
i max ace. : ·;:, 

~-- to s:cnard1 :: ~ 

0.03 

(E~ . 9.9) .~ 

~i 
:1-.r : 

)-~ , 
' :fl.: 
!o'·""' 'r:~ 

0; 2::::0rding ~'%· 
we•1 !omnula ·~ - ~ "':,,. 
(c.::: . :::.1 0) /~ 

·;~ 
{J . ..., 
i"i 
~ 
~w 
-'0 

-'•1\' 

.. ;?J 
ri 

- ~~ 
... ~~ 
~~ 

'f 
In Fig. 9.4 this function is represented by a parabola . T ne poi nt ..-\ cc:-:-espond.s . 

to a desirable minimum water level in the well lrumm and an optimum disc:-:2.r~e Q<~'-,. 

representing the indi\·idual well capacity. If Q is increased iunher. the :::.:L'I;imum 
feasibie emrv ~rad ier.r accord in ~ ro Sichardt is exceeded and the well mav ~ ::umpcd 

~ .... - ~ . ~ 

dry ~ 

-. .f 
9.1A Well Diameter. Depth, and Spacing 

It is of interest to note some of the guidelines published by various authors with 
respect to the preliminar:.· layout of a well system. It should howe\·er be rerr.=.mbered
that many of these design rules may have originated from engineers invoh·erl in !he 
development of groundwater for municipal or industrial water supply_ rather iliaD (ct 

temporary dewatering projects. In addition. the technology of drilling and pumpins. 
undergoes continuous development. Nevertheless, in panicul:u- geographic 31tJS ct . 

specific geological formations. successful traditional guidelines and techniq:.~es fl\11 
be maintained. :.; 

t , • · 

As mentioned earlier. shallow installations using surface ;JUmps allow .1 mall' 
mum suct ion head of Jbout S m: well screens mav extend the installation ;o l roU1 
depth of 10 to 1: m. Schroder (1966) quotes as- J rule th:l! :he dis r.:mce x1w~ 
adjacent wells should not be less than 3 to 4 m for !50-mm-JiJmeter \\'e! ls .:.:lti ftl 

less than 5 to 6 m (or .300- to 350-mnH.iiameter we!ls: othen,·1se :;n unecc:1t'illiJ 
system of too many wells with only marg inally increJSed total Liisch:u-c:e ~a' resw'!. 

- I 

n 
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-· · ·,~::_'='". · . . well-point insta ll ations. where emphas is is on easy and quick temporary 
u,...,,-cvcr, tn - · · f · 1 D · 

· fi"J • of reusable components. spac mg IS o ten mucn c oser. es1gn charts pre-
,_.,rJauon . · · · · 1 0 ? 

~ ~cJ by i\!:l!lsur and ~autJnann ( 1962) co ns!Cer spacmgs as ow as ·- m for gravels 
. : _JCfl 

1 5 m for fine sa nos . 
· . -~-~ For indi1idually de •:eloreJ deep we lls. the diameter and depth chosen will de
' •:..;;,_d--· on the type of submersible pump to be used. 

:, ~~ 9J . DEWATERING OF EXCAVATIO~S 

. · t1~l.l Standard Design Approach 

_ .. ~.-~ aims of t.he calculati ons are to determi ne :he required pump rate and the number 
o{ wells neec~d in order to lower the water : ~·:e l by a specified amount below the 

,:_~ ot the ecaVtitiOlt. CJi cu l aLlu ll ~ IJIUl:et:t.l iu fu ut :,1 !J:,. 

. . : . ~-

. .. · Step 1:_ Obwin (/ /'(}1/~'jl suess uf rile tOIDi <JlWIIfity ~~r H'Oler {0 be pumped. We 
, .,.rtf lace the :;i:::.~al exca\ a ti t' '' with a circular one of equal area and use an equation 

-~~.'-llllio wus to c:J . (8. 1! ): ..... _.._ ... . 
·.:::.·. · .:· 

rrk(h: - r:) 

In tL,_a) 
(9 . II) 

·. ~ •. ':; ' 
. TI1e YJi::~s of h. ,. :111li k are Je!errnined 8y the dimensions of the :1quifer. the 

· :· r:cu ired Jrawcown.,. Jrld.Jhc soil t~e_ The a is the radius oi the substi tute circular 
:.: , ;;e .~-~:Jvation . If :..1e actual e.\Ct\'atio~ :is rectanguiJI with a length X and width Y, then 

fi y 7T 
(9. 12) 

The L c:...1 be es timJteu using Eq. (8.8), bur this requires an initial assumption 
;.'fJ· The assumed h0 is checked in step 3, and the calculation is repeated if nee-

·l,..l 
,..,"' .. Step 2: Esrimare the number of wells needed (n) . For a given well radius and 

:JSsumed werted tilter length ho the ma."':imum yield of one well is calculated 
· g to Eq. (9.9). \Ve then find 

$d 

1 

I 

. , :::: QIOI 

Qmax 
(9 . 13) 

. . Step 3: Check ori~·inul guess uf h0 • Use the following Yersion of Eq. (8 . 10), 
St.Jil referring tu the circular excavation (Fig . 8.6) . 

1 

~k(iz~ - h.~) 
:::: ~--------------------

In L - t l / n) In t.r 1 .r~ · · · x~) 
(9 . J..J.) 

-·· .· · 
-·· Solving :::is equatiL'n r·n r h0 , results in a new. impro\·ed \':llue fori~,. Using this 
./ :·aJu~_. J new L .:.nd new c·~ ;trc com~uted. Ste;:-s I to 3 are re~ated untd /~ assum~d 
). IS SU!ficiently • iLJS C !O /z

11 
c:Jku!Jtcd in Step J. 

-'*" -''~-

~: .\ ~~~~~:f __ ;.~ : : 
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Step 4: Retum ta the original c.rca t"ation. Distribute the '' well s around its 
parimeter. It is then necessary t0 check tht> wa ter level at critical points below the 
excavation in order to \·erify whether the design requirements are sa ti sfied. For ex
ample. the water le\'el at the ce nter and near the comers of the exc::~vation should be 
calculated. Thi s is done using Eq . (8.10). If the water level is too high. the pu mping :~ 

rate Q,ot has to be increased. This. in tum. \viii result in a reduced h0 and an entry : .. 
gradient which may be in excess of that recommended by Sichardt or. in the extreme, ·· 
dry wells. If thi s is the case. the number of wells should also be increased and all ~; 

.~~ ---:::z 
calcul::~tions repea ted until a satisfactory solution is found. 

. ';:f 

Increasing the number oi wells but keeping Q,or is unlikely to significantly lower. '~~ 
the phreatic surface further. al though a more even drawdown may be ber.eficial in :; 
critical areas. ~ 

It should be noted that ~cause of inherent deficiencies in this method. h0 cal- ~ 
culated using Eq. (9 . 1J) for inc.li ,7idual well s around a noncircular excavation will not ·~ 
be ::1 constant. To use ::~n a\·c:-Jge value. where ne::~ssary in the calcu btions. appears 
to be a re::~sonable compromise. 

- -9..2.1 ;\lodific:J.tion 5y Herth and Arndts 

Herth and :\mdts ( 1973 l m~n_!_Jined th-:l~it:- stand::~rd approJ.ch ::~s describec in the 
prececHng sec tion ie::~ds to an O\'erestim::~tion of "~~ · This is bec ::lUse the flow to an 
individual well within ::1 !2rouo of wells loc::Jted around an eXC:l\.Jtron is not ecual from - ' . 
all directions. Jn p:micular. the flow from within the exc::~vation JieJ tO)\·ard the wells 
is less than from outside the exca,·ation . In addition. the free discharge height is not 
considered. 

Tlrey proposed that the following modified formula be used: 

/ , fQ, In (b/r) ~ 
l~o = p ·- - (9.15) ~ 

\ . 1Tk 

The terms b. y . r. and h0 are denned in Fig . 9.5. 
The recommended Yalues for the correction factor f are 

[ 

!.5 
f = .., 

for large well spacings. 

for small well spacings (b < 5 ;;-rl 

The justification of the l:mer is that for wells .::iosely sp:1cec ;:.round an ~::;ca· 

\'ation. water flows into the weils only from one side. Thus. to c::dcu!:J.te it,. it is 
assumed th::ll there is J "2Q, rlow to the well. This results in J. red uced value oi ~ 
which should be com::ared with the minimum Jilowabk h0 c:J.icul::nec usi ng Sic:-::ll"Jt'S 
formub [Eq. f9.9l]: 

I~ = 

.. -,. ~-~ \ 

[.5 C"n" 
2pr\ /.:. 

(9.16) 

i 
.i 
·~ 

·, 
' ., 
' 
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Orig. GWL 

I 

9.2.3 Pipelines and Pumping Plant 

r 
T1:e velocity in suction pipes (or heJ.der pipes) with 200- co 400-mm diameters is 

:. usually kept beiow I. 5 to 2 rn / s in order to keep friction ~asses within reasonable 
:· IirnilS. Pressure lines (disch:.trge lines l :u-e dimensioned for \·elocities between 2 to 
.· /3 m/s. <he 

De pump c:1pacity rec~ired c:m be calcui:Hed asing L'-:e following formula: 

c..~-;~ 
-· ~:~~·::-~ 

\! Qlry~. 
/ Y := --

TJ 
(9 .17) 

where T] is the efficiency of the sysre:n. with friction losses in the pipes also being 
!.!ken into account. Usually the value 7 is between O.J and 0.5. 

Assuming an efficiency 17 = 0.3 and setting y.., = 10 ~'i/m3 (or !0 N/L) the 
ula simplifies to 

Qh 
N=-

4D 

Q in liters per second and lz in me!ers . 

k\V (9 .18) 

. The total disch:u-ge. total head. :md suction lift required are the principal pararr!-
[ . . affecting the choice of a pump. Self-priming centrifug:t[ pumps are most com-
- f ;~'/non, but the water pumped has to be relatively clean. Pneumatic pumps and dia
s r i%:;~gm pun~ps_ :u-e able to nwve limited ~ounts of silt and ~d without excessive nl t ~;;- eJr._ Rot;u-: dtsplacemenr rumps are ~sed 1f the water pumpea from sumps and wells 
s f'~f:~ta.Jns mo~ sediment. SLbme_rsible p~mp_s are usually of the centrifugJ..l type with 

~ ·..::::. or more rmcellers on a \·emc:U sh:ut driven bv a motor. 

I J Y'~WerStandb~· p~mp C:lpacit\' should be a\·:tibbk_ i-n c:1se of l:_re~~own or interru~ted 
1 : ~'-< · thA , • supply or m c:~se un=xpecrcd .:;eologic:ll te:uures result m mcre:J.Sed flow mto 
~ ::f . '- aewntenng ~ysrem. 

I 
: R/ 
""" ''· ; ·· ti·~ ... 

I 7{}-i '· :;:.;.:·: 

! ~·;. 
~- ~-~~~ .. 

. . -;.;...~.: . . ·-·--

---
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-9.2.4 Settlement of Adjacent Structures 
and Other Side Efiects 

Lowering of th~ groundwater tJble increases effective stresses in J soi l deposit. 
consolidation. and results in settlement of the structures supponed by it. It may 
cause negati ve skin friction on pile foundations. 

A rough estimJte of settlement can be made using the one -dimensional 
ment formula: 

Settlement 
H = --Cclog 

I + e 

The His the thickness of L1e consolidating soil layer. which has an ini~al 
ratio e and a compressive index C0 • The initial average effecti ve ·:enical stress in 
layer is designated u;'<' . and the stress increJse caused by lowering the water ca ble 
Jcr. For a reduction in the groundwater level by J.h . the stress increase 
Jpproxim:Hed by 

Jcr = Jh y •. 

if the total unit weight of the soil does not chJnge markedly bec:wse of dewace:ing.' 
The compressive index cr is determined in a consolidation test or. less r::: ilbl ,· . 

is est im:J.teri from empi ric:J.l rei:Hionshi~.__?u~h as C, = 0.009(1iau id limH ( ~) 

10]. De;::er.ding on ,the stress history of the consolidJting layer. the reco 
index (ofle!l design:>ted CR) m:J.y give more re:J.l istic settlement •;Jiues thJn Cr. 

If LI-Je :J.bove formub ind ic:J. tes mc:J.sur:J.ble- se tr lement. thi s by itself wi il 
necessarih mean imoatrment of JdiJcent buildines. If the consolidJtin£ la\'er is :hick . .;: 

. . - - - • .1 

and highly impermeable. the r:J.te of set tl ement may be so slow thJt temporzry de-f. 
watering of an overivin £ Jquifer has liule effect. Also. the differential sen: ~:nent i: 
ex perie;ced by a s~ctu-re may be relatively small. with no effect on its fun-::rionJ 
Much \Vill depend on the nature of the structure and the service it provides: A CO(·:? 
rueated. ironclad. steel-framed warehouse is less susceptible to differential movement (· - . - ~ 

than a multistorv brick building. ::if 
If sertiem;nt is likely to d~mage structures adjacent to the dewatered excavarioo,1 

it may be possible to either provide a cur off (sheet pile. slurry wall. grouted or froWI ~ 
ground) or to artificially recharge the water-bearing layer in their vicinity in o~ to£ 
maintain the original groundwater level (Fig . 9.6). The cost associated with theSCJ 
pre\'entati\·e measures could. howeYer, be more than the cost of underpinning. 4 
ing, or rep3.iring the affected buildings. ~ 

- It should also be noted that recharging :m aquifer may be more problem3.tic !.:~! 
d~watering it. becaus~ 

There may be practic3.l limit:J.tions to the head of water whic~ can 
in the rech:u-ge well. 

- ~~ 
·i 

-~ 

be buiit '.!1'1 
li· 
1 

The ;r0und couid appear less pennc:J.blc because the ?Ump~d water is ccnP-
inJted with nnes and dogs the walls of the recharge wells or trer:c=-:es. 

r 
~-

r 

if i; 

fe r; 

tn 

du, 
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. Cutof f 

Well / 

Orig. GWL 

.Sard 

a. Cutoff 

b. Artificial recharge 

·· ··: 

Recharge 

F1GURE 9.6 
Preventing '-'ll"'-anted side cla:ts of 

dewatering by cutotT or ~e. 

: . The Jquife:- soil could t-e signific:mtly less permeable thm originally measured. 
tt 15 unsatur.ued prior to recharge . 

. Recharging the aquifer m:J.y reduce total sertlements but also may increase dif
al sertlem::.nts. 

[ ·. in B~sides se::.km~nt, other "umvJnted side eiT~ts" [Powers ( 1985)] of dewater-
, ; · g ma~ tnclude :.he tollowrng: 

~~ ;; Effect on :-:e;)J'by water ~ upp! y wells ~
r :;u.~: 

.. {'d . Saltwater : :-~crus ion in L:L1;tS tJI ~l.re :!.S tor spre:1d of under;round pol!ut:lnts in in-
' - ~~ Ustn-~ .,. 1 1 · ·:. : ..u ... e:J.s 

I
t~~!: . 
~ - ~ ,• 

~~; 
. ·\\ . .. ~~.: . · r ~~v· . · 

I ~~·~· 
'::~-: · 
< • ._ .• 

t))-

~· 
\.-· 

..•. :-:_.; 
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Degradation of old. unrreated timber piles when they are exposed to air 

Harmful effect on vegetation 

Activation of sinkholes 

Proper c?nsideralion of the possible negative effects of dewate:ing is necessary 
in order to prevent unexpected construction and legal costs. 

9.2.5 Performance Evaluation 

The lOCJ.tion of the drawdown curve is easily monito:-ed by simple ?iezometers . The 
disch:lrge quantir;.· can be measured by V -notch weirs or from the fl ow into calibrated .;::: 
cont:Liners. It can aiso be estiq1ated by measuring the characteristics of the exit parab- .9. 
ala of the water jet. as illustr.lted in Fig . 9.7, using the expression -}~ 

;·~ 

8 a 

a 

s 

a 

F1Gt:RE 9.7 
Estmuung tlisch!l.~ quantities ~A.Sed on e:ut pMabola. [Sci: rr'<irr 1 1966). ] 
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a 
Q = 2.22Fa, r

. vs 
(9 .21) 

.. ,,. ,_. Distances a and s in meters are as defi ned i~ Fig. 9. 7. Tne F is the cross-
·.,.~: ·::" ·· tional are:~ of the ~ipe In square meters: and Fa IS the cros s- s ~c :t~n al area of the 
:.: .:, ¢: · t at the ex it potnt tn square me ters, tn the case where the ptpe IS pa.I11ally full. -.. .,.-ater je 

··:-;~ -;.-~::; Performance eval uati on allows the design parameters to be ch~cked, and the 
:0f~~edures to b~ modifie: during constructi on of m_ultistage install ations, in order to 

-: jt,':"i reduce costs or tmprove ~ ffic tency . 

:~;t· DRAINAGE OF SLOPES 

:;{:' .. 9.3.1 Effect of Water on Slope Stability 
... ~~ ~; 

:: . The presence o{ static or Row ing \Vater in a so il or rock mass may ciec:e:LSe its slope 

- ~~: . .I!J biiity fo r the followin g reason s: 

Jf ·t:· 1 It re duces the shear resis r.znce of the materi al by incre.as in g its water content and/ or 
--~=- - bv producing higher pore press ures. 

:•-: , 

t A- 1 It i ncre::~ses L~e total wei ght of the material. I' 3f-: 1 lt may c:lUse .seepage fo rces in rhe Ji rec ti.Q n of the slope movement. 

·-4 ~ i It m:1y cause erosi on :lllLi / l> r pipin g. 

I \J ~•-I t m::1y ch:lll~e the physi cochemical characteti.sU.c_Lof the soil. (This could be the r \~ , CJ..Se When f~S fl water see pS through SO ilS ori ginall y deposited in SJ..i t\Vater.) 

~ :;;;_ ;' It increases L~ e susce pub iii ty to liqueiaction during an em.hquake. 

~ ,~~. , Some oi th"e offom "'e M fi m lt to assess numericolly, pm;cularly ;n the 

~ . ;;~~t ~s er._ce of J comprehensiYe tield and bboratory testing pr~g~·- HoweYer, _the effect 
f ~"?· or red ucmg pore pressures on the safety factor of a slope tn frict10nal matenal can be 

.i2:ck:uiy shown usi ng conYentional methods of slope stability analysis. -
~;s~~ (T,.. 

~- · 

~~~):3.2 Methods of Stabilizing Slopes 
~ 
~,~:· If l civil engineering structure is to be located in a potentially unstable area or if 

·~fi}: · cutting into an e:<:.isting slope endangers its stability, a variety of pre\'entative and 
-~~: corrective me:LSures can be taken. 

·~:~: : Drainage is the most common :llld generally applicable method. It W:es the fonn 
'">~· of surface dn.inage (open ditches. sloping filters~ sealing of the surface) and subdrain
,~: : ~ge (\'ertical :llld horizontal drains. tunnels , stone filled tre:-:ches. etc. ) as described 

tn Ch:1p . 7. 

Drainage llone may however not be sufficient to stabi iize the slor-e. :llld addi -
tion:U measures may ha\'e to be taken . These could include: . 

• Al tering the ~eometry· of the slope, i.e . . flattening the s l o t:'~:. bench i n~. removal of 
mJteriJl Jt the heJd. or piJcing !ill Jt the toe of the slope . -
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• .Structural reinforcement of the soil mass usin~ retaining wails. pilin~. or anchors 

• Improving the soil or rock properties by ~routing or using other geotec~nical 
processes · 

In exc::ptionaJ cases. blasting may improve the stability of a slope. not oniy by 
changing the geometry but also by making jointed bedrock more penneabie. thus 

. facilitating drainage. Funhennore, blasting could result in additional consolidation 
and improved strength, e.g., beiore a road cut is constructed. 

9.3.3 Analysis of Stability 

There are many differ-em methods of slope stability analysis available to the engineer. 
They may be categorized according to the assumptions made for the following: 

• Failure geometry 
1 Failure law 
1 Type of strength or deiormation parameters 
1 Numerical technique used 

Here. in order to illustrate the effect of water .J:ln slope staOIJit}'. the iniinite 
slope :maiysis and the Swedish method of slices. which is based on a circular failure 
surt·ace. are introduced. Both reiy on the ?\1ohr-Coulomb failure law. As it suits the 
evaluation of the long-term stability of the slope. the :>na~· STs--;s usual!~· carried out '!i 

:;. 
in terms of effective stresses. If large strains and slow movement are typical for a $ 
pmicular subility problem. residual rather than peak shear strength should be us...-rl. .:; . i 
9.3.3.1 L\TL'HTE SLOPE ANALYSIS. The infinite slope analysis is applied to putr f 
!ems where the likely failure plane lies parallel to the surface. This may be due to : 
pmicular 2eological circumstances. the pattern of weathering. or becJUse of the \lo-ay .: 

the soil or- rock mass was deposited or dumped. The factor of saiery of an infinite I 
slooe (fig. 9.8) is expressed as 4 . - i 

F = Tn = available shear strength (
9

.12) § 
T,. mobilized shear strength J 

The available shear strength refers to the maximum possible shear stress in che ! 
potential failure plane. The mobilized shear strength is equal to the actual shear streSS ; 

required for equilibrium . z 
For a soil of unit weight y and with effective strength parameters c' and d/. we .:! 

" obtain for the general c:1se j 

F= 
c' + (::y cos~ ,B - u) tan 6' 

zy cos {3 sin {3 

:i 
.'i 

(9 . .:!) J 
;{ 
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Siiding su ria ce 

/ 

a. Seecage parallel to surface 

( v) [311 d/ 
F = I - ~· · t

311 
{3 (9 .25) 

(311 ch' ----
2 1311 {3 

u1ere is no water present J.bove the failure surface (m = 0), the safety factor is 
·marely 

rand/ 
F CO»-- (9 . .26) 

tan {3 

the case of horizonrJ.l ~eepage 

u = .:r •. (9 . .27) 

(9 .23) 

--- - --
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As ~example. take c' == 0, d/ = 35°. af)_d assume r • .'Y 
equivalent to a factor of ~fe ty ofF = l then is as follows: 

No water present 
Seepage parallel surfac:: 
Seepage horiz.ontal 

f3 = 35° 
f3 = 20° 
f3 = 17S 

0 .S: the slope angle 

.... . :.:~ 

The effect of wate:- on the stability of a frictional material is clearly evident.· 
The analysis of a pure!y cohesive soil would show that a decrease in pore pressures 
does not increase the stabi lity unless an increase in the val ue of cohesion (e.g .. due 
to conso lidation) or a reduction in the overall weight of the sl iding soil mass is re!!ed 

upon. ,~:~ 

9.3.3.2 SWEDISH "ITHOD OF SLICES. A clccular iollure smioce Is .ssumW as ·~ 
shown in Fig . 9.9. Tr.e saie ty factor is expressed in terms oi moments about the ce:1ter :y 
of the failure circle: .;1 H/ 

·"'4 
M~ 

F =- = 
Mo 

resis ting moment 

drivinS moment 

Using designations as in Fig. 9.9. the safety facto r is calculated :15 

c'L + tan d/ 

r == n 

2: 
•= I 

FIGt.;RE 9.9 
Swedish slip circle metho.i ~ :· s1..1bility !l.llaivsis. 

n 

~ (\\';COS a , .L,; 
i= I 

H'; sin a; 

- U;) 

Circular lailure 
surtace ci 
length L 

(9 .:9) '] 

.~ 
~~~ 
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wi:ere W; is ci:e weight of slice i and r}; is the resultant of the pore pressure acting 
c<Jrrnal ro the :ailure arc on slice i. . 

The fo ;:ce U; is pro~:-r io nal to the heigh t of the phre:J.t ic line above the failure 
![1:: if hydroscz,ic conditi ons are assumed. The frictional resistance along the failure 
arc is thus gr::::dy reduced if the wat.e:: level with.in a sliding soil mass is increased. 
p;-ovided the effective angie of inte:-nal frict ion is at least !0 to 20°, analysis shows 
, significant ef:.ect on the safety fac:or of a slope. even in cohesive frictional, rather 

:· tJ;;.n purely frictional. material. 
· In theory. for a pureiy cohesive soil. we see no improvement of stability by the 
· reiief of pore Jressures :Uonc. It should howe\·er be remer:~eered that even highly 
pi3.stic clays c:n have effective friction angies in excess of 0°, say 10 to 20°, as 

- dcte:mined in ::consolidated. undrained uiax:ial tes t with pore ~res sure me:J.Surements. 
Eren wi thout .:onsidering friction. cin.inage of cohesive soiis can be seen to be ben
enciJl for sta:: iity if the !ong-term :-eduction in water content !e:J.ds to increased 
srre~gth and :;, :-eduction in the total -.~.·eight Jcting on the faiiure plane. 

.,. I . -r Y._9.JA Design Approach 

f · r;~~ 3ppro:1ch :o Jesignir.g J J r:1in:1ge system fo r slope st:Jbiiiz:Jtion is bJ..Sically the 

f 
• . SJ.rr:e :~s for:_- ~ d system. ex cc:pt tha t :ooogr:1ph;:-5enera1!y :Ulows dewatering without 

:· · pm~mg. 

f :fu~= As for ·.\cils. JrJins mu~t be designed 

I 
., 
f~c· ~ To have_ Jd~~Jte disch:JI;c c:1paciry 

f. _;:~ :- .' To sa!Isly l;i:er cntenJ 
I ~: -~ :~ ~ . 

~-..... 

I :;;{: 1lle cffc:~: of various ~ p:1cings could be analyzed by drawing ftow nets for 

I. j;~_i<i_dized con~tions . Ho~\·e~·a: in most _cJses geological de~J.i!s ~ uc~ as the location 
: ~ ~::·.or ~nneJblc ,J\·ers and I :!lilts m the beorock have an overwnelmmg mftuence on the 

I .j~:;. e:Ttcuveness c_I the JrainJge system. metical ~les suggest a spacing o~ horizontal 
i _ ,~\;!~ dnms of 3 to :'\ m m clayey sods and 3 to !5 m m more permeable matem..l. Usually 
t1~; &c\eta1 tltJll ho ics :ue tanned out from one Jocjtiort In unlet tu iut.:te~c lltc: !JLUbabilit_ 

I ~-~~ oi inters~cting :ill major perme:1ble str:ua and rock joints. Borehole information should 

1
1 ·1;.-~ complied su lS to allow a. three-dimensional assessment of the geologiCJJ structure. 

~:~~.The length of :..'-;e drains depends on the particu!JI site conditions and the location of 

I 
i ~~~e likely slip ;:-i~es . Horizon~a~ tir:lins with lengths of more than 100 m have been 
f ~~~tailed as pm ot slope-stabiliZing programs. 
~ ~"W?:· Yertic:U ~ns m:1y be used in combinJtion with 3. horizontal c.inl.inage system 
[ :1~~ C'rder to ime::::-."\:t water-bearing layers sepJ.rated by horizont:U sems of imperrne:1ble 
: · ~:;.clayey soil. 

~ t·· . \Vhen J!1~:-:1Dling to ~ t:1 b ili ze :m Jctive landslide. the engi neer must remember 
i . ~~· · tho '! '~e mo\·m~ ~ uil m:.tss mJ\' dJrmge the Jrain:1ge system. The type L1 f Jr:Jins :1nd 

·' ~. r •OC" t . ·1 I ~-. I . . I · . J . I . { .~: ~-o . .. ron ·.\lt laYc to L'C se ccteu Jccordrn~: v; consruer:w c mJrntenance work 
f { .. ,;~Y be requi~..: in rhc: c:u-iv StJges or the work.- . . 
t ·:~-~ . -
l.~>i' 

(
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9.3.5 Performance Evaluation 

The effectiYeness of the drainage system c:1n be checked by installinf piezometen 
and me:~suring the now from the drains. Records of w:J.ter le\'els and discharge quan. · 
tities should be kept and possibly correlated with r:J.infall data. 

Venic:J.l and horizontal mo\'emenrs of the unstable soil or rock mass should 
monitored by surveyin~ surface markers and. where appropriate. borehole i 
tions . Usin£! a borehoie inclinometer may allow identification of the actual slip 

or zone of shear fai iure. 

9A CASE STUDIES 

9.4.1 Dewatering of a Pumping Station Site 
at Cronulla, New South \Vales 

The Cronulla Sewage Pumping Station is located ar the edge of \Vooiooware B 
in :1n are:~ characterized by swampy. marshy conditions . The \letropoiitan 
Scwar:J.ge &: Drain~ge 3oard st:med construction in 197-+_,. The station staned O""'~';".::L 

in 19SO . 
The e:\c:J.vation co,·ered :m area of ;.tpproxim:J.tely 60 by 60 m. The dee~r oL7 

the two final rings oi \\ells re::ched a depth of 10m beiow ground le\ei. . )~. 
The ex.c:J.vatiOf!-'\3S :J.cccmplished in three swges. The first ~ ta£e consisted ofii~ 

lJ-sh:J.aed ::1yout of ISO wei! r:omts. spaced I .Sm 'Jp"Jn 3.-Tid reaching- a depth of 6 m1 
The ri ser pipes of .SO-mm di:~meter were connected to a 200-rnm header oioe. Threet 
pump\ were in :J.cri on. e;-ch'~·mg 50 well coint s. Thi s UJ\ta.l-1~:~ wa~ ~ nl y used to· ~ 
initi:J.te the e:-;caYation: it was dism:J.ntled :J.fter the next two line\ of weil ooints cern- ·~ . -~ 

menc::d oper:1ting. It tooh: 5 J:1ys to lower the groundwarer len~i to :1bout e!eYation_§ 

(El.l 13m. ~ 
The second and third st:J.ges of dewatering are illu~trated in Figs . 9.!0 and 9.11;'1 

respectiYely. The ccntr:J.ctor. Syh:es Pumps Australian Pty .. Ltd . . u~ed pericratcd~ 
pl:1stic well points CO\cred v.·ith cheeseclorh as Riter material. Lowering the wal~~ 

Well pomts at 1 .5-m intervals 

T 
1 G- Number 1nd1cates 

reduced level (m) 

70 m 

Pump 
_!__ 

FIGCRE 9. 10 
LJ\ Out L'l "dl poin1s Jno r umps Jft'und pumptn ~ SIJI1t1n :11 Cronuill. 
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··-' .... , 
Jn. ,, 
~-

!Ia. 

fiad;us of exec .-~ :;on = 28 m 

i=a::u::a:J 
:vel (m) 

~-·, 6 

______./.' :-' .Ood"~ ' ·: I . 
11· •• .• -.4 

i/ :ilage 2 1 : -=- - · ~ 3 
.. ___ ;,· .. : 'r: .. I 

15 r:1 ' ·: . u :: :·: _:<>. ::.:_. .. _: . :_ .·. ·.· - :J 

19 "' 

_ _:-j :i sr.-i9e :3 :-:·:-:·:-:·:·' : Meo'~r;; ~a~ci (·s?·: j · :ce, f .. . ::. : {:-: :·:-:-:.:-:://:- .< <:_k .. ~_.o:c o1 __ m,_s: .: _ 1 5 

~~:~;:~-~;~:;;~;v-',(2,'~~~: -,.! 5 

,, ~¥:::ti%h~t% -:. 1 

, J .: :\::-:<<<<<-:·:~a~a.st~~e>:<<<<·>:-:-:-:-:-:-

G / J_ 

~ ~- ' i -:-DGL'RE9. ll 
:·r. ~ -· S<::..:!'-Jiic cross ;~:: :on >how;ng : ~' ~:' ot upper Jnd lower ·"d po1n1s 3! 

co l '· p.:w.c;ng s ta ti on; ; : ~ cl Cronu ila , ;;:~~' 2 Jnd ~ oi the de" .;;~r.~g 
.. .. ~ ... . 
- , . . ~tgr..mi. 
• ':.f•:: ;·, 01 .,. ... • . ' 

;. ~ . tJ ilie ro El. 6 m :ook 4 weei.;s. wirh J!l wells ope:-J~rng. Afre~ :.-: : ~ :-cnod. e'ery secona 
, J :_ wei! ;:,oinr was _:;~connecrec..i i:1 urder to pren~nr e.\cess Jir be::-:;: , _..:i-..cd by rhe vacuum-
.·' ' s.ssisreti cenrm·~ ~J i pumps: : : : r ~ me:~sure incre:!sea ihc! effie::=::...:::· ,1 ( I he! ~~ srem. Fi \e 
.~I (:.· pmos '-"ere useJ J uring no rr:1J! ope:-Jrton's. whe:-~ :he pumf,'::-:~ -lrt! was on rhe order 

· f Jroi :3 lo .:S t.~:n pe r wei! f' t'inr. 
1..1 . ),. . :-1 j: Dcw~l!t!n n ~ WJS kept U!' lur ~1per: oll uf ~tbour o mont h~. :~ .:.n Jllempr to pre\'enr 
, 1 .. ·" n~esstre sur1:::-::e ::ros10n Juc [t> ram . ernbanJ..m~:-:rs were rn.-..:: t-2 w1rh concrete spray 
.. I .\ -~r ~ir~mi n o us e::.ul sions. The IJ!Icr \\J~ ~ener:~lh consillen.·;:! :,, :--.:: rhe more t!t:Onom-·1 ~t·:~.~~-3.] or the I\VO <e<.:hniques . 
' '?Y.::::;,. 

~ J:".{~tt2 St:Jbilizing Embankment at Newport. 

I .\~Jiew South \\":ll. e~ 
! •?0'·-.h 

(: :r A.omajor mi\cl ~!mP!1 n~mr.nr n~;1r N~w!1f1rt . 11nnm:<;imflt~ly ~0 m hi2h with a sl~pe of 
j.~35 ( 1.5: I). had already sho" n movemt!nt for seYeral monrhs t-efore he:~vy ram falls I_ s~an~ a 6-m-deep (U[ ne:~r !he toe brought about J semirotarion:U failure. resulting in 

, ' i~Jge ro !he fc·01pa1h and rhe closing of one lane of traffic . . -\typic:~! cross section 

f ~
·\"~-!!: Is shown in r.,·,, o 1.., 
~- 1' ::- ·· · -· 

~ 
. :::,~/ From Nl1\c:nber. 19/3 . ro February. 19/.l. the subsiJence at the top of the 
··~ •. em ban, ·J11 h .l I . , . '00 k ~:;;.\', : • " ent re:.1c eu a tota t> l J m. at :1 rare ot J.S much as .' mm per wee · 
· ::~~··, A geologic:::! investi!.!Jiil'Tl sho,vc!tl rhar rhe~ were maJ·nr ;l1int svstems :md Se\'· 
... ,, er.:;l f· . - . . 
':;: " . . tulrs 111 rhe .1rea. Wart!~ "as rhou ~ ht ro pcr:1~e:1re rhrou~ ~ the jll inreJ sandstone! 

' 

_iJ. ~na . tr:n-e l _;don:; :~e mme imr'c'rme:1bk horizonrai ~ hale layer- inro rhe !'ailure zone! . 
• t lias J 'C .l . l . '0 . . . . I h. II ·h IJ 

l
- ~~ ~ . · ' Iueu !;':J l some .' hl•r1Zonr:1l Jr:uns tl\'tc'r :1 I 00-111 ~ L't.:llt ln ul I 1e ~ ou 
-~res ;J nileu Ill l1 r~~ ~ :o rcuut.:c lhc· pure \\;l[a prc5SU~ :dong po~~ i ~ k slip p!.llleS. It was 
. ;;~ . llm .u~u lhar r-.:~UL' in~ j)Clrc : '~<: ss ures in rhc! wer ..:onr:lt.:l 1.nne .tbo\·c t"-c•J n.x:k couiJ 

· ~ Inc - · 

] ·.~;. ~Jse the safl·:y f:1cror by llll're than .:or-;. . 
... , 
-~~;~ . . .~(.., 

i·~§t' 
~ ~ -~. 

· -~'--
--:4Z· 

., ~~---: 
~} ~·: . 

.,. 



I 
i 

I 
I 

I 
I 

' I' 

' 
' 

... 

I 

) 

1 

198 HYDR.WUC MODIFlC.'-noN 
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20m aoo,.,;:x. 

1"=""'"' 

! ~::oaJ o'lreatic 

Probable fa1lure 
planes 

.... -: -:-:·.·.·.-:·.·.·.<<·:- .· .... -.::::::.::::::::::::::::······· 
. ~ ' -~~~_.doy 

iEmooodea sancs:one. suts:cnes. and shales) 

FlGURE 9.12 
EmbJ.Ilk.ment at Newport. 
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Bec:JUse of the low ce:-;neabiliry of the mare:-ial in the wet conrac: ;:orie a .~ . .. ~ ... ... 

comple!e relief of pore pressures did not occur. Al though the ~are of mO\·e~enr de- .~ 
creased so as to 3.l low repair of the p~\'em e nr. further works were thought ro be 6 
necess:m· in order to incre2.Se the safetY factor to an accecrable le\'el. .\1e2.Sures -~ 
c o n s i d er~d included the building of ret;inin g walls. placing ~ II at the toe of the ; 
embankrnen!. and inm.lling further drains. '~; 

9.4.3 Dewatering of the .\!orwell 
Open-Cut Coal .\line 

J 
J ....... 
; :~ 

This pro.iect. located in the Lmobe valley . Victoria. is described in a pamphlet by :· 
James Hardie & Co. (1973) as follows (refer to Figs. 9.13 and 9.14): 

The Morwell oren cut de,·elopment commenced in the early 1950 's 

removal beg:m. The fir.;r coal was exca,·ared in 1960. 

~----------------------1800 m------------------------~ 

-------

..... , • • j 

~12 ,\qudor 

FIGURE 9.!3 
/ltorweil q-en cut. DiJ~lJtlc non.'HOUth cross ~cct1 0 n . 
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,, -l~~mrrnn~ ftti -1~ qf q prn~l!~llll n t;-wr . 
-- r ,-,,~~ 

::·.-~~ -~ J. ~~®-' The diagrammatic mrth-sou!h cross-section shows the rwo major COJl seams and 
t :~~f: theM I and \\2 aquifers. which consists of gener:Uiy tlat lying s.md beds which underlie 

' -""· .. ,, the coal se:uns 
1"-::J · . 

I
, . r jh4 1l1c: two aqu ifers cC1ntain anesian water. the original pressure le\'dS being at the 

1 - \~;~_ top of the \11 coal seam. immediatelY below the overburden . 
,~u ..._,\.. • &:'> .. As t!:<;Ca\'ation p!L.'Lc::Js. the 1\\~ight of the ~-oal sean1 is ~uced and kss pressure 
~~ . . -\ :: · 15 avall:~ble ~o equal ize the! r ressure :::-;c:rted by the ancsian water. 1l1is excess pressure 

' In the ::~q ull·~rs rnust be rei ic:1·ed to rreYent it bun;(lng through t~e now thinna coal layer 
above. p0S$1bly lloouing t:lt: llpen ..:ut and causing inst::~bility ,,{the b:~ucrs ,1t" the o(Xn 1 -

J ··F·.r: 
.!":: •: . ~' 

I ._ .. , 
' -

I ·:l ' 

CUts. 
. Dl're :-- un1p i11g tirs t ,.l, II1111t:nc to.J in 1960 (["('Ill bo re s Jn i: tri ~trounu th~ perimeta 

ot the l'JXn (:.Jl. Thl! mall'l"ltl' of sub>t"t:Ut:nt bo res w~n: loc:.ttt:d w1lhi n the l'rc:n cu t itself. 
llld Junn~ :::c: r~nou I Yt'>l.l ~\IS the \l J; ~r preSS Uft"S were l owc.-r_~j ~\' free-ih)\\"ing bores. 
one nt" 11hich initially pn'<l u..:cu I .:n.LXXl ~ all,,ns l-SOO.LXlO ;itc:r.;l per h('W'. As the 
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exc3vation de~xned the fre~ artesian nows reduced. and by 196.5 ir t>ecame ne~essary 
ro introduce ;:::Jm Ding bores to maintain stability. 

A gre3t r. umber of bores hlvt! been drilled through the coal seJ.m IntO the 2quifers. 
Tne locations are determined by the requirement to lower pressures most at the deepest 

·•i ..... 
j~ 

,· 
,;.• 

~.-. 

~ 

ar--..a of the oxn cut. .c 

9AA 

Conti~ued excavation caused the pressures of th~ deeper M2 aquifer to have greater -~ 
influence on :.:1e stability of the open cut, and it lY..c:une necessary to include !..~ is sand :i 
layer in the bore pumping programme. Tnis required additional and lar·~er capaciry bores -~ 
and pumps to handle the fl ow. .. . } 

Eightee:1 bores :ue in operation in the Morwei l open cut (as oi S~ptemc-e~. 1973). :1 
Six are loc:Hed in the upper sand aquifer. from which 3000 gallons per ;;-;inure are -~ 

pumped. 12.COO gallons (-45 .000 liters) per minute are pumped from the 12 bores '-~· 

]OCJ.ted in the !ower aouiier. :~ 

At that dare the .:1ver..ge depth oi bore to the upper aquifer was ISO ft ( =45 m), ~ 
and to the !own aquifer 400 ft ( = 120m). f 

"' ·~. 
'~ 
::; 
·'t: Dewatering of the Lochiel Trial Pit 
~r 

This case study illus trates the aial use of vacuum-assisted pum c-cd we!!s for the 
dewatering of a prcDosed open-cut mine developme:1t. The following inform:uion was 
obtained m:J.inly u-::;:ough personal communication [O'B ri~n (!9S7)] and from a paper 
presented by Sull ivan and Burman (1986). ---
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The Lochi:: i soft brown c< d Jeposit~ !30 km north of Adelaide. was discovered 
in [932 and has ;ince bee:1 in\ ~'. tigarec! as a source of fuel for power generation in 
!he !Jte 1990s by che Electricity r, ust of South AusL.-alia. The coal seams are embed
ded in line siit ~-Hi clay mate ri: i . . \ ty? ical pronie shows 20 to 60 m of o\·erburden 
ab<J \c the coal zane . which is p to :::.0 m thick 311d can be divided into three main 

se:..rns . 
Immediate!:: below the co d :s a siit laver, which overiies fine to medium sand. 

• A si mplified pro:'i :e is sho\vn in :i ~ . 9. 15 which also identifies the main water-bearing 
layers: the Warf.::di aquifer and ill' Condowie aquifer. Additional minor :quifers. may 
occur ::iscwherc :n the protik. I"l :c grou~Jwater \Vas under mesian pressure with a 
hyer.!uiic head '.:? to 20 m abn e ground level. The aquifers consisted oi coarse silt 

-tO r::edium sand J.ild had pem1-: biiities on the order of 10-
5 

tO lO-.i ffi / S . 

O;en-cur r::ini ng of the L• ..:h ie! de;:osit obviously needs dewatering of the aqui
. fe:; in order to e::sure the stabii :y of steep pit wails and a dry '-vorking ::.rea. Because 

of :i:e co rnplex ; eai ogi c:1l ::md : ·. drogeoiogiol conditions a trial exca\·ation was car-
, ri ed ou1. The trd r it was I (lt 1 111 sqmre and :::.9 m deep. with side sioC'CS ranging 

':.f rom .1 5 to 60° . . -\ ~00-m- l on~ 1 llllp provided access to the bottom . 
;F, E:ghr well s ·.vere instJ!lcd ,J rum!J from the \\'arrindi :1quifer: rwo oi these went 
::: down to the Cor.ciowie :Jqu1ic; G::c:1use of the rel:nivel y low perme:1biiity of some 
:;; oi :.~e :quifers . the '.ve ll s we;c ~ ac t.l with Jirtie.hr -:oilars ( Fi ~ . 9.16) so that J vacuum 
-~~ : - -
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Dra;nage we 1i 

- ·:'ij.~?2 ~ . 
~ ·/,//'X ~ . . 
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In ilia/ pore pressure 

Depfessunzauon 
due to rad1al 
dramage 

- Indicates direct1on ol waJer flow 

a. Deoressunzation by horizontal radial drainage 

Q[amage well 

•' , //// ·· 
:~:;/, ,// ·. 'j 
:· .... ;;~; >~: ~ 

JE
:·-~;;;' ; · 

: .: 
. ~ I 
...L.J 

fY1f~f: 
ln1t1al oore pressure 

. ... , .. .t. Jt l.;: f .. "· f.. . 
Jfllj~fj::~~·:_· _!_ __ _ 

Oeoressun:at1on 
cue !o ve:rl!cal 
dramage 

b. Dep essun:aoon by ver11cai dra1nage 

Excava11 on 

~t:\.\j}!' }:£%< 
~. ;··.·.-::. ; -;,~·-~:. :·,.-. ·_"·-~ 

;i/.%:/,1/.1.:~ .. ( .... '%//,/, ;' ' 
.///~////,.C 

TPt3f.y 

' " ln1t1al pore pressu re 

Reduct:on in oore 
pressure due to 
unloacmg 

c. Pc re pressure reducuon due :o removal of overburden 

F1G t 'RE 9. l i 
PC' r:: ~ress ure r:: duCiion b)· d r:ll n J ~e l!fld unloadin!_: . [A dapred frr>m Suilit·an 

ar..i Surman 1 19S6J.) 
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.~ 

:~ 
-~ 
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, . ' •• ' "\ ' • I ' . ' ' . , ' c ~ \~ I couij be Jf:';)t Jeu . \\ Jt! tJn _Q m1n J ,.:1cuum_ot - OQ ~PJ w:rs t.'SDDI1sr.~ . r:I J ~ J il ~ ·~ , 

\\'Jter level in th e ,,·ell by 0 m. The pump r:ue was rhen ::~;::-eJ sed b:-· c~::ning ~~ : 
centro! vJ! I·e umi l the \\':.Her level in the well fdl to \\'itht n t' m L'f th:: :curnp . .-\t.c!.: 

. ·o·£.. cons iderJbie .tdiustmenr. the stable !low fJ[e frC1m J]! wells :ne re:Jst:d r ,. ~) w ) . · ~ . 
In Jdd iti o.n !0 the pumped well s. so rne :::0 sJnLi- ri lb.i ..:rJ inJ"e ~~ ·~ ils t(1{)()-n~~ · 

diJmeter) \\'ere instJ!Ied tFi~ . 9. 16) . 1ltey intercepted minor ~. q uii~rs ..>.r.J m:tJ~ ~ 
~ 
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_ jzontal draifi~ge possible, accelerating the co~solidaticrn of the finer-grained water
t;c3.fing la.ye:s. Water could then drain vemca.lly downward or upward into the-War
rindi :1quife:. :rom where it was pumped to the surface. 

Extens i·:e instrumentJtion allov,:ed detailed performance evaluation. The follow
in!! were ins:.::.iled: 22-+ piezometers. 6 extensometers. 38 slip indicawrs, 10 slope 

_ ~linomete:s. 12 slope alarms (to ·.varn personnel of impe:-:ding sloj:X! failures), 30 
·surface sectle;.;ent gauges. -+0 sur;ey stations. and other inst;Uments me2.Suring pump 

·flow rate. vac:JUm pressure. and pump water le\·eis. 
1l1e arpiic:J.tion of a v;Jcuum ro the wells '.vas cons i cie~ed very successful and 

economical. In one panicular nne-grained !aye,. the piezometric fail in l day of 
__ 12cuum-assis•ed pumping was equal to the fall recorded ave' the previous 6 weeks. 

The effect of dewatering was ana.l vzed bv Sullivan 2!ld Burman ( 1986) based 
: on the following mechani'sms,-illusrnted-in Fig: 9.17: 

·:-

1. DepressurizJtion (lowering the pore pressure l due to horizonwl dr:lina.ge into the 
~veils (horizontal canso! iJJtion) 

·_. ~ b. Depressuriz:llion due to venic::ll drainage of the finer-gnined byers into the more 
~-- permeabk J.quifers (\·enic::JI consolidation) 

~: ,.! 

·.1..:. 
·~ .. . 
·::~· .. ~ . : 

c. Pore pressill'e reduct ion associ:1ted with unlo:1ding (change in venic:U srress due 
tol'he exc::,·a tion process l 

The .p.or.= :'ressures determined for the various stJges of Jepressuriution could 
- ; l.~en ~ used :" the stJbiiit:· ;malysis of the high 1\iT!sof :...~e ?iJ.n ned open-pit mine. 

t lis mis ted :" the choice of the most econom1c:U mining method (e .g .. drJgline or 
tucketwheel c'.";C:l\'ators l. 

I
~ ... ~~ 
\ ]~~'. 

'

t -~-tp. ROBLE:-.15 
~\': . it 

· \,~~ ... ~ 

I _L~fu:ixcs indicate ;-roblem tyre: C = CJJcubtions, M = multiple choice. B = brief answer. 
· ~ ffi..~·.~ 
i 't~W 

-:-: ·---~.:~culations 
I r~:· C9.l. The coerf.ciem of permeability of an 11-m-thicl:: unconfined Jquifer is to be determined J ~:t by a pum[l--<JU! test ~_riormed using two obsernli~n holes.~ and 10 m from the_ we!.L 

11 
~~~\, · For ste:Jllr-st:He conoHwns at a purnptng r:l!e ot 25 .8 L; the water levels tn the 

I ·:1;· obser\':mon holes were 3 .I and :.4 m below the origin:U p-ound water I ere!. respec-

t ~1:-' tivet y. U.:ulate the codt1cient ot permeability. 

??. C9.z_ Draw J ciJ~rJm of h, \'ei'SUS Q f0r J reriecl well t>ased on Lh :: dischar~e t'crmul:J [Eq. 

I , " 
1 

.. ~ . 
... .... , 

I 
: ; ~ 
. ~~ ~ · 

l' i~ 
·:\.!(,', 

· .'·'-~t
h".~: . 
-~ 
' I.~ 

\9. 10\j .:.:u Si .:i1Jrdt' s (L1rmula [Eq. l ~':lll which is based rn .1 muimum c:nll!· gradient. 
CJicui.H~ J new intluence r:1n ~e t'0r each h, l':tiuc:. Bas~'l.i ,·n lhe Jiarr.liTI obtainet.i. - ' -
Jetem111~t :~ewell c:JDJ<.:r t\' . TI1e 1\ eil r:11.Jius is 1l . :.S rn . the .:.:JUrt'er has :1 thickness ,1( 

12 Ill .. rnu the ~o il t't';,lt::rbilitl' is Ll.L'\XJS m;s. . C9 . . .J. \Veils ~ ~··<..! aroun<.J 1he I'Crunelcr 11f .1 _;6-m -wHie circular '-" -~CJ\'Jiron must lower lht: 

w~1er k\~ J t> ' · :r minJilllllllllf 5 rn r.t: iow 1hc c:uson~ :;roumiiiJter k ,·eJ. 1b: uncontinc:-Ll 
11· arer - !:'<.•:mn ~: la l'er is 12 111 thid.: .:n<.J is ilx::JI<.-t.i Jt--o, ·e :rn 1111~nn.::~bk str:Hum. Otha 
d:~ta a\·arJJbl~ ar~ . 

· ~.;::~~ 
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14 MECHANICAL MODrTIC.HION 

1.1 TER011"\0LOGY A.I\1) A.Ii\IS OF 
:\IECHA.NICAL :\10DIFICA. TIOl\ 

1.1.1 Terminology 

.\le::hanical ground modific:ltion refers to soil densificat ion by external forces. In mos; 
p:-actical applications mechanical modification is s~11on ymous with compaction. In ill 
C:3.Ssic sense. compacrion means densification of an unsaturated soil by a reductior. · 
in ::.1e volume of voids filled with air. while the volume of solids and the -.vater contem; 
re::1ain essentiaily the same. Compaction implies that soil panicles are ;::acked close;; 
together by the applicJtion of sudden heavy loads or dynamic forces; crushing of some~~ 
of tt1e soil grains or rock particles may assist this densification. • • 

The above dennition of compaction holds rrue for most surface compaction i 
rr.e:~ods but must ~ exter.ded f~r deep compaction_ tech_niques. The lane:- may al so r 
in\·o t\·e saturated soilS. water jetung. and pamal re;;temsnment of the :n situ soil but 
are nevertheless inciuded he:-e under mechanic~! modification . 

The geotechnicJl engineer makes a clear distinct ion between the ;:::-ocesses of 
ccrr.naction and those of st::lbilization and consolid::1tion . 

For the nonspeciali st. s;aiJili-::.arion may refer generall y to an incre.:ose in stren gth 
or .::. reduction in the dd orm:uion of J soil mass . When used in road engmeering and 
soii mechanics. it usually implies soil improveTl"":ent by phys icoche mic::. l reactions 
cJus ed by additives or indued by en\·ironmental changes . -- -

Consolidarion is a process 'Nhere the volume ci il. s.illl mass is rec::ced by the 
e\::: ision of wate :- .. --\ s modeied by the cl Jss ic conso iica tl on theory. it i nvclv~ s tress 

tr:J.nsfer from the water to the solid phase . It is usually achieved by the long-term 
ap;:: ii .::;:;tion of smi c loJds or electric forces to satur:ued soils. Consolidati on may also 
be :nduced or accekr:ued by temporary liquefJction cJused by impact force s or vi
br:l tion-thus the term "dynamic conso lidation" in reiation to heJ\"Y tamping . a deep 

. ' . s ., "1 ~ ") ~ compJctton tecnmque (see ec . -·-·.)·- . 

2.1.: Compacrion Purpose and Strategies 

The major aims of compacting soil are to 

1. Increase she:u- strength 

2. R~duce compressibility 

3. Reduce penneabiliry 

4. Reduce lique[Jction potentiJ.! 

5. Central swelling and shrinking 

6. Prolong durability 

It couid be add.:d thJt pro perl y man :t~ed c n g in ee ~e:i co mpcuon mJy ::-:::iucc the 
\"ari Jt-i iit\' of engineering soil ~rope rt ie s in :1 natural Li ecosJt cr J hurnJn ·L-.:: :Jst ruc tcJ 
fill. 

CumpJcti on is Lhe most commonh· used meth od or ground rnoc..Ji flc :::ucn. Si!;!· 
ni ficJnt e:uly JdY:mces in the \.:nowle dge of co rn pJction princ : pi ~s were m::1ae in the 
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~ ;1 q""-" of this """'l' by eogio, m buildi~g ro~ds for lnorooslogiy blggec traffic 
,umbers :::.nd wheel :oads. Later. :n he 193 0s . the conSL'llction of :arge eanh dams. 

&-i10se faiiure wouid have carastrop ric consequences. fo rced the ~caption of a sci
~- tifi c :::.:~roach to cc:11paction. Tot.i: :. compaction is of ;:qual impo:-..ance in highway, 

:; '"'lield . 1nci marine ;.:onstruction: ir tile preparation of foundation soils: and in the 
. '"c~liil '::;:oind abu,r:-:::nts. walls. ar 1 in trenches. 
; · lrr:;;rovemenr or· engineering : ropenies by densi fica tion is Fossible for natural 

- ~ ils as · ... ell as for soils stabilizec 11 ith chemicals such as lime :md ceme::r. The 
; rrincici::s :mJ teci:nJ<.jUeS of COmf' ction ~ISO have. relevance for Other soil-related 
, ! nsrn.:~~ :o n rnatcn ::us . such as aspr !It surtacmg anu concrete. 
· I In ~oil enginee:-ing. strategies Ic 1·e!oped for optimizing the de::siiic::uion process 
: • may inci:Jcie so me cr all of the foil · 1vi ng steps . 

. -.f r 
· . In ti": :: c:::.se of hu!ll :m-co n s tructe~ !ills . specify plJc=;;:::nr condi tions (ware:- content. 

de::si•y . Jepth or' layers. etc. l. ,., 
. I 

.. Sc!:::.:t Jppropri:.~te equipment r •lllcr. 1·ibro-cornpcror. tamping/ and method of 
OF~:-2tio n (n urnC.Cr of pusses.·p: ' tl'ITlS of tamping. ::rc. ). 

~~ 
3. Set :.:o at.leq uate ::antral procetiu es !type :mt.l nu mi:er of tests. st::rist ical e1·:liuation. 

etc. :• . 

To ac~!e1 e dfici:::-: t co mpact ion r :_Juires kno wl edge of the 3Yaibbk equipment. the ;J pnnc1pics of cornpction. the pn~t :nres of comrn1~J -,o ils . 3nci :onuol procedures. 

:I 
•o 

1·1 
i 
It 

' 
\ 

2.2 \lETHODS OF COi\lP \CTIO~ 

2.2.1 L:.lbor:Hory Procedur· s 

TI1e Jim of labor.uory compactiL' 1 Iests is to simulJre lield comcaction procedures. 
Tileir ~suits shouiJ aiJ in !he op' rni zarion and cancra! of placerr:ent conditions. The 
most common tyre of test is the , tandard compaction test. in which 3 steel rammer 
Is timr.petJ Ull lvo~ ~u ii!JI.l~cd in i1 mold. It ~mplnr~ qynamic compaction as against 
kneading or static compaction. 

IJ 
2.2.1.1 0\'NA~!IC COi\IP.\CfJON. The standard compaction (or Proctor) test is 
descriC.CJ in the .-\ustralian st::J.Dl JILl AS l~S9 . El.I-!977; equivalent procedw-es are 
descriC.Cd in other national stan lards [American Society for Testing and ~faterials 

1 (AST.\1). American Society ·or State Highway and Transportation Offici.iUs 
(AASHTO), Briti~ Standard (8: l. Austr.llian St:mJard (AS). etc.). The test is earned 
our L1n tha t poniL' n uf the soil · .h ich passes the 19-millimeter tmm) sierc. Five or 
mo~~ samples a~ ;'ft:parc.:d at Ji kn~nt moisture ccntents and a.iloweJ to cure. Every 
sampie is comp.::~J in three I .\'t'fS . e:1ch n.:cci1 · in~ 25 blows with a 2. / -kilogram 
(kgJ r:llluner ll.rr-~;:ing _100 rnm . . :he JiJJneter of the tl:H rammer :;eJd is app !1.1 .~imatcly 
hali :he J iamet~:- L'( the rn L1I J . 

I 
r / 

~u i 1 In !he 111L'<iirieJ L·o mpactr •n (or Proctor) tes t (AS l2S9 .i::.:.t) the ..:ompacti1·e 
effl11l is i ncre a~l-J ~o that the l; :nsities achievetl -~ ..:loser to :hose obiJint.'J by the 

) Very h'"' 'Y comOJction cqulpm ·nt as employed In alrpu" and ooad engJn,"<mtg . TI>< 

]
-, . .,..., 

;; t 

'
.~ ,,:_,t 

,.... ~ ... :4.; \f .. 
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- 16 MECH.-\NICAL MODIFJC~ TION 

TABLE 1.1 
Compaction apparatus and procedures 

Detail 

Mold voiume. cm3 

diameter. rnm 
height. mm 

Stand.url compaction 

1000 
105 
115.5 

Modified compaction 

1000 
105 
115.5 

~ 

(") 
r .... 

--:: 
('-Rammer diam .. mm 

drop. mm 
mass. kg 

50 
300 

2.7 

50 
450 

4.9 
>. ~ ,._ 

Number of layers 
Blows per layer 

Energy in out. kJ /m3
• 

• KiloiOUies per cubic meto". 

3 
25 

596 

.,. 

5 
25 

2703 

rammerthat is used weighs more and is dropped from a greater height than in standard 
compaction. and five. rather than three, layers are subjected to 2.S blows. Details of 
both rests are given in Table 2.1. 

In order to obtain consistent resulTs~ care has to be taken that sample preparation 
and test procedures mee t the appropriate standard. An automatic co;npaction apparatus 
may be used provided th:H essential dimen-st-6115- are adhered to. Sma ll vanauons in 
cy lin der size . numt:er of blows. etc., will not cause significant errc~ pro,·ided that the 
tota l energy expe:;cied per cubic meter of compacted soil remains the same. In some 
cases· it may be desirable to use an extra large mo ld so that panicies larger than 19 
mm can be included in the laboratory test. Results from such tests should not normally 
be expected to correspond exactly to those obtained in the standard mold. 

Compaction rest results are plotted in terms of dry density venus moisture . 
content on a diagram as shown in Fig. 2.1. The dry density Yc1rv is calculated from ; 
the total (or wet) density Ycot as follows: . I 

Ytot 
'Ydry = ---

1 + w 
(2. 1) 

where ~~ -.represents the moisture content (or water content) . The densit)' y may be . 
expressed in mass units [metric tons per cubic meter (t/m3

) or grams per milliliter ' 
(g/mU] or force units [kilonewtons per cubic meter (kN/m~)]. Some engineers prefer 
the symbol p inste2d y if mass units are used. 

It is highly recommended that a compaction curve be Jccompanied lly the zcro
air-,·oid tZ.<\ V) curYe. This facilitates the drawing oi the comp:.1ction curYe ~nd assists 
in idenriiying erron;!CUS resu lts. TI1e Z:\ \'curve represents dry d~n si tie~ corr..:soondin g 
to a sJturJti on S = lOOc:-c at gi ,·en water conten ts :mc.i for a p:.ln JC uiJr ~ rec i 1ic ; r:.\\'ity 
G, or" the soil soliJs. \\'ith )' ... desig natin g the unit weight of water. ~oints of Lhe ZA \' 
cur\'e can be calcuilted from 

l'dry -
G, /'... = G, Yw 

(2.2) + wG,IS I + e 

,·~~,·~: ·~1S;. L~-~'.;_-.';:"ij,lf;~~ik·JM~-...r ~i 
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I 
~ = 2.68 

(S=iGO%) 

I 
Y dmax -- ~ ' "="" i ._ 

w a pi 

5 10 15 20 

\~ ater content w (%) 

1 Dry do::!'.sny versus moisrun: cqnlent . 

. t tht 
i ~ ' . 
:-: .. 

l 
:::.i ii 

j 
where c: is the \·o id ratio . A line similar to the Z.,\ V curve but ~::?resenting. :!.g .• 80% 
saturation could be drawn: this information would help in estimating the degree of 
saturation of the compacted soil specimen. 

rum 
' Most soils. in particular .:ohesive soils. show a distinct peak in dry density. 
tJ!Ubabiy in the range of SO 10 1 '0% saturation. This peak is died the marimum dry 

I density (MOD) ydm.u, and the , orresponding water content is the optimum mo~srure 
, . cornenr (OMC) wOJ>I. This me:111s that given a certain comp:1ctive effort. maxtmum 
··" ' ( -;:dry density (and. correspondin!;ly, high shear strength and low compressibility) is 

I ··;p~y achieved if the soil is at irs optimum moisture content. 
·~: For certain types of soil. the concept of a single optimum moisture content may 

itei : ~pot be applicJble, nor relevant. For ex:liTiple, highly perrne::Jble granular soils may 
~ 1 ,;.densiiy best if completely dry ')r completely saturated. With organic soils. such as 

~ ,.lle<~t, the dry density may simp·y decre:J.Se with incre:J.Sing moisture content and not 
r#~ ;}ven be significanlly affected b~ tl1e compactive effort. 
"" .::" .. -· (u .//.' • 

I ·2•2-1.1 KNEADING COMPAc;"ION. The CJ..iifomia Division of High\\:a~·s employs 
, . kneading COmpa':tion for the rr·:parJtion of Specimens USed in the St:lbiiometer test. 
-'"1 I The samples are placed in moi lis. about !02 mm in diameter .md 127 mm high and 

II ~ compacted by being kneaLk·l I 00 times at 2-J.I] kilopasc:tis ( kPa) . It is said that 
: Wic soli structure created by thi : type o( compactiDn closely rt" semblcs th:ll obtained 

:l f J &h~ c~mpactton equipment I~T · cally used for tine-gr:tined so lis in the ridJ. such as 

I .). psroot and tamping rolkrs. 

f .~+ t 1 ::r 

J.
~- · 

J'':'i\:' . ~ ·r ,\ ·,.. 

( ' ·~\ 
,b f.:-rt•. 
~ .. ::~ -

. ·~~' 
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18 MECH.-\:"ICAL ~10omnno~ 

In tht' .1\finiarure Harvard Compaction Tesr. a 25.3-mm-diarneter specimen is 
produ~d by tamoinf_: with a calibr.ued sprinf_:-loaded piston . which is small in relation 
to · the mold . Each timt' the piston is forc~d down onto the soil. it tends to cause shear 

·raiiure \\·hich is char:J.cteristic in kneading compaction and not unlike what happens 
in the ::.;;plication of sheepsfoor roller. The ~liniature Harvard Compaction Test is no 
longer a recommended standard by ASThL bur it is still widely used for research 
purposes because it allows a large number of specimens ro be produced in a short 
time. \\ith only a small amount of material used. Because of its miniature size, the 
mold is only suitable for fine-grained soils. 

2.2.1.3 STATIC CO.\IPACTION. Specimens of prescribed clensiry can be made by 
compr'....s.sing a kno\\11 amount of soil into a calibrated cylindrical mold piaced in ~ 

uni versal-rype testing machine. The compressive force is steadily increased until the 
desired density is reached. Tnis type of compaction is described as static compaction 
or odomerric compression (an odomerer is a one-dimensional consolidation apparatus) . 
Ir is known to creJte J. soil pmicle orientation which may differ to that obtained by 
other methods of compaction. but it can be most useful for research purposes. pmic
ularly in the evaluation of stabilizing additi\'es. It should. howeYer. be remembered 
that the compacti\'e effort in the field cannot be changed as readily 3.5 during laboratory 
sraric compaction. 

~.!A- LABORATORY CG:\!PACTIOi\" l :SING STRESS PATH SL\IlJLATION. If 
stresses in a soil mJ.Ss under rhe influence of ~~ific compaction machinery are 
known. 3Jl_atrempt can be made to reproduce these stresses in the laboratory in order 
ro predict the densities which are going to be obtained in the field for particular 
placement conditions . There is no generally valid stress-strain lav .. · aYailable for soils, 
bur unde:- certain conditions. linear elastic theory provides reasonable valu"es for the 
stresses generated. and these can serve as a guide to laboratory simulation. 

As an ~xampie. linear elJ.Stic theory . or more specifically the Boussinesq theory. 
is said ro yield good results for the compaction stresses generated beneath a rubber
tired roller. particularly in a firm cohesive soil. Elastic solutions are also available for 
the effect of a rigid wheel. EYen vibratory compaction srresses have been analyzed 
using lineJr stress-strain theory. 

Fry ( 1980) illustrated the in situ stress path below a roller and how it is ap
proximated in conYentional laboratory tests (Fig. 2.2). He concluded rhar the ado
metric stress path does not giYe a good representation of what happens below a roller. 
Olle re~Ult quotetl by 1111!1 ~hoW~ th::H lh order to achte\'e lUU~-D l'dm.u (standard Proctor 
test) for a highly plastic clay at a water content 4</o below optimum. a sin,gle appli
cation of a compressi\·e stress of around cr1 = 1000 kPa was required. In the same 
proceedings . Biarez: i19SQ) ga\·e e\'idence that an all-around tria.xial stress of only say 
400 kPa rna~· achieYe the same density . 

Fry (1980) feels that J repeated tri a.xial rest ( 0') = constant) is suit::tble ro 
simulate roller compaction in day . For cohesion less soils. repeated com cression
extcnsion triaxial 1ests :lie t h ou~h r to be more represcntati\'e Gf rieiJ com.:action. 
These tests induce J rotation L'i the principal axes. If J. repeated compression-cx:ension 

.' ~ . 
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F1G'L'RE 2.2 
Su-c:ss paths be low 1\lllc:- :tnrl in laborawry tests . [Adormd from Fry ( 1980!.] 

0 

lest is performed so as to induce repeated sh~::!I in a clay soil. this p~ress comes 

close !o the concept of kne:J.ding comp:J.ctioo. 

2..2.: Shallow Surface CompacLion 

Cum!CJction hy ~urt:lCI: ~q~ i pm~nt is Jchic.:\'ed by sratir.: pressure :md / or dynamic 

pres sun~ caused l'y impact 0r \' lhration. 
TI1erc is J lung histon· in the J::Yelopmem l,( surf:1cc compaction machinerY 

resulti n ~ in a wiJ~ Y:ui~ty of ;:quipmenr. differin~ in size. sh:.~~. :mJ mt.:~.k of op
Cf":ltmn. Records :'rom the l:L~t -:enrury show rolkr:i pulled by horst:s a.nLi l1:ten ami 

~-,;·.,.~, 0 ·I •' ' • ,1\0 ;... I 
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later by ste:liTl er.;ines. Tne first sheepsfom rollers appeared in the United States 

I 
i 
! 

around !905 . Or;211iz:1tions such as the Bureau of Reclamation and the Corps of 
Em~ineers in the Cnited States contributed greatly to advances in compaction from' 
the-!930s onward. At the same time, vibratorv comoaction of soils came into use in1 

Gennany. 

2.2.2.1 STATIC ROLLERS 

Smooth ste-el rollers and pneumatic-tired rollers. Traditional steel rollers are re!a. 
tively slow compared to ne·"'·er types of equipment. They exert high static pressur 
which makes them most suitable for granular soils. On clays they may help in bridginE,. 
uneven surfaces. However. if a soil is relatively soft. they may have a plowing effec; 
without causine: siwificant compaction: in addition. traction is like!\· to be ooor. .... - ~ ~ . 

Rubber-tired and pneumatic-tired rollers compact by the static wei;ht of the• 
bailast and the kneading action of the tires. The compactive effort depends on I 

1. Gross weight 

2. Wheel diameter 

3. \Vheel load 

4. Tire width and size 
---

5. Intlation pressure 

The working s~ed of pneumatic rollers seems to have little influence on their ; 
efficiency: it is ger.enlly chosen around 6 kilometers per hour (km/h). These rollers ' 
work on most types of soil. It should be remembered that a high gross wei;ht alone 
does not guarantee good compaction. 

.. 
Sheepsfoot rollers. Sheepsioot and tamping or padfoot rollers are distinguished by 
"feet" proli1lding from the cylindrical steel shell of the roller. The term "tamping," 
or "pad foot." roller generally refers to equipment with relatively large "foorprints" 
(Illustrated as type .! lrt Fig. 2.3). Exarrt~lt:!> df the dlfferelit ~h:tpes Of feet employet.l 
are shown in Fig. ::..+. Generally. the wetter and softer the soil. the larger tbe contact 
area (foorprint) required for optimum compaction. Sheepsfoot rollers have proved 
more suitable for cohesive soils than other rollers . They exen high pressures on the 
soil. first compacting lower byers and then gradually working to the surface as the 
soil underneath gains in strength. When the soil yields no funher. the sheepsfoot roller 
is said to ··walk out" of the lift ("Compaction Data Handbook"). Blending of the 
materi:ll is assisted ~y the sheepsfoot action. Moisture control is made easier because 
of the rockmarked surface during compaction. Steel rollers may be used to !eYe! off 
areas worked by sheepsfoot or rubber-tired rollers . 

Grid rollers. Grid rai lers h:1ve drums I.'O\'e red or ccns istin g t' l :1 hea\'~· st~! grid. 
This creates hi gh cont.:lct pressures \vhil:.: rre\·enring ;:xcessi\"e shear dc!orrn:ltlon re
sponsible! for the pbstic wa\'c :1head of the roll. Griu roibs Jre suitable ior corn;:-Jcting 

., ' 
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FIGCRE 2.J 

Vibratory and impact compactors ior shallow compaction (rei= to Table 2...:1. 

WeJthered rock. such as samistone. by breaking :md ream.ng1ng gravel and cobble
size particles. Clayey soils. however. may clog the grid and make it ineffective. A 
relatively high operating speed assists in the bre.tkdown of material, while a lower 
speed enhances the densification effect. 

2.:! . .:!.:! IMPAcr AND VIBRATORY EQUIPML'lT. Table 2.2 summarizes typical 
characteristics of vibratory equipment commonly used for suri:lce compaction today. 
The equipment discussed is illustrated in Fig. 2.3. 

Tumpers, rrun.rners. and plate compactors. Vibrating tl1J1!Mrs or rammers :md 
vibrating pltlrc ~·cmuacrors :tre used in confined :tre!l.S such J.S on backfill in trenches. 
around pipes .. md ~hind re:Jining wails and bridge :1burmems. R:unrners may have 
a stroke length L'f JO ro ~0 111111 Jnd u'l ercforc m:1inly work ,1n the imp:1ct principle. 
Pbre compJc:ors ha\'e :1 sm:1ikr :unFiirude of ,·it-rarion :md. for the $J.me weight. 
Wou ld l' e less ~!.!'icie nr :u Jq~lh for most soils. By .:hmging rh= ?OSition of the rotating 
We ighrs . the ccmp:1cring fo n::: c:m be :1ujustcti .l.l1d the pl:J.re ~.."tlmpacror c~ be rn:1de 
to mo\'e fonvan:i llr b:1ckwan:i. 

" 
: .... ~ ... ~ ' "' .... , ... _. '.. ..-_._ .. \. '\ .... 
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TABLE 1.1 
Typical characteristics of impact and 'ibrntory equipment 
for shallo"· compaction* 

T ~-pi cal chan ct ~risti cs 

Max. wor~ Vi bra~ ~tb of Nwnl>er 

Type oo. .\ass. speed, freque.nq·, lift. of 
and~ t lcm/h Hz m passes 

1. Vibrating 0.3-0.1 - 7-10 0.2-0.4 2-4 
rammer 

2. Light \ibrating 0.06-0.8 I !O-ro 0.15-0.5 2-4 
plate 

J. Light \ibrating 0.6-2 2-4 25-70 0.3--0.5 -!-6 
roller 

4. Heavy towed 6-15 S-10 
~ 

25-30 0.3-U 4-6 
vibrating roller 

5. Heavy sdf· 6-15 6- 13 25--!0 0.3-1.5 .1-6 
propcllerl 
vibranng roller 

6. Impact roller 7 10-14 - - 0.5- J Up to 30 

'Sec: Fig. :.J for ill ustnuons. 

Vibrating rollers. Lightweight Yibratory rollers h:r>e li ttle impact effect: the vib ra
tional amplitude is on the order of 1 or 2 mm . In order to achieYe the same depth 
effect as rammers and Yibr:Hing plates. they have to be consider:1bly heavier. 

The heavy Yibrating drums of towed or self-propelled vibratory rollers are iso
lated from the frame by rubber shock absorbers. The mass given in Table 2_2 includes 
the frame and drum. Vibrations are caused by rotating -weights. As stated by Forssblad 
( 1977), the compactive effort of vibrating rollers is prima.-ily dependent on 

1. St.atir. weight 

2. F~uency and amplirude 

3. Roller speed 

4. Ratio between frame mass and drum mass 

5. Drum diameter 

The centrifugal force is a function of the moment of the eccentric weight (mr) and 
the frequency n: 

c~ntrifugal force = mr-4..-71: (2.3) 

where m is the weight :lild r is the eccentri;:iry. The :1crua.i inst:lnt:Jneous force :!Xertcd 
on the ground will Jiso JepenJ on the propenies of the soil and its support . 

Impact rollers. Im p:1ct rolkrs .::onsist of a noncircuiar m:1ss which is row~::i along 
the ground. As its .::enter rises .illd fall s. its mass exertS a high imp:J.ct fore:=: .::Jusing 
cotnp:J.ction of the soil. Clifford t !980) described a new type or im~act rollad=,·eloped 
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FlGL"RE 2.4 
Shccpsioot and padfoot shapes. [Aftt'r Pot"sch and lku ( 1975).) 

in South Africa. It consists of a 1.5-m·thick "square" rolla with rounded edges . It 
was found suitJble for natur:1l ground and till. Because the impact roller leaves an 
une\'en surface. it is recommended for subgrades :md earth fills r:1ther thm for sur· 
fac ing works. -

2.::.::.3 OPER.\ TIONAL .-\SPECTS OF Sll..\LLOW CO~IP.\CTIOill 

Oper:-~ting frequency. 1l1e r'rt·quL'tH.:y oh ·ibr:uion oiheavy ,·ir r:uory rolkrs is usually 
between 25 and _:o cycks per second (Hzl: howe,·er. the come:~cti\'e effo rt Joes not 
ap~:u- to \'ary ~ i ~ nilic:lllth · in the r:m~e ,\( :.s to 50 HL .-\ccording to Forssblad 
(1 977). with rt~ f,'CCt to \'i br:Htlll.! rolk~ . a com bi n:lti on of J l:u-ge amplituue and a 
fre quency just ,\\·er the reso n :~nc~e frequency (say :S Hz) normally results in a better 
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compaction anci depth effect than the combination of high frequency and small am- ' 
plitude. 

Carrying out cyclic shear strain tests on sand in the iac-orarory, Youd ( !972) 1 l 

found a similar resul t. He concluded that not frec:uency bur she:lr strain amplitude 
was the dominant factor causing compaction. 

Number of passes. A m1mmum of 4 to 6 passes are nor;;:ally required for the 
economical use of \' ibratory rollers (compare Table 2.2 ). An exception may apply to 
saturated sands. where the compaction at depth seems to conti nue to improve with an 
increasing number of passes. such as up to 15 to :o. For static rollers and rollers 
equipped with sheepsfoot or padfoot drums. the minimum nu mber of passes recom
mended is usually in the ra11ge of 4 to 8. 

Figure 2.5 shows the ;;;pica! relat ionship between the number of passes of a 
roller and the density obtained. Most-effect ive compaction is said to be achie\'ed in 
the range up to the number~of passes associated with the poim of maximum cur\'ature. 

A high number of passes may ·lead to increased crush ing of panicles at the 
interface between the comp:1c:or and the soil. This could lead :o undesirable str.uifi
cation of the fill. e.g .. by cre:ning preferred shear pianes (lack of bonding between 
adj::1cent layers) or affecting t.he overali pe rme:1bi iity. ~finimizi n g the number of passes 
may therefore ha\'e technicJT as well :tre-eOflomic advantages . 

Depth of layers. Tne layer cie pUi wniCh can buatisfactori ly comoacred is indirectly ! 
proponional to the pressure required to effectively compact the soil. This in turn is a ; 
function of the type of soil. According to Forssblad ( 1977, 198 l l. J venical stress of j 
50 to l 00 kPa is sufficiem fonibratory compaction of sand. Clay requires considerably : 
more pressure: -+00 to 700 !J'a. In sand. the motion of soii particles induced by · 
vibration reduces internal friction . wh ich aids in the rearrangement of the sand grains 
under the influence of shear srrains. This is not likely to happen in clays; therefore. 
higher compressi\'e and shear stresses are needed for densification. Figure ~. 6 illus- · 
troter. th 11 depth e ff~c t of diff~:ren t typr:-~ of r.ompRcton ; iUp(;}rimpor.ll rl iu on inriicntion . ... 
of the srress range required for effective compaction of sands and clays. . 

I 

' Compaction adreezing temperatures. Because they are so strongly bonded. frozen i 

soils are difficult to compact effectively. If winter compaction is unavoidable. Forss- . 
blad ( 1981) recommends the following strategies: i 

1. Use dry coarse materials for construction. such as crushed rock or coarse gra\'el. 

2. If fill can be obtained in the borrow area in an unfrozen stare. place and compact 
it without deby . exposing the least poss ible surfJ.ce area io iree: ing . This is helped 
bv us in £: relati,·eh· thi ck li fts :md careful plannin g of consrruc: ;on stages. It should 
b~ re ali~ecl that ; t - l O"C gravel tll:ly freeze to :1 depth oi 50 mr~ \Vithin two 
hours . 

J. Rccompact and regrade the surface during the fo llowing s u mrr. ~r . after th:: entire 
till has thawed. Where it was impossi ble to a\'oid frozen rill tee ing placed. large 
settlement may be evident. 
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Ver1ical dynamic pressure (kPaj 
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0 
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1.2 ... . 'j ···· · 

· .·.· 1.4. 

Notes: ------

FIGURE .::!.6 

r:-:l 
L.J Pressure range recommended for sands 

t22 Pressure range recommended for clays 

Pressure measurements relate to the following 
equipment: 

I Vibrating plate compactor 
2 Vibrating plate compactor 
3 Vibrating tamper 
4 Vibrating roller 

· 5 Vibrating roller 
6 Vibrating roller 

135 kg 
400 kg 

60 kg 
1.400 kg 
3.300 kg 

13,000 kg 

Dynamic prt:ssurt:s at \"arious depths during compaction. [Forssblad ( 1977, 1981 J.] 

well demonstrated in laboratory compaction tests (see Fig . 2.1). This also applies to 
lime-st:J.bilized soils. Just like cohesive soils. the latter can be compacted efficiently 
using p:1dfoot or sheepsfoot rollers . The propenies of soils modified with lime and 
other :1dmixrures :J.re funher discussed in Ch:1p . 13 . 

B:1sic princij:'ks of comp:1ction have :1lso been established for manui3crured 
materials such as 3SDh3lt, mJcJd:J.ms and " rolled" concrete. :J.nd speci:1J lppiicJti ons 
such as rre:n in g r:1iiw3y b:J.l!Jst. For funher inform:1rion in these Jre:J.s. the ~:1der is 
refe rred to the speci:J.iis r Jiter:J.rure on pa,·ement m:neri:J.ls and r:Jiiway engin ee:i ng . 

Applic:1bility and production rate. A guide to the 3ppl ic:J.bii ity or different types of 
comp:J.ction equipment is given in Table 2. 3. lt identifies the rr:os r- 1nd !eJst-suitJ.ble 
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~ Reiati·te density Reiative density 
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~ Depth 
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_:r __ _ compac::on 
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1........- 3efore comoac::on 
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I After 

cern paction 

r, One lift Several lifts 

FlGL"RE 2.7 
D·:ns,~· tn sand before :lild after comp~cllon (one or more lifl5L 

r 
r 

TAIJLE 2.J 

~~ Appiicability of compaction equipment 

l ,, 
ll 
·•! 
nd 

I 
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I 

I 
( -·-1 

Equioment 

Smoot.1 wheel railers. 
S!.ailC C'r vibr:Iting 

P.u bt-.cr-tm:tl rollers 

Grid rollers 

Shee;:sfoot rollers: 
Stanc 

Vibr.lllns; 

Vibr:tun s; pbte tlis;h!l 

Tam~rs . r.unmers 

lmf\Jct rollers 

I :\ , .. <'+ . .l .-~..::· 

~losHult:Jlllc soils 

Wcll·gn!l~J sand
gravel mntures. 
crushed rock. asphalt 

Coarse -~r.uned soils 
with some ri nes 

Weathen:ci rock. well
graded coor.;e soils 

Fine-grunetl soils 
with more than 20% 
fines 

As abo\"l: . hut also 
sand-gnvcl mi~tures 

Co=-~r.tlned soils. 
~ ro ~'\- ri n~s 

All {l"j'CS 

Wide r:tn~ c \ lr' mo1st 
~nd >.1tur:It~d s!li ls 

TypiC"lll applications 

Runnmg surface. base 
coUI>CS. subgr:~des for 
roads and runways 

Road J.nd :Urfield 
s ubgr:~de J.nd base 

mn~ prwf-rollin~ 

Subgr3de. subbase 

Dams. embankments. 

sub!!l'ldes for 
airfic:lds. highways 

Subgf3de layers 

Small p.1tches 

Dit"ticull ·access are:\5 

Subs;nJc c:lfthworks 
(e~ccrt ~ urfacel 

Least-suiublt soils 

Uniiorm sands 

Coarn: uniform 
cohesionic:ss soils. and 

rock 

Clays. silty clays, 
uniformly graded 
materials 

Oe.m coarse-grained 

soils. soils with 
cobbles. stones 

Cohesive soils 

Dry . .-nhesn>nless 
soils 

·J 
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2S MECHANICAL MODIFlCA TION 

soils and typical applications . Any compaction will. of course. always be better than 
no compaction. 

!illowing L~e production rate (or compaction capacity) assists in the selection of 
the most economical compaction equipment. Tne production rate is calculated as 
follows: 

Best 
P=-1000 

n 
(2.4) 

where P = production rate. m3 / h 
B = drum width, m 
e = efficiency 
s = rolling speed, km / h 
t = layer thickness, m 
n = number of passes 

1l1e eff.;:iency facror . equ:J.l LO 0.75 to 0. 85. :J.llows for overlap be twee:1 adjacent 
p:1sses and the time required to change direct ion. stop, and start. 

2.1.3 Deep Compaction. Techniques 

Densific:lt ion of deep so il depos its is :J.chieYed by the fol low in g techniq!.!es: 

?recompression . A site is preloaded by me :J.ns of a surcharge or by iowering • 
the groundwater leYel. c:J.using the ground to consol id:J.te. After resroring original stress : 
levels. future structures built· on this site will settle less than those on the untreated i 
ground. I 

Tnis technique is usually reserved for cohesiYe soils. Consolidation of these 
soils is a long-term process. unless the existing longest drainage p:1ths are shortened
by the installation of sand columns. paper wicks, or geocomposite drains. Because 
the succ::ss of precompression is essentially dependent on the hydraulic parameters of . 
the soil. orecompression is considered a method of hvdraulic modification of the soil 
in this te~t (s~-Chap-:-11). . . . ·--·--·- . j 

E..--piosion . Explosives are detonated on the surface or, more likely. in an array 
of boreholes, causing a loose so_il structure to collapse which leads to a denser ar
rangement of the panicles. The final density may not be achieved immediately. as the 
dissipation of excess pore pressures generated may take some time . 

Hcacy tamping. A large mass is dropped onto the ground surface. c:J.using 
compaction and possibly long-term consolid:Hion. thus the term "dynamic .:onsoli
dation." 

Ficrarion . Densification is :J.chieved by a vibrating probe or pile. possib iy Jided 
by ware:- _: ers or pressurized air :J.nd the Jdditi on of gr:mular material. possit- iy with 
added cem~nting agen ts . 

Cumpaction ~rowing . "Zero-slump" mortar is injected into the gl"C'un d under 
hi gh pressure . disp!J.c ing and compacting the surrounding soil. TI1is techn i~ ue is 
discussed in Chap. 14. 
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Vibration is most suitable for free-drain ing cohesioniess soils . Impact loading 
by explosion and heavy tamping is also su itable fo r less-pe::--:ious siiry sands; it may 
e'.·en nnd ap;::iicari on for cbyey silts and sands. Precomnression mav be the only 
~l~..f9.ssJJ_::_e..:::.2o i I. ~.nd is J ik~.!IJQ..te.ks.~.c.ollillllic<~Llb.2..!1.ill.heun~ 
tor penneaoie soils. 
---'-Th-; foii~~i ng secions give a brief introduction to compaction by explosion . 
heJ.VY tamping. and vibro...::ompaction. Re fere:xe is made ro some of lhe field e•:al
uarion methods . such as penetr;Jtion testing, \vhich are disc:1ssed in g:rearer derail in 
eitiler Chap. -+or 5. 

1.2.3. 1 EXPLOSION. E.;pinsives c:m be employed to modify sands. loose rock. and 
spe::ial soils such as loess. ·.v hich is char;Jcterized by rebti\·eiy high porosity and a 
distinct soil ske!e ton . 

Explosic:-~ of charges ,,n the ground surf.:ce or in dee? oore ho les causes she::Jr 
stresses in the ~ oil which :>re:J.k ~o\vrrthe soil suucrure. resulting in a reorientation of 
soi i p:micies ::nd subseque:ot vo lumetric comp:-ession . In sarur;Jted soiis temporary 
high pore pressures J.re ser clC' . c;Jusing liquefaction. TI1ese e:o;cess semidynamic pore 
pressures I in e:-:cess nf hydrostatic pressures) J.re essential :·or eifectiYe densificarion 
e~suing from subseq uent conso lidation . Instal!Jtion of ven ic:J dr;1i ns m;1y assist the 
ex;; ios ion-inci:.:ced consoiidJ.t ion p!tlces~. 

C..:.re musr tee taken tJ1Jt structures adjJ.cenr to the blasting sire J.re nor affec :ed 
mci :h:H no ia.r; :-scJ!e slio '' r simi!::Jr Ul'~~ is induced. 

Excess f:'Ore pressure ::nJ scnlement Jue to explosion J.re related tq the ratio 

w' n 
Nh = 

R 

where .V~ = Hopkinson's number 
IV = weight of expiosives, equivalent kilograms of T:\T 
R = radial distance from point of explosion. m. 

(2.5) 

If N.~ is less than the range of 0.09 to 0.15. little or no liquefJction is said to occur 
[Barendsen and Kok (1983)] . This relationship can be used ro estimate a ~·safe" 
disranc::: from the explosion. 

According to Barendsen and Kok ( 1983), the ratio of e..'tcess pore· pressure .1u 
over the effective overburden pressure (]"', as \veil as the ratio of surface settlement 
dlr to the height /r of the soil layer affected by the explosion. :ue both re!Jted to Nh. 
Experience with sandv soils in the Netherlands SU!:~ested the fo llowing re!Jrionships 
obtamed fro m a s ratis~icJl malysis of field results:~- -

Ju 

lT 
= 1.65 + 0.65 ln .vh (2.6) 

and Jll 
- - 1 ~~ + 0 ll I \' (2. 7) lr--. J.J .-11 . \ 
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where Nh is calculated using units of kilograms for I·F and meters for R. 
Barendsen and l\.ok state that for optimum densiiication, a ratio 

L1u 8 ->0. 
I 

(J 
(2.8) 

is required. For lower ratios. only partial liquefaction may occur. resulting in lower 
compaction efficiency. 

In a typical application in the Netherlands. a charge equi valent to !0 kg of TNT 
was used in each of the 15-m-deep holes. spaced 16 m c:part. resulting in the use of 
about 100 g of TNT per 1 m2 of soil. 

Dembicki and Kisielowa ( 1983) describe the compaction of a deposit of sand 
and silt with thick layers of organic material in Gdansk harbor using explosives. The 
use of 0.125 kg of explosives per cubic meter of soii decreased the volume of sand 
by 6C:o and that of the organic mud by 4C:c over a total depth of 18 m. The density 
index (relative density) of the sand increased from 0.:35 to over 0.8. The deposit was 
observed to consolidate for 2 months after the blasting work was completed. 

Ivanov (1980) gave detaiis of 12 USSR projeCts involving consol idation of 
saturated soils by explosives . A considerable variety of conditions were encountered, 
indic:1ted by the amount of explosives used . which r...nged from S to 2~0 g/ m3

. A 
rypic:J.l application may have i nvol ved~ s:"'m-thick: soil layer. densified by 7 kg of 
TNT located 3 m down each borehole (spaced 7 m apml. result ing in 0. 3 m surface 
settlement. These ·fi gures are given only J S .J. ~ _..., the orde r of magnitude of the 
determinants involved. It is obvious that judicious placement and timing of the charges 

- coupled with performance measurements \piezometer re:1dings. per:e~-arion rests. etc.) .

1

. 

can lead to significant economies on a large project. 

2.2.3.2 HEAVY TAMPLJIIG A/lm DYNAMIC co;-.,:SOLIDATION. Hea\·y tamping and 
.dynamic consolidation. also calied "dynamic compaction." refer to the compaction 
method where a heavy weight is dropped onto the ground surface from a grt-3[ height. . 
The term ' 'dynamic consolidation" was introduced by Menard and usuallr refers to 
very heavy equipment with characteristics such as 

Tamper mass 
Fall 
Compaction effect 
Spacing 

Up to 170 t 

Up to 22m 
To 40 m depth 
To 14m 

The use of a smaller mass falling from a lower height. say 12 t droppin =: 12 m, 
is normally just called heavy tamping, rather than dynamic consoi ici:uion : ~-pically, 
the drops would be spaced 2 to 3m apart, causing comp:1ction to about 6 m. Eo wever, 
it would seem appropriate t~ !et " l!.eav:t, tamoin g" descri be the consuuctio1 "tech
nique" 1nd rese rve the te rm<d\·na~i~':,~~?li? at i~ n·~ for explaini ng •f:e g eoi~!:: ~ nic~ . 
" orocess ·' which m:1y accomp:my n~avy tampin g. Dynamic consoiici ::.uon ·CO! j dthen 

t;<;· ~h-;;-p~ocess of densi tic.ation .. of"iSaiurated or ne::trl y s:uur::.;ed soij c J.us,· 1 j 
b\' sudden lo J.ding, inYo!Yrng shear deformau on, temporari ly hi gh po re ::- :-essues tpos 

.si.b ly liqueiaction), and subsequent consolidation . . .. · _ 
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FIGl'RE ~.9 
Ccmom son oi gcr:=:-li Vibr:Hion k \·ds induced by ,·ibro-comoacrion and he:t\-y 
t.unomg to r dyn:un !c ~ompact10 n1. [Dvbson and Slocombe ( J982J.j 

10 0 

lo:!ci-<::lr~·ing \:: :vacicy on u'le order of lOO to 400 k."i . This "bortom-feed" method is 
inc:-e:!Sing iy be!:-:g prc{e:-:-~ to other_Y.ili r:Q; rcp!Jcemenr techniques. 

Vibro -comoacr ion ;md \· ibro-replacemem are ill ustr:ued in Fig . 1.10. Vibro
corr.o:Jctio il is ~os t successful in loose sJ.ndy soils . typicJ..ily with ;m original SPT 
value or' 5 to 10 ne:J.r the sur{J.cc ;md is not 3ppl icJ.ble to cb.ys . Depending on the 
sp2cing. re l:l ti\·e j ensiries of up to S5'c can be achieved (Fig . 2. 11 ). In contrast. 
vibro-replaceme:-:r is most eifecrive in cohesive soils with an undrained she:rr strength 
in the range of :o to 60 kP:1. 

Tile fi rm of GKN H:1yward Baker ( 1986) summarized the relative erTectiveness 
of vibro-comp:1ction and vibro-replacement as follows: 

Type of soil 

Sands 
Silty sands• 
Silts 
Clays 
Mine spoils 
Dumped ti ll 

VibnH:t>mpaction 

E.'l:cdlem 
Good. 

Poor · 
Not applicab le 
Good 

Vibro-replac=Jmt 

N()( appl icable 
Exccllent 

Good 
Good 
Excdlent 
Good Dc:pcnds on nsnm: of fill 

\9 G.ub.1gc 
('~ 

:-lei 3pplicJblc Not .:~pp l icnble 

::11 'S~y 1~ L~>n ~0'1- ~= 1,'\'mment •dJ<-d hy ihe suihorl . 

id 1 
i Vibro-com r:>c rio n is consit.ier:Jbly less hu:trdous from a personnel and srrucrur:tl 

safc:y po im of n~w . TI1e mJ. ~ niruJe of \' ibr:uions felt on or :1diacenr to the site :lfC 

signHicallll y less :..1;m :tre e:~. ~~rienccd with he:lVy r:unping, as iliusrr:ucd in Fig . 2.9. 
J J 

I I 
r·
···-l 
·~~ ~~~I~ 

~· ( ... , 



~ 
I , 

~ 
I I 

rr·) 
_rJ: 

r ~ Se
1 

nf 

f sri 
;. The fsr 
~" 

:r ·sas 

onr 
~ ~ :--e a . 

;.r\ 
.. ...:. ~ :.:: 

:r' the 

lr~ 
:>:tL. 

l 
:non 

!L . ,, 
' m 

I' 
~~I ] 

l 
~ ( I 

r 

'c ~~ 

l~ODL'CTION TO ~-!EGl.\..'iiCAL .'.!OD[FJCA TION 31 

Heavy tamping may al so assis t in establ ishing better drainage in a soil layer. 
thus speeding up the process of consolidation due to the soii s own ·.veight or added 
surcharge . Field observations after heavy tamping show that ;;ore pressures in excess 
of hydrostatic pressures may ex ist fo r hours or days in sand and silty soils and for 
lon ge r times in clays . 

Heavy tamping has al~o pro ved effecti ve for the rehabiii ration of •.vaste disposal 
are :!.S by densifying highly \·ariable. loosely dumped material. possibiy containing 
large vo ids. Rubbish tips c:-.:1 thus be made into storage :tre:!.S. playing 1elds , etc., 
wirh less problems due to lon); -term settlements. 

A simple rule of thumb suggests that the depth D. in meters. to '.1.'hich heavy 
tam ping is effective can be estimated conservatively by 

D = 0.5 V \\H (2.9) 

whe re IV is the mJSS of rhe fJili~g weight in mwic tons and H is the height of fall 
in meters . ,.\ccording~ro i\ !aync ct al. (l~l S .fl the degree of soil improvement peaks Jt 
a '\:ritical Jepth" which is roughly one half of :he maximum Jepth oi inrluence D. 
A typical set oi rest results be[ore and Jfrer hea\~· ramping is-presented in Fig. 5. 17. 
as cart of an inrroducti on to the conrrol of deep compact ion with pener.rometers and 
pressure meters . 

D ~· n amic .::onsoiitlation can be combined with a static surcharge and JSsisted by 
ve ntcJ ldrains. It c:m also be used to fof!Il ~1nt.l or graYel pillm in so!t soii by punching 
sec tio ns of gr:J.nui ar lill pbccli OTt rh e surr'Jce inro lhe groun d. 

.-\11 ex:1m::ie of a time- , .:ttlement record oi stJtic (nlll and dynJmic loading is 
shown in Fig. 2. S. The \'enicJI steps in the cune are due ro repe:Hed ~JSses of a 
su;:-e r·heJvy tarnFer. 

As for other deep compJction techniques. the ground improvement Jchieved is 
most commonly checked by static or dynJrnic penerromete:-s. pressun:meters, dila-

E 
.§. 

c 
<ll 

E 
<ll 

Qi 1 0 0 
(f) 

0 

Time (days) 

500 
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romete~. or orhe:. me~od~ 3..5 discussed in Ch:1p . 5. Although t~e plate load test (~e~-~-
5.1.5) IS more II:::dy to be called on for the cont..-ul of sunace compaction. 11 1s 

sometimes ur.dertz.Xen for evaiualing the effect of :1eavy tamping. paniculariy wherei ~ 
the job objective is art i;nprovement of the bearir.g capacity of footings. Since the! ~ 
stress induced by a lo:ldea pi:;.te is only significant to a depih equal to about I! times! ~ 
its width. the test must 6e c::.rried out in a trench or iarge-diamerer borehole in order ' g 
to yield a result which is representative for soil conditions beiow a large focting. ~ 

Significant ·;ibratior.s 2..re generated during he:n·y tamping. and this may repre- 0 

sent a serious limita,io:-J iii ihe applicability of this method of ground modification.· ~ 
Dobson and Slocombc (!9G2) recorded peak panic:e velocities on several sires, andj' ~ 
their finci.imrs, which SU!::ge~t clearances of at least 30 m. are presenred in M[! . 2.9. · ~ 
Additional hazards repo~ed were flying fragments or lumps ;f soil. so. for-safety g 

f ' 60 . - d ,0. reasons, a clearance o at Je:l.St m JS preterre . 

2.2.3.3 \'IilRO-CD:\1PAGt0:-1 AND VIURO-REPLACE:\1El\1. Depth vibrators have 
been used in consrruction since the 1930s . Some consist of viorarors anached to the 1 

top of steel sections ·,~.· hiclt ::.re lowered into the ground. Other· rypes transmit the: 
1 

vibrations from the borror.1 er.d of extension tubes lowered into the ground. In standard 
\'ibration svstems. the dominant direction of \'ibration is venicaL Fioro-florcrian is a ; 

• • I 

term coined for s::;:!:ms where the vibrating unit is insened to the desir~ci depth and I 
vibrated horizontally. 

Typical machir.c: ch:J.ract:::ist+c~y be as foilows [adap:ed from hbe J.Ild Bar- i 
tels (1983)] : • 

c. 

35 to 1'20 kilowatts (k\V) r: i\1otor output 
Speed 
Centrifugal force 
Amplitude 

1800 to 3000 re\'olutions per minute \r/minl (30 
160 to 220 kN 

I 
to 50 Hz) i sc 

I \' i 

Depth of penetration 
Total depth per day 

4 to 16 mm 
To 35m 
200 to 500 m 

The rate of penetration depends on the soil type. the weigh, of the \ibrating 
system, and the vibration parameters. It is usually aided by water jets or compressed 
air. A typical depth ,·ibrator would ~e 3 to 5 m long, with a mass of 2 t. Loose sand 
responds best to vibration at depth: as it densities, a crater forms at the surface which 
is backfilled with sand or sand and gravel. A 2- to 4-m-diarnete: column of den.sified 
cohesionless soil is thus formed in the ground. increasing the ground's bearing C3pacity 
and reducing its compressibility. 

\'ibro-rcplucemem is a method applied to cohesiYe ground. The \"ibr.uor creates 
a cvlindric:J.l cavitY in the ground which is filled with coarse-~rained m:mriJ.l. such 
as ~ rJ\'el and crushed rock. thJt in tum is compJcted by vibratJ~n. Rather th:ui;; solid 
pro-be. a hollow tube may be vibrated into the ground with :he aid of pressurized 
water or air. As it is witht.!rawn. crushed stone or coarse ~r:J.vd is ied tllro:H:h the 
tube and compacted. TI1e end result is a column of dense s;nd :;.nd / or gr:l\·el ~\·irh a 
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FIGUllE :.10 
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b. Vibro-replacement 

Vibro-compatrion and '-ibro-replaccmen!. 

Vibro-repbcemenr with the addition of stJbilizing Jgems is more :1ppro priately 
cbss ified as compac:ion grouting. Such constructi on mej)ods inc!~de :nonared swne _ 

wiunrns. fom1ed by injecting rnonJ.r inro a stone column. 3.I1d concrete rlbro -coiunms. 

created by pumping concrete into ground CJ\'itics creJted by a vibr:nor. 
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Enrc!c' C'<! (or s pJ.:ih~ ll f \·ihro-ccr.tc:> in clean :;nnular soils. tCourresy 
GKS A"<"ilcr.) 

2.2A Hydromechanical Compaction 

~ 

\V: te r c:m assis r- depos iti on : .s well J.S compaction of cohesionless siits. sand-gravel 
mi .-; mres. and nxk till. 

~ . .:: . .u HYDR.-\l'LIC FILL. The hydr:lulic till method is ::~ p p iicJble to pmio~inamly 
sandy so il s. The ti ll mate:i ::d is pumped through pipelines omo the construction site 
and is Ji sc har~~d with immt:Jiate dr::tinJge or fed into a pool at the core of the 
embankment being formed . \\"irhoul additional compaction. reiative densities of only 
50 to 60 % are obtained. 

1l1e hydr:lulic till method is no longer used for major dams becJuse of the 
dan ger of li4ueixtion failures. but it finds appiic:Hion in building minor embankments. 

' Mood le\'ees. and tly-ash and mine-waste disposal srructures. Turnbull and Mansur 
' ( 197J) .iu ve!- ll g:t tetl :t t1 Umber ot' hydb.uHc Ill! projetts eurr!pletetl 111 Uu: jKtluu hu111 

abour 1940 to 1970 and concluded that a well-controlled hydraulic fill should satisfy 
the following requirements: i 

.l 
I 

~ 1 
1~: 
m/ J 

11 
I ~ ] 
~-

••• 

1. The true \Vater table must be below the surface of the fill so that there is a downward 
drainage :u all times. 

2. ~laterial must not be bulltlozetl into low places without subsequent sluicing; other
wise even lower densities will result. 

3• .-\ uni fo rm tlnw must be maintained oYer the till surface by use of bulldozers and 
she:u- boards ~o Ji recr the tlow of water. 

•t Dt-r.ns iti on imo pools L'f water mus t t-e prcYentcd in ortl~r to eliminate the accu
muLuion nf ti nes and lo1v tlt.:nsities. 

Re!atil·e tlen sitit•s :1b01·e 50 clr 60 (:-'r eJn ~'nlY be re:J.ched if Jdditional surface or deep 
comp:1eri on methods are empluyed. 
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.3{i MECHANIC.u_ MODIFlCA TIDS 

z.:A.Z DRY ffiL \HTH Sl'IlSEQl"E\1 SPRA YI;'I;G OR FLOODr:"'G. Saturario. 

fr~-drJining come fill m::Heri:1ls C:lli assist densiric:Hion. paniculariy in combin3 
wir.h \·ibr.:nory equipme::t. Tnrough 3 reduction in capillary tension and incre:J.sed ~ 
pressures during vibr::Hion. the friction:ll resisrance against panicle re::zr.mgemen 
reduced . Fines cannot ac:umul:lte ar til~ suriace bur are '.l.:ashed inro :..':e larger vc 

of the fill marerial. and segreg3tion is counreracred. 
Acco-rdin g ro Strie;ier and \Verner ( 19/3) emphasis is on the ::.ccirion of ia.r 

quanriries of ·.liater rari:e:- than on high pressure . They quote the foiJo·.:,:ing exampi 

l.SO 1/ m3 

250 l / m3 

500 1/m3 

Goscher.edp Dam (Switzeriand) 
Quoich D.:.rn (U.S.A.) 
Lewis-Srr:iL.1 Dam (L'.S.A.) and Sa!!ce Dam (Czechos:ovak SociaL 
Republic; 

2.: .. u CO:\fPACfiO:\ Of ROCK ffiL i\TIH WATER JETS. Const;".;::rion of coc 
iii! ci1.'TIS and embankrr:e::cs with con\·emionai surface compaction is ~iy do11e · 
lifts ~:-;.ceeding 2.5 m. Csiilg water jets for comp::.crion allows pl3ce~e::t of up ro 6· 
m el of rock in one o~:-:rion (Srriegier and Werner ( !973)]. with C~Jrrespondin , 

economic JdvanL1ges. 
TI1e types of pumps used deli\·er J 50- to 70-mm warer jet at up w Jbour SO · 

~J pressure and ar a r::He of up to !50 liters per second (L.s: . Sever:J.l '-'•:iter jets mJ \ 
be in Jction ar r.he same :r me. aimed ar the material be:.-:g dumped. ::.-:d norrnaii\ 
orien:ed in the down-the-siope direc tion . The Jmounr of water ll.}ed is on the orde ~ 
of 2 to -+ m~ per I m·' of red.: nil. 

Good resuits have ~en ;;chieved 1' ith the kind of m:H~ri3l who s~ :1nes do nor 
fill the lar£:cr Yo ids comcie~e!Y. In th::ll situJtion it has bee:1 observed rh::!:sm ~d~e s - . - ~- ~ 

of boulders :1nd cobb le -s ize :;Jni cles are brof..:en off vy imp::1c: :-orces dunn; ;Jbcement . 
resul ting in :1 denser filL Tnis process m:~y be .:tided by the water adcition . p:1rtl y 
becuse it may reduce the srrength of the rock itself. 

One of the dlsadYanrages of high fills compacted \Vit11 water jets is th::Jt segre· 
gation can occur. causing J. predominJnce of large rock pieces at the bonom of the 
fill and ::1 relatiYely high pe;:::enrage of sm:liler panicies in the upper laye:s. Compac
tion in small lifts by suriace rollers. if ar all fe::J.Sible. is lixely to resuir in higher 
ovenll densities than hydromechanical compaction of high fills. particularly where ' 
segregation occurs. 

PROBLEMS 

Prefixes indicate problem type: C = calculations. M = multiple choice. D == ciisc-mion. 

Calcubtions 

C.:!. I. The following meJsurem:nts were taken in a l:1bcr.:uory ll.'Jter content deie:-:::rnJtion: 

~IJ.Ss of wet soil - cont:lln:!r = 120 ~ 
~ !J.Ss of dry soil - cont:lln::r = 1 {){) ~ 

~!J.SS ,, i COntJrr.:!r = 20 ~ 

Wh:~r is the WJter come:;: 0t this s oil~ 
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c:z.:z. The total (or wet) unit weight of a compac'ted well-graded gravel is 22 k."l/m
3

. Tne 
water content is !0%. Calculate • · 
(a) The dry unit weight. 
(b) The saruration. using rw = 9.81 kN/m3 and G, = 2.65. 
(c) The error involved if the saturation is computed using y_ = 10 kN / rn". 

c;;.J . Ca)culate points on a Z.-\ V curve for a specific gravity of soil solids of :. 7 and water 
contents of 10. 15, 20. 25. 30, and 35%. In addition. calculate the dry de:::sity for the 
same conditions but with a saturation of 80%. 

C2A. Standard compaction of a highly plastic tropical black clay (liquid limit = 55%. 
plasticity index = 30) at various water contents produced the :·allowing dry densities: 

IV(%) = 16.0 18.5 22.0 2J.5 25.0 27.5 31.0 
Yc1ry (kl'l / m") = 1.47 1.50 1.5-+ 1.54 1.50 1.45 1.-+1 

The specific gravity of the soil solids is 2. 71 . 
(a) Plot the Z.-\ V cur.·e r'or the :1ppropriate water content and density r.lilge'. (Choose 

the sc::ks so that the ZAV curve is inclined Jt approximately 45°.) 

(bl Plot L~e results and draw the compaction curve. 
(c) Deter.:1me the optimum moisture content. ma:timum dry density, and correspond

ing sarurarion . 

C: . .S. CJlculate L1e production rate (m" / hl for a roller with the following char:1c:en1tics: 

c.s. 

C1.7. 

C2.S. 

Drum width = 2. !4 m 
EfficiencY = 80cro 
Speed ..... - = 3 km/h 
Layer thickness = 0.6 m 
Number oi passes = 6 

:\. 5-m-Dee? deposit of sand and silt containing organic layers is to be compacted using 
explosives placed in boreholes located 3 m apJJt on a square grid. It is intended to 
create pore pressures which are :u least equal to 30% of the effective overburden 
pressure. Estimate how m:my kilograms of TNT h:~ve to be disaibuted in eJCh borehole 
in order to achieve this d~gree of liqueiaction'! How much is th:~t per cubic meter of 
completed soil? Refer to the experiences by Barendsen ll!d Ko~ in the Netherllllds. 

EstimJte the "safe" distance from an underground explosion of 10 k:g of1NT. beyond 
which little or no soil liquefaction is likely to occur. 
To what depth is heavy tamping effective for 
(a) A 10-t mass dropping 10 m? 
(b\ A 170-t mass dropping 22 m? 

I C2.9. If a structure adjacent to a site is in d:mger of being damaged by a peale particle velocity 
in e~ccss oi 2 cm/s in the ground. what is the minimum saie distance for heavy 
tamping? 

I ': C2.IO. 

I C2.II. 

\\ l1at is :1 t~-!'lcJl range llf plan ~ueJ l m:l densiried by one :tpplication oi a vi.bro
~ompactC1r . :f J rel:l!iYe U~nsity of SQ't- is to be :1chiered in ck:m granular soil? 

Speculate t'n the use(u l ne~ s of de~hanrs as soil .:ompacrors. :;i,·en the (Ciilt)Wing in
lum1:ttl0n: 

St'il type: Sanuy .:by 

StanLiard ~tCir test results: Y.rm•• = LS7 t/ m·'. '' ',,"' "' l-L5'C-

E1~ p h:wr: we:~ht = 2lXXl ~g. foot rrint = 175 ..:m: \three kgs tm the :,-n'und while 
wall-..ingl 
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From Figure 8 .28 b, for rP = 35' . K. = 1.9. Similarl y, from F igure 8 .28c, for a rela
ti ve density = 60% , (i5/rP) =>: 0.97. So, i5 = (0.97)(35 ) = 33.95''. Substiruting these 
values into Eq. (8.76) 

T_. = G}·! x ll.lo5 :(16. 1:! l(3.R7)1(1.9 ) tan (33.95) 

+ (4 x 0. 305 )(16.8)(3.87)( 1.9) tan (33.95)(12- 3.87) 

= 1021.2 lu'\1 = 

Laterally Loaded Vertical Piles 

Granular Soils 

A general solution for determination of moments and displacements of a 
vertical pile subjected to lateral load and moment at the ground surface has 
been given by Matlock and Reese ( 1960). Consider a pile of length L sub
jected to a lateral force Q" and a moment A·fq at the ground surface (that is, 
at ::; = 0), as shown in Figure 8.29a. Figure 8.29b shows the general nature 
of the deflected shape of the pile and the soil resistance caused by the 
applied load and the moment. 

·- :- . · ,· . . ·.:· . I ,c->;, - ~ X 

·p · · 

., 

'l 
{a) ;: 

(h ) 

f7f~fFf?f7r' 
.::; = .: : ..: 

(<.:) 

Figure 8.29 (a ) Lare r~ ll y loaded pile; (b) soil resistance on pile caused by lateral load: (c) 
sign conventions for displacement. slope. moment. shear, and soil reaction 

\:'' 
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According to a simpler Winkler's model, an elastic medium (which is 
soil in this case) can be replaced by a series of infinitely close independent 
elastic springs . With this assumption, one can write that 

h = p' (kN/m) 
x (m) 

where k = modulus of subgrade reaction 
p' = pressure on soil 
x = deflection 

The subgrade modulus for granular soils at a depth z can be defined as 

k, = nh z 

where nh = constant of modulus of horizontal sub grade reaction 

(A.77 ) 

(8 .18) 

Referring to Figure 8.29b and using the theory of beams on an elastic 
foundation, one can write 

d4 x 
E I - =p' 

P P dz 4 

where EP =Young's modulus of the pile material 
I P = moment of inertia of the pile section 

Based on Winkler's model 

p' = -kx 

IA./9J 

(8 .80 ) 

The sign in the preceding equation is negative because the soil reaction is in 
the opposite direction to the pile deflection. 

Combining Eqs. (8.79) and (8.80) 

d4 x 
E I -+kx=o · 

P P dz 4 
(8.81) 

Solution of the preceding equation results in the following expressions : 

Pile defieccion ar any deprh [x,(z)]: 

x.(z) = A Qq TJ + B Mo~ Tz 
. XEPIP X EPIP 

(8.82) 

Slope of p;le ar any deprh [B:(z)] : 

(8.83) 
Q Tz 

O,(z) = Ao ?:::!L..:...... + B Mq T 
EPIP 0 EPIP 
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M01nelll of pile aT a11_v depTh [M ,(.:)]: 

I M ,(.:) = A no Q~ T + Bm J\1 9 I (8 .84) 

Shear jMee 0 11 pile aT any d<pTh [T',(.:)]: 

M. 
V=(z) = A,. Q9 + 8 0• T (8.85) 

Soil rcacti01z ar any depTh [p;(.:)] : 

, Q. M. 
p=(z) = AP. T + Br· T~ (8.86) 

where A.r, B .r, A 8 , B 8 , Am, Em, A ,., B ,., AP. , and BP. are coefficients and 

T = characteristic length of the soil -pile system 

=!0 (8.87) 
llh 

11h has been defined in Eq. (8.78). 
\\' hen the pile length , L ~ 5 T, it is conside red to be a lonf{ pile. For 

L ::; 2 7', the pi le is considered to be a rziid pile. Table 8. 12 gives the va lues 

Table 8.12 Coefficients for Long Piles. k,; n" z 

z . A, A• ,.jm A, A, B, B, Bm Bo. B, 

0.0 ~.·135 -l .(o23 0.000 !.OliO 0.000 I .6~3 - I .750 1.000 0.000 O.OOlJ 
0.1 2.273 -1.618 0 .100 0.989 -0.227 1.453 -1.650 1.000 -0.007 -0. 145 
0.2 2.112 - 1.603 0.198 0.956 - 0.422 1.293 - 1.550 0.999 - 0.028 -0.259 
0.3 1.952 - 1.578 0.29 1 0.906 - 0.586 1.143 - 1.450 0.994 -0.058 -0.343 
0.4 1.796 -1 .545 0.370 0 .840 -0.718 1.003 - 1.351 0.987 -0 .095 -0.40 1 
0.5 1.644 - 1.503 0.'159 O.'io4 - 0.822 0.873 - 1.253 0.976 -0.137 -0.436 

0.6 1.496 - 1.454 0.532 0.677 -0.897 0.752 -1.156 0.960 -0.181 -0.451 
0.7 1.353 - 1.397 0.595 0.585 - 0.947 0.642 - 1.061 0.939 - 0.226 ...: 0.449 
0.8 1.216 -1.335 0.649 OAS9 - 0 .973 0.540 - 0.968 0.914 - 0.270 -0.432 
0.9 1.086 -1.268 0 .693 0.392 - 0.977 0.448 - 0 .878 0.885 - 0.3 12 -0.403 
1.0 0.962 - 1.197 0.727 0.295 - 0.962 0.364 - 0 .792 0.852 - 0 .350 - 0.364 

1.2 0 .738 - 1.047 0.767 0.109 - 0.885 0.223 - 0.629 0.775 -0.4 14 -0.268 
!A 0 .544 -0.893 0.772 - 0 .056 -0.761 0.112 -0.482 0.688 -0.456 -0.1 57 
1.6 0.381 - 0.74 1 0.746 - 0.1 93 - 0.609 0.029 -0 .354 0.594 -0.477 - 0.047 
1.8 0 .247 - 0.596 0.696 -0.298 - 0.445 -0.030 - 0.245 0.498 -0.476 0.054 
2.0 0 .142 - 0.464 0.62!l -0.371 -0.283 - 0.070 - 0. 155 0 .404 - 0.456 0 .1 40 

3.0 -0.075 -0.0'10 0.225 -0.349 0.226 -0.089 0.057 0.059 - 0.2 13 0.2(18 
4 .0 -0.050 0 .052 0.000 - 0 .1 06 0.20 1 -0.028 0 .049 -0.042 0.0 17 0. 112 
5.0 -0.009 0.025 -0.033 0.015 0.046 0.000 - 0.0 11 -0.026 0.029 -0.002 

From Drilltd Pitr Foundaoom, hy R. ) . \1;"oodwood , "-". S. Gardner , and D. M . Grc:c:r. Copyrighr 1972 by 
J..kGr:aw-Hill. Used with the pc:rmissir-.n of .McGr::tw-Hill Book Company. 
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of the coefficients for long piles (L/T ~ 5) in Eqs. (8.R2) to (8.86). Note that, 
in the first column of Table 8.12, Z is the nondimensional dep th , or 

z 
Z=y. (8.88 ) 

The positiVe sign conventions for x,(.:), ll,(z), M,(z), V,(z), and p;(z ) 

assumed in th e derivations in Table 8.12 arc shown in Figure 8 .29c. Also, 
Figure 8.30 shows the variation of A x, B x, Am, and Bm for va ri ous values of 
L i T= Zm.,. These figures indicate that when L / T is grc:-ttcr than about 5, 
the coefficients do not change. This is true of long piles only. 

To calculate the characteristic length T for the pil e, one needs to 
assume a proper value of nh. Some representative values of nh are given in 
Table 8.13. 
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Figure 8 .30 Variation of A, , B •• Am . and B"' wilh Z (after Matlock and Reese. 1960) 
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Table 8.13 Representative Values of n h 

Soil ty pe n 1 (kNfm3) 

D ry or moist sand Loose : 1800-2200 

Medium : SSOG--7000 
Dense: ISOOG--18000 

Submorged sand Loose: 1000-1 ·100 

Medium: 350G-4SOO 
Dense: 9000-- 12000 

NoJ u : I kN/mJ - 6. Jb lh/ ft 1 

Cohesive Soils 

thaptera PILE FOUN DATI ON 

Solutions simil:!r to those given in Eqs . (8 .82)-(8 .86) have been given by' 
Davisson and Gill ( 1963) for the case of piles embedded in ~lay . According 
to these solutions 

Q R 3 
1\1 R' 

:c(z) = A ' -"- B' ~ - "'EI+xEI 
p p p p 

(8.89) 

and 

f i vf, (z) = A~ Q9 R + B~M9 I (8.90) 

where A~, B~, A~, and B~ are coefficients and 

R=ff (8.91) 

The values of the A and B coefficients are given in Figure 8 .31. ~ate tha t, 
in this figure, 

and 

Z=
R 

L zm .. = R 

(8.92) 

(8.93) 

To use Eqs . (lUl9) :1nd (8 .90), one muse know the magnitude of the 
char::~cteristic length , R . This c::~n be calculated from Eq . (8 .91 ) proYided the 
coefficient of the subgrade reaction is known. For sands, the coefficient of 
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Fig ure 8.31 Variation of A;. a;, A;,, and a;, wi th Z (afte r Davisson and Gill. 1963) 

subgrade reaction was give n by Eq. (8 .78), which showed a linear variati on 
with dep th. However, in cohesive soi ls, the subgrade reaction can be 
assumed to be approximately constant wi th depth. Vesic ( 1961 ) has pro
posed the fo llowing equation to estimate the value of k_: 

JE,D, E, 
k = 0 .65 1 --- - - - 2 EPIP 1-j.l, 

where E, =Young's modulus of soil 
D = pile width (o r diameter) 
J.l, = Poisson's ratio of the soil 

8 .94 ) 

T he Young' s modulus of clay, E,, can be obtained from laboratory consoli

dation of the soil as 

E, = 3(1 - J1,) 

tnt, 

where m, = volume coefficient of compressibi lity- see Chapter 1 

t'le 
Ill,. = -----

t'lp( 1 + e,.) 

The \·a lue of J.l, can be assumed to vary between 0.3-0 .4 . 

(8.95 ) 

Exam p le 8 .17 

Comider a steel H-pile (HP 2'i0 x 0.834) 25 m long embedded ful ly in a granular 
soil. Assume that n, = 12,000 kN:m 3

. The allowable displacement at the top of the 
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pile is 1\ " " " · Dete rmine the :dlownhlc l:ncral load, Q •. Assume that ,'vf0 is equal to ;~;:r·: 
l~!. 
-r~ zero. 

Solution 
From Table 8 .1 a, for an HP 250 x 0 .834 pile , 

I P = 123 x 10- 6 m" (about the strong axis) 

E" = 207 x 106 kN im
2 

From Eq. (8.87) 

T= = · =1.16m 

.I!:: 
\J. '~ ' ,· . 

;: ~ 
'-..';:. 

J
EP!..r_ jt207 X 10")( 123 X 10-") 

n, · 12,000 

LIT= 25i l.l6 = 21.55 > 5. So, this is a long pile . Because M 9 = 0, Eq. (8.82) tai.cs ·;: 

~~ ~ ~ . .: 
Q~ ... 

X (.::) = A - ·-
: X Ep I p 

So 

'x,(z )E p I P 

Q. = A , y > 

Given: x ,( z = 0) = 8 mm = 0 .008 m. At z = 0, A, = 2.435 (Table 8.12) . So, 

(0 .008)(207 X 106)( 123 X JQ -
6

) __ Q = = )3 .:>9 kN 
9 (2.435)( 1.163

) 

The preceding value of Q. = 53 .59 kN has been determined based on the 
i11g .Ji.<('lrrr.- mort o mrl irio11 o11lv. However, the value of Q, based on the momertl 

ity of the pik also needs to be determined. Fur that, referring tn Eq . (R. 

M
9 

= 0), 

M,(::) = A ,. Q~ T 
According to Tabk 8.12 , the maximum value of A'" at any depth i5 

0 .772 . The maximum allowable moment that the pile can carry is equal to 

- !_p_ 
1\tf:tmu)- a :til d 

I 

2 

Let cr,
11 

= 125,000 k1"1 /m 2 • From Table 8.la, IP = 123 x 10-
6

m" and dt"' 

So 

l 123x l0 · ' 
( ~) = = 968 .5 X 

to -• mJ 

Now 
J'vf.

1
mul (968.5 X 10 -'')( 125,000) 

Q~ = A·,. T = (0.772)( 1.16) = I3S .Z kN 

•· 

t 

~;. 
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This value of Q. = 135.2 kN is greater than 53.59 kN . So the deflection criteria 
apply . lienee, Q. - 53.59 kN. 

This is only the first approximation. The validity of the assumption of n, = 
12,000 kN/m 3 may now be checked using Q

9 
= 53.59 kN. 

8.12 Pile-Driving Formulas 

To develop the desired load-carrying capacity, a point bearing pile must 
sufficiently penetrate the dense soil layer or have ~ufficicnt contact with a 
layer of rock . This requirement cannot always be satisticc.l by driving a pil e 
to a predetermined depth, because soil profiles vary . For that reason, several 
equations have been developed to calculate the ultimate capacity of a pile 
during driving. These dynamic equations are widely used in the field to 
determine if the pile has reached satisfactory bearing value at the predeter
mined depth. One of the earliest of these dynamic equations-commonly 
referred to as the Engineering News Record (ENR ) formula-is derived on 
the basis of the work-energy theory. This means that 

energy imparted by the hammer per blow = 

(pile resistance) x (penetration per hammer blow) 

According to the ENR formula, the pile resistance is the ultimate load Q. 
and can be expressed as 

WRh 
Q. = s + c 

where W R = weight of the ram (for example, see Table 8.6) 
h = height of fall of the ram 
S =penetration of pile per · hammer blow 
C = a constant 

(8.96) 

The pile penetration, S, is usually based on the average value obtained 
from the last few driving blows. In the equation's original form, the follow

. ing values of C were recommended: 

For drop hammers : 

C ~ 1 in. (if the units of S and h are in inches) 

For stc:un h:unmcr~: 

C ~ 0.1 in. (if the units of S and h are in inches) 

Also, a factor of safety, F S = 6, was recommended to estimate the allowable 
· pile capacity. Note that, for single- and double-acting hammers, the term 
·. WRit can be replaced by EHe (where E =hammer efficiency and HE = rated 
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