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Clay structures: (a) dispersed, (b) flocculated, (g) bookhouse, {d) turbo-
stratic, {¢) example of a natural clay.

Lue L 4l sl ol (o ¥Y) S8

:WJ!M:JL,JAI;M!;;I&LJ:H_,
. non-salt floeculation plla yue Jilpde +
- Salt flacculent plla Alate
b o lesni@ill 3a sad paay Laelll Lll puall sl (o33 ] clapuds Jliay
(w V-Y) Jsa
i e S waiay Lalise ol 00 L.-htJl._.::.:.s.JIL__,:JIL;;:.xEJ
sl

| A

_—



+ Clay mineralogy gedall aineqfl woes Sl de b

el ¥ T Ly 1 Ll Gy S0 el g (87 G2Y | Suat] S5all (3
IShuill {sha s Alumine octahalron pbi¥| Tl Lis ¥l Silica tetrahedron
eoladll Baasl¥l fehay « oSl 8,0 Joa dpa sl ly3 po)f f 0S5 Laely 1
- (A=) & hydroxyl JasSpudl e @ld cus Gl pasisl] 553 G GsSi

@ Silicon ® Aluminium
QO Oxygen C Hydroxyl
Cilice tetrahadron Alumina octahedron
(al
Silica sheet & Aluming sheet
b

lal gt S 3 (A-Y) S

L Gala bl IShiasdl (a5 yia Zay 5t (a8 iy ¢ Katolinite ety (1)
o AL Lia o1 2pe 8 ke Laus sat

b Baaill ) Tl Uyl a5y dada, 8 e (S5 ¢ Hllite el (o)
¢ paes il Gl bS5l a3 (as assy el SLidl e gl o

alid oSly cul¥l LaS 35w dy + Montmorillonite euisls jyaitigll ()

- X




MIJT rJr‘J-‘u.Li.llJi J:l..k_'h”_ﬁ M]#ﬁ‘ 1:;'_;.3 r.n.ﬂl_.h.'uh'i.fll LL_.I.-&"NI
Los Bunids bl o daal iy o UL i S0yl il o § sl e
- Swell fath sl yealiph] Jaady ol oa it Lilia) sl o

o opdall Paadl QS Al JISET (A=) JSib oy

=

2 T 2 T = = Mo
i e i
H band K e e T o

==

(a) (bl le)
Clay minerals: (a) kaolinite, (b) illite, {c) montmorillonite.
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Example 2-1 : A sample of soil obtained from a Lest pit is one cubie foinl in vol-
amne and weighs 140 Th. Calculate the water content, wet unit weight, and ry wnit weight.

V=100

weight of water = Wy =140- 125 = 151b
weight of dry s0il = W; =125 = Ib
totil volume of sample = V. =1.0

= Ywer = Fi = [‘Q,ﬂ_]_.b_ 140 p,:i

wet unit weight
Vv 100"

dry unit weight = Ydry = Wy _1251b 125 pel
S 7

Wiler content = W = Wy o 151b 0.12 = 12 percent
W  1251b

= L

Example 2-2 : Determine the wet density, dry unit welght, void ratio, water con-
tent, and degree of saturation for a sample of moist soil which has a mass of 1818 kg and

occupies 4 total yolume of 0.009 m?* . When dried in an oven, the dry mass is 16,13 ke. The
specific gravity of the soil solids iy 2.70.

>
M=1818ky
b Mg = 16,13 ke

—_— ———
T

M _1818K8 o000 ke s m?

wet density, p=

vV  0.009m?
1 gm/ce
( 1613 kg) (..—]
dry unit weight, Vary = w; == ME[ Vw / pw} = | gmf o0
g W/ 0.009 m?

1818 kg /m? -1,82 E"
cm?

- Y =




- (LSE E) X (9,31 'i”) = 17.85 kN/m
cm? m?

water content, w = My, x 100% _“3-13 - 16.13) kg/m? 100%

M, 16.13 kg/m?
= 137%
void ratio, &= Vy = 00031 m? _ (.53
V¢  0.0059 m?
[ wherne 'i.-’,‘. = hﬂﬁ_
(Iﬁpw
i  16.13kg
(2.70)[1.0 8™ x 106 em® « 0,001 kgfgm)
cm? m?
16.13 kg

270 x 107 *& 0,0059 m?
m

and V, =V,-V,
= 0.009 m” - 0.0059 m?
= (.0031 m?)

£ 3o (0.127)(2.70) :
degree of saturation, sq’:"‘“_{-’s:;_.___._.. 100 % = 64.7
gree of saturation G==2 0.53) X % = 64.7 %

LR

Example 2-3 : A 150 - ¢c sample of wet soil scales 250 g when |06 percent satu-
vatedl. 1 is oven-dried and found to weigh 162 g, Calculate the dry unit weight (really den-
sity, since gram units are used), water conlent, void rtio, and G,

1 Wy, i
W =250g
We=162
sl g \L

W, _ 1628 o0 &

Yary =

v 150 em®  em?
3
=(1.08 g/ cm3)[62.4 DL | _ 67,5 pef
2/ cm?

W, 250g-162¢
W, 162¢g

= 0.543 = 54.3 percent

= U



! - 16 =
W - 25[:_' g-162g = 88 ¢m? = V,, for this prablem, since for
Gyw  (1.0){1.0 g/ cm?) 100% saturation all voids
are filled with water

Vi=Vi- V=150 cm? - 88 ¢cm? = 62 em?

em Yy _88cm? _ | 45
Vi 62em?
G,;-v“i-" - 1162;_{ ;=261
s Tw {t"ﬂnn'](l.ﬂgfcm }

il

Example 2-4 : Laboratory test data on a sample of saturated soil show that the
void ratio is 0.45 and the specific gravity of soil solids is 2.65 . For these conditions. deler-
mine the wet unit weight of the soil and its waler content,

This sample is salurated; thus all voids are filled with water.
e= Ny 0.45

Vi
but V. and ¥, are not known. On the block disgram, assume that V., i unity. Therefar

Vr=Vi+eVe=1.0+045=1.45
X5 % TosUE: We = ViGgy, = (1.0)(2.65) (62.4 pet) = 165 1b
s Wy = Vi = [0:45 1) (62.4 pef) = 28 1t
Wr=W,+W, = 1651b+281b=1931h
Wr _ 1951 _ 15 pef
Vi 1451

W e
=% 281D _ 01717 pereent
Yo w. T1651b i

L =

from which

Twey =

EXa”

Example 2-5 : An undisturbed, one-cubic-font volume of suil abiained from & leen
pit found to have a wet weight of 103,2 Ib. The dry weight of the sample is 84.5 1h, What
would be the effective unit weight of such a soil if it were submerged below thie ground
water table ? The specific gravity of the soil is determined o be 2. 70.

the effective submerged weight is approximately

Tsub = Ywer= - (103.2 pef) = 52 pef

-



An aceurate detérmibnatiom 1% ax follows :

W
Vi=—s - BASID ___gs50p?
GeYw (2.70)(62.4 pef)
- "'JT -V, = 101" - 050 i’ = 0.50 ¢
_0.50
: oo = 1.00
=3 v; T 0.50
Gy~ 1
VYsub = [ 4 )'ﬁ"w

i, Tﬂ - ) o N &) -
‘ [411 2 Lﬂ){{-....‘lpc‘.i} 53.2 pet

or
submerged weight,

‘ Wguh - Vs'ﬁrw(Gﬁl 5 GW} s {[’.5“’} {ﬁ2.4 P‘:ﬂ [ ] .?ﬁ} o ﬁf’n.z lh
and for a volume of one cubic fool,

Wb _ 532 lb =53.2 pef
Vo 1.0¢c

R R E

Yiobh™

Example 2-6 : Assume that a one-cubic-foot volume of soil similar to the soil
from the preceding illostration is excavated from a location below the water table. The
s0il i now 100 percent satuwrated. What saturnted weight would be expeoted 7

Voub,= Vear. - Yw
or Yout. = Yeub + Yo = 53.2 pel + 62.4 pel = 115.6 pel

kdkik k&

Example 2-7 : For a soil in hatural state, given ¢ = (.8, w = 245, and Gs = 2.68,

(i) Determine the moist unit weight, dry unit weight, and degree of saturation,

(b) I the soil is made completely satamated by sdding water, what would its moisture
content be at that tme 7 Also find the saturared unit welght.

SOLUTION Part{a) : the ticsst wmit weight iy
Gs Yw (1 + W)

I +e&
Since Ty, = 981 kN/m? .

_(2.68)(9.81)(1 +0.24)
| i 1+0.48

r?=

= 1811 KN/ m*

_T’ﬂ.._.
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S LR Snll Weight - volume relationship
L | tor saturated soil with V= |

the dry unit wesght is
Gy Yy _ (2.68)(9.81)
|l +e | + 0.8

— 1461 KN/ m®

Y4 =

From Lig. (1.13), the depree of saturation 13

S (%) = 2.5 ltn'l=wx 100 = 80.4 %

Pt () for saturated soils, & = wG,, o

w{%;=GLx 1ﬂﬂ=%x 100 = 29.85 %

5 i

the saturated unit weight is

_ Gy ey 281 (2.68 + 0.8) 1897 KN Jm®
i e [+08 : =
Example :

In its natural condition & soil sample hus & mass of 2290 g and & volume of 1.15 % 10 7

m . After being completely dried in an oven the mass of the sample is 2035 g. 'The value of
Cig for the soul 15 2. 68, Determine the bulk density, umt weight, water content, void ratio,
porosity, degree of saturation and alr content.

Rulk density, p=M = 2290 _ 1990 ke / m?(1.99 Mg / m*)
Vo isxw?

Ukt weight, 7y = %g--_ 1990 x 9.8 = 19,500 N / m’
= 19.5kN/m’

Water content, W ~=M—“’= 290 - 203 =1:1250r 12.5%
M 2035

Void ratio, e = G(1 + w:l[:—:;’ -]

~[268x 1,125 .lﬂ!-ﬂl] mr
1990

= XA



P%

=152-1
~11.52
Porosity, n=—S—s= l‘]_:‘i'; =34 or 34%
| +¢  1.52
Degree of saturation, S = w:-]f‘- = Mg;zléi = (.645 or 64.5 %

Air content, A =nfl-58)=0.34x 0.355
={J121 or 12.1 %

B ]

Example 2-8 : Compute the density, unit weight, void ratg, parasity, and degree
af saturation of an undistarbed prism of moist soil, Fig. 2-9.a. Megsurement found a vol-
ame of 60117 m? and a'mass of 19.8 kg, After oven - drying &t 105 €, the mass was 17 kg.
The average specific gravity of solids wis 2.69.

- V=00112mY . M =198 kg, Gu=2.60, Ms = 17 kg, Fig. 29 4.

2- Muw=|98-1T=28 Hg

+ Wl ot = 'E
“ Wm0, DO
v_-num" -ﬁn ': e 1
-] .g'un- b S - 14 ! i [P ':'IEITI' j.-—ll' E-—'%
R o . = o0 ~ R ALy ]
W= LF/ 1o e A
- 0.00%) O, =24¥ “‘I" I
M.!!_‘..".'"!*"“"* i e
o e
b } _—ee Mg
¥ =190 Ralldn &h 1 =
l '."L‘“ o, = T70 100w 1 ﬂlm L 4
- : =¥
In -3 g
Wl e e
e . o e b
"‘I"'mlrnﬂil‘b .i::
- W= o - e
v ":;‘*" v,-mtm:l a8 F:::'"
s H L LR ;z 1o
3 g ut e "
::::';:i AYITN riite G, =290 w’_-r.a:
4
Sk 1P I. -
1 Al :F—
o e (R i
4 | ! ! LR R
W= e = 00110 T
W -ﬂ,ﬂ'h vr'- eFie sy *.-'“'l‘..
G, =750 I

Fig, 2-9 : Computing phase relationships with the aid of block diggrams : (a)
example 2-10 (h) Example 2-10.and 11 with Gs = 2.80, (¢} Example 12 after initial
compaction, and (d) Example 2-12 after adlded compaction.

JBa (V. — Y} b
-




3 p=198/00122= 1768 kg/m’
4- Y= 1768 x 981 = 17,340 N fm? = 173 kN/m? = 1.768 g /om® = 110370/ i}

5- V= 28+ 1000=0/0028 m3 6~ Vy= 17/ (1000 x 269 ) = 0.0063 m*
T Wy=0.00112 - 00063 = 0,0049 m? 8- Vu=00049 00028 = 0.0021 m?
9- =009 / (0063 = 0,78 10 - 0= (00049 0.01223x 100 % = 4.4 %

H-8 < (00028 O 100 % =579 12- w= (28 TTIR100%=16.5%

NOTE : Void vatio is usually rounded out to nearst 0.01 ar sometimes 0.001; porosity
to nearest peecent or 0.1 %; saturation 10 nearst percent or 0,1 %; und water content 10 near-
et pareent or (L%, The accuracy of the measurements seldom justifies more than three
significant fynmes,

S5

Example 2-10 : An undisturbed sumple of saturated ¢lay from below the sround-
witter table had @ mass of 360 g and 4 volume of 190 em’, Fig. 2-9'b. Dried, (65 mass wis
270 g Find the density, unit weight, weight. water content, void rutio, [rrosity, o spe-
cifie gravity of solids. _

- V=190 cm? = 190 x 105 m* M = 360 g, Me= 270 g1

2- p=360/190x10% < 1,895, 000 g rm* = 1895k / m*.

3- ., =340 - T70= G0 a

d- w80/ 270% 100 % =43 %

8- Vg =907100 =90 1 106 m? -V, (saturated) ,

G- V, = 190x 109 90 x 109 = 100 x 105 m?

T- e/ 100 =090

B= o= (907 1300 x 100 %= 47 %,

U- G, =(M/ Vepy) =2707 (100 10%x 1 x 105 = 2.70.

-y =1859KN/m? = LR8OS pf fml =118 b/ ¥

ek
Example 2411 : If the specific gravity of solids in Lxample 2-10 Fig. 2-9 b, were
0.1 higher, whal would the water content, density, and unit weight be, assuming no differ-
Bnce invilumes;

1 W=100x 107 m?, Vi, «90x 109 m% Gs =28

2o M =100x 100 x 28X 1 X 109=280 ¢~ 0.28 kg ,

3o s ZB0 5 100 % = 32 9 (increased 3%,

4= p = (280 4 90) /190 x 109 = 1,947,000 p 7 m? = 1947 kg / m? (nercasid 2%)

5- y=1903kN/m" (increased 2%)

NOTE ; Small changes in s do not influence the other propertics. For this reason, esti-
malies of Cie are adequate for many compulations.

LR R
Example 2-12 : A clayey soil is being compacted in 4 fill . Its water contenl is
18% and the specific gruvity of solids 15 .70, An undisturbed sumple of the soil, 1/ 30
» weighed 4.30 (b, Fig. 2.9 ¢, Compute the void ritio, parosity, degiée of saturation, and
weight of solids in u unit volume of sojl. * '

- V= 00333 6, W =430 1 ; w=18%, CGue 2.70.

2- Wyl Wi=008: We + Wy=430; W+ LR W, =450
We=3641b; W, =0.661b.

3- Vi <065/624=00105,V, =364/ (62.4%2.7)=0.0216 1%,

4- ¥V, =00333-00216- 00105 = 00012 fi .

S- S5=001057 00012 +0.0105) x 100% = 90 %

SEDAS




B e ={0.0012 + 001053/ 0.0216 = 0.54 .
T y=d43/00333= 1291/ V=207 g/ e =203 KNI = 2070 kg fmP
8- Yy =3.64/00333 = 1093 b/ ft* = 1.75 g/ cm? = 17.2kN /-

gyt = 1750 kg m?

1t further compaction can increase the degree of saturation te 95% |, cumpute the in-
fmagcg density and reduced voud ratio, assuming that the water content does not change,
g 244,
- W=4301k W, =364l W, =0661b; S=95%; V.=
0.0105 i ; vV, = 0.02] [P
2o 8=V ! Vy1095=00105/Vy; Vy=00110 1.
3- V.=0.0110+0.0216= 0032611 . \
4- Y=430/00326=1321b/ 13 =211 gl fem® =207 kN/m*  p=2110ke/ m?
5. M =3.64/0.0326= 1121715 =1.79 gf [ ém* = [T6kN/m®
Pyt = 1790 kg /
G- =00110/00216 =051,

L el 3lel ya pa Bualy TasdS G laskions L WE T3l GBS Dagall o liel Basg

P el s 4 sliand
Dry Soil  8=0  Samraed Soil S 1,
[arnp Sl 5 = (025
Muisl Sl S=02610035
Very Moist Sonl S=051t 075 ,Wet Soil  S=0T6tc0.94
- .:ll.l-:l_,.i“ i-!n.u:l‘!ﬁi,]r i..i:h.J] ﬂ._.uL...._,‘.:.....‘:'l ll:li]l L W
2. 'ﬁ"d H+._-l_'|l:| |_l..-|" | lb'd.." {l'—l"] J!:.'I.
Ery unit weight 74
Viaid rutio ¢ Minlmum Maxinium
St g Muxlmum  Minlmom,  phye kM e khim?
Cirovel kfh L] Rk I ([ e ]
LT s LR Y L5 (e | (0]
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Stnrekurd o 5 W 14 TIck 17
CATiwm
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a0 el
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-2l

Soil type Gs

Gravel 2.65- 2.68 G, ayaliyiul oudi (F-T) Jgaa
San] 765 - 2.68 ' =

Silt 266-2.1

Clay 2.68-2.8
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ally s Ul gpale fp oI50Y1 Saas o8 graca g LiELY L8500 Gl Ll
o+ e a5 0L (o Tupss! o) el Tl p 3d) T ol
¢ o Ll 1 gl el Ly
(tube circumference) x (Ty) x (cos )
alas 565 ol Do iy B!l it pulas i Tl (o O S
ol gt i T iy Coo 0= 1 510 =0 5l ol Luss¥) slan o e all
t gglens Lusal 1 35300
¢ egbonsd LtV Aolall ypee 3 Lal
(2 mx) (T)
where ris the radius of the capillary tube .
: (agboai Lyl ol apae Gy Lol
(nr?) x (h) x () x (g)
where  h = height of the column of water

P = density of water, mass per volume, taken as | gm/em® or 1.95
slugs/ft .
g = acceleration of gravity, 980 cmy/sect or 32.2 fifsec?

oS ol Al i oadll o luall p Ui, l il sa e 51 15]

: 2
@ &r) (Ty)=mrt by, SSIERD
(volume)
= 12 he Yy
where Yw = unit weight of water, taken as 62.4 pcf or 980
© dynesfom? .

v ge | NP R o B %
I (2 wr) (Te) A 2Ty = 2T, = 4T
() (p) () @ @)@ i) 0w
where d = the diameter of the capillary tube .
Ula 3 Goliad) Uslall 5l6 45ais iy yan aliall Ty mlacdl 35301 51 Euny
S A ks

=\Ao -



b= D—dlL cm (approximately)

provided that d is in centimeters .
t he wlaal anas (V-£) o3, JLLL
Example 4.1 : Compute the height of capillary rise for water in a
tibe having a diamerer of 0.005 cm .

In metric units :

FoudtT, - w{BETEy
T D)@ (0005 1 B2 (980 Sm_
[ e ( cm3) ( seci)

= 60 em = 2 feet
In customary or British units :

0.005 cm =—0005cm __ — 164107 1
(2.54 4m) (1210
in. fi

oo 4Ts _ (4 (0005 b/l

=2ft
d%  (1.64 x 107 f1) (62.4 peh)

(pana o1 8 T Tl s 0ol s 30 ¥ Tupnctl] alul) g sl
(r—£) Jes

bl S Ll (T—£) JE8
- Tension wk dla & 535 Loa ] Faae¥] aaslidly
AT OO Y
-\ -
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(omt) iy IS b LS Lt wlanall o JSAI

. Capillary Rise aupil o9 gopedd| glad|l
35 LAl Tl Gl Ge il eyl o o213 JS5 Ll b

Ll g o530 e & pa 211 o lalalY ] &L?uiJ,a.uJ[,MIi;,yLaJL;m
Ngilaloisy

Sl W A gl p Lin ¥ (E=8) JS &
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( sonl praricies
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il gle—l) npelidl gl a5, I (1 -F) Jgaa

REPRESENTATIVE HEIGHTS OF CAPILLARY RISE IN SOILS
Approximals
Capifary MHeights

_Sol Type om n

Srnall gravel 2-10 0,1-0.4

Coarse sand 15 0.5

Fine sand 30-100 1-1

Silt oo-1opn " 3-30
Sy 10003000 30-90

s Ll A gl p syl e JBa (Y1) JBa cray

Example 4.2 : Limited labnm:.ﬂr},* studics indicate that fnr a cer-
tain silt soil, the effective pore size for height of capillary rise is - of D g,
where D, is the percent particle size from the grain-size du.tnbunun
curve. If the D, size for such a soil is (.02 mm, estimate the height of ca-
pillary rise .

d =effective capillary diameter = % DI = -]5 (0.02 mm)

= 0.004 mm = 0.0004 ¢m

he= 031
d

I 1. [N 1 | IS
0.0004 em 4 x Iﬂ'd'l.'l'ﬂ

=7.75x 1P em=775 cm =25 ft.
: Permeadility asaladll
el il Gide Ll Taia 33 b (aaly alssl _3) sl oy
s kel weasy Darcy's law

q = Aki
ar
n=—.q—=k’¥ i ]=£I.
A L
-\AA =




LaL_all (=) St

where q = vol-
ume of water flowing
per unit time, A=
gross-sectional area
of soil corresponding
to the flow g, k = co-
efficient of permea-
bility, 1 = hydraulic
gradicnt, and V =
discharge welocity.
The units of the coel-
ficient of permeabili-
ty are those of veloc-

iy (m/s) .
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sl e o Y Lo ste LI Jales
P Glaall Gdlall e Dy 3301 paall G k L3l Jalaa alou] Sy

k=102Dly  (mfs)
where [3, is the effective size in mm.

c QA e p 1530 Bl LOLAN Jalna ol aay (Y—£) 4 (Y=E£) Uyl gty
il gl Eusli (M=) Jga—a

TYRICAL RANGES OF PERMEARILITY FOR DIFFERENT SOIL TYPES
Aeslative Dagroa k, Coult. of Drainage
Sail Type of Permaahility Parmaatity femisec) Propartias
Clean gravel High 11010 Good
Clean sand, sand Medium | o 1077 Good
and gravel
mixiures
Finc sands, Low 107" @ 1077 Fair through
silts poar
Sand-silt-clay Very low 107" 1 1077 _ Poor through
muxtures, practically
glacial tills impervious
Homogeneous Very low o Less than 1077 Practically
clays practically impervious
impermeable
Nore; To convent em/sec io ft/min, multiply cmitee by 2, i 6., | cimisee = 2 /min; also fi'dsy
= omlese X 1 %10,

dgnl Gl Jal e (r-%) Jga—s

- Coefficient of Permeability (m/s) (CP 2004: 1972)
{30! 10723073 10~% 107% 107% 10-7 “10=" . 19°?  10-t0
REA Y ] | | | 1 |

| 1 1
Clean | Clean sands and |Very finc sands, | Unfissured clays and
gravels | sand-gravel silts and clay-silts (> 20%; clay)
mixlures clay-sill laminate

Desiccated and fissured clays

= 5 AT




Determination of Cocffictent of Permeability (Labyratory Methods.) :
Constant el spas Lagie AWV« a0k Jasd! B Lol Jalea (pa
Falling head suiia sgpas Willly ¢ aliuall Gusall Tyall head permeabilily
alise LI Jalas goadd a5l wluadl Laelill Ll pasluds . permeability

. undisturbed sample Uslia e Lol

. The Constant head permeability test eul ypas Ll gzt (1)

Conslam level

Area A i R et

cull g (A1) B3

Ll k il Jalea gpaasd
Coarse-grained Soil wlusall Ldall
con- cull 4 LB HLas] assie
Lla e s Slally stand head
Lall adgy Jum g dpsall Tue ol 3aY
Lgaiia e slis 4ad Lo olaa gl2
Oa el g Lisyl e Oisally Laily wuls
sl pullng ¢ (A-t) JSaa Liaall ks
aasla gl daslys eulil head
o Jalall T all Jauly e s
L o s LA Jalaay ¢ oluSall

_al s
k Al q —;_i_,.aa.l“
=V /1
3l
e | .
k ARt b4 il._l.ur.m
cduall e paa A
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: The falling-head test’

0 DL, (e
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Standpwpe

Aiaa & —

Arga A =

Constant laval
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e o WO sl ()
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Example 4-3 : Aconstant-head permeability test is performed on a
sample of granular soil. The test setup is as indicated in Fig. 4-8, The
length of soil sample is 15 cm and the cross-sectional area is 10 cm? . If a
94 cm? volume of water passes through the soil sample in a 3-minute per-
ind, when Ah is 30 ¢m, compute the coefficecnt of permeability .

PRt

Where Q =24 cur

t =3 minutes
L =15cm
A =10cn?
Ah =30cm

= (Ramt) (L)

Jmin 10cm? x 30cm

=04 S = m
0.4 e 0.006 Sac

AR, =



Example 4-4 : A falling-head permeability test is performed on a
silty soil. The test setup 15 as shown in Fig. 4-9 for the wst data sumar-
ized below, what is the coefficient of permeability for this sample ?

Sample length = 8 cm
Cross-sectional area of sumple = 10 cm?
Arca of standpipe = 1.5 em?
Height of water in standpipe at stat of test period hy = 100 cm
Height of water in standpipe at end of test period hy = 90 em
Time for change from h; to hy = 60 minutes
(2.303) L ., i¥
N b ot sk lag =L
t2 1 (.ﬂ. ) o8 liz
- (2:303) (8 cm) (LSem? y e 100em
60 min 10 em2 90 ¢m

=0.00212 ML =35 x (-5 a0
1min SEC
: Aquifers Sldgy Lol dlaly)l Sladall
ol el U] anas L 831 il i Tadyal] oLl aays
s Waladl il 0S5 S5y . Aquifers (=llys)
Sugdaa sl elll Taks Lo - unconfined Aquifers 54piaa i ala ok (1)
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Liabadl 5488 &ua : confined Aquifers (Busins) 3 peane Usla olish (=)
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imparvious soil or rock =aquiclude
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FIELD PERMEABILITY TESTS

Lol Jalas wuad ;5% cohesionless Soil Eaulate Huall L a01 Al 4
1 Ul L30T o 30 elly » Jankl 3 dhased o T SIST sl i sy
Lpmia M Glayl elliy . Lokl 3 Lolaua 658 LRI Lalsy Tag bl
Jslaa nind Saay ¢ Siulata Huill § 30 undistuibed Uslha jut Toe e Joanll
L 3k Bany pdph] & LI
: Well pumping test, Gravity wells wiall ,U1 (1)

J¢H1ﬂ4ﬂlhbdlQﬁﬂ{ﬁﬁﬂld;h;i{pilyiﬁlQ);ﬂhﬂluuei
,—:Jl__s.fs-i I:;I_,:u_’. s el L'IL-I-I-J J:l..: A Lll_,.a_n_'i“ r-l_,_':n..'h:J unconfined Aq. & sass
Uslall Wakall elars wiias Ll piby o Lagad Ladgall ali) cipadie dumyy Tadll
J..I._I;_:F-MIJLJ .l-l-‘ldu.'li,u EEJ#JIMIMJMWI#M

q = kiA , 1 is approximately equal w dhv/dr
A= 2mrh,
q=k dh 2 ek
dr
J rzfl—r = 27 Jﬂn? hidh
I ¥ 4 by

ke 2303 qllog (/) |
= e
(s - hi)
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pumging sccording 10 el e
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i
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olall ST 20 T3l e iy (VP2 S8
the values ofry, ry by, hy, and q are known from field measurements

b LS B LS el gt S LS
121, /ak
f r

where n = porosity
R = radius of influence
t =time during which discharge of water from well has been ¢sta-
blished.
il pasgally

hj =hy atry=ry andh; = H atr; = R,
: R Y LAl Jales slasd 1S

2.303 q [ log (RAw) |
T (H2- hd)

k=

ralssl Lau] oS LS
2.303 g [ log (k) | i o i
r (h% - hi)

k=
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where T 1s the thickness of the confined aquifier, or

5
2 -
r
Ly

Solution of Eq. (2.39) gives

__qlog (ra/ry)
2737 T (hy - hy)

- Ustall a LI Jalaa cpans Las] e LS

__qlog (Rhy)
2.72T T (H - hy)

h =hyuatryry andhyp =H atr, =R
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variable-head tests by means of piezometer observation wells :
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Copuistion of permeabllity from varisble head resen (Tor observition well of congtant cooss sec lion)
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koqy = effective coelficient of permeability for flow in harizonial direction

H, . Hy , H, = thicknesses of layers 1,2, 3, respectively
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wherevy, Vo, ¥a... are the discharge velocities in layers 1, 2, 3, ..., respecuvely;

V= kghll‘lli= k'u-| i-lzk-v-z i1-"— k'u-j ijﬂ_
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where ke = effective coefficient of permeability for flow in vertical direction

kvi , Km, Ky, .. = coeflicients of permeability of layers 1, 2, 3, ..., respecrively, for flow
in viertical direction .
ily iz i3y = hydraulic gradient in soil layers 1,2, 3, ..., respectively
FORV s ol gy
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Example 4-5 : A river and a canal run parallel to each other but at
different elevations, as indicated by Fig. 4-22. If the difference in the water
surface elevations is 16 ft, the horizontal distance is 400 ft, and the thick-
ness of the permeable stratum is 6 ft, compute the seepage loss between
river and canal, per mile of river-canal length. Permeubility k = 1.0 fu/day.

Ah :
=kiA=k 2" A= 161t
q A = A=(10 H;’daf}mﬂ i (6 fr % 2580 ft/mi)
= 1270 0fday/mile of length
R
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{2) Flow net around a single row of sheet piles.
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Example 4-6 : Compute the quantity of seepage under the dam in
Fig. 4.33 if k = 1.5 x 10~* mm/cec and the level of water upstream is 18 m
above the base of the dam and downstream is 6 m above the base of the
dam. The length of the dam (perpendiculur to the direction of scepuge) is 250 m.
1 - From the flow net Ny =3 and ND =9.5.
2-k=15x 10 mjsee, Ah = 12 m,
d-gqprm=15x 1% x (3A5)x 12

qperm =357 x 10" m%jsee,

4-q=57x1 0%%250=14%1 0* m¥sce = 3 (¢ finin,

Example 4-7 : A river bed consists of a layer of sand 8-25 m thick
overlying impermeble rock: the depth of water is 2.50 m. A long cofferdam
5.50 m wide is formed by driving two lines of sheet piling to a depth of
6.00 m below the level of the river bed and excavation 1o 4 depth of 2.00m
below bed level is carried out within the cofferdam, The water level with-
in the cofferdam is kept at excavation level by pumping. If the flow of wa-
ter into the cofferdum is 0.25 m¥h per unit length, what is the coefficient

! = TN s




of permeability of the sand ? Whal is the hydraulic gradient immediately
below the excavated surface ?

The section and flow net a appear in Fig. 4.34 In the flow net there
are 6.0 flow channels and 10 equipotential drops. The total head loss is
4,50 m. The coelficient of permeability is given by :

c=a/ (3

s 025 - o26%10"ms
450 x 6/10x60°

[—— 5:50m —
Shast T Shaat
piling 2:50m | piling
T _’_‘ -
los0om 2:00m
' Datum i

(V) Ja (T E-t) S

ans [ Silysaagdl Jally 0.9 m Laill ool sy (ad AT o As Tl
: u.'ﬁls
Ah

As

=430 050
0x09

- YYo ~




s (Glivgl ple alegfl bndes) pucil] i
Seepage pressure (uplift on a structuse) :
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H ='towl head
Ah = drop head
n = MNamber of drop heads
Yo = Watler unil weight (density).
e i e Lall ail 1 laiall gy S i A B o (s Lasiy
. dahat) etast]
Example 4.8 : For the flow nct shown in Fig. 4.36.
(1) How high would water rise if a piezometer is placed at {iy A, (1) B, (i) C?

(b) If k = 0.01 mmys, determine the seepage loss of the dam in m3/day.o).
(¢) Draw uplifi distribution and calculate the up lift force on the structine,

Y
.--._:E-_
T Dietermine maximum
10 m existing gradiont
from this elemeant
'If {8=¢,2.2.10)
T e “Js T
Parmaabla
Inyar

IR S At CR

el s ol a1 48 (Y- £ ) S
SOLUTION The maximum hydraulic head his 10m. In Fig. 4.36, N, = 12,
Ah=h/N, = 1012 = 0833,

Part (@), (i) ¢ To reach A, waler has o go through three polential drops. So head
lost is equal o 3 x 0.833 = 2.5m. Hence the clevation of the water level in the pitzomeler
at A will be 10 - 2.5 = 7.5 m above the ground surfice.

Part (a), (i) : The water level in the piczometer above the ground level is 10 - §
(0.833) = 5.84 m.
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Part (a), (i) ; Ppints A and C are located on the same equipalential ling, So water
in o piczometer at C will rise to the same elevation as at A, i.e., 7.5 m above the ground sor-
face,

. Part{b) : The seepage loss is given by q = kh (N/N,). From Fig. 2.30, Ny=3 and
Ny =12. Since .

k = 0.01 mmys = (lf!ﬂg:;) (60 x 60 x 24) = 0.864 m/day

q = 0.864 (100 (5/12) = 3.6 m/{day . m)

To lind the pressure head at painl D (Fig. 4.37), we refer to the flow net shown in
Fig. 4.36 the pressure head is equal o {10 + 3.34 m) minus the hydraulic head loss, Poinl D
coineides with the third equipotential line beginning whith the upstream side, which
mezng that the hydraulic head loss at that point is 2 (WN,) = 2 (10/12) = 1.67 m. So,

Fressure head, m
1187
1084

R PRCAER R | ] S L 5 [rv- )i
Pressore head al =1334 - 167 =11.67T m
Similarly,
Pressure head at E =(10+334) -3 (10/12) = 1084 m
Prossure headat F= (10 + 1.67) - 3.5 (10/12)=8.75m

-TA =




(Note that point F is approximately midway botween the fourth and fifth eguipotential

lines starting from the upsieam side.)
Pressure head at G = (10 + 1.67) - 8.5 (10/12) = 4.56m
Pressurc head at H=(10+3.34) - gif12)=584m
Preasure head otl = {10+ 3.34) - 10 (1012 =5 m
above arc plotted in Fig. 2 33. Between points F and

The pressure heads caleulated
will be approximately linear. The hydraulic uplift

G, kihe variation of pressure heods
the dam, U, can now b calcolated as

farce per unit length of
U =+, (area of the pressure heid diggrim) (1)
=9.81 1167 + 1084 Y (1.67) + 10844 8795 Y (1.6
(At (1084L8I5) 1.67

* (ill*'liiﬁ—) (18.32) + (ii&*‘—zf'f"-**_-) (1.67)

+ (qﬂf-i) (167} 1

L U=981 (1884 1636+ 121,92 + 8.68 + 9.05)

= 17149 kN/m
am having a sheetpiling culofT a1 the upsiream end is lo-
led by the skerch, Draw 4 flow net for the subsurfuce
foree acting on the base, and the

Example 4-9 1 A masonry d
cated ui a reservoir sited, 43 indica
fow and compute the seepage. Also calculnte the uplift
escape gradieat of the water ol ihe downstream tip of the dam.

Number flow channels, M= 4.

Number pressure draps, Iy = 10 {note feet of head acting o cach equipotential line,

where.
An=h=2000-20 LL Bl + 70 —2=
My 10 droy [ e——— e E1L O
SEQPHHE o QD =t \E'lll!. -4 gail
N : ¢ N=—g| =30
q = kHa =L (width), or £l, —60°
Ny AT AR ST
Asck
q= (001 LYy @o iy () (1.0 fuwide
( min} (1[}) :
|
=08 -0 per foot of width
L=4B T

min
P . P
Uplift Force on Base 4

-\ -




pa= (5t + 71 v
FH=|:;5 ﬂal-lfl.}'fw

Uplift = E"‘; By 1y < (12 fL+ 7 ) {f:;:.q Ib/i*) (48 f1)

= 29,200 Ib per foot of width (perpendicular o page}

Escape Gradient at Dowustream Tip

Ah belween last lwo equipotential Tlings = 2.0 ft, and 1= 6 ft

Numbsar fiow channals, N, =4
Number pressure drops, N, = 10 (nota fest of head acting st sash squipatential line).

.ﬂh-:—: -%. u%

(3-£) JBL 3l uad 13802 (YA E) JE2
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Fxumple 4-10 1 The section through o dam in shown m Fig, 4.39 Determine the
quantity of scepage under the dam and plot the distribution of uplifl pressure on the base
of the dam. The coefficicat of permeability of (he foundution soil is 2.5 x 10 mys.

The flow net is shown is shown in the figure. The downstream water level is se-

tected as datum. Between the upstream and downsiream equipotentials the tolal head loss
is. 4,00 m, Tn the flow nel there are 4.7 Mow channels and 15 eyuipoteatial drops. The seep-

age is given by :
50
ot ""'H-,T-j 5
Uplity prassure L 10
distnbution kN/m?
- 20
-10
Lo
AT N
S
RENREE
1.00 m PRt 5.00 m
080M  patum \\%\%\Q R
" o L) :_:\_:
: ' N N AL S S
' 7 r AT A ot
L] 7 54

r B Y P A A e e o G G

(V-=E)la(ra=£) 58
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q=kh Nr-25x107 xd00x 47
My 15

=3.1x 107 m¥s (per m)

The pore water pressure is caleulated at the points of intersection of the cquipoten-
tinls with the base of the dam. The wotal haad at ¢ach point is ohtamaed from the flow net
and the elevation head from the section. The calculations are shown in Table 4.5 and the
pressure diagram is plotted in Fig, 4.39,

(1:=%) Jlta (0-F) Jyn—s

h Z h-z u=y,_ (h-=
Point (m) (m) (m) (KN/m®)
| 0.27 -1.80 2,07 203
2 0.53 -1.80 2.33 229
3 0.80 -1.80 260 255
4 1.07 2.10 3.17 3L1
5 1.33 -240 37 36.6
& 1.60 240 4,00 30.2
7 187 240 427 419
75 200 240 440 3.1

Example 4-11 : The section through g sheet pile wall along a tidal esluury 1s given
in Fig. 4.40 At low tide the depth of water in front of the wall is 4.00 m: the water lable
behind the wall lags 2.50 m behind tidal level, Plot the net destribution of water pressure
on the piling.

The flow net is shown in the figure. The water level in front of the piling is select-
ed as datum. The total head at water tble level (the upstream squipotential) is 2.50 m
{pressure head zero; clevation head + 2.50 m). The total head on the soil surface in front of
the piling (the downsweam cquipotential) is zero (pressure head 4.00 m; elevation head -
4.0 m). There aré 12 equipotential drops in the flow net.

The water pressures are caleulated on both sides of the piling at sclected levels
numbered 1 to 7. For example at level 4 the total head on the bock of the piling is :

by = ﬂl-g—z 250=183m

and the total head on the front is ;
hi=-L x250=021m

12
The elevation head at level 4 is- 5.5 m.
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z b, T % Wil Y g
Tevel (m) (m) | (m) {m) (m) (KNfm?)
1 0 2300 | 230 0 0 226
2 2,70 2100 | 480 0 2.70 206
3 4,00 200 | 600 0 4,00 19.6
4 -5.50 1.83 733 0.21 5.71 158
5 -7.10 168 | 878 0,50 7.60 116
6 -8.30 1.51 9.81 0.84 9.14 6.6
7 H.70 1.25 995 0.04 9.74 2.1

Therefore the net pressure on the back of the piling is
mp- ug=9.8(1.83+5.5)-98(021 +5.3)

=08(7.33-571)

=159 k N/m2.

The calculations for the sclecied points are shown in Table 4.6 and the net pressure
diagram is plotted in Fig. 4.40,
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Example 4-13 :
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In general, the arcas between the last Mow line and the lower boundary will not be
square but the length/breadih ratio of sach area should be constant within this flow chan-
nel. In constructing a flow net it is a mistake to draw (oo many Now lines : typically 4 to
5 Mow channels are sufficient

In the flow net in Fig. 4.43 the number of Mow channels is 4.3 and the number of
equipotential drops is 12 ; thus the ratio NyN, is 0.36. The cquipotentials are numbered
from zero at the downstream boundary : this number is denoted by n, . The loss in total
head between any two adjacent equipotentials is :

Ah=d=400 _n33m
| T o]

The total head at every point on an cquipotential numbered ny is oy Ah. The total
volume of water Mowing under the piling per unit time per unit length of piling is given

by: g=kh M=k x4.00x036
d

= 1.44 km/s

A piezometer tube is shown at a point P on the equipotential denoted by n; =10,
Thie wital hewd at Pis ;

hF: nd_h = m x3=33%m
MNu 12

I e. the water level in the tbe is 3.33 m above the datum. The point P is distance %
below the dotim, i. e. the elevation hosl is - z. The pore water pressure st PP can then be cal-
culated from Bernoulli's theorem :

= Yo (B - (- 2p))
= Yu (hp + 2p)

The hydruulic gradient across any square in the Mow net involves measuring the av-
erage dimension of the square .

The highest hydraulic gradient (and hence the highest ssepage velocity) occurs
across the smallest seuare, and vice versa.
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Example 4-14 : A dam section is shown in Fig. 4.45a. The coefficients of

permeability of the permeable layer in the vertical and borizomtal directions are 2 x 10
mimys and 4 x 10°2 mmy/s, respectively, Drw a flow net and calculate the seepage loss of
the dam in 1 / {day. ft).
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On The basis of this, the dam section is replotted und the flow net deawn a8 in Fig.
2.34b. The rate of seapage is given by ¢ = Yk, ks h (Ny/MNy) . From Fig. 4.45b, N, =8 and N, =
2.5 (thee Towermost Mow channel hos o width-to-length ratie of 0.3). So,

q=Y{(5.67) (11.34) (20) (2.5/8) = 50.12 11’ / (0ay. f)

Example 4-15 : A single row [0 sheet pile suructure is shown in Fig. 4.46a. Draw a
flow net for the vansfoirmed section. Replot this flow net in the matural scale also. The
relationship between the permeabilitics is given as k, = 6k,

SOLUTION For the transformed section,

Horizontal scale =, f l:—* {vertical seule)
i

=L {(vertical scale)
%]

The wansformed section and the corresponding flow net are shown in Fig. 4.46b.
Figure 4.46¢ shows the flow net constructed Lo the natural seale. One important fact o be
noticed from this is that when the soil is anisotropic with respect to permesbility, the
flow and equipotential lines are not necessarily orthogonal.
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Flow net in Nonhomogeneous soil :
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Lw = E:I;h = Zl.-'u
K|
where  Le = weighted créep distnce

E o= Lo+ La+ ... = sum of horizonial distance along shortest flow path
(see Fig.4-51)

L Lyv= Ly + Lyg+ ...=sum of veérical distances along shortest flow path
(see Fig. 4-51)
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Weighted creep ratio :“_...i
1= Ha
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Sale values for the weighted creep ratio

Sale weighted
Material CTEep rauo
Yery fine sand or sill 25
Fine gand T4
Medium sand 6.0
Coarse sand 50
Fine gravel 4.0
Coarse gravel 30
Saft 10 medipm ¢lay 2030
Hard clay 1.8
Huord pan 16
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Example 4-16 : A flow net for a single row of sheet piles is given in Fig. 4-31a.
{1} Determing the factor of safety against piping by Harzn's method.
(b) Determine the factor of safety agunst piping by Terzaghi's method.
Agsume Y = 10.2 kN/ o',

SOLUTION Partfa) .
Loy = Ah - e 305 - 3-05 _n417m
L B 6

The length of the last flow clement can be scaled out of Fig. 2.29 and is approxi-
mately 0.82 m. So

i = DA = 0,509
0,82

{(We can chéck this with the theoretical equation
iz = (1) [(3 - 0.5} /1.5] = 0.53

which is close 1o the value obtined above.)
o= = 102N/ — 1 4
Yv 981 kN/m'
S, the factor of safety against piping is

dee o104 _on4
13:(51 U',S'[H
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Part (b) o A soil prism of cross section Dox V2, where D= 1.5 m, on the down-
stream side adjacent o the sheel pile is plotted in Fig, 4.54a. The qpprosimate hydraulic

heads at the botiom of the prism can be evalumed by using the Mow net. Referring 1o Fig.
431 (nole that N, = 6), '

0 =
L .75 m o

F Y
i
* Sall
O=16ml . e
v | :
A c

1.25ml0.B33 [0.75m
m

—_—— — hy= 0917 m

;T v £ £ i L rJ

[al -1

N —

ha = 3, (3-05)=125m
by = %{3 -0.5)=0.833 m
e _E;i{} -0.5)=0.75m

ho= 0325 (1254075 4 0539 ) =0917m

Fea RY o 153102 Sy
heyw 0917 x9.81

The factor of safety calculated here is rather low. However, it can be increased by

placing some filter material  on the downstream side above the ground surface as shown
in Fig. 2.49h. This will increase the weight of the soil prism.

Example 4.17 : A dam section is shown in Fig. 4,55, The subsoil is fine sand. Using
Lane's method, determine whether the structurs is safe against piping.
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SOLUTION :
L= 2ia4 T,
3
Yla=6+10=16m

{nn--!}di__-'-'-
Ylo=1+@+8+1+2=20m

| l§-+ Wi=2531m

Weighted creep ratio = Le -2533 -317
Hi- Ha 10-2

From Table 4.7, the safe wetighted creep ratio for fine sand is about 7. Since the eal-
culatad weighted croep ratio is 3.17, the structure is unsafe.
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Seepage through Earth dams
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Calculation of Seepage through an Earth Dam Resting on an

Impervious Base :
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i=dz/dx=tun
q=kz EKZ = (k) (1 sin B) (tan ) .eie (2)

1] i
J z dz = I (1 sin [3) (tan P) dx
1 1 iz A
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Example 5-1 : The cross section of an earth dam is shown in Fag.
5.8. Calculate the rate of seepage through the dam [q in m3/ (min. m)] by
(a) Dupuit's method; (b) Schaffermad's method; () L. Casagrande's
method; and (d) Pavlovsky's method,

SOLUTION Part (1), Dupuit's method: From Eq. (1),
= . K_me vyl
=y Y-
From Fig. 5-8, 1| = 25m and H, = 0; also, d (the horizontal dis-
lance between points a and ¢) is equal to 60 + 5 + 10 = 75 m. Hence.
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g (25)% = 12,5 x 10™* m? /(min. m)

Part (b), Schaffernak's method: From Eqs. (2) and (2'),
q = (k) (1 sin) (tanf) Pl > __ I

cos P cos? P sin?f

Using Casagrande's correction (Fig, 5-4), d (the horizontal distance
between a' and ¢) is equal to 60 + 5 + 10 + 15 = Y0 m. Also,

B =tm! ; =2657° H=25m

So, -
o [ e f | e 25 2
A cos 26.57° '\/{cus 2&.5'}“’] {sin 26.5'}"’]

= 100.63 - ¥/(100.637 - (55.897 = 1695 m

q=(3 x 10" (16.95) (sin 26.57%) (1an 26.57°) = 11.37 x0* m? f(min, m)
Part (¢), L. Casagrande's method: We will use the graph given in Fig. 5-6.

d=90m H=23im ﬁ-:%%:&ﬁ B=26.57°

From Fig, 5-6. for § = 26.57° and d/H =3.6, m = 0.34 and

=mH o V3% Gy
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q =kl 5in? B = (3 x 10 (19.0) (sin 26.57% = 11.4 x 10" m3 /(min. m)
Part {d), Pavlovsky's method : From Egs. (12) and (13),

hy =—B— < Hj- ﬂ/ B4 H,P2- h?

. cot Py (mtﬁg - by

H-M In Hy hy
cotp; Hu- by cof Bz
From Fig, 5-8, B=5m, cot p, =cot 2657 =2, 11;=30m, H=25m,

Substituting these values in Eq. (12), we get

hg=%+3ﬂ--‘\/(%+30):-h%

ar
hy=32.5-4105625- 1} ... (a)

Similarly, from Eq. (13),

285 - hlln a0 _b
2 30-hy 2

or

hy = (25 - hy) In -iﬂh— .............. (b)
=y

Eqs. (a) and (b) must be solved by trial and error :

? T T
f—f""’ﬂ"_‘“‘\ E::, i)

hz from hz from

by, | Ea. (@), |Eq. (b), B s e
m m 111
5
2 |0062 |1.587
4 (0247 |3.005
6 0559 |4.240 s
8 |10 5.273 R
10 |1.577 |6.082 iy

12 12297 |6.641
14 13170 |6915
16 |4.211 |6.859
18 | 5400 [6414 (Vo)
20 | 6882 |5.493 1
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Using the values of h, and h; calculated in the preceding table, we
can plot the graph as shown in Fig. 5-9; and from that, h, = 18.9 m and h,
= 6.06 m. From Eq. (11),

i
_ khy _(3x107) (6.00) g 49y 104 m3(min. m)
cot [ 2
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Plotting of Phreatic Line for Seepage through Earth Dams :
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Example 5-2 : An earth dam ksection is shown in Fig. 5-12. Plot
the phreatic lin for seepage, For the earth dam section, k, =k,
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SOLUTION:
B =t (I/1.5) = 33.69°
A=70cot45°=70ft

a'=03A=03(70)=211

and
d =80 cot 33.69° + 15+ 10 cot 45° + 21 = 120 +15 + 10+ 21 =1661t

From Eq. (15),
p= Ji Wa? + 12 - d) =%Lﬁmﬂ+78 - 166)

= %(1 R0.16 - 166) = 7.08 fi

Using Eqd. (16), we can now determine the coordinates of several
points fo the parabola a’ efb’ ¢'

0.4 I T T T T I T

= [rom 0.3
Eo. (16,

165
1431
120.04
55 9073
Bl.2
45 53.42

0.2

waggE|”
a8l
i+ Al

0.1

iy 1 | 1 L | ] L
a0 60 70 80 110 130 150 170
#.deg
(Vi)

Using the values of x and corresponding z calculated in the above
table, the basic parabold has been plotted in Fig. 5-12.

We calculate 1 as follows. The equation of the line cb’ can be given
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by z=xtan 3, and the equation of the parabola [Eq. (16)] is x = (2% -
4p2)/4p. The coordintes of point b' can be determined by solving the
above two equations :

_#-4p® (x munfy-4p?

: 4p 4p
or

X2 2B -dpx-4p?=0
Hence

x2 12 33.69°-4 (7.08) x - 4 (7.09% =0
(0.444 x2-2832 x-200.5=0

The solution of the above eguation gives x = 70.22 fi. So
ch! = /70,222 + (70.22 tan 33.6092 = 84.39 ft = 1 + Al
From Fig. 5-11, for P = 33.69°,

T—?% 0366  Al'=(0.366) (84.39) = 30.0 ft
I=({+AD - (A)

=84.39 - 30.9 = 53.49 ft = 54 fr
So l=ch=254ft.

The curve portions ac and fb can now be approximately drawn by
hand, which completes the phreatic line aefb (Fig, 5-12)
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Entrance, Discharge, and Transfer Conditions of Line of
Seepage through Earth Dams :
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DISCHARGE CONDITIONS
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1. Establish pint A and swing wnaw Ol having the rudin AT (pabm € Will be the focus of the parabola);
2 Dyaw venical line BC (ihix will be the directeix of the pambolil
3. Loxute pomt pmidway between Crand

4. Drgw. thie vartical Line mem in the geneml locution iiicated, wid detenning the horizontul distance Tram
Tine Rl 1o line mem.

5, Using point O us center, wwingg ah wic with cadios m1 B lo intemes) ling T m. This inlerseciion estililishas
a poinl on the parabolic flow line; i

6. Dheaw the verieal line nen in the geneml location indicatod, amd determing the dimtice nl B;

7. Using point € as 4 cenlor, swiig an are with rudiog o1 B 10 imerseel line n-n. This intersection another
point on the pambolic Tow line
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§. Continuing the procedurs just oullined, establich as mony pddilional points wi necessary o skeich the -
il Jemjathy of M Tink: bielween A wnd 5

9. Madify the beginning section of the flew e frechind. The frechind line muost interieet the opsiream face
of the dom a1 w righi angle;

10. The parsbolic flow line is sszumed Lo follow the downstrenm (ace of the dam below poims;
LI Oiher Mow limes are skeiched in, assuming a shape generally simllar to the upper seepuge e,

il s b lall Gl B 3 il (VA-0) S
: Zoned earth Dam LI J opuile (5 Ha ilst sl Hlsaadl 08
Ly Gl erallaky LI @) L5 and] o el e3all (VA-2) JS&
- Olosadly Uaally Uslall T slay cpms L sall L all Ladyk, = 5 k; Lol el
s Lakas oY) Lol eI Ll e f0Sa Lia

ky _byly
ka by
If by =1; and ks = 5k, by/fls = 1/5.
¥y
————
{23!
-, F o - Fd ¥ :- Fd F 4 L r . ” Cai
Mumber of full Nyj1y =220 Nifz) = 816 Impermentie
How chennals ; H 2 h lvar
q=k Na Nyi1) q=k, N—dﬂfm:

Cpihltie pd gl el 55l bl | 0 (VA-0) 8

L Zglon o) 1 2l iy el aalic o om¥ 5ol b
3 &ng',l.ma.;l y‘,...:dldmﬁ,

q =k %Nm;:kzmldwrm

where Nygqyis the number of full flow channels in the soil having a
permeability k; and Ny5y 18 the number of full flow channels in the soil

having a permeability k, .
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Dismy <4to5 (tosatisfy conditinon 1) ......... (17)
Dgs (s)
Dl——sﬂ =415 (to satisly conditinon 2) ......... (1R)
Di5 (s

where D, 5 = diameter through which 15% of filter material will pass,

D55y = diameter through which 15% of soil to be protected will
pass.

D55y = diameter through which 85% of soil to be protected will
pass.
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Diog) Digs)
where Dggs) and Dy, are, respectively, the diameters through
which 60% and 10% of the so0il to be protected is passing; and Dy, are,
respectively, the diameters through which 60% and 10% of the filter mate-

and

rial is passing.
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Equipotential BC : ¢ =- kh
Equipotential AD : ¢ =0
Flow line CD : wy = g (also, ¢ = - kz)
Flow line AB: yw=0
The Conformal Transformation r = w?
Let the complex number w = ¢ + iy be and analytic function of
r=x +iz. Consider the function :
r= W
Thus :
(x+iz) =(¢ + i'u1|1']|2
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Equating real and imaginary parts :

o4 (1 '”.-'ﬂ) LJS-.JFI:{]. 12 3 S Y=n h_ai:l-u-—l ]'U'L';" J_:_,.ni“
s (20) Palall

e
¢ 2n =
T LA 21)
4 n?

{:-I:_EZ 3 i.:\?._,li r._].i.u‘, ' |,!."IFI'UbDlE.S- c.hi” (o E.l‘.‘_’..n;_h.& r.ﬁ: (21) HJLN.LL’
. {i..:.l Ti—ﬂ}&c.hl"

1] I |
Eqguipotentials bu0
| e o i AT AR il e e o P PP g R e e O O L

gpilatia ol dan (YF=0) S

¥
2
1
o 1 7 3 4 5 8 ¥ o
w Plan ¢ Vlag
r=w? olpudl phd Vi) JS5
- YAY -




Gedm=0,1,2 .6 tua dp=m Loiidl bsbll Lad jlicl e,

Y = A ¢ (20) Yolaa
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r=Cw
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x = C (2 — yr2)
z=2Cdy
P aYlall fe Lga it fSas galadl 5L el od Talas
V=q
@ =-kz
Thus :
z=-2Ckzq
< N
2k
Hence : A

e Ly 9
X 7kq (K* 2%~ g%)
x= A oKy R
Curay pladll Koseny a8 Sucldl oy (23) Uolad) Uaislss Jlall a3l
« A sa focus pladll 3S ey (0 Yo—o) JS& i
When z = 0 the value of x is given by :
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(23) Ualal) Jiads (Yo—o) K

where 2xois the directrix distance of the basic parabola. When x =
0 the value of z is given by :

2.1_,=q-=21,_-,

Substituting Equation 24 in Equation 23 yitlds

b 25
Rxﬂdxg ............... (25)

SIS 131 LT+ (Y=0) JSb +(25) Ualall phaiianls pos 5l Sas glaills
KD paaual (i (TV=0) JSd 4 o¥lall LS JAdl paé AD U patll b2
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Example 5-3 : A homogenous anisotropic eurth dam section is de-
tailed in Fig. 5.29a, the coefficients of permeability in the x and z direc-
tions being 4.5 x 10 8 m/s and 1.6 x 10°® mys respectively. Construct the
flow net and determine the quantity of seepage through the dam. What is

the pore water pressure at point P 7
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The scale [actor for transformiation in the x direction is :

The equivalent isotropic permeability is :

k'=¥(ky k)

= (4.5 x 1.6) x 10® =27 x 10 s

The section is drawn 1o the frransformed scale 4s in Fi £. 5.29b. The
focus of the basic parabola is at point A. The basic parabola passes
through point G such that :

CC=03HC=03x27.00=8.10m
i.c. the coordinates of G are ;
x= 40.80; 2=+ 18.00
Substituting these coordinates in Equation 25

—40.80 = x, — 18.00%

Ra
Hence ¢

X, =1.90m

Using Equation 25 the coordinates of a number of points on the bag-
ic parabola are now calculated :

X 190 0 500 -1000 -2000 -30.00
z 0 380 724 951 1290 1557

The basic parabola is plotted in Fig, 5.29b, The upstream correction
is made and the flow net completed, ensuring that there are equal vertical
intervals between the points of intersection of successive equipotentials
with the top flow line. In the Mow net there are 3.8 flow channels and 18
equipotential drops. Hence the guantity of seepage (per unit length) is :

=k h L
qkthI

=27x10%x 18 xf'?aﬂ =1,0x 107 m3s
& TM-



The quantity of seepage ¢an also be determined from Equation 24
(Withoul the neeessity of drawing the How net) :
q=2k'x,
=2x27x 108 % 1.90=1.0x 107 m%s
Level AD is selected as datum. An equipotential RS is drawn
through point P (transformed position). By inspection the total head at P

is 15.60 m. Al P the elevation head is £5.50 m, therefore the pressure
head is 10,10 moand the pore water pressure 15 :

;= 9.8 x 10.10 = 99 kN/m?

Alternatively the pressure head ut P is given directly by the vertical
distance of P below the point of intersection (R) of equipotential RS with
the top flow line.

Exnmple 5-4 : Draw the flow net for the non-homogeneous earth
dam section detailed in Fig. 5.30 and determine the quantity of seepage
through the dum. Zum.a I and 2 are IHD[IDPIC having coefficients of
permeability 1.0 x 107 " mys and 4.0 x 107 my/s respectively,

The ratio ky / k; = 4. The basic parabola is not applicable in this
case. ‘Ihree fundamental conditions must be satisfied in the How net @

1. There must be equal vertical intervals between points of intersection of
eyuipotentials with the top flow line.

2. If the part of the flow net in zone | consists of curvilingar squarcs then
the part in zone 2 must consist of curvilinear rectangles having a
length/breadth ratio of 4.

3, Far each flow line the transfer condition must be satisfied at the inter-
zone houndary.

The flow net is shown in Fig. 5.30 In the flow net there are 3.6 flow
channels and 8 equipotential drops. The guantity of seepage per unit
length is given by :

’1,{
R e
q= K Ny

=1.0x 107 x 16 1%: 7.2 x 107 ms
(If curvilinear squares are used in zone 2x curvilinear rectangles
having a length/breadth ratio of (.25 must he used in zone | and k; must
be used in the seepage equation.).
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(If curvilinear squares are used in zone 2x curvilinear rectangles
having a length/breadth ratio of 0.25 must be used in zone 1 and k, must
be used in the seepage equation.).

Fig. 5-30 : (Reproduced from Cadergren, H. R. (1967) Seepage, Drainuge and Flow Nets, & John
Wiley and Sons, Ine.. New York, by permission),
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Example 6-1 : For Boussinesq conditions, what subsurface stress
will result at apoint 10 fi below wherea 10,000 Ib point load is applied?
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r=0 Z=10, rt/£=0
For 1fZ =0, obtain IB =048

aiid, Ay, =% L 10,000 1b

=R D ()48) = 48 psf.
7 e Y PR T 1Y A il

Example 6.2 : For the Westergaard conditions, what subsurface
stress will result 10 ft below, and 10 ft horizontally, from where a 10,000-
Ib concentrated load is applied ?

0= 10,000 #

r=10, Z=11), L =1.0

For rfZ= 1.0, obuin 1, =0.065 Q = 10,000%
Q 10,000 1b
d Aoy ==, = ———o (0.065
e A BT TS T et zer0r |,
: o
= 6.5 psf

+ Vertical stress due to line load abaifl foall il JI slaa I
Laslaal Al X 18 dle qonnamg Q/m! L) Laad) Tais gl slgadtl
=2Q. 43 s LY Tasall oy (X, 2)

T (x2 4 22)?
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Verlical Stress due to Rectongular Area carrying uniform
pressure :
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{Reproduced from R. E. Fadum (1948)
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influence factors Is for vertical stress under a corner of a

anl i, b aal Jalea]l gusel (T=T) Jga—a

uniformiy-loaded rectangular aree

(W 4

Biz ar oz a3 a4 &5 0.8 o0z o8 (el 1o 1.4 2.0 30 5.0 - <]

ar 00047 Q0082 00132 00188 00188 00222 p0za2 00258 00370 Qo279 00301 G031 Q0316 00318 00316
(a3 4 00082 QD178 Q0258 00328 0.0387 00435 00474 00504 00528 pO%47 00583 00810 00818  0.0620 00620
o3 0.0132 0028 00374 00474 Q.0SED 0pe10 O0BEE 00737 00758 00794 00858 O.CBES7 OO08BE Q.03 0.0902
o4 O0iBE 00328 00474 0.0802 00711 00807 Q0873 00937 00377 01013 01094 071134 D1YSO OB 01154
(18.] 00188 00387 OD.OSB0 007N 00840 00347 010%4 09104 0J1EB 01202 01300 01350 01388 D374 01375
aé 00222 D0435 00628 00801 D047 DI0ES 01188 01247 D0I3710 Q1361 ©1475 01533 01555 D561 Q1562
o7 nozan 00474 00688 00873 01034 DI 168 D0.1277 ©.1365 01436 01481 0.1620 O i6BE O17Y1 0aTis D70
08 pO258 00504 00737 00931 01104 00247 01965 D481 Q1537 015858 DA73% DA B12 01547 Q18483 0.1850
0.8 00270 0O05ZE Q0766 00977 OQ1168 0a311 01436 01537 01619 01684 DIE3IS 00 €15 D.1847 Q1958 01968
i.o 002786 00547 00734 01093 01202 O 1367 01491 01538 01634 01762 0.1914 01998 02034 02044 D2045
T4 00301 00882 0OBS6 04084 041300 01478 01620 017389 014838 01914 02102 © 7206 02750 02263 03288
2.0 00311 00810 OODBR7 01134 01360 01533 01 #ES 01812 018315 018%% 022068 02325 02378 02385 02389
30 DO316 00818 00898 01150 01388 D855 0477 1 04B41 DIS47 02034 02750 02378 0.2420 02481 02485
50 o031 QD820 00907 09184 01374 pi68Y 01718 DOABAS 07958 02044 ©0.2283 O0.235%5 024871 02488 D3497
= 00378 00820 00302 01154 01378 01562 01720 DIBSD 01958 0208 0.2268 D239 02485 02482 02500

(See Fig. 6.9)
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Contours of equal vertical stress beneath a foundation on a semiinfinite, homogeneous,
isolrous, isotropic elastic solid-the Houssinesq analysis. Stresses are given os proportions
of the uniform foundation pressure, q; distances and depths in tenms of the foundation

width, B.
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Contours of equal vertical stress bengath a foundation on a semiinfinite, homogeneous,
thinly stratified material-the Westergaand analysis. Stresses are given as proportions of
the uniform surface pressure, |; distances and depths in terms of the foundation widil, B.
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Example 5.2

P T —

Newmark’s influence chart for vertical stress. Influence value per unit pressure = 0,005,

(Reproduced from N. M. Newmark {1942) Influence Charts for Computation of Stresses

in Elastic Foundations, University of [llinois Bulletin No. 338, by permission of Profes-
sor Newmark),
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Example 6-3 : A load of 1500 kN is carried on foundation 2 m
square at 2 shallow depth in a soil mass. Determine the vertical stress at
a point 5 m below the centre of the foundation (a) assuming the load 1§
uniformly distributed over the foundation, (b) assuming the load acts as a
point load at centre of the foundation .

(a) Uniform pressure,
= 1500 = 375 kN/m?
q :
2

The area must be considered as four quarters to enable Fig. 6.10 to
be used. In this case :

mz=nz=1m
Then, forz=5m,
m=n=02
From Fig. 6.10,
I =0.018
Hence,
G, 441, =4 x 375 x 0018 = 27 kN/m’

(b) From Tuble 6.1, \Ip = 0.478 since 1/z = 0 vertically below a point
load. =
-~

Hence,

The point load assumption should not be used if the depth to the
point X (Fig. 6.2) is less than three times the larger dimension of the
foundation. ' 1)

" “Examplé 6-4 : A rectangular foundation 6 m x 3 m carries a uni-
form pressure of 300 kN/m? near the surface of a soil mass. Determine
the vertical stress at a depth of 3m below a point (A) on the centre line
1.5 m outside a longedge of the foundation, (a) using influence factors,
(b) using Newmark's influence chart. g i

(a) Using the principle of superposition the problem is dealt with in the
manner shown in Fig. 6,11, For the two rectangles (1) carrying 8
positive pressure of 300 KN/m?, m = 1.00 and n = 1.50, therefore.

I, =0.193.

B e
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For the two rectangles (2) carrying a negative pressure of 300 kN/
o, m = 1.00 and n = 0.50, therefore .

[ =0.120.
Hence,
0, =(2 x 300 x 0.193) - (2 x 300 x 0.120)
= 44 kN/m?

(b) Using Newmark's influence chart (Fig. 6.10) the scale line represents
3m, fixing the scale 1o which the recrangular area must be drawn. The
area is positioned such that the point A is at the centre of the chart,
The number of influence areas covered by the rectangle is approxi-
mately 30 (i. e. N = 30), hence.

g, = 0.005 x 30 x 300
=45 kN/m?

pp—— S 300 m
! T h . I 300 m
300m 300 kN/m +100 | +300
| 4.50 m| kN/m? | kN/m? | 4
: f i 50 | -300 | -300
VB m _ m | kN/m? | kNim?
e ‘Jﬁ A J A

i (2}

(W=1)53
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Variation of vertical stress bencath a foundation; Boussinesy analysis.
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Influence chart for computing verlical stress beneath a uniformly loaded foundation on a
semiinfinite, homogeneous, isotropic elastic solid-the Boussinesq analysis.
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Example 6-5 : A foundation supported on the surface of a uniform,
homogeneous soil is 5 i square and carries a loading of 125 kips. What
subsurface stress increase occurs bencath the center of the foundation at
a depth of 5 ft 7

Q= 125"
| g=5
Fa

ZE &.‘.\a,

For uniform homogeneous dsoil, use Boussinesq conditions,
Q _ 125kips

e S = 5§ ksf = 5,000 psf
= CERxsn 4

From Fig, 6,12, Ac, in terms of q is 34 percent ﬁ::rrd—':_PE =3ft_10
width 5ft

therefore A @, =0.34 (5000 psh) = 1750 psf

s olulul! cad alad] olual glaging oliai
Lq:&:[_’d.h;u_:;_ﬁ EIL.._MI-IE._IJELA:ITI ml__ii:h.'u JJLQ._ME.LAJEL&.&U.MLJJ
.(\uv'l.)._!&.:u- {u—i}mugul_,,.au_,n b | b SULE CABAS
T @
Example 6-6 : A circular storuge tank is supported on soils that
satisfy the Westergaard assumptions. What subsurface stress increase
develops 10 ft beneath the edge of the tank ? The tank is 20 ft in diame-

ter, and the stored fluid material causes & pressurc of 1000 psf at the
tank base,

- Y5 -




- 20" dia,
X T‘??("‘l A
L=10 l.‘.‘m
i

Sutface load g = 1000 psf
Ratio of depth / width = 100t = g 5
atoof depth / wi 20 f

From Fig. 6.14. A o, = 23 percent of g
therefore A &, = 0.23 (1000 psf) = 230 psf.

v E BB

Example 6-7 : Compute the stress al a depth of 3 m and 24 m
from the center of a footing that is 3 m and which exerts a stress of 150
kN/m? (3,13 kips/fi?) on & stratified soil.

1 - Using Fig. 6.14 (right side for a square foundation), The depth of the
point z = B. The horizontal distance; 2.4 m is r = 0.8 B. From the
chart the contour is 0,09,

Ao, =009 x 150 = 13.5 kN/m? (282 Ib/fi2)
2 - Using Fig, 6.15. The footing drawn to seale covers 36 "squares.”
Ao, =36x 00025 x 150 = 13.5 kN/m” (282 Ib/f12)
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Influence chart for computing vertical stress beneath a uniformly Ioaded foundation on a
semiinfinite, homogencous, thinly stratifed material-the Westerpaard analysis,
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t sA Z Bae e slga¥] ol el (V=)

G’:___\'L_ i
(B+7Z) (L +2)

%

¢’
AT

bl | o sl | gl T 1 Gkl (VI-T)
o= .u,s._.c,_._,ll,_,..L...‘Hldh.u.l,
(B + Z)*
V = total load gpplied 1o Foundation member
B , L = Footing dimengions
Z = depth from footing base to elevation in soil.

Example 6-8 : Compare the increase in stress AG, in a soil stra-
tum | m thick produced by a surface load of 150 kN/m? (3.13 kips/fti®) on a
0.5 x 0.5 m square footing with the stresses produced by a footing 3 m x 3
m square with the same load. The center of the soil stratum is 4 m be-
neath the ground surface. Use the pyramid approximation.
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1. For the 0.5 x 05 m footing .

__05x05x150 S
Ag=03XI X0 < 1 85 kN/m? (38 1b/)

2, For the 3 x 3 m footing
— FIxIx 150 _ 97 g 1Nt (& c
Aoy @+3) @+ 27.6 kN/m#* (576 Ib/ft)

: Effective pressure (Jledll) ;Sgal alaalll

e Lo B o iadll 52 T 2y Tal) T 30 i pouigh bl 3
Ll pore or water pressure oLl baiay Effective pr. (Jlaill) 5Ll slga¥|
el ot ada yhas e OB pasll 3iw adly  drainage Ui yeadlly permeability
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Example 6-9 : Compute the change in vertical effective stress at
the surface of the clay stratum in Fig. 6.20 if the water table falls 2 m or
0.6 ft. The sand has a void .
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Figure 6.20 changes in vertical stresses of Example 6.9 on a clay stratum due to
groundwater changes.

(Y=V) 5

ratio of 0.60 and a specikic gravity of solids of 2.67. The height of
capillary satiiration is 0.7 m (2 f1). Above the capillary line the sand is
30% saturated.

1. The saturated density of the sand is (2.67 + 0.60) + (1 + 0.60) = 2.045
g/ml = 2045 kg/m® . The unit weight is 127.5 1b/ft’ = 20.0 kN/m?.

9. The drained sand density above the capillary saturation line is (2.67 +
0.3 x 0.6) + (1 + 0.60) = 1.78 g/ml = 1780 kg/m® . The unit weight is
111 /i = 17.43 kN/m? .

3. Initially, the vertical stresses at the clay surface are
Total : 2.3 x 17.43 + 3.7 x 20.0 = 114.1 kN/m = 2381 Ib/ft*,
Neutral : 3 x 9.81 = 29.4 kN/m? = 614 [b/fi® .
Bffective : 114.1 - 29.4 = 84.7 kN/m? = 1767 Ib/fi* .

4. After the water drops the vertical stresses at the clay surface are

Total 4.3 x 17.43 + 1.7 x 20 = 108.9 kN/m? = 2275 Ib/ft (a loss of 5.2
KN/m? = 106 1b/£%) .

Neutral : 1 x 9.81 = 9.8 kN/m? = 205 Ib/f¢%,

Effective : 108.9 - 8.9 = 99.1 kN/m? = 205 Ib/f* (a gain of 14.4 kN/m’
=303 Ib/ft?).
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k, o (F-7) Jgzs

Soil Typa Kn 1A WG
Granular, Toase 0,506
Granular, dense 0.31w0.5
Clay, soft 0.9 10 1.1 {undrained)
Clay, hard 0.8 o 0.9 {undraimed)
TR

Example 6-10 : The unit weight of the soil in a uniform deposit of
loose sand is 100 pef. Determine the horizontal stress that acts within
the soil mass at a depth of 10 feet.

Greune
wirface

z-
Fv. s _L__%__

gy = aZ = (100 pef) (10 fr) = 1000 psf
G, = K @y = (0.5) (1000 ps) = S00 psf
where ko is obtuined from Table 6-2.

Exumple 6-11 : Assume that a building foundation is constructed
on the fill discussed in the previous illuswration. If the footing is 5 ft
square and carries a loading of 75 kips, what net stress results in the
middle of the clay layer beneath the center of the footing (consider effects
of fill and foundation loading) ?
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Estimate slress increase by either Boussinesq or Westergaard, A
o, = 5 percent x q (fron Fig. 6.12 or Fig, 6.14).

therefore A @, = 0.05 (3,000 pst) = 150 psf from foundation,
Stress increase from fill = () (height of fill)
=125 pef x 8 ft = 1,000 psf
Total stress increase = 150 + 1000 psf = 1150 psf,

Example 6-12 : Figure 6.23 shows the plan of a rectangular foun-
dation which transmits a uniform contact pressure of 120 kN/m2 , Using
the influence factors given in Table 6.2 | determine the vertical stress in-
duced by this loading : (a) at a depth of 10 m below point A, and (b) at a
depth of 5 m below B.

{a) Consider four rectangles (1, 2, 3, 4) each with a corner at A [Fig. 6.23
(b)] : the wertical siress below A is the sum of the stresses induced
by each rectangle :

O (A) = Op (1) ¥ Oz 2) + Oz (3) + Ty (4

= q (g + I + Ireyy + q Oreay)

e



i 50 m il
™ -
5.0m
-]
180 m A
+ Tﬁ.ﬂ m
fa)
B0 m 20.0 m
10.0 m &i} I: i‘:ﬂ:J
i N 150 m
50m i _.‘:".ﬁ};'::-,
R -
15
(Yr-1)ss
z=10.0m
See Table 6-2 Fig 6-23
Rectangle Lz Bfz Ix
| 5M0=0.% 10/10=1.0 0.1202
2 20/10=2.0 10/10=10 0.1999
3 20/10=2.0 5/10=0.5 0.1350
4 S/0=0.5 5/10=0.5 0.0840
Then ony = 120 (0,1202 + 0.1999 + (1.1350 + 0.0840)

= 120 x 0.5391 = 65 kN/m’
(b) Consider four rectangles (1, 2, k3, 4) each with a corner at point B
(Fig. 6.23 (¢))-note that for rectangle 1, L = 31 mand B = 19 m. The
vertical stress below Bis given by :

gy =9 Iroy + IR + Iy + 4 Triy)
The calculations are mbulated below :

r=50m

- TP



See Table 6-3, Fip 6-23

Rectangle Liz Hix Iy
1 39 =62 19/5=1.8 0.2472
2 6/5=1.2 19/5=38 0.2147
] 3I/5=62 4/5=08 0.1849
4 6/5=1.2 4/5=08 0.1669

Then 6,5, = 120 (02472 - 0.2147 - 0,1849 + 0,1669)

=2 EN/m?
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Where 1ty = shearing stress at failure along the planc of rupture .
¢ = apparent ¢ohesion

@, = normal stress acting on the plane of ruptuore .

@ = angle of intemal friction .
slaiis 2 € Guadtill 4aad Sus (E-V) JS& G Lol Was ppls Uailaay
polsS Uslaay. Ginkall b3 Jus 2 SISV Ll 0 5T a3 ps adalil]
by gl B il Lagliia oSy Total Stress Ll alilpa¥l dla s
Juaaly gaded Al pes bea €' @8 a8 Eua effective stress 3541 olya¥h
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Coulomb's equation wid filure envelops
{a) Original Coulomh envelope in terms of wul sress.
{bY Madificd Coulomb envelope in tenns of elfective streds.
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Tr=¢'+ Gy tun @' | eNg

- i
or since On=0nh-

g

Y
En-

T=c'+(0-n)lan g’

Where ¢' = apparent cohiesion referred 1o effective stress.
= effective normal stress on the plane of rupture .
u = pore pressure on the plane of rupture at failure .

¢' = angle of internal friction referred to effective siress,

el Lwadll clalea ] W Lo yundl oSa Gaill Laglia ) LS
Sl s ye A5 o) U:.q Lidly

=1 (o) - oY) sin 2.0

I_-n.'r

} i_lﬁ'}+n‘f_n+]z.(g’1-a§}cm25

o il gglal] Jua Zgly 20 &

C,¢ laSlflaleayg mill daglia wld
Lanl HLasy o L5 o bl iyl Ulad S el Laylie ulid ol las) 3
Pl LS ol ol 550 3 U el ¥ ey LBl a3 Jlai 580G 508
e, R vt Undrained o jualll pie Ula (A7)
JL‘.{hflui;JL_leu I..'hI__;I. ﬁu[JMan_i:um:Jlr.ﬂJLﬁlui ff:']&lh,*..,
Salll 985 Ll Ll dy -pore pressure oLl Lius ot Baby Lebla K
e okl Jladll Laall 53500 o) dag Vo B Liall §gloa s L Liaea b
u.;iuhpﬁ'lc.inuulcdﬂhllnuwb
If, at the failure surface, An = Aoy then Ag =0
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Cy = undrained apparent cohesion
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®u= undrained angle of shearing resistance

(in a fully saturated soil @y = 0)
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C', = fully drained value of apparent cohesion .
¢, = fully drained value of angle of shearing resistance .
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Example 7-1 : Ashear box test was carried out on a sandy clay
yielding the following results :

Normal load (N) 108 202 205 390 484 576
Shear load at failure (N) 172 227 266 323 374 425

Area of shear plane = 60 x 60 mm

Delermine the apparent cohesion and angle of shearing resistance
for the soil.
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The stresses on the shear plane are oblained by dividing the corre-

sponding load by the area,
Area of shear plane = 60 x 10 x 100 =36 x 10° m?

5o for the first specimen :

Normal stress,

Shearing stress at failure, Tp= =

Similarly the ether values wdill be :
Normal stress, o) (kN/m?) 30.0 56.1 BL.9 1083 1344 160.0

Shearing stress ut failure, t, (kN/m%) 47.8 63.1 739 897 1039 1181

Figure 6.6{a) shows the shear stress plotted against normal
stress, and the best straight line drawn through the points to give Cou-
lomb's shear strength envelope. The shear strength parameters meas-

ured from the graph are :
Apparent cohesion, ¢'= 33 kN/m2
Angle of shearing resistance, @' = 28°
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Clay : Angle of repose =0
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= E, = tangent modulus (general)
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REPRESENTATIVE VALUES OF ¢ FOR CONESIONLESS SOILS

Angle & Degrees
Soll Typs Littimata Poak
Sand and gravel musture 3336 40-50
Well-graded sand 31-35 40-30
Fine to medium sand %-3 32-35
Silty sand 1-12 30-33
Sill (nonplastic) 26-3) 30-35
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Example 7-2 : A sumple of dry sand is tested in direct shear. A
normial load equivalent to 2 ksf is impesed for the test, The sheari ng force
applied to fail the sumple is increased until shearing does occur. The
shear stress at failure is 1350 psf. What is the angle of internal friction o
for the sund ?

1360
7= sheatng
Etreds, sl Test resuilta on
sliesi 4hrain
coordinatm
Shaaring srrpin ;
1 —— :,.-r‘
= Shiraring - : Test inkormation
#ress paf o 1. plotted on Mokt
J_ circle coartinates
2000
Mormal stresy, paf

=1350 .
tan § = o (.675
§ =34 deg +

Example 7.3 : During a shear box test on o compucted sand the
following results were recorded |

Narlrnut 1{-;:;;& (N) g 110 216 324 432
CLE & 4

ltimate”shear load (NJ# 66 131 195 261
Peak shear load (N) 83 170 253 340

Determine the angle of shearing resistance for the soil : (1) in a
~loose state, and (b) 15 o dense compicted stite.

Figure 6.9 shows the plot of these figures. Two envelopes are
drawn ;.

(a) Using the peuk shear load values to represent the compacted or

dense Simnte |  in Mﬁjﬁ.

e =t T



(b) Using the ultimate shear load values (o represent the loose state.

From the graph @ Qe = 38" Pl = 3=

Since both envelopes pass through the origin, the apparent cohe-
sion of the soil = 0.

Example 7-4 : The readings given below were taken during two
shear box tests carried out on samples of the same sand. In both cases
the constant normal stress was 210 kN/m?,

Tn Test 1, the sand was in a loose state; in Test 2, it was compact-
ed into o dense state.

Driw (he shear stress/displacement graphs for the two tests and
determine the angle of shearing resistance for the loose and dense
states. :

Test 1 - Loose state :

Horizontal

displacement

(10" mm) 0 S0 100 150 200 250 300 350 400 450 500 550
Yertical

displacement

t',l{.l‘1 mamn)

(+ve=up) O 6 -12 -15 -7 .18 -190 -195 200 -205 -205 -205
Shear stress

(kN/m2) 0 59 78 91 99 0§ Bl s 4 16 116 116

Y




Test 2 - Dense  siate !

Horizontul

displacement
(10? mm) 0 SO 100 150 200 250 300 350 400 450 S00 550

Vertical

displacement
(10°* mm)
{ +ve=up) 0 -3 | L+ IR Gf st =, ., 35 34 41 41 14
Shiar siress
{kN/m2) 0 73 118 143 150 149 139 133 126 122 120 1%

s o) 5 s LaaY T S 8 sty o (W-V) S8 e Loy palail]
B paall J s pa 0 Jlsa Tal3] e Critical state dayall dlla

g

Shanr e kMol
g

3 s 8 3

-3
¥ g
Varticsl displacement 1102 mm)

(WV-¥) 5
Loose state : T, =0, tan @y,
Then 116 =210 tan Qi .
GIVINg © Qiopee) = ATCIAD i—}—% 29°

- ¥l -



Dense state : T, = 0 a0 @0
Then 125 = 210 tan Qgense)

Giving tp“wa} = arctan ”2 36°

. The Triuxial compression test 381 liall L3al (o )
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e x 0w g VIX YA a5aball sb¥ 1 g1 e shill ciaed g Ll Gl e
C(VASV) USE g G Sl
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. Undrained Tests dp=ill gae Sl Lia)
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LLpd) SEellily e Lall pans b Lallia 6 5 all st ki ului
Faglllh J il JUss! Jupod) A5 TENFaeld 0 Sl Sl e Sl jaally
- (VA-Y) JS& . manometer
: Drained Tests o8 =ull &f L)

mwlﬁldiﬂdﬂh;ﬂ"IT."‘JJE:‘*“;‘“JJ@:JI*IJH:"&IW‘
Ll B B AT 2 A

e i S | sl (3 “L-#jds_,:
L T



. Volumie change  asall il

U el Sl s s Tyl sl iy Tapdl it Ul Ay Ll
il sl b i 5 s amall il (i Tatia 8 Tl 38
:ﬁ[[.ﬂlh:nll,l.m]e..l:u

: Principal planes and prinoipal stresses Lash ]| lygiaiatly Lasas | wlalgatl
Lagglaa e leias mlolyal () o il jlEal b ol Ga e
calai¥) puas 4 Tla slis Lica plasdiab clalgayl aia ¥yl yigay . Codll
iad) sl Jakaay . LI i s lad) b gl 0y = 02 + @3 s fus 0y S5
Sl Tasd sla3s Laad] latol e o o g JI (i pasll pae Ula ) ahii
+ ol Slad ! plalgad! Basay = 03+ A 01 o 140 Lis gl
shgadl S el 5L Suan Lesieyy O2 =03 =Ll dsbll i
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L =g~ —AD/D @, = ool pressurs 0, = devisto streas
(sl It} Ic)

Strains and siresses in the triaxial tes) .
(@) Principal siraing . (b) Cell pressure anly. (¢} Principmt stresses at shear failure.
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s Al @lasiaadl o principal planes Luwdi ) abisiad ! o) igynay

o principal stress Lo JI elalgatly sicall Lylucs adll slgal Lage

(S (BB il JLaa) Gy L)) olisied ) oda e Lugasdl aluleay]

Ludjally Dagaall cilalyadl s Loy olisios Gl Cilgally Tadlly p G @ lipio.
Pl wlilgal o
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Vertical axial stress, o, = major total principal stress

(st sleal S0]) 6, udadl slgad]
Lateral siress, ¢, = minor total principal stress
Tg =0} - O3 POl sl die Basly,

: Types of Failure jLg¥l JIKS] o

v Caall A G p Lea Lajlad wg lshe seads Laay o LT wlial|
Taall b iy Blialy . ol JUha (gsioe e Buall 5L ol any Ay
o3y el Laglall Lanans 2 M L 3l 1] paas iy . Badala el olisiue
OSls eyl slpaoll Lo ad] 3553 ¥ Ling Tl st 81y L padl] oilagiae
(VY)Y USA L bl 7Y J ek sl 3353

ml

Types of foilure in the trigxial wst .
() Clean shear fallure . (b) Partinl shear failure. (¢) Barrelled or plastic failure.
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Failure envelopes for triaxial test resulls :
bae A5 elld Gakally o ol S dad s yr SN Liial Slasl G CY 0 ppal
sy 8018 Lhs JST iipny 0, Oy Ly JST op Ty T, 5l p b s e il
el L gpal jpa e IS alad] LAl sy o aead] puih e
ot LS C L0 andl padtns oW gl LA La sl fias say . Failure envelope
LdlS G ol e 20 Ladd 80 00%5 5, 530 sliall sae J2T, (Y7-V) JEA
(VEV) JES L Ui 1S e Uney

wd "or

an palsS el s (TE-Y) S

Example 7-5 : A drained triaxial compression test was carried
out on three samples of the same soil. The results were as follows :

Tast no.
| s 3
Cell pressure (kN/m?) _ 200 300
Devidtor stress at failure (kN/m®) 210 438 i

- YaY -



ST

Determine the shear strength par ameters of the soil, assuming the
pore pressure at failure to be zero.

The principal stresses are obtained as follows :
Minor principal stress, @5 = cell pressure .

Major principal stress, 6, = cell pressure + deviator Stress.

f ! g
Since =0, ©;=0, and C3=03

(Yo-V)
Test no.
] 2 3
o (KMNm2) 1) 200 M
ay (kNA 210 A48 644

The Mohr circles are shown plotied in Fig. 7-25, when the best
common tangent is drawn the Coulomb ling is obtained:

From the graph : gh=14
oi=31°

. Types of triaxial test |l bmeall (Loa) el

L i i S laal] jlasy sty g 143¥1
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peaaon LERYE ey Zids VoV e gyua (0 LERY S 1 waasy Laadl
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Sourses of error in the triaxial test :
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The unconfined compression test :
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c =g,
P = axial force
= = BR
=
u Axial ubres
o 1o fail
wmple =9, =g
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oy Jine ould 3l plTuls qyiasne suill biiall lLaad e b Sty
| Wi M S LS S LT Syl Bl oy (S A Jeial] AN
(YASY) St - skl b et (s (S Laa Uasess gy bl Sl
p ol kaaall slaal A f.u.lIJ laldl pi
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1 -AV/V,
=A,— —
A=
Where A, = original cross-sectional ured of specimen  befor increase
v, = original volume of specimen
1, = original length of specimen
Al = change in length
AV = change in volume

In the case of an undrained test, AV may be tuken ds zoro,

or A= Ao
l-¢

Where £ = axiul strain = Al .
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Example 7-6 : A dry cohesionless soil is tested in a triaxial test
to determine the angle of internal friction ¢. A confining pressure equal to
1000 psf is used. The sample fails when the axial load causes a stress of
3200 psf. What is the value of ¢ ?

Stress valust plotied

on Mohr's clele
Shiasr coordinatm
o, = 2200 paf stress, 1 Point
fuilure snvaiops
is tangent to
a, = 1000 psi Mohr circle

Maormal
e, ©

Radius of cirele = Eﬂ%ﬂl = 1100
Center of circle = 1000 + 1100 = 2100

From the Mohr's circle plot.

i = 1100 _
sin =100 0.525
G=315degx

& & & &

o — Example 7-7 : The following results were obtained from a consol-
idated - undrained test on a normally consolidated clay soil.

Cell pressure (kN/m2) 100 200 300
Devialor stress at failure (kN/m2) 137 210 283
Pore pressure at failure (kN/m2) 28 %6 147

Determine the lollowing values of apparent cohesion and angle of
shearing resistance for the soil :

(a) c"and @' .
(0) Cepyg and @y -

O O
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The effective stresses at failure are & o) =6y - uy

I
Og =03 - U
S0 G -03=0;-03
o3 100 200 300
O, 78 114 153 KN/
o) - O3 137 210 283

aflactiva Niress

(F-V)s
The Mohr-Coulomb plot is shown in Fig. 7-36, from which the fol-
lowing values may be obtained :
(a) In terms of cifective stress : ¢’ = { Q' =29%
(h) In terms of total stress : ¢, =24 kN /m* 9, = 16°

Example 7-8 : The following results were obtained from a consol-
idated-undraincd test on an over consolidated clay soil .

Cel pressure (KN/m*) 100 250 400
Deviator stress at failure (KN/im) 340 410 474
Pare pressure at fuilure (kN/m?) -42 &4 177

Determine the apparent cohesion and angle of shearing resistance
for the soil, referred 1o effective stress.

Gy 100 250 A0
g <42 G4 177
Gy =G3 - Uy 142 146 223 KN/
S, - Gy = 1 - O 340 410 474
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Note : the effect of the negative pore pressure is to give 05 > 0,.
The Mohr-Coulomb plot is shown in Fig. 7-37, from which are obtainéd :

¢’ = 31 kN/m?

‘plzz L

o, by

| (TV=V) £

Example 7-9 : In a consolidated-undrained tiaxial test on a nor-
mally consolidated clay at a cell pressure of 150 kN/m® , the deviator
stress at failure was 260 kN/m? and the pore pressure was 50 kN/m?
Draw the appropriate shear strength envelope and determine the other
corresponding parameter when : (a) Py = O;and (b)¢'=0.

Figure 7-38. shows the envelope plot .
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(1) when @, = 0, the envelope is parallel to the &, axis. Giving 7= 130
kN/m?. "
(b) At failure @ = 150 - 50 = 100 kN/m? .
Since ¢' = 0, the cnvelope passes through the origin, Giving @' = 34%
) Example 7-10 : A normally-consolidated clay was found to have
shear strength parameters ;¢ = U and @' = 26° . The soil was tested an-
der different conditions, but at a constant cell pressure of 200 KN/m?
Assuming the soil 1o behave ideally, determine

(a) The deviator siress at failure under each of the following sets of
conditions :
(i) consolidated-undruined : pore pressure at failure = 50 kN/m® .
(ii) droined : back pressure =03
(b) The pore-pressure at failure in the immediate-undrained test il the
deviator stress at failure was 148 kN/m? .

The envelope plot is shown in Fig, 7-39,

(ea-v)uss
(4) (i) ©, -0y =0y - 03 = deviator swess ut failure
cjrg = gy = up= 200 - 50 = 150 kN/m?

To obtain the Mofr circle, first draw the chord line AB at angle o =
45° 4 @'f2 from o3 = 159 kN/m? . The bisecting normal to AB cuts the Gn
axis at the centre of the circle C, and the circle radius 1s AC = BC,

o - 0y = AD = 235 kN/m?
— i




Altematively, the solution may be obtained analytically.

InFig. 6.30, sing'=BC-91-%
G, + 03
From which G—:j 1-5in@" _ .02 (45° - ﬂl)

g, l+sng

1

Then if ¢' = 26°, tan? (45° - 13°) = 0.390.

and o) = o /0.390 = 150/0,390 = 385 kN/m” .
and O} = o} = 385 - 150 =235 KN/m”.

(ii) Pore pressure at failure = 0, therefore o'y = 0, = 200 kN/m?. The
Mogr circle is drawn as before, giving .

o) - 05 = 313 kN/m?* .
or analytically : o} =200/0,380 = 513 kN/m? .
giving G} - 0y =313 kN/m?.
(h) The deviator stress at failure is the diameter of the Mohr circle, 10
which the strength envelope is tangential, giving :
g =243 KN/m* and o} =95 kN/m?. P S e
So that the pore pressure at kfailure was .
Oy - 65 =200 - 95= 105 kN/m?,
. Example 7-11 : In a shear box test on a clay soil the shear load

was applied immediately after the normal load. The following results
were obtained :

Normal stress (kN/m?) 120 230 340 450
Shear stress (kN/m?) 1a3° 150 " 168 186

(a) Determine the opparent cohesion and angle of shearing resistance for
the soil.

(b) If an tmdrained triaxial test were to be carried cut on the same soil at
a cell pressure of 150 kN/m?, what would be the expected deviator
stress at failure ?

(c) If an unconfined compression test were.to be curried out on the same
soil, what value would be obtained for the apparent cohesion ?

- A



= 132 =N m?
g, = NIaN/m®
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(a) The shear stress may be plotted directly against the mormal stress as
shown in Fig. (7-40) : Since the test was carried out quickly the un-
drained parumeters are given by the plot :

¢, =112 kH/m? g, =9%.
(b) To obtain the Mohr circle, first draw the chord line AB at angle 45° +
/2 from A (OA = g5 = 150 kN/m?). The bisecting normal to AB culs

the o, axis al the centre of the circle (C). Drawing the circle tangen-
tial to the strength envelope gives !

o, = 468 kN/m?
Therefore deviator stress at failure : oy - 0y = 318 KN/m? .

(c) For the unconfined compression test, ¢, = (. The Mohr circle is con-
strucred as above, giving @

G| - O3 = 61 = 263 kN/m?
The unconfined value for the apparent cohesion is

C= 5 0=132 kN/m?*

Example 7-12 : In a consolidated-undrained test on a sample of sat-
urated clay using the shear box apparatus (he following data were recorded :

Shear stress at failure = 90 kN/m?
Normal stress at failure = 180 kN/m?

If the effective stress parameters for the soil are known 10 bec' =25

= -




kN/m? and @' = 27°, what was the pore pressure in the specimen at the
time of failure ?

The shear strength envelope has the equation

Tr=¢ 4 Gy tan' @ =25 + 0.51 o,

Then for a failure shear stress of 90 kN/m” , the corresponding nor-
mal stress will be :

o, = (90 - 25) /0.51 = 128 kN/m*.

=6 b0 tang’

e 7
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Since @, was recorded as 180 kN/m?* |, the pore pressure at failure
must have been (Fig. 7-41) :

Oy - Gy, = 180 - 128 = 52 kN/m2
: Sensitivity of Clay ghll Lwla

Loy - ST sl Lpndy (oo URRH Ll (€5 calall p il ymy
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_ unconlined compressive strength, undisturbed clay

unconlined compressive strength, remolded clay
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Sonsltivity ol clays

Sensitivity 5, Description

1 Insansitive

1- 4 Low sensilivity
48 Sensilive

B 18 Extra-sensilive
=18 Ouick

: dpa)l alugll fnes Slfalea ulS
Measurement of pore pressure coelficient A and B &
in';llj‘s_,‘,_-..j#illj..i_...a.llu_a_,._;;:JI,;HE_:..:f;PJIaL_,lIJ.L.AL,i_E.uJI
:-U.I.La.l.lw;ﬂl.lﬂlimgﬁlqﬁjhﬁ_ﬁ_ﬁj&hﬂlhiﬁlui
Au =B [Ao,y + A(Ag, - Agy)]
In which A and B are termed pore pressure coefficients.
bl Baall o daam A B esleladl ppuad) J0Ba S Liuall 5l
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o) Luu.du“ 3yl oLl biwa dla I Laalls Jyaasll Salad) biall Juaadll

LMJ|WJA__HL|._IJ.I:,J:1LJJ|M|U1L£ (L]Myullnzujlkribmywﬁ
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s oo B e Jpeasdl alny (Auy) s 8 5al sld] biia
B = Au /Ao,
@MIMIJE;QJIMI@IJEEHIMIQLJ
s Aaladl G A Cpasy (AUg) g6 5oadl sl Lia i uislly (Agy - Aos)
AB=A=Au,/(Ac; - Acs)

B = (Auy + Auy) /Aoy = B [1- (1 - A) (1-59]
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y/( xumple 7-13 : Using the triaxial test apparatus, a soil sample was
first of all consolidated at a cell pressure of 600 kN/m® under a maintained
back pressure of 300 kN/m?. Then with the drains closed the cell pressure
was raised 10 720 kN/m?, resulting in the pore pressure increasing to 415 kN/
m? . Following this the axial lood was raised to give an increase in deviator
stress of 550 kN/m?, while the cell pressure remuined constant. Now the
pore pressure reading was 362 kN/m®. Calculate the pore pressure coeffi-
cients B, A and B, Following an increase in isotropic stress (Cell pressure) of
Agy =720 - 600 the pore pressure change was Au, =415 - 300.

Thetefore B'= 2% 0.958

=415 300 _
A{!-':!. T2 - 600 Sallks

Then an increase in deviator stress of (Ao, - Ag,) = 550 produced a
further change in pore pressure of Au, = 562 - 415 .

SR B YA Y 9 — 0267
Therefore AB pET g 0.267 giving A = oSS =0279

The averall coefficient B is the ratio of the overall change in pore pres-
sure to the change in the major principal stress,
Al 4 Ay

iy Buy _ 5624300
e e . o s h T uoh - o

Example 7-14 : During a consolidated-undrained triaxial test, the fol-
lowing dara were recorded ;

Change in length of sample(mm) 0 075 150 300 600 910 106
Deviator stress (kN/m?) D 120 200 280 360 420 460
Pore pressure (kN/m?) 0 103 153 02 . 215 ...232 48

Cell pressure = 250 kN/m? ~ Original length of sample =76 mm

Determine the relationship between the pore pressure coefficient A and
the axial strain of the sample .

Axial strain, = Alll .
- YV -



Far Al=0.75mm, e=07576=0.01

_Aw

Pore pressure coefficient, A = X [assuming B = 1.0]

o -

For (Ao, -0y =120 kN/m?, A = 103/120 = 0.858 .

The complete set of calculations is tabulated below :

(Ao, - Aw,) (kKN/m?) 0 120 200 280 360 420 460
Axial strgin, € 0 001 002 004 008 012 014
Pore pressure cocfficicil, A 0858 0765 0686 0597 0552 0539

Figure 7-42 shows a plot of A/e.

A

Axiel sirsin
(EX-V)ES

Example 7-15 : The following data were recorded during a series of
consolidated-undrained tests on an overconsolidated clay

Cell pressure (kN/m®) 100 200 350 500
Dievialor stress

at failure (KN/m?) 268 374 513 652
Pore pressure

at fallure (KN/m™) 43 12 39 87

Determine : (a) the shear strength parameters ¢’ and @' for kthe soil,
and (b) the relationship between the pore pressure parameter Apand the over-

consolidation ratio R_, if the preconsolidation stress, oy, = 600 kN/m? .

- YV\ -
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(a) The Mohr-Coulomb plot is shown in Fig. (7-43) (a) from which :
¢' =27 kN/m? @' =25°

(b) The overconselidation ratio, R, = Uf,fﬁ;':,

and Ay= —29__ fassuming B = 1,
and A; T [assuming (]
The results are tabulated below and a plot of A/ R_ shown in Fig. 7-43

{b) .

e NI =




of 143 212 311 413
R, 42 2.8 19 1.45
A 015 003 008 0.13

Example 7-16 : By meuns of consolidated-undrained triaxial tests the

shear strength parameters of a saturated overconsolidated clay were foumd to.

be :
¢ =10kN/m? ¢'=24° A;=-0.18

In an unconlined compression lési, a sample of the soil failed at a com-
pressive stress of 162 kN/m?. determine the initial value of suction pore pres-
sure in the soil .

Max. compressive stress = @, - 6, = 162 kN/m?
Let inifial pore pressure = u

Then at failure : Oy =03 - U + 29,16 =29.16 - u,.

Gy =-29,16 - vy + 162 = 132.8 - 1, .
Now from the Mohr-Coulomb plot :
Cleot @'+ 03 _ yynai(459-2)
c'cot LP' +0) 2
Now ¢ cot @' = 10 x cot 24° = 22.46 kN/m?.

adn  tan®(45° —_‘;;L) = 0422

Then 22 46 + 29.16 s, .- 477
22,46+ 132.8 - u, DA

Civing y, = =655 £ 318 - 24 () kN/m?
0.578
Example 7-17 : In a trinxial test on a purtially saturated clay the sam-
ple was fully consolidated at u cell pressure of 150 kN/m?® , after which the
cell pressure was raised 1o 300 kN/m® and the deviator stress increased until
failure occurred.

Determine the values of o} and o at failure if the shear strength param-
cters for the soil are :
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¢'=12kN/m? ¢'=22° B=09 A =025

Pore pressure at [ailure,  uy=u_+u,
=B Aoy + A (0, — 0)
=0.9 x 150 + 0.25 (o, — 04)

Then Gy = 03 - up =300 - 135 - 0.25 (6} - 63)
=165- 0250} +0.25 o)

. Gy=(165-0.250y) /(1 - 0.25) =220 - 0.333 o}

Also G cotg + 23 - fan2 (45° -_"Er)
¢ cot' @' + G 2
Now ¢ cotg'= 12 cot 22° = 29.70 kN/m?

and tan? (45°- ?',2:) = ().455

Then M

29.70 + o,
Giving  ©f = 13.51 +0.455 o} - 29.70

= 0,455 ¢} - 16.19
Equating 0.455 o] - 16.19 = 220 = 0,333 o

= (0.455

Thence ' = 2201610 o 2
O1=5.455 + 0,333 2Lkhim
and o3 =0.455 x 300 - 16.19
=120 kN/m? .
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shear srrangih of lab or Fraihd
samnples

Sl al B i gl (£ E-V) JS
.iuﬁllﬁililfullrlﬂlgle.ﬁ ('r_v) Jsdall cany

plotll alogt (T-Y) dip

Consistency Undrained strength (kKN/m)

Very stiff of hard | > 150

Suff 100 - 150 .
Firm to stiff 75 - 100

Firm S0-75 |
Soft to firm 40 - 50 -1
Soft 20 - 40 |
Very soft < 20
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N of blows, N

Angle of internal friciion, ¢
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Example 7-18 : A shear vane used to test in-situ a soft clay soil
had a diameter of 75 mm and a length of 150 mm. An average torque was
recorded of 25 Nm. Determine the undrained shear strength of the clay.

= 2310 16,2 kN/m?
2w 0 0.075% (0150 + 4 x 0.075)

Aol it | Gedll clales pad paas (1=V) o (0=Y) o (E=V) ylaadl casy
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APPROXIMATE RELATION BETWEEN N*
AND COHESION OF CLAYS

Helabve Condition Approxmene Valse of Cofresion, ©
Valua of N* of Sail psf kAim®
P ] salt 250500 [1-24
4wl medium S00- 1000 J4-48
Bw |5 anfl 10002000 4R-96
15w 30 very still 20004000 - 96190
above 30 hard above 4000 above 190

=N, the standard peneiration tesy; is the number of blows required (o drive a flandard two-inch
outside diameter sl sampler 12in. nlo undisturbed seil with 8 140 pound weight Talling 30 in.
For sddiional information on the standerd penctranion 128t refer 1o Chapoer 11,
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¢, N adll—=e (0-V) Jgn—

| _ APPROXIMATE RELATION BETWEEN N*
| AND ¢ FOR COHESIONLESS SOIL

Aelative Condition Approximale Value
Vaiue of N* of Soil of & Degreos
10 Loose J0*=
I 20 Medium dense e
i 0 Medium dense 1o dense i
| 40 Dense W=
i 50 Dense o very dense 40"+
&0 Very dense A=

. *in the so-called siandard penctration test, ¥ is the number of bluws rtquir:'d 10 drive 3 standard
|i 7 in. outside diameter split barrel soil sampler 12 in, into undisturbed soil with & 140-1b. weight
r Jalling 30 wn. For funher mformation on the standard penetrilion test, refer 10 Chupler 11,

|

|I

|
|

¢ i (1-V) Jgn—

Representative valoes foe sogle of internsl Triction ¢
Type of 1en®
Unconsalidaed-  Condolidated-, Consalidated-
: undraincd undrained drained
| Sonl uu cul cD
Ciravel
Medium size a0 5% - 55
Sandy -5 35-50°
Sand
I Loose dry B.5-M
Loosc saturaicd 8.5 7 1
Derse dry 354" 450"
Dense watursicd -2 lews than ay-5"
J densc dry
I‘ . 8ilt or siliy sand
| " Loose 20- 22" n-w r
Derise H-w* 0-33
Clay 0* if saturaied 120" 20-42° E
'
* Sec u Isboratory manual on sail icsiing for & complete descriplion pf these i
tests, c.g- Bowles (1870}
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Elements of the standard compaction tests

Stndard (ASTM DGEOE) Modified (ASTM [2I557)

Hammer 245K {(5.51b) 44.5 N (10 1)
Height of hammer fall 305 nun (12 in) 457 mmn (18 10}
Number of layers 3 5

Mo, of blows/layer o 25

Mald volume 0.000 942 2 m (130 ft"y*

Sl (=1 No. 4 sieve

Compaction energy (CE) 595 kI/m? (12400) 2698 kJ/m? (56 250 1b. fynt®)

* Using the 102-mm (4-in) diameter mold.
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Cearprac tiare met el

1o Y ew It mald, 5= 113 To hamimier, 137 droos. 3 lavens & 25 hlows/layer
= 075 ¢w. It mald, 5= 1/2 1 hammer, 137" drop, 3 layirs 3 55 blows/ laver
= 100 cu It ovanled, VO Wb hameer, 187 drop, S layers @ 75 blows/layer

- o= Q75 cw it mald, V0 hamenet, 16 drop, S layen @ 58 blowaliyer

Compactian Teat Outs St

Tral

ik sl 3 A J<5. ] &.[7

WeT deriity determanationg

Weight al mald and

wet 3ol | 43R4 | 14,30 | 1400 1308

Weight ol rmuld

932] 932] 932| 832

Wiight of wet il (W ) 452 | 498 468| 4.5

Wl deruty

156 | 149.4) 1404 1371

Moritute determinatiom

Cug (der froaiion

-

By | B2 81| D

Weight of cup plus wet 1oil | IR0 | 55.30 | G660 75 48

Wasght of cup plusdry sail | 3815 | 5281 [ 62.28 | B8 53

Weight of cup 1570 | 427 | 1447 | 14,33
Waight af dry il I3.06 | 3060 | 4T85 | &4 J0
Weight af wates ous| 243| 433] 89%

Warar conent — %

4.0 | 85 |00 | 2.8
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Effeet of compaction procedure on dry density, Curve 1 represents results from meth-
od using heavier compaction haminer and greaer compaelion chergy than used to obtain
curve 2.
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Type ol Soil ¥, max OMC
heavy elay 15.2 KN/m? 25
Silty day 16.3 KN/m? 2
Sunly day 18,0 KN/m® 14
Sand 19.0 KN/ H
Giravel, Sand & duy 20.3 KN/’ 9
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: Compaction by rollers alulydl eldl ( 1)
el B sl ¥ e dae
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smocth-drum roller compacting 8 hase course Tor & roadway, (Courlesy of Galion Di-
visian of Dresser lndistries, Ine.)
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: Preumatic Tyred Rollers biua cad 4l alylby) ol el ygd) =
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Prsumatic roller being used to.compact sand bose for & fighway, (Courtesy of Gulion
Divieion of Dresser Indusirics, Inc.)

LGgiol) byl als elhaal gl ['\—ﬁ] S

Fifty-ton poeumitic tirc campacior showing soil-filled weight box.
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: Sheeps foot Roller aiall a4 ol ya =

o o Ledpe Lyputiia alid] old 42 jde Gilia wlilghal e LS55 4y
Co(W=A) JSs L s LG Lile Bk fe o Blphaiid ] Gy pudS 05y sl

Closeup of projecting loctan a sheep’s-loot rollor.
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Hand-maneuvered vibratory compactor for working close 10 structures. (Couriesy
of Dynapak, Stanhope, New Jersey)

S balaall (VY=A) St

Step | Step 2 Slirpr 3 Step 4

Vibroflotation equipment and process. (Courtesy of Vibroflowtion Foundatian
Co., Pittsburgh, Pennsylvanis)

ol iy | gaddly claall (VY=A) S
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Flgure 12230 Vibrahipration unit fafter Brow, 1837)

Details of vibroflolation: at the location o be compacted

lotalion Foundation Co,, Pittsburg, Fennsylvania) .
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the vibroflot is jetted
into the soll, The compaction sequence has four basic steps, 45 shown. (Courtesy of Vibrol-
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Comparting equdipment Saall Glacs (F-A) Jgas

Method Type Suitable For :
smooth - whesl - All soil types except wer clay and uni-
formly graded sand.
Pneumatic - yired | — Most soil types, particularly wet cohesive
Rollers soil.
Sheepsfoot = Cohesive soil types, not oo wel.
Tmck - laying ~ Most soil types, when no normal compac-
lractors tian plant is available,
Rammers Dropping weight | —small gobs, e, g. trenches.
Vibrati ; .
Vibeatons IlhrﬂLII!'lg rallers Gnmul.ul' soils
Vibratiing plants Most soil 1ypes.

O= g JS L a1 ol YT (£-A) ¢ (T=A) Jyliadl s LoS
- gl E.L"ﬂ
gpill gl iofl S _aall Sl (P-A) Jga_s
Characteristics and Ratings of Unifid Soil Sysyem Classes
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. 2
m SOIL COMPACTION CHARAGTERISTICS AND RECOMMENDED COMPACTION EQUIPMENT
H 2 Unified Soi Compaction
o -
M w.... Sand and sind-gravel mizmres 3W, 5P, GW Good Vibratary drum roller, vibratary rubber-tire, preumatic-tire
— @1 {ao silt or clay} GP equipment
<< = Sand or sand-gravel with silt SM, GM Good Vibratory drum roller, vibratory mubber-tire, pneumatic-tire
i equipment
— = Sandor sand-gravel with clay 5C, GC Good to far Poeumatic-tire. vibeatory mubber-tire, vibraiory sheep's-
— A fool
Hm = Sir ML Gopd 1o pocs Preumatic-tire, vibratery rubber-lire, vibratory sheep's-
Lid oot
A N MH Fair w poor Preumalic-tire, vibralory rubber-tizc, vibralory sheep's-
,m e foot, sheep's-fool-1ype
= £ Cay c Good 1o fiie Pacomstic-tire, sheep's-foot, vibratory sbeep's-foos and
M 3 cH Fair to poor subber-tite
— Organic soil QL, OH, PT Mot recommended
m. = for structural
¥
J
g

15HCS

Character

|
-
P
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Coil Compaction Characteristics and Recommended compagction Equipment

Maximum-Standard

Proctor
Campaction Ery Densiry  Unlt  Compressibility  Oroinage
Waight and and
Class Charactarsstics ftonaim®)  (Ibik®) Expansion Furmashiiity

OW  Good: tasor, rubbers  D00-2:16 125138 Almost none  Good deainage,
tired, s1eel wheel, ar e ruiting
vibratory roller

ar Good: tractor, rubber-  1B4-200  {15-125 Almost none  Good drainage,
tiredd. meel wheel, or pervioud
wibratory roller

GM  Good: rubber-tired ar  1.92-216  120-135 Shight Poar drainage,
light sheepsfoor SEmi Py ious
moller

ac Cood to fair; rubber- | B4-208  115-130 Slight Poor drainaje,
hired or shecpsioot impervicus
roller

SW Good: tructor, rubbers  1.76-2.08  130+130 Almost none  Grood drainage,
tited or vibratory PErHICIE
fafisr

5P Gl tractor, rubber-  LA0-192  100=120 Admost none  Cood drafniage,
tived o vibratory pervious
roller

Shd Good: rubber-tired or 176200  110-12% Sligh Poor drainage,
sheepefoot roller imipe Vi

S Ciood 1o fair: rubber- 168200 105-135 Slight w Poar deninags,
tired ar sheepafont medium iy ious
raller

ML Good to poor: rubber-  1.52-1.92 95-120 Slight 1o Poor drainage,
tired or shecpsinot medium imperyious
roller

CL Good 10 fair: sheeps- 1522192 95-120° Medium Mo drainage.
foot or rubdber-tined impervioud
roller

0oL Euir to poor: thesps- 1 28.00,60 B0-100 Medium Poor drainage,
Toot or rubber-tired to high Lmpee roious
rller ’

MH Fair ta poor; sheeps- 1.20-1.60 T75-100 High Poor drainige;
Teot or rubber-tieed impervious
malisr

CH Fair 1o poor: theepi- 1.28-1.68 BU~108 Very high Mo drainage,
fomt roller imprvitus

OGH  Fair to poor: sheeps-  L12-160  70-100 High No drainage.
foot roller ;I'I'IPI:I'\"I“

Pt Mot suitable Very high Fair 1o poor

draimage



Vibratory compactor with pads on drum, used where soil has cohesion. (Courtesy of
Dynapak, Stanhope, New Jersey).
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Yatin-sim) = In-situ dry density Luai ) Lilad | S

oA Lnipl] Lilall GRS gpo Lol g (ehod! Loy elaal] Jolna o1 (51
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: Proctor needle X inl (1)

Stem (Calibrated .
in kg or pounds)

Silding ring .
Slalll Ly ylia

Meadle shank

Needle Point

Procior Needle

W55l (V) S
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: Dynamic penetrometer (Suludl g1y jya (v )
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Example 8-1 : The following observations were noted during
Proctor's compaction test with a soil .

Moisture
Content, % 9.6 110 ] 125 | 140 | 160 | 180 | 195

Wet density
gmjc.cy 1.8 190 | 196 |2045]|2.1 25 | 2.01

- foN —




Specific gravity of soil grains is 2.6. Find out the maximum dry den-
sily and optimum moisture content for the soil. Plot the zero nir void

curve and 83% saturation eurve also .
Solution :

First v, for each moisture content will be calculated by the equa-
tion,

| +w
Then 7y, for § = 100% and § = 85% will be caleulate by the equation,

G
Yd “Li.

T1eMa
S -

keeping values of'S = 1 and 0.85 respectively.

Now three curves A, B and C between ¥, and 42 have been drawn
for (i) 5 = 100%. (ii) S = 85% and for (iii) linding out Yy, and O. M. C.
as shown in Fig. (8-18).

Values of max. dry dénsily = 1.815 gm/c.¢. und Optimum moisture

content = 15.5%. as obtained from Fig. (8-18).

Maoisture content

in % 0.6 110} 125 140 160 | 180 | 195
Dry density y,
(gm/c.c.) 1.64 L7101 | 1745 | 1.795|1.81 | 1.74 | 1.68

v, for 8§ = 100%. 2.08 202 1196 | 1.905|1.838) 1.775 | 1.73

Yy for 5 =85%. 2025 | 195 | 188 | 1.825|1.750) 1.68 | 1.63

- faY¥ =
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Example 8.2 : Soil for a road embankment has Atterberg's limils
as 16%. 24% and 45%, The shrinkage ratio was found to be 1.85. The soil
was sieved through No. 4 (opening 4.76 mm) and No. 40 (opening 0.42
mm) sieves and it was observed that 90% pass through No. 4 and 78%
through No. 40 sicve. Caleulate the optimum moisture content and Stan-
dard Proctor's densily of the soil.

Solution,
Atterberg's limits have given as 16, 24 and 45.
». Shrinkage limit = 16%, Plastic limit = 24% and liquid limit = 45%.
-~ Plasticity index = 45 - 24 = 21.
ky = 1080 - 0.67 P
100

_1040-096x21 - (003
100

ky=0.33 P1-4.0

=0.33x21-40=293

OM.C.=5SLx A k=16x 50 +293

= 13.88 + 2.93 = 16.815%.

- fof ~



A = % Finer thon
Standard Proctor's densily

_ _ 100.125 x ky NQ 4, sieve
SL@ -1+ B = % Finer than
& N2 40 sieve
= J00.123 x 0.8993
1618 < 1) +-100.
0 1.85

= _M—"-- = —-qgrg}_. —
-2, 145+ 5400 51855 174 gm/c.c. Ans.

Example 8-3 : In a Proctor's compuction test the maximum dry
density was found to be 1.8 gm/c.c. and OM.C. 15:2%. If the specific
grarity of the soil grains is 2.65, caleulate degree of saturation and void
ratio and the maximum day density.

Solution .

G
e = _-_T.E < I
¥d
Putting numerical values in the above equation.

e=083x1_1-147-1=047.
1.8

Se=w. G.

§=wG _(0.125x 265
k a7

= 0.857 =85.7 %. Ans.

Example 8-4 : From Proctor's compaction test the dry moximum
density of a soil was found to be 1.75 and O.M.C. 14.5%. The specific
gravity of the soil grains was 2.6.

(a) Find out the degree of saturation and percentage air voids al
the oplimum state.

(b) A specimen 10 em. in dia 20 cin in height is 1o be prepored for
triaxial test with the same soil by static compaction to correspond to the
optimum state. Find out the weights of oven dried soil and water required
for the specimen. :

- fof =



Solution. (a)

=_G_.Ef.._
Ya WG
wg _GYe
% 5 fa
or (G Yo )
§ = WG ﬂ.l&ﬂ x26
G _y e 1 S5
A 1.75
o '-1'! =
0485 0777 =TLT%.
Percentage of air void
1= E(GES)]

[Lli (_'11 l44_Lﬁ.)l
1-LI5x 1370
26

=1-0926=0.074=74%
(b} Volume of the specimen.
=2 X 10% x 20 = 1570 c.c.
Ya= 1.75 gmfc.c.
. wt. of dry soil required
= 1570 x 1.75 =2770 gm.
Since OM.C. = 14.%.
Wi. of water required
— 2170 x14.5

= 400 gm. Amns.

Example 8-5 : During a compaction test, 4 soil altainsg 4 maximum
dry density of 1.86 g/em® at a water content of 15%. The specific gravity

- 400 -




of soil is 2.70. Determine the degree of saturation, air content and per-
centage air voids at the maximum dry density. What would be the the-
cretical maximum dry density corresponding to zero air voids at the opti-
mum water content.

Solution @

Gy
L+

S X IR
1.86= S (0

Yary = Tw

1+e=145 N =045
=8-S
Ve Ciy
g =013 227 o
3 0.45

a.=1-5 =10%

(1 -n) G

Ydry = G, ,ij—I
(1 +015x2.7)

= (.06
T x 1.86 = 0.968

A, =0032=32%

when ny,=0 ,8; =1, the theorntical dry dansity :

- G! [ii}
W= Trw.,

P S e 2
[T0.15557 (P2 gm

Example 8-6 : The following table given standard compaction
test results :

1 - Plot the wet density, and the dry density curves of this soil.

2 - Determine the maximum dry density and the optimum moisture con-
tent of this soil. Also, caleulate the relative compuction if the field den-
sity (dry density) of the same soil has been artained at 118.6 1b/2.

3 - Plot the zero air voids (100% saturation).

4 - Praw the percent air content curves for 4%, 8%, 12%, and 16% air con-
lenl,

- £ =



T

TABLE COMPACTION TEST RESUILTS (Gs = 2.66)

Moisture content
w. 6.8 g5 |94 102 {113 [125 |13.6
c
Wet density
b/t 129.2 | 1335|1365 | 138.1|139.1| 138.0 | 136.9
Dry density 2
b/fP 121.0 | 1232|1248 | 125.3]125.0( 122.7 | 120.5
Solution :
1 - See Fig 8.
2 - From fig 8 :
Yo max = 1254 b/t
OM.C.=104 %
For 7, field = 118.6 b/’
Relative compaction = 188 = 94,5 %

w=14%.

1254

3. The zero air void cum (100% saturation, Sr= 1 is calculated by the
following equation for each given percent of moisture, Form w = 7% 1o

Ya = GiYo _ 2066624 — 16358
G, w 1+1ﬁﬁw

e 100
W, Fo T, R
¥, Ib/ft? 1405 136.8

9

134

1 +0.0266 w

10

131

11

12

—

13

14

1284 1259 1235 121

The zero air void curve is pbtled on Fig, ¥

4- §,=1-8;
Yo=Y __ 16598
14 Giw ] 4 0.0266 w
100 8 S



Dry Density as a function of air voids "a." and dequee of saturation.

|
/r

Dry  Demsity Y, [bifc]
o~ 0 4 8 12 16
E':r —» 100 (.96 b 7 0.85 54
Conent 4
7 144.5 1350 138.1 1371 136.0
8 136.8 136.0 134.8 133.5 132.5
9 1340 133.2 132.0 1305 129.5
10 1310 1301 1290 1275 1263
11 1234 1272 126.0 124.5 123.2
12 1259 124.5 123.5 122.0 120.5
13 123.5 121 8 120.5 1190 117.6
14 121.0 1147 1180 165 115.0
j.r8 e e f
.‘/] / 5
( : i
\ P o
. N/% =
s

|
N ;
i \i}
[ ;
% ; \ »
#/_aét/ ! i \
' TNCETT
| #l
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Example 8-7 : An embankment is to be compacted to a dry densi-
ty of 1.84 g/cm® at a placement water content of 15%. The in sitn bulk
density and water contant in the borrow pits are respectively 1.77 glem?
and 8%. How Much excavation should be carried out in the borrow pits
for each cubic metre of the embankment 7

Solution : vy = 11?‘:-’ =ﬁ%= 1.64 glem?

/m¥ — 1.64 glen?

YV - 184 glom?

o N ]fﬁ =112md

Example 8-8 : Determiné the degree of saturation and the per-
cenlagﬁ air voids of a soil samle at Proctor's maximum dry density of 1.89
glem if the optimum water content is 13% and the specific gravity of soil
is 2.71.

Solution :
= G
¥y MAax B Tw

1.80 = 2111
1+
1+e=143 ~e=043
_ﬂ_-s =“ﬂ'_5! L=
We = G_.L 0.13 s S:=81.5%
=(1-n.l Gy o
S et
P16 ;*-?‘f“-””nu.m Ang=1-034=6%

Example 8-9 : In a compaction test, the porosity of the tested
sample at optimum moisture content was found to be 40% & the degree
of saturation to be 70%. Determine the optimum moisture content, the
maximum dry density of the compacted soil & its water content at 100%
saturation, if the specific gravity of the ested sample was 2.6,

Solution :
e sl -
2 0.67
- fol -




= —- TAEY 3
Ya == Ya e 1.55 gfem

]+i:

= E. Se -Dﬁ?xﬂ?.—
Wo a. e 1.8%

W (at 8,u) =H2-% =258 Y5

Example 8-10 : In carrying a compaction test, it was found that
when the soil contained its optimum moisture content, the weight of the
wet compacted soil in the mould was (1569 gms), the voids ratio to be
(0.667) and the degree of saturation (75%). Calculate the optimum mois-
ture content of the maximum dry density of the soil. The specific gravity
of the scil G, = 2.50.

Solution :

Vg mould _Luni‘ %:‘Jﬁﬁcmz
Yaoit- =12 = 1.65 glem?
Nc——éi- Q.UGTIDTS ~20%
Vd (max) =102 = 1.38 g/em?

Example 8-11 : In a conpaction test, the following data wére obtained;

voids rstio at 100% saturation for a dry density equals the maximom

Ay EERSRY ainnaibnihiinar G832
unit weight of wet compacted soil at 100% saturation ............. 1.874 tfem?
Degree of saturation at optimum moisture content, 80%

It is required to :

1 - Draw the saturation curve of the soil samplé.

2 - Determine the maximum dry density of the tested soil & Its optimum
moisture content.

3 - If the same soil was compagted in other conditions & the following
data were obtained, determine the new oplimum moisture content &
maximum dry density.

State how could these new values be aained,

Data :
Porosity at maximum dry density 53%
Degree of saturation at O. M, C. 80%

ol o (A



Solution :

= _.WU:E-'-‘SE
1 | +¢ ¥ : Cha
Wc Gl - — SE
Sr "ﬂﬁl_’rj-w‘ﬂl Tw
Sy
at 100%
NC% any :
0 =259 g/em?
289 =229 plem®
2 D B b A
10 289 SR
e 2.06 gfem
15 259 =286 glom®
L 3ENS : E';Lm
20 2.59. =271 gfem?
1.518 tegiom
_ Gy+ 0833
1.874 = | 832

G, + 0.832 = 3.42
G, =3.42-0.832=2.588 =2.59

L R - 3
Yd max e i | 832 1.41 ga"uu
0. m. ¢ :9.5‘5.1 ﬂ_ﬂ_xﬂ.ii 0.257
_‘_
gl
i
"~ S‘
- <o)
!‘ Flm
Lé By« Carve
""'(H‘ i
" E -
|
L :
|

: Y e




e=-0_=033_54
Yo Gnan) = 7o = 232 = 1,687 g/m?3

=g".'§{ =M= =
0.m.C. =52 8 U.167 = 16.7%

Example 8-12 : The following data ware obtained in a standard
Proctor test on a silty sand :

Trial 1 2 3 4 5
—Weetpht-ot-moist
soil in mould (1b

4.39 4.53 467 | 404 4.54
b 2 b o

sample for water
content (g) 009 | 1061 | 1292 | 1249 | 1377

Eb ek s

for water conlanl

964 | 1006 | 1191 | 1139 | 1234

Plot the moisture-density curve, and determine the values of dry
density (Ib/ft*) and optimum water conten, On the ussumption that G_ =
2.64, calculate the values for % saturation curve for this sample.

Solution :
Vimould %0 ft

W=3- - Tuk Vo
Trial Na | 2 3 - 5
Wgj (1b) 439 | 453 | 467 | 464 | 454
Youlg Wi 1317 | 1359 | 140 | 1392 | 1362
W, gos 45 6.5 10.1 1L0 | 143
W, sos 964 | 10L6 | 1191 | 1139 | 1234
W. % 467 | 64 8.5 97 | 116
= ok 126 1 127 | 1
Ty =75 s 28 | 129 2

= T



S, = 100%

G

Wirwoa,

10

12

Tﬂ.].l:l}'

44

4.55 1429

136

1306

1253

.

dey duesily W@t

1

.

- 17 =

Moisture Conient




Example 8-13 : Specifications for a proposed earth fill require that
the soil be compacted to 95% standard Proctor compaction. Tests on a
sandy borrow material adjacant to the project indicate a dry density. of
115 I/f° at 100% compaction. The borrow material in its nstural condi-
tion has a void ratio of 0.65. The specific grsvity of the solid matter is
2,65, How many cubic feet of borrow will be required to make | ft® of fill ?

Solution :

= Gs —_'-2_‘:& =
Yan = Ton Tu =363 x 62.4 = 100 I/fe
¥ =095x 115 = 109 Ib/fr®
= 109 = 3
A% 166 1.09 m
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Co= 054 (e, - = 0.35)
where e, is the in-place void ratio,
C. =0.0054 (2.6 w - 35)
where w is the in-place water content,
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Where ey = initinl void ratio ) At depth z

e =void ratio after time t when 2 and
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m=0uU

Whete N = ?i'i{!m +1)

m=0, 1,2 .. et
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7
Where U o

§, = consolidation settlement at time t correspoinding 1o a particular
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sp = final consolidation scitlement .
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Basic types of stress distribution in tonsolidation problems

() Uniform (2. g. wide load). (b) Lincar decreasing with depth (e. g. suip load).
(¢) Linear : increasing with depth (e, g, self-weight of newly placed soil). (d)
Uniform. (¢) Linear : decreasing with depth. (f) Linear : ingreasing with depth .
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Moisture content after swelling period = w

Void ratio after swelling period =e1=w Gy
(since the soil is saturated, 8, = 1.0)
Thickness at end of stage =h,
Thickness at start of stage = hy
Voud rutio at end of stage =g
Change in thickness =Ah
; : f AR -

Change in void ratio = Ae= -h—' (1 +ep)

1
Void ratio at start of stage = g =g - Ae
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Ap Ap e :
e e Where i slope of the ¢/G’ curve
Example 9-1 : The following readings were obtained from an oe-

dometer test on 4 specimen of saturated clay. The load being held con-
stant for 24 hr before the addition of the next inerement.

Applied stress (kN/m?) 0 25 50 1060 2000 4001 B0
Thickness (mm) 1960 1923 1898 1841 17658 1724 17.02

At the end of the last load period the load was removed and the
sample allowed to expand for 24 hr, at the end of which ome its thickness
was 17.92 mm and its moisture content found to be 31.8 per cent. The
specific gravity of the soil was 2.66.

() Plot the ¢/¢' curve and determine the coefficient of volume compressi-
bility {m,) for an effective stress range of 220-360 KN/,

() Plot the e/log ¢' curve und from it determine the compressibility index
(Ce) and the preconsolidation pressure (G'pe)

{c) Plot a mfo' curve for the soil .

(d) Use the data obtained in (a) , (b) and (¢) to obtain and compare the
values for consolidation settlement for 4 m thick layer of the clay when
the average elfective stress changes from 220-360 kN/m?.
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Firstly, determine the final void ratio.
Since S,=1.0 e, =m,; G,
=0.318 x 2.66 = 0.842

Change in void ratio, Ae = % (1 +ep)
e.g. during swelling stage : At = ﬁ% (1.842)
during 400-800 stage: Ae= '1—2'% (1.772) = - 0.045

The rest of the resulrs and calculations are tabulated below :

Az
(kNIm®) (RNfm") (o) (o) x 107" (wliMN)
0 19.60 1.014
25 -035 -0.036 140 0715
19.25 0978 1.40
25 -0.27 -0.028 1120 0.566
50 18.98 095 1.70
50 —037 -0.038 1760  0.390
100 18.61 0912 200
100 -047 —0.048 0.480  0.251
200 18,14 0.864 230
200 -0.46 —0.047 0.235  0.126
400 17.68 0.8]7 2.60
400 ~0.44 —0,045 f 0113 0.062
i’ An h Ah he € log o' E—, m
RN’ ) (kN Gom) () w107 (i)
800 17.24 0772 2.90
068 =0.070
0 17.92 0842

1y
-

{a) The e/c' curve is shown plotted in Fig. (9-18)

A




100 =

.95

085

0. -

0.75 =qa' (kiN/m’

(VA1) 5

From the curve ; for o'y = 220, e =0.858
for o'y =360, ¢=0.825

m, = a0 Tr=a =
* & 1 + By
_ (0858 - 0.825) x 1(P
(360 - 220) 1.858

=0.127 m*¥/MN

(b) The eflog ¢' curve is shown plotted in Fig. (9-19),
Compressibility indes, Cv = slope of straight portion

= _0864-0772__ _ 153
log 800 - log 200 0.15:
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Using the Casagrande method, the preconsolidation stress o’, = 43 kN/m?.
{c) The column headed m, is obtained from :

n'}\'zﬁ ]-

As" " 1+es

The my/G" curve is shown plotted in Fig, 9-20 with the values of my lo-
cated at the end point of cuch stress stage, (Alternatively, the mid-
point values of m, could have been ealculated, corresponding 1o the
median e for each stage.)

(d) From data (a) : S =m, Ac'H _
=0.127 x 107 (360 - 220) x 4 x 10° =71 mm

From data (b) : Se= -5 log (0, faly) Hy

+

—

=
.8

1 : .
o log (360/220) x 4 x 10" =70 mm

From data (c) : , the value of corresponding to the end-stage stress
(0", = 360 kN/m®) = 0.13 m* / MN.
Then s, =0.13 x 107 (360 - 220) 4 x 10° =73 mm

Example 9-2 : The following compression readings were obtained
in an oedometer test on o specimen of satrated clay (Gg = 2.73) :

Pressure (kN/m?) 54 107 214 424 558 1716 3432 D

Dial gauge
after 24 h (mm) 5000 4.747 4493 4108 3449 2608 1676 0737 1480

The initial thickness of the specimen was 19.0 mm and at the end of
the test the water content was 19.8%. Plot the e-log ¢' curve and deter-
mine the preconsolidation pressure. Determine the values of m, for the
stress increments 100-200 kN/m? . What is the value of C. for the larter
increment ?

Void ratio at end of test = e; = w; G, = (0,198 x 2.73 = 0.541.
Void ratio at start of test = ey = e; Ae

Now,
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At leegy  l+er+de

AH Hau Hy
L e,
Ae 1541+ Ac
3520 190
Ae = 0.350

ep = 0.541 + 0.350 =0.891
In general the relationship between Ae and AH is given by ;

Ae 1891
AH 19.0

Le. Ae = 0.0996 AH, and can be used to obtain the void ratio at the end

of each increment period (see Tuble 9.3) The e-log @' curve using
these values is shown in Fig. 9-21 Using Casaprande's construction the
value of the preconsolidation pressure is 325 kN/m?,

T S -l B

1+t Lﬂl'ﬁrl.l
For &'y = 100 kN/m? and o'; = 200 kN/in?,
eg=0.845 ande, = 0.808

Table 9-3
Pressure (kN/m”) A H (mm) Ak e
0 0 0 (.891
54 0.253 0025 (L866
107 0.507 0.050 0.841
214 (892 0089 0.802
429 1.551 0.154 0.737
858 2302 (0238 (.653
1716 3.324 0331 0.560
3432 4263 0.424 (0467
0 3.520 0350 0.541
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therelore

e SRR 0Ly A A0 = 090 m2
m, lmﬂx 00 2.0 % 10" mi/kN = 0.20 m4MN

For o'y = 1000 kN/m? and o'y = 1500 kN/m?,
¢y = 632 and ¢y = 0577 therelore

i TGS 01 5 DA — 2
: My =ras X % 6.7 x 107 m=/kN = 0.067 m=/MN
an

_ 0632-0,577 - 0055 _ ).
G lpg 1500~ 0.176 301
1000

Note that C, will be the sume for any siress range on the lingar part
of the e-log o' curve; m, will vary according to the stress range, even for
ranges on the linear part of the curve.
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Coelficient of Consolidation C, wlualll Lalas
Silt (LL =40% )=0.03-0.04 em¥min
clay (LL=70% ) = 0.01 - 0.02 ¢cm*min
Colloidal clay (LL = 120%) = 0.002 —» 0.005 cm*fmin

CoelTicient of volume change my _esall paill Jalas

Colt ¢lay m, > (.05 cm¥/kg padlluia
Firm clay m, >0.02 - 0.05 em%kg i
Usja

Suff clay m, >0.02 cm¥kg 2 kefom

Example 9-3 : During one of the loading stages in a consolidation
test the following changes in thickness were recorded

Time (min.) 000 D04 (.25 ().50 1.6 225 400 B25 900
Change m

thickness (mm) 000 0121 0233 0302 0390 0.551 0706 0859 0470
— — — ——— ——————_
Time (min.). 1225 1600 2500 3600 6400 100 360 1440

Change in
thickness (mm) 1065 LA3T 1.205 1.25] 1300 1327 1401 1482

.




At the end of the last stuge (1440 min,), the thickness of the speci-
men was 17.53 mm, the stress had been raised by 100 kN/m? and the
maoisture content was 24.7 per cent,

Using the root-time method, determine : (a) the coefficient of con-
solidation (C,), (b) the initial and primary compression ratios, and (c)

the coefficients of volume compressibility (my,) and permeability (k), as-
suming G, =2.70.

Moot trr |- man |
a 1 ] 3 d 5 o ! I 9 1A
Li

L 1 T L L T

Ty = o Vg

Charsge in {heghmasa (el

(V1-4)Es

Firstly, choosing appropriate sciles, set up the root-time and
change-in-thickness axes, and plot the points of the experimental curve
(Fig. 9-26).

Now, draw the best straight line through the points in the first 60
per cent or so of the plot. The intersection of this straight line with the
thickness axis (point F) locates U = 0, which corresponds ta a change in
thickness of Ahg (Ahy = 0078 mm),

MNext, draw a straight line with abscissae 1.15 times those of the

- e -




first straight line. This 'corrected’ struight line is assumed to intersect the
experimental curve at U = 0.90 (point C).

(a) From the plot, Vigg =379 .. tyy = 14.36 min,
From Table (9-1), Ty = 0.848
Average thickness of the specimen during this stage = 17.53 + l&zﬁl
=18.27 mm

. length of drainage path, d = .!.5521 =9.14 mm
C, =Tod _ 084859147

(T 14.36
= 4.93 mm?/min .
{b) From the plot, Ahgg= 1.108 mm
and Ahg = 0.078 mm
Then Ahyog = ]-sl-%%ﬂiﬁ +0.078 = 1.222 mm
Total Ah = 1.482 mm
Hence, initial compression ratio, ;= % =053

and primary compression ratio, 1, tﬁ?ﬂfgﬂzﬂﬁ =0.772

(¢) Final void ratio, ey =m, G, =0.247 x .70 = 0.667
Initial thickness, hy=17.53 + 1.472 = 19.00 mm

Change in void ritio, Ac = éh_} (1 + eg)
— 14 FiEa
) =130
Initial void ratio, ey = 0.667 + 0.130 =0.797
T A
mv_ﬂ.n"'1+mj
= 0130x 10 _ 793 m2
100 x 1.797 0935 a5 N
k = Cm,.]rwndgﬂxlﬂf’xﬂ?'lﬂxl{]zxgﬂl
5 x 10 m/min,
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Example 9-4 : Rework worked example 10.5 using the log-time
method,

Firstly, choosing appropriate scales, set up the log-time and
change-in-thickness axes and plot the points of the experimental curve
(Fig. 9-27) .

(a) In order to locate U = 0, two points on the curve, P and Q, are select-
ed so that ty

i = 10§l 2

(Ty-1)
=4 1, . Since the curve is approximately parubolic then parullel to the
thickness axis :

EFP = PO .

From the plot:  att,=0.25 min,, Ah, = 0,233,
at ty = 1.00 min., Ahg = 0.290.

- fsY =




S0 that Ahy = Ahg = 0.233 - (0.390 - 0.233) = 0.076 mm

Two straight lines are now drawn : one through the final few points
of the curve and the other through points in the middle portion. At the in-
tersection of these two lines, point E is lovuted, at which U = 1.0,

From the fplot : Ah;,,=1.224 mm

Then Ahg, = @fﬂ +0.076 = 0.650 mm

Now locating Ahg, on the plot, log L5, is found Lo be 0.525, giving 1,
=3.35 min.

From Table 9-1 : Ts,=0.197.

As in worked example 10.5, d=9.14 mm
C, = Tod’ _ 0197 x9.14?

Lsn 335
=491 mm?* /min,
(b) From the plot  Ah,,, = 1.224 mm
and Ahg = 0.076 mm
Totul Ah = 1482 mm
1 C
Henee, initial compression ratio, , = 1 _ 0.197x9.14°
¥ 5o 3.35
and primary compression ratie, 1, = - V) =0.775

(c) This part of the solution is identicul to that given for part (c) of
worked example 9-3 :

Example 9-5 : The coefficient of consolidation (¢,) for a ¢lay was
found to be 0.955 mm?/min. The final consolidation settlement estimated
for a 5 m thick layer of this clay was caleulated ar 280 mm, Assuming
there is n permeable layer both above and below and a uniforminitial ex-
cess porewdater pressure distribution, calculate the settlement time for :
(a) 90 per cent primary consolidation, and (b) a settlement of 100 mm.

Since this is an "open" layer, the drainage path, d = -55‘1— =25m

=2.5x% 10° mm

- ki




and sirice the initial Au distribution was uniform, m=1
(a) From Table 9-1, for U =090, T,,=0.848.

. - 1 T d:l
Time for 90% settlementl tg; = =
0848 (2.5x 10" _ B
= 0955 =5.55 x 10" min.
=10.55 yr
(b) For 100 mm settlement, U = %= 0.357

From Table 9-1, T4s 4 = 0.102 (interpolating linearly)

2 3.2
Time for 100 mm settlement + 1, , = oo L) = 0,668 x 10 min.

= 1,22 ¥E

Example 9-5 : The following compression readings were taken
during an oedometer test on a saturated clay specimen (G, = 2.73) when
the applied pressure was increased from 214 to 429 kN/m? :

Time (min) 0 - : 1 ot 54 9 5 25

Gauge (mm) 500 467 462 453 441 428 401 375 349

-_—— —————— e ————
== —_— —

Time (min) 36 449 o 81 14¥] 200 () 14410)

Gouge (mm) 328 %15 3.06 300 246 284 276 261

After 1440 min the thickness of the specimen was 13.60 mm and
the water content 35.9%. Determine the coellicient of consolidation from
both the log time and the kroot time plots and the values of the thiee
compression ratios. Determine also the value of the coefficient of permea-
bility.

Total change in thickness during increment = 5.00 - 2.61 = 2.39 mm

Average thickness during increment = 13.60 + 2,39/2 = 14.80 mm

Length of drainage path, d = 14.80/2 = 7.40 mm
From the log time plot (Fig. 9.28) . 1

gt o, v




e, -mﬁ%ﬁ u%%&mim%m 0.45 myear

From the root time plot (Fig. 9-26) v 1y, = 7.30, therefore

lyg = 33.3 min
= OBISS" _ 0848 % 7407 , 1440 X365 _ () 46 m2/year
tan 333 10°

In order to determine the permeability, the value of m, must be calculated.
Final void ratio : e, = w; G, =0.359 x 2.73 = 0.98
Initial void ratio : ¢y = ¢, + Ae

Now,
Ae _1+e
 AH ™ Hy
i,
ﬂ. e L9R+A c
239 1504
Therefore
Ae=0.35 and e;=1.33
MNow,
1 By =13
m, = 1 28
¥ 1+ o -ay

e L w38 4
233"215 =T70x 107 m? kN

= (.70 m* /MN
Coefficient of permeability :
: ki= c, my ¥,

= 045x0.70x 9.8
60 x 1440 x 365 x 107

=1.0x 10" s
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: The drainage - Time relalionship gayli =il d5lfe
o) ool Lagili olya¥l a5alill il cdall i Ga lile o pe 13
To_ia-h )
Co di df
Where T, = sculement time in sampleflayer A { corresponding to same
tg = settlement time in sample/ayer B Uvalue of T,
d, = drainage path in sampleflayer A
dy = drainage path in sample/layer B

Example 9-6 : On a particular site a layer of elay occurs of 6 m
thickness and an estimate is required for the ime to reach 50 per cent of
the final consolidation settlement. In a laboratory cedometer test on a 19
mm thick specimen of the clay, the 50 per cent compression point was
reached after 12 min. Determine the site settlement time for 50 per cent
compression when the clay layer is : (a) fully drained top and bottom, and
(b) drained from one surfuce only.

(a) Laboratory T, =12 min d, = 122-!1 mm

Site ty =" dB = E.!élﬂ. i
1A df
In =
A
=228 yr
(b) Laboratory Ly = 12 min. dﬁ = ]1_? min
Site tg =" dg = 6000 mm

¥
tg = m—ﬁg;ﬁu-nlz=ﬁ.12yr

Example 9-7 : Using the data from worked example 10.8, deter-

mine both the laboratory and site imes for 90 per cent consolidation .
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The time titken for 50 per cent consolidation is Known so T, miust
be obtained ¢ither from Table 9-1 or using U = v (47T /m) since U < 0.6 .

_ &2 :
T54=035 L‘ =(.196
From Table 9-1, Ty, =0348
Now ¢ = Twd® _Tud
2 Lsu Lao

but d = constant

- Too _ 120 x 0848 — :
Therefore to, =teyx -2 =120xU88 — 510 mip

Tayg 0196
and for an open layer : site Top = 519 x ﬁl[_]_f_}l_f_}g = 5.175 x 10° min.
=9 85 vr
and for a half-closed layer :  site 5 = 5175 x 10° x 4 = 20,7 x 10° min,
=304 yr
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Immediate (intial or elastic) Seltlement S :

Sj=qE“_v:l.}] @?IHJM'&J%

Eu

"

Where q = intensity of contact pressure (kN/m?)
B = least lateral dimension, e, g. breadth (m)
v = Poisson's matio
E, = undrained modulus of elasticity (kN/m?*)

Ip = influence factor .

(5-4) dsaadl S Ip Jaladl paay

I o8 (2-9) Jgaas

Influence Factors for Various Types of Foundation

. Flexible Fooling
Footing
Rigld Fooling
Shape Centre Corner | Avorage
Scjuitre 1.12 .56 0.45 0.82
Circular 1.0 0.64 (.85
Ruciangutar
k=15 1.36 068 1.20 0.06
20 .53 077 1.51 120
50 2.10 LS 1.83 170
10,0 2.52 1.26 225 2.20
100.0 338 1.69 2.94 3.40

T 5 e
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Thus for a saturated clay where K, = 1.0, y=0.5
and for a sand where (typically) K, =0.5 7=025

+ Ul edllal Tulspadl plll an

Snoil Eg Mo Soil Y
Clay : very solt 2 -15 Clay @ saturated 04-035
Solt 5 -345 unsaluntel 0.1 -03
Medoim 15 - 50 Sancly clay 02-03
Hard 50 - 100 Sili 03-035
Sandly 25-250 dionse Sand 07-04
Sand : Silty 7 =2 coarsg St (.15
lonse 10-24 Fise gruined (r25
thense 48 - 81 voncrele (.15
Stuwd and gravel
loose 48 - 144
tense Y6 - 192
Silt 2-20

: Consolidated Settlement oladll hya ;o Wk

1
Se = ”J. m, , Ao, AH

u.'n]b‘_'.da”_giQ_U|;@LHJJWJ|_¢?1}|JEJL_Q“GA$G¢*
. AH LS

Se=m, . Ao . H

uﬂ.ﬂ'hhrl.i.-'ﬁ...ufl' blq?&pi:}:fiﬁﬁﬂbﬁfu|my“¢*
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Allowable Settlement g pyendl ol Lygly Lyl pal

Mux. Settlement Lsobited Footing Sail
clay 8 cm B=13 ¢m
Sand 35 &m 5-B &mn
diflerentivl Setdement
cluy 4'cm
S L5 —=3em

Example 9-8 : A fooling 6 m square, carrying a nét pressure of
160 kN/m? | is located at u depth of 2 m a deposit of sull clay 17 m thick:
a Hrm stralum lies immediately below the ¢lay. From oedometer tests on
specimens of the clay the value of m, was found to be 0,13 m®/MN and
from triaxial tests the value of A was found 1o be 0.35. The undrained
Young's modulus for the clay is estimated to be 35 MN/m? | Determine
the 1ot senlement under the centre of the footing .

In this case there will be significant lateral stain in the Glay be-
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neath the footing (resulling in immediate setlement) and it is appropri-

ate to use the Skempton-Bjerrum method. The section 15 shown in Fig,

9.32.

(a) Immediate settlement. The influence factors are obtained from Fig. 9-
29. Now @

H/B=15/6=25
D/B=2/6=0.33
LB=1
B, =021 and py = 0.60.
Hence ,
Si=py My 8B :
=091 x0.60x 16x6 =9 5mm
53
"I W =
|
PBOYKNY rn‘ 5
T‘—iulni ol
| —gy 5m tn Im |
: B4 m i21 g ok |
17 m
0— 1.8 131
10 S 4}
~8—114 §m Ty
(TY=8) 5
Table 9-5
r Ad S
Layer (m) m, 0 1, (KN/m?) {mm)
| ] 2.0 0233 149 S8.1
. 4.5 ue? 0121 TH 304
3 75 (140 (.06 3k 4.5
4 1.5 (.285 BEER] 21 82
5 13:5 227 WA 13 51
1166
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(b)Y Conslidation scttlement. In Table 9-5.
Ac' =4 x 160 x 1, (kN/m?)
S.eq =013 x Ag’ x 3 = 039 Ag' (mm)

Now,
H-15 _929
B &7
(Equivalent diameter = 6.77 m.)
A=0.35
Hence, from Fig. 7.12,
=035
Then

S5.,=055x 1166 =64 mm
Totul settlement = §; + S_
=9+ 64

=73 mm

Example 9-9 : A concrete raft foundation of length 32 m and
breadth 18 m will transmit to the soil 0 uniform contact pressure of 240
kN/m? at 4 depth of 2.0 m. Determine the amount of immediate settle-
ment that is likely to oceur under the centre of the foundation. It may he
assumed that the foundation is flexible. E, =50 MN/m2, v = 0.4 and =
20 kN/m?

Immediate settlement,

.
I L78

From Table 9-4 (interpolating) : Ip = 1.36 + (1.53 - 1.36) y 7013 = 1.46

_ gB(l«+%

Nel contact pressure, q = 240 - 20 x 2 = 200 kN/m?
200 % 18 (1 =047 x 146 x 1F

Then Sii=
it 50 % 10°

=88 mm

Example 9-10 : A foundation of dimensions 6 x 3 m, is to trans-
mit @ uniform net contact pressure of 175 kN/m® at a depth of 1.5 min 4
layer of clay which exrends 1o a depth of 5 m beneath the surfice. As-

SERAEY, A




suming E, =40 MN/m® and v = 0.5, determing the average amount of im-
mediate settlement that is likely to oceur.

i A u:lv-i: !-'l-=ﬁ-:
See Fig. 9-29. 15=35 0.5 % =3 2

/i e _fl_— e
B =130 1.17 B Z
M, =055

Then

S, = ngxu:mxwﬁﬂxm (1-05%

anx 10*

=49 mm

Example 9-11 : A flexible foundation of dimensions 12 x 8 m is re-
quired to mansmit a uniform contuct pressure of 160 kN/m® ut a depth of
1.7 m below the ground surface. A layer of sundy clay is lmated bn:
rween 5 .m:.l 10 m below the ground surface for which E| = 35 MN/n??,

19 kN/m?, and v= 0.3, Determine the average nnmunt of 1n1r11Ld1nte
settlement that is likely 1o occur due to the elastic compression of the
clay layer.

Net contact pressure, ¢ = 160 - 19 x 1.7 = 128 kN m” .

yee Fig. 9-29: D= 11< Lll—
See Fig. 9-29 by (.2 . }:5

K, = 097
For layer between () and 10m, i, ¢. Hp =10.0- 1.7 =83 m

E.’.]—=B-I—3-.= k':
T 1.04 m 1.5

T ={L149
Tor layer between 0 and 5m, e. & Hy =5.0- 1.7=33m
Hy 33041 Bs1.5

B: 20 : B

S Py =027
Then p;=049-027 =022
And

097 x 022 x 128 x 8% 107 (1 - 0.3%)
15 x 107

= 5.7 mam

Sis
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Example 9-12 : A clay liying on an impervious rock and having
pervious overburden is 10 metres thick. Calculate the final settlement
and time required for 60% consolidation due to construction of a structure
al the top of the stratum, importing 4 uniform load of 20 tonnes/m? .

The initial and final void ratio of the ¢lay were found to be 0,752 and
0.722 respectively. Clay is saturated and the structure may be considered
infinite in any horizontal direction .

C, for the clay = 16 x 107 sq. cm/sec.
and for U=60% , T, =0.16,

Solution :

Scttlement: S =H. Ap. m,

T L |

a my=-—2_=-—— _1
nd Yol atg Ap T+t

[Ae=0752-0.722 =0.03]

008 et
2000 " 1+0.752

2 = 20x 10000 x 100 _ 5 2
20 t/m?® 002 100 2000 gm/em

e el e o
2000 x 1,752

v
|

s o= sHRAREE S
10 x 100 x 2000 x 0175

_10x
ij =111l om.

= '_r-,_H‘E
G,

= (16 x 10 x 100 x 10 x 100
35 x 107

— 16 10 x 1000 x 1000
35 x 60 x60x 24 x 365

— 200 % 10000
35 % 36 % 3 x 365

Example 9-13 : A mat 15 m x 15 m and weighing 2 t/m? is (o be
constructed on surfuce of a soil swrara. The prolile is given below. The
number of squares enclosed by the plan of the mat on a Newmark's dia-
gram is 90, Calculate the sertlement at the centre of mat, The influence
area of each square is 0.005 .

= 14.5 years. Ans.
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m,

_I_.;L_ .r:im.m_wrr_l'}._f pemfce. __ 5

L.i=dd’y &

m=90%
Gaz-65 T l5ir|1r. CLAY UNIT Wit. 18 gmjce. I

(Fr-)cs
Solution .
The intensity of vertical Stress at a point
= Numbers of influence area x Load per unit arca at the
surface x Influence factor .
=90 x 2 x 0.005
=0.9 ym” .
Pre-loading pressure at the centre of the clay stratum
=2 X b5+ (7-2)x 194+ 5(10-1)+25x(1.8-1)

=3+954+45+2
= 19 t/m?
T1=T,G ';]+1|I|I"¢'J
“ | +a&
or 1.8=2,654+02)
lye
or l+e=l-12|5-§-515-=1.915
e = 0915

C, =0.009 (L. L.~ 10%)
= 0.009 x 34 = 0,306

Ap
SI I"IC\- I \ p+ I
[+ OE10

= 22103006 logto 19+ 09
| + (801 14

— aYf -




= LEx 5
LO1S

= D.01608 cm. Ans.

Example 9-14 : Time wken for construction of a building above
ground level was from March 1982 1o August 1983, In August 1986 aver-
age settlement was fond to be 6 ¢cm. Estimate the settlement in Decem-
ber 1987 if it was known that ultimate settlement will be 25 em .

Solution,

Here loading period is from March 1982 to August 1983, ie. 10 + 8
= 18 months.

For caleulating settlement, time 1 i$ taken from the middle of the
loading period.

Thus 6 cm of setlement oceurred in (%+ 12 x 3) =45 month.

And it is required to know settlement which will occur in (:lgi +12x
4+ -’-1) = 16 months,

Let us assume that at t = 1.5 months degree of consolidation U will
be = 0.6,

S Under this condition, U = 1.13 'uﬁr

Let S, = seftlement a1 time t,
and 5, = settlement at ume t,
L S g U Y
S  Us Us 12
o v__‘_ - _w_ Tv:%;-l Cyand I
S Tt ks %
is sume [or two cuses
. -1
: Yol
—
s §,= 0001 - GxTE — 698 cm.
Vs 6.7

= Degree of consalidation U = ~f"?-q—5’:i= 01,465

Since U is less than 0.6, the relationship used is valid. If U > 60%
this relation will not be used.

- o¥i -




The required setlement is 6.98 cm. Ans.

Example 9-15 : The loading period for a new building continued
from July 1985 1o July 1987. Estimate the settlement in July 1985 if it was
found that the avernge settlement in July 1980 was 7 cm. Ultimate setile-
ment is expected to be 16 cm.

Given : For U =40% Ty =0.207
U = 50% T, =0.281
and U =75% T, =0.54.

Solution. Loading period = 2 years.

The time for sertlement calculation is taken from middle of the load-
ing period.

1 X .
At t=3+4 2 =4 years settlement 18 7 ey,
at Iy = 9 years settlement is required,

Let after 9 years U be < 0.6,

p it (R i i R 1

S =5 LA 3 10.5 em.

Degree of consolidation = J—‘:!Jgi =(.656

Which is more than 0.6, Hence above relationship cannot be used.
We shall proceed as follows.

§,=7em. at t=4 yeurs.

S = 16 em = ullimate settlement.

. Por degree ol conselidation (at 1 = 4 years) T% =0.438

| From given vilue of Ty for U = 40% and 50%, val-
ve of T, was kenlulated for U =43.8 %]
T, = % =0.24 1)
Cp 024 _ e [putiing t=4 years in
< R above equation  (1)]
For t=19 years .

Ty= Eri_:z_qﬂ 0.06 x 9 =0.54 [Taking value uf%}i— from Eq. (1)]
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Since it is given in problem that at T, = 0.54, U =0.75
U =075 after Y years

Settlement in July 1975, i, ¢. after © years
=075x 16
= ]2 cm. Ans.

Example 9-16 : A foundation was construcied 5 merres below
the surface of n sundy stratum, The profile of ground with soil property is
shown below. From consolidation test it was found that the clay was
just consolidated under original overburden and relationship between the
effective pressure p ing kg/em? and the void ritio "e" of the ¢luy was ex-
pressed by the formuli.

€= 13-032log, p.

If gross pressure increase caused by the weight of structure be 10 t/
m* at the top and I t/m? at the bottom of clay stratum and pressure re-
lease due o excavarion is § t/m? and 0.75 t/m? at the top and bottom of
the clay stratum respectively, calculate the settlement expected due to

compression of the clay steaum.  Assume the pressure within the clay
stratum to be linear.

Density of sund 2.4 gm/c. ¢. and densily of clay 2-1 gm/e. c.

Solution. Effective pressure at mid depth of ¢lay layer
=24 Xx 8]+ [(24-1)x 2] + |(2.1 - 1) x 5]

=192 +14x24+ 1.1 x5 e
=192+ 28+55=275 t/m?

‘s
. . gm/e. c. = tonnes/metre”|

= Mx t :{-:.—_..j LY
W00 x 100 >0 kefem?

—_—

| oh
&

= Conresponding void ratio e
=13-032log, 2.75
=1.3-3.2x04393
=1.3- 0404
=1,1596 -~

LAY
=]
a

L

(YE-4)ss
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Pressure increase at top of clay stratum =10 t/m?
Pressure increase at bottom of clay stratum = t/m?

Since the pressure increuse is linear,
Pressure at mid depth of elay = lﬂ;—' = 5.5 m?

And pressre decrease at mid depth due 1o excavation
= 34018 = 2.875 t/m?

Net average pressure increase
Ap=5.5-2.875=2.625 /m*
= 26252 K0 — (2625 kgfem?

100 % 100
We have got the formulu that change in void ratio
= p+Ap

Ac = Cy log;, B¥AP
P
= 0.32 log,,, 215x0.2623
275

=()/32 lngm 1.09
=0.0119
Sertlement S is given by S =m, HAp

A A
and me=-2e= Ty Lo [0 ay= =
I+ Ap 1l+c¢ : A
Al
- xH x
3 Ap 1+e £p
A Here ¢ is the original void

= orr rutio, e, . void rutio before
the foundution wis made

Now putting numerical values in the above eq uation,

Sertlement 5= m]”g—x 10 x 100

BE Fuh 4
215.}6 =552 cm. Ans.
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Example 92-17 : A boring was done at a pluce and 15 metres thick
clay stratum was found above a sand stratum. The clay was found to be
just consolidated under its present overburden. The hydrostatic pressure
at top of the clay stratum was found to be 5000 kg/em®. Due to pumping
of water from the sand stratum (which was under the ¢lay) it was found
that pressure in the water below the clay layer reduced permanenty by
5000 kg/m?2. If initial and final void raito of the clay before and ofter pump-
ing were (.92 and (0.9, caleulate the ulimate settlement at the ground
surface and settlement after 2 years of pumping, Assume C, for the clay
40 x 104 em?/sec,

Selution. Here the seulement is caused due to reduction of water
pressure. The water pressure dingram before and ufter setlement is as
follows :

-

= Bocoriseiooojkgf M'le— i (me0o0)bg] m° o= | SoOKYf M fa—

i NE T AFTER SETTLEME PRESSURE TRANSFERED
BEFORE SETTLEMFNT £i 17 S0 GRANS= AR

(Faea)Ues

We know that  Ap = 3000 kg/m?
= 5000 3 1000 _ 50 o
100x 100 - "COE
Settlement S=HApm
By Be iy

x—
I+ Ap " l+o

_ (092 Uu}x
500 1 +092

mfem?




- Qo2 o 1
S =15 x 100 x 500 + e

= 1362 cmu
Ultimate settlement
= 1562 cm.

Settlement after two years of pumping :
_Cut
Ty = 4
Putting numerical values
T.= A0 x 10° x 22 3652 24 x 60 x 60
Iiix L0 +125.1 Lot

[Assuming double drainage]

= 2R x5 365
15« 15 = 100,000

0.0448
We know that 3 % U2 for U < 60%

e il
= "'r’IFrT“";i;f Ty

= 2 00aa8
Vi

7

=().24,

Hence degree of conselidation U 15 24% and ultimate settle ment is
15.62 ¢,

«« Settlement after 2 years
= 1562 x (.24

=375cm. Ans.

Example 9-18 : A water tower looling carrying a load of 800
tonnes is 4 metres tquore and rests 2 metres below ground surface on
dense sand which exists upto a depth of 10 metres. Below the sand there
exists 3 meters thick layer of compressible soil below which there is
rack. The effective overburden pressure at the middle of the compressible
layer is 14 tonnes/metres”. Estimate the settlement that will undergo as
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a result of compression of the compressible soil. Liquid limit of the com-
pressible soil = 52% and avernge void rano may be taken as 1.13.

Solution. The lateral dimensions of the foundation are more than
one-third the depth at which the pressure is ealeulated, Henee the column
load will be taken as U, 3. L.

Now U.D. L. is % = 50 tonnes per square metre. The loaded area

will be divided in four equal squires and the pressure below the centre of
the foundution M will be calculated which is on corner of each of the four
squares [Fig. 9-35 (b)] . It is assumed that loads on smaller squares are
acting at their C. G,

Land on each small squares A1 M4, 4M 3D, M2 C3 and M2 Bl 1s

’ S, ikt
am r"’J ‘H 50x2x2=50x4=200

L - 4 =
tannes. Now radial distance x.

4 L4l
il A R+ 15
= !_':I'l_-“'_

=758 0.149

— K= 3 =(1.445
I 2 [1+@?)2*
| 53
! FPressure at point M, (due
" :-iiﬂ._._.z to one smiull square) 9-5 me-
; res below bottom of founda-
; I ., LIQrL .
(r-2) s
=92y g = 2000445
22 (9.55*
= 0.986 Ym" .

. Pressure due to four squarcs

e




=4 x 0.986
=3.942 ym?,

Cc = D009 (L L - 10%)
= (009 (532 - 1)
=0.009 x 42 =0.378

A
Total settlement § = F—E‘?lﬂgm Ep_p

— ¥x 038 1443942
14113 O8I0 S

= L134 24
513 fogp 1.261

1134 X (0. 1076

2.13
= (.0574 melre
=594 em. AR

Example 9-19 : Abuilding was to be vonstructed on a compressi-
ble clay stratum. Preliminary settlement analysis indicated a settlement
of 5 ¢cm in 6 years and an ultimate seitlement of 20 cm, The average in-
crement of pressure in clay is 2 lonnes/m?,  Following variations were
obrined from the nssumprion used in preliminary analysis :

{ i) During construction, n permanent lowering of warertable by 1 metre
took place.

(ii ) In previous estimate loading peried was not considered but the load-
ing period was 4 vears.

{iii) The compressible clay stratum was 25% thicker than assumed in
original analysis.

Estimate (a) Ultimate settlement .

(b) The settlement at the end of the loading period.
(¢) The sertlement 3 years after the completion of the
building.

Solution :  Ap=21m?.

5y =Jcemin 6 years.
Sy =20cm.

- T




Lowering of watertable - 1 merre,

Loading period - 4 years.

Thickness is 25% more than assumed one,

Now, due 1o lowering of watertable increase in pressure will be
1% 1=1Hym

Settlement S« thickness of stratum.

) S _Ho

Hl ”1
or it "
1 125 Hy

S] =125 20 =25¢cm.

o Ltimate settlement will be 25 em instead of 20 em. (Due (o thick-
ness of stratum being 25% more than assumed one).

Increase in settlement due to lowering of watertable,
A p =2 ym? und due to lowerin g of W. T,
Ap=1uym?

. Total change in pressure alter lowering of W, T.

=2+ 1=3t/m?.

Settlement § o increase in pressure,

E 25 _2
3 5 3
g= :'f'—_:“—i =375
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Lateral Earth Pressure

LaleasS Jaad gl Lyl Lo Lol s Tusnsipll il il o 5230 s,

iy Liagll] Gy Buslial s gatt ST 4 2k ays Ripallie U Tiia o
Earth ol all bi wall oy ol 8itl a3 s e 3yl o pal il laiually
bl sis e pobodl JaaS Jads G auanaill Jud dsas a3l pressure

: Lateral Earth presure at Rest jgthull aie diill bes

Boms Lt L s (V)2 ) USE o LaS HEp L)l Sl Bbla Sa
@l ey q paisill aliiie Jaa liladl jylall (a1 el sde S5 LSy 150
s il algad ) 5 i ¥ pdass G0 Z Gac

Sl 3l (sl L Tanms o] 2oyl L (3 885 (ol Lilanll e Y Lainy
o Gl 0S5 il Jlads! L Sy ¥ 2l JEIL siall Lgbas 00 il
dlallada i Gall juladl lauall oSy af rest state (pSaal] dla 6 Akl oda
i 0 30 sl J1 i Slad! bkl Ly (S| haiss 48 0
K, il s asilad T il i (ot

K,=o,/d, S

: 7 Gee sie cilall kidall 5K (V=N ) St 6 Tl Dlall s3a iy
o, =K o,

P i

K, = coeflicient of at-rest garth pressure

= aa¥ -



(a} e

b

oSl sie aladl hiall{A= -} JE&

:didlalls Joose sand Ll | Ll )l LA K Jalall daid Cusay
K,=1-sin¢

C A e K| L cuuadii dense sand @S Glo 3 4 3l Ll
Ko=(1-sing) + (L1 -1)55

Ly

Sl Waios Taad Jol oy o Jasll Tiaill o5ll Samg o8 Yy Sua

cdagll Gyl
K, =095 - sin Quadlad) @l

el JUaill el Ll @
PLAull) alae (o K b 2Ll 4 Al Al 3 (S0
K =04 +0.007 (PD) 0 <Pl <40
K_ = 0.64 + 0,001 (P) 40 < PI < 80
Tkl aliasi) Tole oS LS
K, = (.19 + 0.233 log (P1).
sl p Ul Gand K Jabanll Lol | sl (ans (V=31 ) dyas any
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K, o (1-1-) Jaa—s

Soil K'or Effective, K'o' Effective,
Drained Drained

St elay 0.0 1.0

Hard c¢lay .3 (.8

Loose sand, gravel 0.6

Danse sund, gravel n.4

Overconsolidated clay 61w 1.4

Compacted, partially saturated clay 0.4 1w 0.7

o e polall 4,all kis G usdll guasl 6, = K, 0, @lall audlinds
D (Gas

e 155 ol Bl Lad a5 o il Taplina'q Jaall s Ly
YN ) S e S

[
|
=
-
=‘l' . | H
y [ T ]
A
2. Horizontal and vertical slress- b, Pressure distribution aad re-
o5 in # w0l mass at depth 2 sultant force, P, on vertical

surface of height, H
GpSad| tie ol basadl (Y= ) JSa
P”?; - KI"I Tz
s lilall il LU se (6 LAl sl bius il
P =K, yH
X l}-ﬂ uti:‘,.:..ﬂlﬂlm‘_dj P“LﬁdL‘_h-”L.i.l.ﬂ-I“;.LA#uLli

H
p, =B
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Atz=Hy, @) =K, o, =K_(4+7H)
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Atz=Hy 0 =K, 0 =K_ (g+7yH; +vH;3)
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o el Liglone 130K Snan 01 Sl g gl lad 2 L AT Asadla canyg
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Ground
. w waber tahle
|
T mi :
H c .
[ ] ‘ JI
: ®
©
; e fo—y, Hy—
(u) K.iq + vH, + y'H) *

{h}

ij}:_hnl._l.-.l_ﬁjﬂl.auif_'hﬁuﬂ J.nau.ul.;.”]:..._.aﬂ (T=V.)

Example 10-1 : A retaining wall is 10 m high. The backfill is
dense sand. Given : = 40%, v, = 1.67 ym?, and y sty ™ Lo t'm”. Deler-
mine the lateral carth force at rest per unit length of the wall .

Soluation :
K, =(1-sin ¢}+{- L U 1)515

ikt pin

= (1 - sin 40y + (18] 1)5.5

= {1357 + 0.634 = 0.991 .

i AR

Sand

= 4"
:l'- r"? t(“!;
?Jt-m'j-ﬁ‘ Efm

1555 t/n*
(a) (b)
(VN (1= ) e

- Ny =




Atz=0,0 =0,0,=0
Atz =10m, o', =(10) (1,67) = 16.7 tym’

o', =K, o, = (0991) (16.7) = 16.55 t/m*

. :MjCAﬁJ
Po=(3) (16.55) (10) = 82.75 1

Example 10-2 : For the retaining wall shown in Figure 10-5 de-
termine the laternl earth force ar rest per unit length of the wall, Also de-
termine the location of the resultant eurth pressure

-r - k8 kwm’

¢ = 30°
25 m co={
J Ground
w» waler table
] T = 103 kN /m®

.!Sl:n g = 30°

ke

20.83 kN/m"
+ 32
82.40 kN/m" @ I:r? 53
®) i

(¥4 Jllia (=¥ 4 ) IS

=AY =



Solution :
K,=1-sind= 1= gin 30%=1).5
Atz=0,06, =00 =0
Alz=25m,0, = (165) (2.5) =41.25 kN/m?;
o', = K_ ol =(0.5) (41,25) = 20.63 kN/m?.
Atz=5m, 0, =(16.5) (2.5 + (19.3-9.81) 2.5 = 64.98 kN/m?:
o'y = K, o, = (0.5) (64.98) = 32.49 kN/m?”.
The hydrostatic pressure distribution 13 as follows :

Fromz=0toz=25mu=0.Atz=5mu=1y, (2.5 = (980
(2.5) = 24.53 kN/m? . The pressure distribution for the Wall is shown in
Figure 10-5 b .

The total force per unit length of the wall can be determined from
the area of the pressure diagram, or
P, = Aren | + Area 2 + Ared 3 + Arca 4
= 5 (2.5) (20.63) + (2.5) (20.63) + '3 (2.5) (32.49 - 20.63)
+ 12 (2.5)(24.53) = 122.85 kN/m.

The location of thé center of pressute mensured from the bottom of the
wall {(point () =

i (Area 1) (3.5 + 25 + (Arca 2) I':_%-"} + (Aren 3 + Area 4) [3;5}
Pa

= (25.788)(3.33) + (51.575)(1.25) + (14,825 + 30.663) (0.833)
122.85

=B3RBT+ 6447 + 3789 — 183 m
122 .85

: Active Earth pressure Jleall adll bés
iS5 Ay Tl il o i e Tsmy £ 3l) ) L al o Lk
waloany . 340 ol Ul I el WalS La3laint o3 43l aill Loyl oyl

- 0\ =




Jal e Gafeadl ks i e b $3l uladl kiuall Taid 5ail sadl] 11
bl Batl] bkt Tk, s Tk Tunis

Rotation of wall
' thg-u’l this point

JUal T 500 Ras (N Y s

(2 55508) AX =0 Lie LI Laly] joe palp 2 (V40 ) S8 a8y
b gead il cEyl] I AX LAY 4605 jadiews Ladiay (b 5,510) AX > 0 siey
ob—gi¥ Ul Jias 58] Uladly (C o) SLseil aslsS—500 LA 550550
willy by Jodl o3l ki oslew dladl i 5 26Y) ol &30 RS 3
puati el udd 8 GRS 4 LaedW] olislucay  Rankine L,k5 ] aa
V) s EaY] ee E (45 + 9/2) Ll

ﬁll.lr

i

e, =n Kes e
e
Jlaill e Al jpe Sl (¥=10) 88
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i e 500 e Lot Lasatipl) calslpan ¥l G At 1 Lislall gl
(V=Y ) K A C3 ko) el S ape sl
oy = 05 tan? (4:‘: +ig-) + 2ctan (45 +‘;)
Major principal stress, oy = Oy alae¥ ] i)l aleadl e gy
Major principal siress, 01 = Oy ¥ et byl
e
oy = oy tan? (45 +2) + 2c tan (45 S

G, = S, e e 2
W E b -
tan” {45+ 2"} t (45+ i-}

a, = Oy tan? (:45 * %) + Z¢ lan (4‘5 +%)

o= ﬂ-_- K:.:_ - ZCT'E;
s Jladll baaall opSil  Jalas K sa

K, = tan? (45 - ¢/2) = Rankine active pressure coefficient

_J1-sind5
| + siin 45

(V) s Com ol 13 s oKy
LA 3 Bk (A=Y +) JSib b (e Jadl] piladl LBl b il
o il 1S i b Z = H Ale Ov = yH I Z =0 aea, =0y
7o Ky - 2¢VK, =0

i o
YK,

dy

slgal cuus &ua depth of tension crack w7 s Gaew o Z, Faslly
L laly Gl g ek Sagam
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— 2oy =

b 1o 'J:
i F,
. T —
LB

K} S S —r. K, = efR—
Sl dndall s (A= ) S5
P il F o sgan L ol ! Jlaill sladl i all Teassy

H " H
P;.-I r!udz=j ?z.li,dz-f 2c VK, dz
i 4 &)

= I/5 yH? K, - 2cH VK,
. o :LUS:JZ" HD_LJ-
Py= é (H - z) (YHK, - 2¢VK,)
4
= K.
Py =L (H- ;lmcu:) (YHK, - 2¢YK,)
P, =J)-H (YHK, - 2¢VK,) -1 1H*® K, - cHYK,
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L2 Assumed setive
pressure dingram

f—s. & = 2cyR—+]

sl Jaslall amall Jlailh laiall (4-Y- ) S

Jledll guatall bniall gl Jled o (1= -) Jgas

Sail Iriction Ka = tan2
angle, ¢ (deg) {45 -, 2]

o
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0.442
(1406

4ERSR REHEE
¥
5

BgHs BEROQE
5

0208
0,195
i1, La9
(ERE Y
0172

hEhE=

— OV




Laly) bilall s 131 9] &as ¥ Jlaill ilall bkl 5 diadta Gasg
(YY) Dt b s A5 sy D5l e Taaes Tane
Jiedll pclajl el Lgan) dajill SlaliYl (F-1-) Jgaa

Soil lype Wall movement, Ax
Cohcsionless, dense 0001 1w 00021H
Cohesionless, loose 0002 w 0004 H
Coliesive, (m 0.01 lo 002 H
Cohesive. soft 0.02 o 005 H

Example 10-3 : A 6-m high retaining wall is to support a soil with
unit weight ¥ = 17.4 kN/m?, soil friction angle ¢ = 267, and cohesion ¢ =
14.36 kN/m*. Determine the Rankine active force per unit length of the
wall both before and after the tensile crack occurs, and-determine the line
of action of the resultant in both cases.

Solution :
Given : ¢ = 26°. So
K, = tan® {45-%’-} - tan? (45-13)=0.39
a, = YHK, -2cVK,
Referring to FFigure 10-8 .
Al= =0, gy = -2¢ YK =-2(14.36) (0.625) = -17.95 kN/m*
At==0m, ¢, (174) (6) (0.39) -2(14.36) (0.625)
= 40,72 - 17.95 = 22.77 kN/m?
Active Force Before the Occurrence of Tensile Crack.
Py= /27 H? Ky - 2cHTK,
= La (6)(40.72) - (6)(17.95) = 122.16 - 107.7 = 14.46 kN/m

The line of action of the resultant can be determined by taking the
moment of the arca of the pressure diagrams about the bolltom of the
wall, or

Py Z=(122.16) (£) - (107.7) ‘:2)

or

- 2\A=



7 24432 -323.] . . 5448 m
| 4.46

Active Force After the Occurrence ol Tensile Crack.

T 2(1 4}’5\] o

e S =2.64m
e = S T (17.4)(0.625) 2

P = Uy (H - 2)(YHK, - 200K5) = 1/ (6 - 2.64) (22.77) = 38.25 KN/m

Figure 10-8 shows that the force P, = 3825 kN/m i the area of the
hatched triangle. Hence, the line of action of the resultant will be located
at a height of z = (H - z.) /3 above the bottom of the wall, or

7= ;ﬁ- 112 m

Note : For most retaining wall construction, a granular backfill is
used and so ¢ = 0. Thus Example 10-3.is an academic problem; however,
it illustrates the basic principles of the Rankine active earth pressurc
equation.

s Example 10-4 : Refer to Figure 10-10 Assume that the wall can
yield sufficiently and determine the Rankine active force per unit length of
the wall. Also determine the location of the resultant line of action.

Solution : Tf the cohesion, ¢, is equal Lo zero

Gy =0y Ka.

= | k™ m

o, = 30°

m oy =l

Ciround
¥ water lable

2945

il LN wi

(£=1 ) (Vo= - S
- o\A -



For the top soil layer, §, = 30%, so
= tan? (45 - ") = fan2 (45 - 15) =L
Kacty 180 (#5-%) =tan? (45 - 15) = 1
Similarly, for the bottom soil layer, ¢; = 36°, und
K2y = tan2 (45 1‘11) =0.26

Because of the presence of the waler lable, the effective lateral
pressure and the hydrostatic pressure have to be caleulated separately.

Atz=0,0", =0, a', =0

Atz=3m, o', =vyz=(16)(3) = 48 kN/m?
Al this depth, for the top soil layer

0'y = Kyny 0 = (1/3)(48) = 16 kN/m?
Similarly, lor the botlom soil layer

o'y =Ky ol = (0.26)(48) = 12.48 kN/m?

Alz=6m, o' =(Y)3) + (Ysar - Y )(3) = (16)(3) + (19 - 9.81)(3)
=48 4 27.57 = 75.57 kN/m?
o'y = Ky 0' = (0.26)(75.57) = 1965 kN/m?

The hydrostatic pressure, u, is zero fromz=0toz=3m. Atz = 6
m, u =3y, = 3(9.81) = 29.43 kN/m?, The pressure distribution diagram is
plotted in Figure 10-10 b The force per unit length

P, = Arca 1 + Area 2 + Area 3 4+ Area 4
=1/ (AN16) + (3N12.48) + 15 (3)(19.65 - 12.48) + /5 (3)(29.43)
=244 37.44 + 10.76 + 44.15=116.35 kN/m

The distance of the line of action of the resultant from the bottom of
the wall (z) can be determined by taking the moments about the bottom
of the wall (point 0 in Figure 10-10 a.

j = 1 T 3 Y4 &
{24}(3+1) 3 {3?.441(1) ' {13.?13}(3) | {44.14;"(12
11635

B

- P0+56,164+ 1076 +44.15
= 11635 1.779 m

SR T =



Kxample 10-5 : Refer to Example 10-4 Other quantities remain-
ing the same, assume that, kin the top layer, c, = 24 kKN/m?® (not z€ro us
in Example 10-4. Determine P, after the occurrence of the tensile crack.

Solution :
) 154
7y - S0 ﬁl{? :"—.= 5.2'm
YYKuwr (16} V('L

Since the depth of the top layer is only 3m, kthe depth of the tensile
erack will be only 3m. So the pressure diagram up to z = 3 m will be zero.
For z > 3 m, the pressure diagram will be the same as shown in Figure
10-10.

P, = Area 2 + Area 3 + Area 4

o

Figure 10-10
= 37.44 + 10.76 + 44.15=92.35 kN/m

. Passive Earth pressure agliqll ddll kes
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Laly) Lilall cdia 13) Y dasad agldll Sl i all ol slel s cangy
C(EN ) Ugaa b Usna Tal5¥ dag . &yl alas] i Lies

gl gl ol ki sl &gnn) il GlatiJl (E=1+) Jgna

Wall movement for pas-
Soil twpe sive condition, Ax
Dense sand L00s H
Loose sand 0ol H
Stiff clay 001 H
Soft clay 003 H

Example 10-6 : A 3-m high wall is shown in Figure 10-16 Deter-
mine the Rankine passive force per unit length of the wall .

Solution :

For the lop layer
Ky 1y = tan? (45 + ‘{'E’_) = tan? (45 + 15) = 3

ST
y = 1572 kN/m®
#, = 30"

Ground

I&m!er Lable CD

. B4 32
Yo = 18.86 kN/m? @ -
oy = 267
g = 10 kN/m" @

GA]
{a) EN/m!

(=N ) pip e (VA=Y ) S
From the hottom so0il layer

Kﬂ:] = lan+ (45 -+ g—!) = tun® (45 + 13) = 2.56

op = 0 Ky + 2¢ VK
- oVl =




where o' = effective vertical stress

atz =0, U*v=ﬂ‘r:|=ﬂ.ﬁp-ﬂ

alz =2 m, o', = (15.72)(2) = 31.44 kNfm”, ¢; = 0.
So, for the top soil layer .

Kp o = tan? (454 2) = tan (45 + 13) = 2.56

ap =o'y Ky + 2¢ YK,
where @', = clicctive vertical stress
atz=0,0',=0,¢;=0,06,~0
atz=2m, g’y =(1572)(2) = 3144 kN/'m?, ¢c; =0
So. for the top soil layer
Ty = 31.44 Ky 1y + 2(0) VK = 31.44(3) = 94.32 kN/m?
Al this depth, that is, z = 2m, for the bottom soil layer.
0y = 0y Ky oy + 2 VG = 31.44(2.56) = 2(10) 12.56
= 80.49 + 32 = 112.49 KN/'m*
Again,at z=3 m. o'y = (157202} + (Yaur - Y3 (1)
=31.44 + (18.86 - 9.81)(1) = 40.49 kN/m?
Hence
0 = o'y Ky + 2¢ VK = 40.94 (2.56) + (2)(10)(1.6)

= 135.65 kN/m?
Note thal, because a water table i5 present, the hydrostatic stress,
u, also has W be tiuken into consideration. Forz=0t 2 m,u = 0 at 2z =3
m, u = (16y,) = 9.81 kN/m?.
The passive pressure diagram is plotted in Figure 10-16. The pas-
sive force per unil lengih of the wall can be determined from the area of
the pressure diagrum as follows :

Area no
I (29a.az) - 9432
2 (112.49(1) = 11249
3 (Y0IN155.65) - 112.49) = 11.58
4 (Ya)9.81)(1) = 4005

P, =223.3 kN'm
= oMY =




‘ Example 10-7 : The soil conditions adjacent 1o a hilcf.‘ I pele wall
are given in Fig. 10-17 a surcharge pressure kol 50 kN/m? being carried
on the ksurface behind the wall. For soil 1. a sand above the water table,
¢'=0, ¢ =38 and y = 18 KN/m”. For soil 2, a saturated clay, ¢ = 10 kN/
m?, ' = 287 andy,,, = 20 kKN/m?. Plot the distributions of active pressure
behind the wall and passive pressure in front of the wall .

For soil 1,
| - sin 38°
[{,o,=—] - :;m:m"_ﬂzd Kp = -—= 4.17
For soil 2,
L= 5in 285
K = e 7 0360 1Ky = e <278
The pressures in soil 1 are calculated using K, = 024, K, = 4.17 and
v=18 kN/m". Soil 1 is then considered as 4 surcharge of (18 x 6) kN/m?
on soil 2, in addition to the surface surcharge. The pressures in soil 2 are
caleulated using K, = 0.36, K;, = 2.78 and ¥ = (20 - 9.8) = 10.2 kKN/m*,
(See Table 10-5) The active and passive pressure distributions are

shown in
(V=14) pa, JL__a (0-1"-) Jgaa

Soil Depth
(m)
Active pressure (kN/m*)
1 O 0-24 = 50 _ =120
| 6 (024 x S0)+(024 x 18 x 6)=12-0+ 259 =379
2 & 0:36[50+(18 x 6)] — {leﬂx‘fﬂ]ﬁltiﬁ H=120 =449
sl 0-36[50+(18 x 6)]—(2 x 10 % ,/0-36) +(0:36 x
10-2%3)=569—-12:0+11-0 =559
Passive pressure (kN/m?)
1 0 0
l 15 4-17x18%x 15 =112:6
2 15 (278x18x15)+(2x10x /278)=751+1333 = [084
2 45 (2278 x 18 % 1'5)+(2 x 10 x ,/2:78) +(2-78 x 10:2 x 3)

=751 +33-3+851 =935

= a¥A =
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Al b Jladll stall kil (VA-Y ) S

gl Al J—sall K ol (T-1 - Jgas

¢ (deg) —
| ®ideg) 28 b 1) Az M ] 34 40
o 0.361 0.333 0.307 0283 £.260 0.238 0.217
5 0.5364 0.137 0.211 0.286 0.262 0.240 0219
10 0. 380 0.350 0321 0.294 0.270 0.244 0:225
1% 0.409 0.373 0.341 0.311 0.282 0258 0,235
n 0461 414 0.374 0.338 0. 306 0.277 0.250
23 0.573 0494 0.434 0.385 0.343 0.307 0.273

Mote: Withe = ¢, K, = cosa. 50, 0= ¢ = I8, K, = (LHH]
=g =W K, =084
=g =2 K =(0.848
a=g = H',x_-ﬂ.ﬂ;'i
gomg = 3, K =R
o= =36, K =0785
=40, K, = 0800
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COS oL+ Yeoito - cogtd

cos - Yoos' o - cos” ¢

e 0 AL Ll it Jass gl 8l uiladl Lyl dai s Uy
Ul o3 Ky pud aas (V=N ) Jidadly Jiladl p G n T3 Tl

K = (088,

Gl 3l Ll Kp oud (V-1) Jgu—s

¢ (deg) =
| s deg) 28 30 1 M £ 18 40
6] 2. T %.000 3255 3.537 3.852 4.204 4.599
5 2715 2.9413 1196 3.476 1.784 4138 4.527
10 2.551 2.775 1.022 3,295 3.508 1937 4316
15 2 284 2.502 2.740 3.003 3.293 1.61% 3917
720 1§18 2.132 2.342 2612 2.886 3.189 3.526
25 L4324 1.664 1.4 2.135 2.354 1676 2.587

Hau'wlmt-’.x‘l-nﬂ :.."-u,-—‘-!.!'.!.' = 0883
= =W, K, = 0865
g=d =3, K, =088
fm =W K, =089
== 3, K = 0000
2w dw 3, K, =058
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c ils P, Jladll hiall Yaas Lad fpaad S AL
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saadll o€ Lasill aday (VA=Y ) JSI e i LaS Gl el o Py 3550
’ - Sl Ll Ly
Py =1/2 Ky TH
K, = Coulomb's active earth pressure cocfficient.
e sin® (B +4)
sin? B sin (B - §) [ 1 + o/ 222 D-me e o 2
H = height of the wall
ui.i'i‘_,.i.l&.ll'r,:_,ll_,ﬂzgﬂ":E;UAUIMMI{uhﬁ(A-—\.)JHM
sacli i H die S Pa Ml&uuuime_}” a=0" &us

3
o Llall els e alil] gpeall e 8 Lyl Jaagy Rilall
Ale—5=90 af=0: 22K, (A-]-) Jgo—a
S (deg)
& (deg) 0 5 10 15 20 - 25
i} 0.3610 0.3448 0,330 0.3251 0.320% 0.3188
M 0,333 0.M188 0.3085 03014 0.2973 0.2958

32 03073 02045 02853 02791 02755 0.2745
0.2827 0.2714 0.2633 0.2579 0.2549 0.2542
02596 02497 02426 02379 02354  (.2350
02379 02292 02230  0.21%  0.2169  0.2167
02174 02098 02045 02011  D.1994  0.1995
0.1982 0,1916  ©0.IB7T0  0.1841 00828  0.180

SE252

%. O, 02 e & Lilall JISSal Lyl Lasd 3245 50LLIT LS el ] 0l diey
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aglgs (note : &= I‘ij b incall cases) Ky ol (9-1-) Jgaa

£ (deg)
1 (deg) & (dey) 1] a5 B0 75 T 65

0 28 3213 (. 35648 04007 04481 050286 0. 5843
W 02673 03349 03769 0.4245 OATH 0.54335

13 $.2750 0.312% 0.3545 0.4023 0ASTY 05720

M 02541 0.2016 0.3115 03813 04347 0.5017

W 0.2349 0.2719 0. 437 03615 04170 04825

u 0 2ind 0.2535% 02650 03428 0384 04842

0 01999 0.238] 02714 03250 03806 00468

1 0.0RHY 02197 02607 0,308 1 0.3 0433

5 b ] 0.H11 0.3845 0.4311 04843 0.548]1 058191
X 03165 .3578 0, HWH3 Q4575 05154 05926

1 £8.2%19 0.3329 6379 04324 04043 05678

LT 02691 0. W7 0.3558 0. 4088 04707 0.5443

M 0.2479  0.288) 0.3338 03856 04484  0.5222

1 0, 2280 02479 03132 0.36%54 04273 05012

) 0208 0. 2489 0.2937 03458 04074 DA4BL4

¥ 0.1%27 02311 0.2753 03271 03885 04626

10 | 03702 D.4164 0. 4586 05287 0592 (6834
A 0300 03857 04376 0.4974 05676 06516

12 03123  0.357% 0.4089 0.4583 05382 0.6220

k] 0.28568 03314 0382 0.#12 05107 0.5942

] 0.2633 03072 03574 04198 04845  0.54R2

£ 0.2415 02846 032 0.2 04607 05438

] 0.2214 0.2637 0.3125% 03897 04T 05208

4 0.2027 0.2441 0.2921 0.34587 04164 04990

15 b 0, 4045 045685 0.517% 0.586% 06885  0.7671
30 0.3707 D.4219 04804 05484 0.6291 0. 7264

2 0.3384 03387 04442 0513 0593 064895

Y 03091 03584 04150 4811 0.5599  0.65%4

¥ 02821 03304 0.)BA2 04514 0.5295 06239

“ 0.2578 0300 035 04738 05008 0.5949

W0 02353 02813 0.7%4% 0| 04740 05672

o 0.2144 02593 03119 03740 0.4491 0.5418

bt} -] 04602 05205 05000 0.6715 07690 O8A10
1] 04142 0.4728 05403 06196 0OTI44 0B

2 0.3742 04311 04564 05741 06647  QUTROD

M .32 0.3941 04581 D533 Q6241 0.7352

* 0,3071 03608  0.42313 04970 05857 06948

b 0.2787 03308 0.6 04637 05387  0.6580

0 0.255 03035 0327 0.4331 0.514% 06243

a2 02294 032784 03360 0400  04HEe 0593
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K, = Coulomb's passive pressure coefficient
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grif'""..}”‘Jl_"T"""“';E Hﬁ*ﬂ'@l}_ﬁ‘.ﬁ'u (T"I'—'\-]J.LJ- , balaldl
.(‘i‘lv"q-)d_'.u_n
B=00° , = 0° ills utd Kp ot (= | -} Junsp

& (deg)

o 5 w0 15 mn

L6048 1.%00 2.1 2.40% 1.73%
4 313 163 3.0 3.525
2404 188 Jans 353 45597
3,000 3.506 4143 4977 6.005
3690 4390 310 4454 B34
4600 5.990 LR B.870 1.7

[ BREBBG E
:

O pud (11=12) Jgnep

. Range of §
BackAll msierisl (deg)
Gravel Z7-30
Coarse pend 20-28
Fioe sand 1525
Seiff clay 13-20
ily clay 12-16

Example 10-8 : Consider the retaining wall shown in Figure 10-
19. Given : H = 4.6 m; unit weight of soil = 16.5 kN/m?; angle of friction of
soil = 30% wall friction angle, 8 = 2/3 0; soil cohesion, c=0; et =0, and fi =
00°. Calculate the Coulomb's active force per unit length of the wall.

Solution,
P =12 yH K,
From Table 10-8. for e =0°, B =90° ¢ = 30° and & = 2/3 ¢ = 20,
K, =0.297 Hence
Pu= /2 (16.5)(4.6)" (0.297) = 51.85 kN/m
s gieall Jueaddl e 2L auila]l kniall
e gl Bl LA e il il gl Bigl) T3 aaiiud
BBl g 5pb) Jaandll g 13
— oY —
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P =L [H (82- 01)]
where 0; = tan’! (%_'] in degrees

02 = tan! (%-E2) in degrees
TR0 0) + (R-Q) - 57304

A 21102 -8)
_ H*(Bz-0)-(R-Q}-5730a'H
.= 2H (02-0)

where R = (a' + b)% (90 - 93)

Q=1b'%(90-8))
- oAy =



Example 10-9 : Refer 1o Figure 10-23 Given :a'=2m, b' = 1 m, g
= 40 kN/m?, and H = 6 m.

a- Determine the total pressure on the wall caused by the strip loading
only.

b- Determine the location of the center of pressure, z, measured from the
bottom of the wall.

Solution :
Part a
0) = tan'! (1) =9.46°
0, = tan’! (2-’3-1) =26.57°

== II = =4'|::I : = == X
P = oo [H(92 - 01)] = 10 [6(26.57 - 9.46)] = 45.63 kN/m.

Part b
H.5= P ®-0)-(R-Q)+57.304'H
' 2H (81 - By)
R = (a' + b))% (90 - 83) = (2 + 1)% (90 = 26.57) = 570.87
Q =b'2 (90 - §;) =12 (90 - 9.46) = 80.54
H -5 = & (2657 - 946) - (570.87 - 80.54) + 57.30(2)(6)
o (2)(6)(26.57 - 9.46)
_ 61596-49033+ 6876 _ 7
205.32 3.96'm
Hence :

z=H-396+60-39=204m

Example 10-10 : Refer to Figure 10-22. Given: 22. Given : H = 16
ft, a = 0.3, and q = 1600 Ib/ft. Determine the variation of 6 on the face of
the wall at z=0, 4, 8, 12, and 16 ft. Plot the variation of o with depth,

Solution :

Since a < (.4,

0= .-.I-".I'.. _DJZDE-& -
H {016+ h*)

— u‘. —
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Now the following table can be prepared.

7 (ft) b=2H S (%
i )] 0
4 0:25 102.5
§ 050 604
12 0.75 2.9
16 L0 15.1

The variation of o with depth is shown in Figure.

Problems :

10-1

10-2

10-3

: Refer to Figure 10-25, Given : H, = & ft, H, = 16 ft, 1, = 110 I/,
¢, =38° ¢, =0,¥, = 140 Ib/f, &, = 25, and €2 =209 Ib/R* , De-
termine the Rankine active force per unit length of the wall.

: Repeat Problem 10-1 with the following changes : ¢, = 28° ¢, =
418 Ib/ft?. Determine P, after the occurrence of the tensile crack.

: Repeat Problem 10-1 for the Rankine passive case.

“10-4 : Repeat Problem 10-2 for the Rankine passive case.

- of\ =



a3 S [
Jo—aall Sl

Stability of slopes

Lwaall dSadl jpa 1 Sadl Gesigh] JalES il | Loyl JLae¥l e
e o] LA a3 oy iy bl g 53l ety Ll 1 sty 3l

: Jauall is glgily Jouall gud Slalas

ok of Bl bty s Ll §rdle Llpay Ja dsall A wlslayl
a1 a3 o 3kl wls kil sia 5 e a2yl . Finite efement basall aliai
s W dalad) essa ST ¥ L] sie wlalga] Ula
iyl s £ g Jay Jull LG B ple e asiad slalga) =
iy i olilga) el lasie S 400 Jaks (L] adiga = ¥

it algty daatl oA slolead (V-3 V) JE& caus

Lo e,
PR

L = .

S— 'i—l" Hhikiaroaliy |

5 coonaladmted |
}. Lol ihaer torin: & = §, ——F ey ?

fnn o amiosarion, vl shaar e, slope stibla

+ , 3 3
o et 108 "I" E
] |
]

a7 Lt wading abmat il T,

2 4 3 !
a4
/o Do | waimmoiion. sprasding shear fodurs
! mpproeching mrabilip

. Sirwmies e slaalls widgs b, Tren (irine {ram mhmble b s o aio b kg
T o gl Baee wmnarenilen of ilaps bn nturassd ey

sl 3 LY By lalgadl (A-11) K
— 848 -



an an Ladgill LTy Jeab ! Vo i padid] S la (Y-3Y) JES Cpany

#

. il

T Hi-m oround warer

M foroe teulting
=TT from seimine st iividy
b S

Dasnad mrrow |
ArESA T ! ‘K
tenddenoy W, noamal

for movermant ity foree
of sarth mass ‘ung Wil
in ihe sloge

Marw
Iesding
- f.ﬁ"
-—

Supceptible M'i FEE T
|t OF 0N S Temporary or permanen|
wenskenid [roem continual ¥ excavalion fod conatruction
axpomrs fo ground meter project |piadioe, buikdng
or chamical weats Isschaty basarmern}

([T14] {iwl
£}

(]

(b) _:gﬂl das Jaall JISST (R) jaiill e¥la (Y-11) JE4

- Ais -




 ols Lagh Jaad| 35m ¢ i1 Jiimy
s3iann le Lli] il fe 2353 A0S Jlaisl gay Slide Glasill 4 JESY] -
t‘,J“ laia g :_’T.I-‘IS hljlt.nif‘):\ﬂunih_,l-i‘ U.un.ﬂt._i]:.&h._l w.....‘.‘.ll liky
P T L R R T L U
siaie pdan e L3l G ABS G000 ahs Rotational slides 3l a0l JEGYI -
i) TS Jab oo UK Lalyl ga : Block or Wedge Failure (LI LV —
JILL_IJ:J‘IQLLL:.:J‘It_,_,.zwr#ﬁ....._.lmuﬂ.m,,zuq..m;i
5555 S LY G gl 134 S 4y . DS oliea Led Ll o s
s U o e
Ligha 3| Buasdalh (n Lo gite TS Lol jal) 1S )l e Llecd¥ - Flow Glaad i —
CY=VY) USS Giliadl Basas
gl Tiag 3;puSe US) Lisyall SlSall Ga alp@syl : Spreads al & -
Ll el Syl e p il 13a Se caseas S35 ) LS 3l Lslite
: ¥ JISAY] (e aaly 4L Ldladll
gl gelall 3 sas gay @ base Failure Suelall [Lg¥] =)
el Ll b 55 Jaall 3 &iasy say ¢ Toe Failure padll Sl =Y
- dsfall sl JiS5a Y

= ety =




Lol Epa p 1T {T1Y) S




Ula a3 Slope Failure Jully ,Lagi¥! 4 : Face Failure el Ll - ¥
(VY S Ui T T 55 Laign gl 5L (n Lmla

Skl p Ll (E=1Y)

deiimlll @az Jalge (1-11) Jo=a
FACTORS IN INSTABILITY

¢ Increased Stresses

Degreased Strangth

*1, External loads such as buildings, wa-
ter, ar smow.
*2 Inerease in unit weight by increased
witer conient
3, Removal of part of slope by excava-
tion.

*4. Undermining, caused by tunnelling,
collapse of underground caverns, or
seepage erosion,

5, Shock, caused by earthquake or blast-
ing.
6. Tension cracks.
*7 Water pressure incricky.

*1. Swelling of clays by adsorption of wi-
1er.
*2. Pore water pressure (neutral siress).

*3, Rreakdown of loose or honeycombed
soil strocture with shock, vibration,
or selsmic activity.

*4 Hair cracking from alternale zwelling
and ghrinnking or from tension.

5. Strain and progressive failure in sensi-
tive soils and brittle mocks,
*5, Thawing of frozen soil or frost lenses.,
»7. Deteriorition of cementing materal,
*8. Loss of capillary tension on drying.
+4. Weathering-chemical or hiochemical
deleriormtion.

= Waler invalved.,
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The ¢, = 0 analysis.
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Example 11-1 : A 45° slope is excavated to a depth of 8 m in 2
deep layer of saturated clay of unit weight 19 kN/m?: the relevant shear

strength parameters are Cy = 65 kN/m? and ¢, = 0. Determine the factor
of safety for the trial failure surface specified in Fig. 11-7,

In Fig. 11-7 the cross-sectional area ABCD is 70 m?.
Weight of soil mass = 70 x 19 = 1330 kN/m.

The centroid of ABCD is 4.5 m from O. The angle AOC is 891 ° and
radius OC is 12.1 m. The arc length ABC is calculated as 18.9 m. The [ac-
tor of safety is given by :

F;;Cﬂﬂl
wd

=0Fx 189x12.1 _
1330 x 4.5 Z4

This is the factor of safety for the trial failure surface selected and is

not necessarily the minimum factor of safety.

The minimum factor of sactor of safety can be estimated by the fol-
lowing relation.

From Fig. 11-6, p = 45° and assuming that D is large, the value of

N, is 0.18. Then

Foar et
MN;vH

= G
0.1Bx19x8

=237
Ay G, g
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Example 11-2 : An unsupported slope is planned as indicated by
the sketch for an area where a deep uniform homogeneous clay-soil de-
posit exists, What is the factor of safety against sliding for the trial slip-
page plane indicated ?

330
=]
&
 Haight = 50 ft. / ¥ Uniform homogeneous
N clay, 7= 110 pet
c= 1.1 kst

Trial slippage plans

Araa of sliding mass = 2270 s (by planimater)
W= (2270 f X 1 W)100 pef] = 260,000 lb,

MM-% hm-% (3.14)(150 fe) = 112 fe

(Y1) JEa (3= V) ek
s




Calculations for Factor of Safely

(i) FS based on ratio resisting to causing moments :

Pathi L (1.1 ksf) (112 fe) (75 11 (1 1L width)
Wd (250%) (33 1)

F=1.12

(ii) FS based on soil shearing strength :
let T, = shear strength required for slope equilibrium,

wd ok Lr

= Wi o250z 338 - 0,985 k'st
Tregq Lr  112*x751t

= T . C - Llksl _
¥ Teeq Treq (U985 ksl Liz

Example 11-3 : Find the safety factor of a proposed slope of 30"
on an emhankment 20 m (65 ft) high with rock 13 m (43 ft) below the
base of the embankment. The soil weighs 19 kN/m? and the shear
srength, T = 225 kN/m?2, in both the embankment and the foundation.

l.n,J =3-u2-'%]-11=1.?

2. N_=0.17 from chart.

S T
Sy Th= 017 x 19220 sl

: Jouall il ity s L gl

General method for analysis of stability of slopes :
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Example 11-4 : Calculate the safety of the following assumed
segment (Fig. 11-12) if the crack, kwhich is 1.5 m1 deep, is filled with wa-

ter. The arc radius is 9.9 m.

35m 3.7
__...--F"" SN ‘ﬂ‘o ‘,‘ Z.0m
i . 1\
T g b
\
LY
5
c =73 kN/m? \ o
7 =19 kN/m? \
€= 97 kN/m* ;

r=19kN/m?

(E=VY)JBa (VY=Y \) st

1. Divide the are into two segments, AB and BC. Determine the length of
each.

- 1. -



AB=37m BC=134m
2. Calculate the resisting moment.
M=73x37%x994+97x 134 x99 =15542 kN/m

3. Calculate the weight of the segment and find the centroid by methods
of statics.

W =1109 kN a=31m
4. The moment caused by the weight is 1109 x 3,1 = 3439 kN/m.
5. The resultant force of water pressure in the crack, P is —-Liﬁiﬁ-ﬁ-hﬁ—
= 11 kN. It acts horizontally at a distance of 3.3 m from the center of
the arc; M = 36 kN/m.

6. The total moment tending to cause overturning is M = 3438 + 36 =
3474 kN/m.

7. The salety factor F is given by :
1 = lﬁi&l 4.5

f (G gl | digpkall) a3l ] Gl ke
Method of slices (Swedish method) :
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Example 11-5 : Using the Fellenius method of slices, determine
the factor of safety, in terms of effective stress, of the slope shown in Fig.
| 1-14 forthe given failure surface. The unir weight of the soil, both above
and below the water table, is 20 kN/m® and the relevant shear strength
parameters are ¢' = 10 kN/m? and §' = 29°

The soil mass is divided into slices 1.5 m wide. The kweight (W) of
cach slice is given by :

W =vybh =20 1.5 x h =30 h kN/m.

The height h for each slice is set off below the centre of the base
and the normal and tangential components heos o and hsin @ respective-
ly are determined graphically, as shown in Fig. 11-14. Then

W cos o= 30h cos o
W sin o = 30h sin o

The pore water pressure at the centre of the base of cach slice is
taken to be v, z,., where 2, is the kvertical distance of the centre point
below the water table (as shown in the figure). This procedure slightly
overestimates the pore water pressure which strictly should be v, z,,
where z, is the vertical distance below the point of intersection of the wa-
ter table and the equipotential through the centre of the slice base. The
error involved 18 on the safe side.

g s

Rl O T U N wm AT

(=31} (VE-11) K
- 1\t -




The arc length (L,) is calculated as 14.35 mm. The results are given

in Table 11-2..

(0-11) o3, JLia (T-11) Jgu—s

Slice hcosa hsina 05 | ul
no. (m) (m) (kN/m?)  (m) (kN/m)
| 075 —0:15 59 1-55 9:1
2 1.80 ~0-10 118 1-50 177
3 2:70 0-40 162 1:55 251
4 325 1-00 181 1-60 29:0
5 3-45 175 17-1 1-70 29-1
6 310 2:35 11-3 1-95 22:0
7 1-90 225 0 2:35 0
8 055 0-95 0 215 0
17 8-45 1435 132-0

¥ Weos o =30 x 17.50 = 525 kN/m
¥ W sin o= 30 x 8.45 =254 kN/m
Y, (W cos o - ul) =525 - 132 =393 kN/m
_cLy+tan g’ T (Weosa - ul)
3 Y Wsino
_{Iﬂ' x 14.35) 4 (0.554 x 393)

=135+218
5% 142

F

Example 11-6 : Using the Fellenius method, calculate the factor
of safety against sliding [or the slope and trial failure surface shown in

the sketch.

- 1\ -
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Example 11-7 : Eight metres high embankment has a slope of 1 :
2 Find out factor of safety of the enbankment along a slip circle through
the toe of the embankment a central angle of 129° with radius of 16 me-
tres. Properties of the soil which have been used for construction of the
embankment. Unit wt. =2 gme, c., ¢=5° and cohesion = 3.24/t/m”

Solution : Radius of the arc for which factor of safety is required is
given as 16 metres.

and XOY = 102°
XOB = lgl =51°
Now XB=XOsin51°=16x0.777

Chord XY = 16 x 0.777 x 2 = 24.9 metres.

(V=3 i JE 1A S

Finding the length of the chord, point Y was located. Now centre of
the circle O was located and the slip circle XY was drawn.
The analysis will be done by the method of slices.

Factor of sﬂf:t}r = Llex I;:fﬁﬂ )

_cxlx tanPEIN
= &
where LN and XT are sum of normal and rangential components.
Width of the slice perpendicular to the plane of paper is taken as on
metre.

XOY = 102° = 1.78 radians.
= ¥



Length of the are XY = 16 x 1.78 = 28.5 metres.

(V=11) o, JL—a (E-11) JIH

Slice Width of | Unit wi Normal bhxexd | Tangentinl | bxcxf
Mir. slice of soil Component component
A b c b e £ 4
1 4 . 1.1 b -5 - 40
2 4 2 gy ¢ 26 20.0 -04 - 320
i 4 2 fm? 7 29.5 + (144 + 352
4 4 40 2.0 £1.50 + 12.00)
5 4 286 228 +210 + 16810
6 34 1.0 6.8 + 1.40 + 9352
INxbxyl 12088 Txbxy e

The area XY A has been divided into 6 slices, Thickness of first Nve
slices is 4 metres and thickness of last slice is 3.4 metres.

The result has been tabulated in 1able 10.3.
32% 28,5 + 1an 5° x 120,88

Factor of safety, F =

=224+ 1056 _ 102,96
34.68 3.64

= 2965 .

Example 11-8 : The stability analysis by method of slices gave
the following values per running metre for an embankment 10 metres
high :

(a) Total shearing force - 50 tonnes.

(b} Total normal force - 198 tonnes.

{c) Total neutral force - 27 tonnes.

(d) The length of the arc - 22.5 metres.

(e) Angle of internal friction - 5°.

(f) Cohesive strength - 2.5 t/m?.

- A -




Calculate the factor of safety with respect 1o strength.

Solution :

Factor of safety =““1+Eg‘1:“7""!19

where N is normal component, T is shear component and 1 the
length of the are.

- Putting numerical values in the above expression

E S = 2.5%22.5+ {!_9# 27 lan3

50
_ 533+ 171 x 00875 _ 533+ 1498
50 50
= 6838
- 1.364 .

Example 11-9 : A cutting 8.5 m deep, is 10 be made in a cohesive
soil whose shear strength increases with depth. The slope of the cutling
is 2 (horizontal) 1o | (vertical). The properties of the soil are : effective
cohesion 3.0 t/m?, effcciive angle of shearing resistance 20 and bulk den-
sity 1.9 Um?, Determine the factor of safety for a trial slip ¢ircle passing
throngh the toe of the slope and whose centre is located by Fellenivg di-
rectional angles.

Solution :

‘The slope and the trial slip circle are drawn to scale in Fig 11-17.
Fellenius dircctional angles for a slope 2:1 are (B, = 25° & fg = 35%).
The subtended angle 2 € at the centre of rotation (< AOD) is measured

as 113% and the radius of the circle is 16.75 m. The arc length AD is given
as .

~] =2Kre 228216752113 _
RO=L 360 BeD 33 ms

The sector ADBA is divided into 7 slices. The first 6 slices arc each
4 m wide, and the Tth slice is only 2.6 m wide. The weight of each slice
can be reprosented by its central ordinate (height at mid-width) which is
resolved graphically into normal and tangential components by drawing &
normal to the slip circle through the point where the central ordinate of
the slice intersects the circle.

= WA -



(A-31) B (V-1 V) S

(9-11) o8, JLlis (0-11) Jgaa

Slice N T Sumimaticn
Mo {metra) (metic) (tonne)
1 2.10 -1.22 N=4244x4x19=7322
2 574 - 1.40
3 B.68 -0.28 T=11x4x 1.9=836
4 10.08 +2.20
5 930 +4.70
6 550 + 525
7 16 x0.65 +3 x .65
(= 1.04) (= 1.95)
Total 4244 1100

F_::L-l-lﬂnq:-'EN _3x33+tan 20°x 322
& T & 83.6

99+ 0364 x 320 _
83.6 2.6

Example 11-10 : In a 10 m deep cotting with a slope of 1 : 1.5 slip
1s lifely to occur. If tension cracks have appeared on the upper ground sur-
face and the clay of the cutting is having unit weight of 1.9 gm/e. ¢. and

A P




shear strength (.25 kg/em?, calculate the factor of safety taking consider-
ation for the tension cracks,

Solution :
With the help of Fig 11-22 values of B, and Bg forslope 1: 1.5, 1. e,
slope angle 33.8° were found out.

£

R L T -

a

(V-=VY) piy e (VA4 1) K8

Value of B, and By are 26° and 35° respectively. They are plotied
and centre O is located, and critical slip circle XCY is drawn.

Due to tension cracks shear resistance will be mobilized along the
slip circle from X 1o C.
Now depth of tension crack in purely cohesive soil

hp =48
-
Since the soil is purely cohesive
¥ =0
C=0.25

C =0.25 kg/em? = 2.5 tonnes/metre?
= m-i =3
h, o 2.63 metres
Now the analysis will be done by the method of slices.
Factor of safety = 2(€*1+ W cos 6 tn ¢)

T Wsind
= A




Since tnd=0

B Eﬂll ‘:m
YWsing ZT

Now length of arc will be arc length XC,

Angle subtended at centre by the are X C = 95° = 1.658 radians

Radius R of the circle

= 169 metres (measured from the diagram)

. Length of the arc = 16.9 x 1.658 = 28 metres. The width of each
slice perpendicular to the plane of paper is | metre. The result has been
tabulated in table 11-6 .

(1=11) oy Jlia (-11) Jgaa

Stice | Width of the | Unit wi. Tongential| Disturbing moment | Remarks
No. | slice in metres|  of soil component dxcah

a b - d & f

1 4 -04 -3

2 - 1.9 grafe, ¢ -(.5 - 3,80

3 4 1.9 tfm* +048 +3.65

4 4 +18 + 1370

5 4 +25 + 19,79

6 36 ] + 1563

Total '46.05
Factor of safety = JEJT“—
LB X2y lad
A % 1.52.

: The center of critical slip circle Luaill dap)l ailall j=5, 4
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Angle of SLOPE INCLINATION B
Irwarnal T

Frichon | B~ pe78 | =60 p= 45 | A=20"
& a* a o’ a a® i a® i T &
0 476 | 30,2 | 418 | SL.8 | 353 | 708 * a -

0 |28 |45 |0 |35 |&9 [312]842 ¢ |«

10 53 n 43 47 41 66 M 794 | 25 |88
15 56 6 50 &b &3 63 361 | T4 | 2

20 58 14 53 44 46.5 | 604 | 38 69 28 |6l
25 60 2 56 £ 50 60 40 62 (%0

*Critical clrcle is a base cincle, not & foe circle

il L ¥ 35,8 iy bl (YY) S

ml
= 70" B,
e
o 7 ,
D
R =
> —

i

b
Slope angls, # b. Center of critical toa circle

c. Angles for locating
critical toe circle

Chant for estimating the safety factor and Jocution of the critical circle in o bomogensous ramirat-
ed clay inimdrained shear. {After D. W, Taylor and W, Fellenivs, )
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Lociting the Center of the Mozt dangerous rupmre
Surface in Pure Cohesive Soils for Slope Failore,
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Example 11-11 : The slip surface for a culting has been shown in
Fig. 11-26. Determine the factor of safety with respect to cohesion, Giv-
en : Unit wt. of the soil 2.1 gm/e. ¢
F=15"", c=03 kplfem.

b—nama

=

- e o w m—wr w—w—w

(V=1 VJa (TN
Solution :
The problem will be solved by ¢ - circle method.

< XOY =64° = 1.1 18 radians.
< Are XNY = 1118 x 20.25 = 2261 m and chord XY = 21,75 (measured)

Now area XNYP = 79.47 sq. metres,
[This problem should be solved on graph paper. Area of XNYP is found
out by counting the number of small square enclosed inside the arcal.

Logd Scalr kem o PO T

Luod Seale lom. = 20T

Secale lem=3m.

ﬁ(ﬂk lema o
(V=) iy Ja (VW)
~ I =




The area XNYP was plotted on graph paper. Total number of small
squdares were B83,

No. of big squares = 8.83.
Now scale of the drawing was taken as | cm = 3 metres
1 %g. cm =9 sq. metres.
£.83sq.cm=9+8.83
= 79,47 sg. meires,

Wi, of the area (per unit length perpendicular to the plane of paper)
=T7949 x 2.1 = 166.9 tonnes.
(2.1 gm/e. ¢, = 2.1 t/cubic metre]

Repluacing the cohesive foree acting round the arc XNY by a force C
acting parallel to chord XY at a distance m from O such thar
m = 20,25 x e XNY

Chord XY
L 2261 _ :
—2{].25::2'.?5 21.1 metres.

The ¢-circle is drawn with radius R sin ¢, i. e.
20.25 x sin 157 = 20.25 x 0.259 = 5,25 metres.
The weigh W is acting 11.4 metres from the centres.

From intersection of W and C; a line tangent to §-circle is drawn
which represents resultant R (resultant of the normal and frictional forces
on the surface XY).

Force gircle is drawn in which direction and magnitude of W and di-
rections of C; and P are known. C; comes as 55.8 (scaling from force tri-
angle).
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TAYLOR'S STABILITY NUMBERS

B o (1 5° e 15¢ 20° 25°
a0r p261 | 0239 | 0218 0199 | 082 | 0166
75° 0219 | 0195 | 0173 | 0152 | 0434 | 0117
60° 0.191 0162 | 0138 o6 | 0my | 007
45 | a7 | 0136 | 0108 | 0083 | 0062 | 0044
¢ | 0156) | @110) | 0075 | 0046 | 0025 | 0009
15* | (0.145) | (0.068) | (0.023) 22 5
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Example 11-12 : Iﬁslupe 40 feet (12 m) high has a face inclina-
tion of 50 degrees. Undrained shear strength tests on the soil indicate
that the cohesion is 500 psf (24 kN/m?) and ¢ is deg. The unit weight is
110 pef (17.3 kN/m?). What is the factor of safety (in regard to cohesion
only) ?

For B =507 ¢ =15° get N, =0.095 [Fig. 11-30 (b)].

= k = Cala's pﬁf = 1 2
¥ Haa B (110 pch) (40 ) (Q.095y

The critical height (maximum height) is
Hypux =F Haet = (1.2) (40 f) =48 ft = 15 m
OF; SiNCe: N, =y
: ¥ Haax

L = 500 =48 fi
TNy (T0)(0.095) o

Hm:tx =

Example 11-13 : What inclination is required where a slope 10
meters high is 1o be constructed and must possess a factor of safety of
- AVE -




1,25 (this factor of safety is to apply to both ¢ and ¢) 7 The soil properties are
¥=16.5 kN/m®, ¢=168 kbl!mz-, ¢ =10°

B M 7. . AR
Ne= i T (16.5 &) (10 m) (1.25) s

10° N
and  Qchat =E:=E= 80

For N, =0.082, ¢ = 8°, obtain slope angle p = 28" [Fig. 11-30(b)].

Example 11-14 : What is the facior of safety for a 45-degree
slope 40 feet high in a clay soil (¢ =0° , ¢ = 1000 psf, ¥ = 110 pel) where
a rock stratum exists 40 feet beneath the toe elevation,

=T G bR SE
D H 40 f1 £
For B = 45°, D =2, ¢ = 0° obtain Ni = 0.78 [Fi. 11-30(b}].
R HOO0 paf
Ny ¥ Hyere (01781110 pef)(40 1)

Also note nH = (1.6) (40 ft) = 64 ft

= =1.28

Example 11-15 : Determine the factor of safety (in regard lo co-
hesion only) for a submerged empankment 100 feet high (30.5 m) whose
upstream face has an inclination of 30°, The soil properties are

Yiorar = 120 pef (18.85 kN/m?), ¢ = 700 psI (37,6 kN/m?), ¢ = 10°

For B = 30°, ¢ = 10°, obtain N, = 0.075 [Fig. 11-30 (a)].

700 psf
Fra_% = =1
Ni ¥ Hawe {ﬂ.ﬂ?ﬁ}(l—?}(lﬂﬂ ] 0

What is the factor of safety if the empankment experiences the af-
fects of a sudden drawdown ?

— Yoush =y .. I JH ] = g0
0sa =22 () = HL (10 = 5
For b = 30°, ¢ = 5°, obtain N, = 0.11,

= L — TNpsf = .
F N, ¥Haw,  (0.11) (120 pef) (100 fi) 0,53 (failure)

e



Example 11-16 : A 5.7-m deep cut is to be made in a cohesive
soil with a slobe of 1 : 1. The soil has ¢y = 3.5 ym?, ¢, =10%and v = 1.8
i/m”. Find the factor of safety with respect to cohesion. What will be the
critical height of the slope in this soil ?

Solution :
For ¢ =45%and ¢, = 10°, stability number = 0.108.
== _FL
N F. yH
S e
D‘IDH F.;x].ﬂx?.fl
Fo=24
- _L.'L -_-,_.._i'i_._. =
He 8Ny 1.Bx0.108 L
Alternatively,

He=F.H=24%75=18m

Example 11-17 : Find the safe depth of a cutting, at a slope angle
40°, which is to be made in a soil with ¢, = 3.2 ym?, ¢, = 15° and vy = 1.82
t/m?. The required true factor of safety is 1.5.

Solution :
Om=2=15 = 10°

E 15
¢ = 40° and ¢,,, = 10°, 5, = 0.098.
- B
Ng F yH i or o F YN,
i 32 o
H= it ooom = 2o

Example 11-18 : A canal, 6 m deep, runs through a soil having
the following characteristics : ¢, = 1.8 t/m? , ¢, = 10°, ¢ = 0.8 and G, =
2.72. 'The angle of slope of the banks is 45°, Determine the factor of safe-
ty with respect to cohesion when the canal is full upon the top of banks.
What will be the factor of safety the case of sudden drawdown 7

Solution :

_G+e W _ 2722408 _
Y= ' = %&L 1.955 ¢m?

l+e

= A



Yish = Year - Yo = 1.955 - 1.0 = 0955 1m?

Submerged case :
For ©=45"and ¢,=10° , N, =0.108
= rn — I.H _"j
Fe yHN, 0.955x6x0.108 =
Drawdown case :
— 1 5 =0955 5 10=4.88°
O =z %= 55 X 1U=488
For 0=45and ¢ =4.88° , N,=0.137
Fo=—51_ L8 =1.12

Yol N, 0955 %6 X 0.137

Example 11-19 : A wench with vertical sides is to be excavated
in a cohesive soil whose buld density is 1.8 ¥/m*, apparent cohesion 2.2 t/
m? and apparent angle of shearins resistance 9° .

Solution :
For 6=90°and ¢,=9°, §,=0222

Lo P UL & Lo
He = TH; T8x0222 ~ > WS

Example 11-20 : A culting, 10 m dc::p, is mddc in a clay at a
slope angle of 30° The buld dens'ny of clay is 1,85 t/m” and the angle of
shearing resistance is 10°. What is the value of cohesion necessary to
give a factor of 1.5 with respect to cohesion ?

Solution :

For 6=30" , ¢=10° , N,=0075

N.=—5_
"R
C=N5Fc?h

=0.075 x 1.5 x 1.85 x 10 = 2,08 t/m>.

Example 11-21 : The wue factor of safety of a cutting, 7 m deep,
made in a cohesive soil at a slope angle of 407 is 2. The soil has ¢, =
11.5° and ¥ = 1.88 ¢/m”. Determine the unit cohesion of the soil .

- Y -



Solution :
0y =0,/ F=11.5/2=575°
For 8=40° ¢=575° , N,=0.125,
1
N"'F-.rh
C=N,Fyh=0.125x2x 1.88x7=33 vm’

Example 11-22 ; A fully submerged slope, 18.3 m high, has a fac-
tor of safety of 1.5 with respect to cohesion.

The soil has ¢ = 2.5 Ym?, ¢' = 15° and ¥ = 1.1 Ym®, What is the an-
gle of slope 7

Solution

el SR o —
3l yF:h  L1x15x183 i

From Taylor's stability number
$' =159 N; = 0.0825
L= 8 =45°

Example 11-23 : An embankment, 15 m high, is to be subjected
periodically to full suhmergence and drawdown conditions. The slope an-
gle is 45°, The specific gravity of soil particles is 2.7 and the voids ratio of
soil 1s 0.9. The angle of shearing resistance is 207 . What i§ the value of
cohesion necessary to give a factor of safety of 1.5 in the ksubmerged
condition 7 What is the new value of cohesion, if a factor of safety of 1.3
is specified for the drawdown condition 7

Solution :

- (Q8y v, =22409
Tsat_(l‘l'e} T‘W_ 1+09

= o 1
e 1.9 t/m

Youb = Your = Yw = 1.9-1 =09 ym?
8=45° , ¢=20° ; N,=0.I62

SN
Fﬂ Tﬂﬂthl
- YA =




v C=Y PN, Fe=09x15x0062 x1.5=1.25 t/m?

Example 11-24 : Calculate the safe height for an embankment
rising 707 1o the horizontal and 10 b¢ made with a claycy soil having unit
weight of 2.1 gm/c. c. ¢ = 15% and a cohesion of 0.2 kgfem?. Factor of sufe-
ty may be taken as 2.5, Vilue of Stability Number N, corresponding to
slope angle a = 70° and ¢ = 15° is (.14 (From Toylor's curve) .

Solution :

" e
From equation (10.9), N;= Favill
Here ¢ =02 kglem? = 0.2 x 1000 = 200 gmfeni®
F=125
v=2.1 pye. &.
e !
0:14 25x21x1
e ¢ | K <N o LARMIER
T T B LT AT 7 Mo

=2721 memes.

Example 11-25 : A 10 metre high cutting has a slope 40° to
horizontal. The soil was tested and its cohesion void ratio and angle ¢
were found to be 2.5 t/m2, 0.81 and 14° respectively. Determine the factor
of safety with respect to cohesion against failure of the slope.

(i) When water level rises upto the full height
(i1) When water level goes down suddenly.

Given : G = 2.7 and for 40° -:Inpe vilues of stability Number for dif-
ferent values of ¢ :

¢ N

8% 0123

7° 0.116
14  0.074.

Solution :
(1) When water level rises upto the full height;

- ¥4 -



e B
Factor of safety T = TAHAN

Where ¥ = submerged unit wi. of the soil.
T iriw
Y = saturated unit wt. of the soil.
We Knowthat e= ﬂiﬂk

For saturnted soil § = 1

e=w 0

=5 ddla
w g 57 0.3

Now saturated unit wt.
G+ w)
148
_27(1+03)
1+ 081

=&ixld o
o 1.94 gm/c. c.

Submerged unit wt. =1.94-1 =094 gm/c. c.
¢ =2.5 ¢m*

— 2.5 x 1000 x 1000 2
00 % 160 = 250 gm/cm

= silalee o Ll Lrw I

YxHxN

250
~ 084 x10x 100 x 0.074

s Ao bd' o
3.76 x 0.074

=3.59
(ii) When the water level goes down suddenly :
In this case the friction angle will be reduced by ]"_

¢ = ﬂﬂ % 14 = 6,78°
Now value of stabllxry number corresponding to slope 40" and angle
of friction ¢' = 6.78°, will be found out.

For$p =6, N=0.112 and for ¢ = 7°, N, = 0.116.

T =



. For ¢=6.78", N;=0.1173
»~. Factor for safety F
s c
yxHxN
- 250
194 x 10 x 100 x 0.1173

h 1 =
776 x0.1173 1.098

Hence the slope is just stable in 2nd case.

Factors of safety for the two cases are 3.59 and 1.998.
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Tp=c¢ + (0 - u) tan ¢’

ot s Gla¥) Jalaay
= : ¥l bl 381,

o = {(1 - m)y +m Yeu} 7 cos? B

T = {(1 - myy +m e} z 5in P cos B

U = mz Yy cos? B

Folang t(laadke e Gl €'=0,m =0 : =il 13,
tan f
:(Jellc_kmt.l.:i_,?llalfliwh)ﬂ:ﬂ,m=l ‘:ﬁlgl,:ib
F=1 lang
Tt tan f§

. Gy dw @Ludfgujdluirmu =0 Alie g

Example 11-26 : A long natral slope in a fissured overconsoli-
dated clay is inclined at 12° to the horizontal. The water table is at the
surface and seepage is roughly parallel to the slope. A slip has developed
on 4 plune parallel to the surface at a depth of 5 m. The saturated unit
weight of the clay is 20 kN/m®, The peak strength parameters are ¢’ = 10
k N/m and ¢' = 26°; the residual strength parameters are ¢!, = 0 and ¢', =

- 1t -




187, Determine the factor of safety along the llip plane (a) in terms of the
peak strength parameters, (b) in terms of the residual strength parame-
ters.
With the water tuble at the surface (m = 1), at any point on the slip
plane,
O = Yo % cos’ §
=20 x 5 x cos” 12° = 95.5 kN/m?
T =", Zsin [ cos 3
=20 x 5 x sin 122 x cos 12° = 20.3 kN/m?,
u=1, zcos® B
=9.8x 5 x cos” 12° = 46.8 kN/m*
Using the peak strength parameters,
Tg=¢' + (G- u)tan ¢'
=10 + (48.7 x tan 26°) = 33.8 kN/m®
Then the factor of safety is given by

(S
F=%-38_ 66

Using the residual strength parameters, the factor of safety can be
obtained from
= T_I [.I.'tl'i_@',
Text an [
303, fun 1S
200 tan 127
=078 .
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F=L,A131.-1.Nmn¢

F Ol duay
N=Wcos
T=Wsinp
AB : Y & b de olaY .
b C.AB+ Weos fian ¢ LY 5 apuall e 5La¥) Jaba oy Siy
W sin fi

gl Tale eyl (TT-1Y) S

Example 11-27 : For the shown slope, find oul the angle P so
that the factor of safety against sliding on clay is 2. Fig 11-35 a.

P & |

7 b)
(a)
P $=30" g
! e | S T
‘7‘._'_ = 2 * Sand
cL=20L ‘:"'_'j € =20 kilnt 2

(V-3 V) JBa (Y -1V s
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Solution L =—1_
L ﬁ

Py = 0339218 = 94 3 kN

, Ky=033 , Kp=3

Pp=322%18 _ 10 g kN

E = o0 ] =JLL.-.-:E
Py Pp 243 - 108

Lo=13.5mm

e T T
tan 3 o [}.515}15
oB=2T 24

Example 11-28 ;: The slope of a firm inclined geologic formation
isi=1:10. Upon this inclined layer rests rests ¢ mass of unconsolidated
soil material, forming a slope angle with the horizontal of & = 45°. The
ground surface : BC, of this soil mass is Horizontal (8 = 0), If the unit
weight of the (¢ - C) soil is 0 = 17 kN/m?, The angle of internal friction is
the (4 = 25%), the cohesion is C = 25 kN/m? and the height of the slope is
T = 4.575 m Calculate the factor of safly, of the slope.

(YA=VA ) (T 1Y) s
Solution -

AB=4575m
BC =4575-4575=41.175m
W =}x 4575 x41.175% 17

- A =~



= 1601.19 kN
N=Wcoso=1601.19x 1 =1601.19 kN

T=Wsina=1601.19x 0.1 = 160.119 kN

o CAB+Nung
T
_25x45.75 + (1601.19 x 0.4663)

160119 ThP

Example 11-29 : A decp cut having side slope of 1 1/ ¢ 1 inter-
sects plane ol contact of two strata. The plane of contact of the two strata
mitlies an angle 12 with the honzontal. The lower stratum 1s less pervi-
ous than the upper one. The soil of the upper stratum is having unit wt. of
1.9 t/m®. The values of ¢ and ¢ between the two strata are 0.35 I-cg.e’crn2
and 15° respectively. Check whether a slide is likely to occur along the
plane of contact between two strata. If a slide is not likely to ke place,
find out the factor of safety against sliding,

Solution @

The soil profile fas been shown in Fig. 11-37 ABCDE is one soil
stratum and CDF another one. CD is plane of contact of the two strata.

Water seeping down will flow along DC because the soil below CD
is less pervious. When water will percolate along DC it will act as lubri-
cant and there is chance of slippage along place DC. Failure will occur
when total shear force on plane DC will be equal or will exceed the total
shearing strength along the plane DC,

Now shear stress = W sin 12°
W the tatal wi. of wedge CFD
=1/, . CD x Ht. of A CFD.
Shear stress = Y2 x 1.9 x 49 x 6.8 sin 12°
=1 %19%x49 x 6.8 x0.208 =65.8 tonne s.

. T



Total shear strength along CD is sum of cohesive compaonent and fric-
tion component.
Cohesive component = C x CD = 2.5 x 49 = 122.5 tonnes.
Friction component = Normal component of reaction x Coefl. of friction
= (W cos 127) x tan @
= '/, x 19 x 49 x 6.8 cos 12° x 1an 15°
=x 1.9 x 49 x 6.8 x 0.978 x (.268.
= §2.7 tonnes.
. Shear strength = 122.5 + 82,7 = 205.2 tonnes.

Since shear stress is less than shear strength hence there is no

chance of sliding along DC.

cx |+ W cosotan g
W sin o

Factor of safety =

—5—'1&53 312,

(YA-AY) i Jla (TY= 1A ) St
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z=2¢ For ¢ =0

Z=z&f—lan3{45+%] For c-dsoil
Py=ho2’

Resisting moments = M, = C. L. R,
Driving Moment = Mp =W, a + Pv (d + x) + PH
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A & = vertieal strain
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Raponed Criteria (e ldantification of Collapaing Seidl*

Investigator

Year

Criteria

Dreninee

1051

Coefficient of subsidencs:
X vold ratio at liguid limit
= T natursl void ratio
K = 05075 highly collapaible
K = 1,0: noncollspaible loam
K = | .5-2.0: sancallapsible soils

If dry unit weight b lesa than 12.36 k¥N/m”
{ s B80 /i), wertlomens will be large;
il dry unit weight is gresier than 14.13 kN/m’
(=90 Ibffi*), scttlomoo will be mmall,

1952

x (oevoral moismare content) - (plastic limir)
i’ plasticity index

Ky = 0: highly collapaibile soils

Ky > 0.5: noncollapeible ails

H: = 1.0: swelling sails

Gibbs

1941

saturation maisure content
Tiquid limic
This wms put into graph feom,

Callapse ratio, & =

Sovie i
Building

s P

I +n,

where ¢, = patural void ratio and ¢ = void miio st
liquid limit. For natural degree of saturation less
than 60%, if L > —0.1, it s & collagming soil.

L=

Feda

1964

w, PL
K3 P ;
where w, = oetural water coovent, 5, = patural
degres of meurstion, PL = plantic limit, and
PI = plasticicy index. For 5, < 100%, if K, > 0.89,
I i & subsidens soil

BRenites

1%s8

A dispersion test ln which 2 grams of ssil are
dropped i 12 m) of distilied water and specimon
timed untll dispersed ; divpervion teses of :

20 1o 30 set were oboined for oollepeing
Arizons sodls.

1M

lown korm with clay (= 0.002 mm} contenis |
= 18% : high probebility of collepse
§6-24% : probubility of collapes
24-32%: lesa than 30% probabilicy of Zollapse
>32% : wsually wafc from collapse

* Modifved sfver Latenegper snd Saber (1988)
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Cp (%) Severity of problem UCALIE ylais
0-1 No problem i s ¥
1- Muodenile trouble Usa S 2,
a-10 Trouble . %
10-20 Severe trouble Bl US 2
by Very severe trouble lass pla s,
* After Clemence and Finhart (1981) .
e, =wG,
wheare LL = liquid limit
G, = specific gravity of soil solids
: gl o s Laay

¢, 2 (LL)(G,)

Dot LAl T all anldl Ciladl f )] Bas gy

GeYe . Ga'fw
14+es 1+ (LL)G:)

Ya S

01053 Ugaadl! aad Wl 513 Y 1 5aay 51 Gs=2.65 51 Ly

L]

L Limiting values of 3,
Liquid limic

(%) (RNfm?) (Ibjft")

10 0,56 130.8

13 18,60 1183

0 16.9% 108.1

25 15.64 .5

50 14.48 921

3 13.49 #5.4

40 12.62 8O3
<45 1184 T34

(Y-NY) S T Taskall 6y
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i Free Swell jall flyl -
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o1 el e Tuall sl (b 53l oty Biall o L1) Gilids amy (g0 iy
: dilalls jall @ Y] Lol Grady Toll pladl] Talice
AH
Swfreey (%) = == (100)
Where S, ) = free swell
A H = height of swell due 1o Isaturation
H = original height of the specimen
ol g gially Ugacdl s o jadl LAY Lo g T (01 Y) JEE cay
where A S = free surface swell
Z = depth of active zone
Sty = free swell, as a percent (Figure )
381y opded] e oy alldy wJuadl sadl @ LRy Ty panll A7 jLSa] @l
YE saggaola Yous Voo g poa sLa s 3 st by pa Ve lgs Lpa
t O Juall sadl & GEY ] Jalas cragy (£ Y] e aag) dasall fa,_ll pelis Aol
Modified free swell index = v—;;-'-f-'

where V = soil volume after swelling
V, = volume of soil solid = -2
G Yw
W, = weight of oven-dried soil
G, = specific gravily of soil solids

Y, = unit weight of water
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Modified free swell index | Swelling potential

<25 Negligible
25 w10 Muoderale
10 w 20 High

=20 Very high
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Natural molsiure content (%)
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Where A = Activity of soil
I = plasticity index , per cent
C = per cent clay content. i
: Swelling pressure ¢UYl ki -
oL LaLa) sy Bals Cass Loyl s S0 Tiad p3301 sl fadiil) s
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P. =P +P +P 24 Boall e S 02

where P, = total pressure to prevent swelling, or zero swell pressure

P, = additional pressure added to prevent swelling after addition of

waler
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ahy Zero swell pressure Uy laias plaasl dasa Jpsansll sie

gy O ULall oday Pudu—suljdmiaz._.lldn'.r-.,kile-ﬂ'uha—-&-“
lai AUa yo JS e SY] Jaanid p3uy 0 Suli fds Ball Jaad Unloading Jaall
JEb i L sy lagiadll oo Adlall Jiaiy Sy T sl £ AT 13 Sn it
AS a3 Surface heave elacudl ¢ U1 guo) ¢ EIV1 laisd pasduas (Y-1Y)

X ; LY Udlall i LS
AS= Y [ Sw %] (H) (0.01)
l=1

Where s,,(y3 % = swell, in percent, for layer i under a pressure of p, + p,
(see Figure 12-6)

A H, = thickness of layer i

Example 12-1 : A soil profile hos an active zone of expansive soil
of 2.0 m. The liquid limit and the average natural moisture content during
the construction season are 50% and 20%, respectively. Determine the
free surface swell.

Solution :
From Figure 10.7, for LL = 50% and w = 20%, S, 4ree) = 3%.
A Sy =0.0033 Z5, o)

Hence
A Sp =0.0033 (2) (3) (1000) = 19.8 mm

Example 12-2 : A soil profile's active-zone depth is 3.5 m. If a
foundation is to be placed at a depth of 0.5 m below the ground surface,
what would be the estimated total swell 7 Given the following from labor-
atory 1ests :

Swell under overburden
and estimated foundation
surcharge pressure,

Depth, in Ewﬂ_] (%)

0.5 2

i 1.5
2 0.75
3 0.25

- AN =



Solution :

The values of s4¢y (%) have been plotted with depth in Figure 12-
7a. The grea of this diagram will be the total swell, Using the trapezoidal
rule.

AS = L [L )0 + 0.5 + L (1)@0.5 + 1.1y + L)1 + 2]
=0.026 m = 26 mm

Example 12-3 : In Example 10.2, if the allowable total swell in 10
mm, what would be the undercut necessary to reduce the total swell ?

Solution :

Using the procedure outlined in Example 12.2, the total swell at
various depths below the foundation can be calculated as follows (from
Figure 12-7 a) :

Depth (m) Total swell, AS (mm)
35 0
3 0+[1 (0.5) 025)] -1~ = 0.000625 m = 0.625 mm
2.5 0.000625 + Téh’[% (0.5)(0.25 + 0.5)] = 0.0025 m = 2.5 mm
L5 0.0025 + L= [1 (105 + 1.1)] = 0.0105 m = 10.5 mm
0.5 26 mm

These total settlements have been plotted in Figure 12-7 b, and
they show that a total swell of 10 mm corresponds to a depth of 1.6 m be-
low the ground surface.

Hence, the undercut below the foundation is 1.6 - 0.5 = 1.1 m,
This soil should be excavated, replaced by nonswelling soil, and
recompacted.
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Liquid Plasticity Potential Potential swell
index

swell (%) clasification
<%0 <25 <05 Low
5060 3535 0.51.5 Marginal
=80 >335 >15 High
Potential swell = vertical awell under a presaure equal to
overburden pressure

* Campiled from O"Neill and Poormosyed (1080)
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where m = settlement rate
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m=0.0268 - 0.0116logt,  (for fill heights ranging from 12-24 m)

m = (.038 - 0.0155 log 1, (for fill heights ranging from 24-30 m)
m=00433-0.0183 logt, (for fill heights ranging than 30 m)
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where t = time from the beginning of landfill
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t, = time for completion of the landfill
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where H, = height of the fill
e = void ratio
o = a coefficient for settlement
£ = fimes
A H = settlement between times t' and t”
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o. = 0.09¢ (for conditions favorable to decomposition)

and
o = 0.03¢
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(for conditions unfavorable to decomposition)
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