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Strength of Soil

The shear strength of a soil mass is the internal resistance per unit area that the soil
mass can otTer to resist failure and sliding along any plane inside it. One must under-
stand the nature of shearing resistance in order to analyze soil stabil ity problems such
as bearing capacity, slope stabil ity, and lateral pressure on earthretaining structures.

Mohr -Coulomb Failure Criterion

Mohr ( 1900) presented a theory for rupture in materials that contended that a ma-
terial fails because of a crit ical combination of normal stress and shcaring stress, and
not from either maximum normal or shear stress alone. Thus. the functional rela-
tionship between normal stress and shear stress on a failure plane can be expressed
in the followins form:

r 1 :  f @ ) ( 1  1 .  1 )

Thc fa i lure envelope def ined by Eq.(11.1)  is  a curved l ine.  For  most  so i l  me-
chanics problems, it is sufficient to approximate the shear stress on the failure plane
as a l inear function of the normal stress (Coulomb. 1776). This l inear function can
be written as

r f = c * c r t a n $ (11.2)

where c : cohesion

d : angle of internal friction
o : normal stress on the failure plane
r/ : shear strength

The preceding equation is called the Mohr-Coulomb failure criterion.
In saturated soil, the total normal stress at a point is the sum of the effective

stress (n') and pore water pressure (tt), or

o : o ' l t t

3 1 1
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Table 11. ? Typical Values of Drained Angle
of Friction for Sands and Silts

Soil type d ' (des1

Sand: Rr,tunded grains
Loose
Medium
Dense

Sand: Angulur grains
Loose
Medium
Dense

Gravel with some sand

Sl/ts

27-30
30 -35
35 -38

30 -35
3.5 - 4t)
40-45

34,48

26-35

The effective stress a' is carried by the soil solids. The Mohr-Coulomb failure cri-
terion, expressed in terms of efTective stress, wil l bc clf the form

T | 
- , ' '  *  tr '  tan <[ ' ( 1 1 . 3 )

where c' : cohesion and @' : fr iction angle, based on effeotive strcss.
Thus,  E,qs.  (11.2)  and (11.3)  are expressions of  shear s t rength based on tota l

stress and effective stress. The value of c' for sand and inorganic silt is 0. For nor-
mally consolidated clays, c' can be approximated at 0. Overconsolidated clays have
values of c' that are greater than 0. The angle ol friction, ry' ' , is sometimes rcfcrred to
as the drained angLe o.f .frictbn. Typical values of <f ' for some granular soils arc given
in  Tab le  1  1 .1 .

The signil icancc of Eq. ( I 1.3) can be explained by referring to Fig. I L l, which
shows an clemental soil mass. Let the effective normal stress and the shear stress on

(a )

Figure 11. I Mohr-Coulomb failure criterion

a
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Figure | 1.2 Inclination of failure plane
in soil with major principal plane
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the plane ab be o' and r, respectively. Figure 11.1b shows the plot of the failure en-
velope defined by Eq. (11.3). If the magnitudes of o' and r on plane ab are such that
they plot as point,4 in Figure 11.1b, shear failure wil l not occur along the plane. If
the effective normal stress and the shear stress on plane ab plot as point B (which
falls on the failure envelope), shear failure wil l occur along that plane. A state of
stress on a plane represented by point C cannot exist, because it plots above the fail-
ure envelope, and shear failure in a soil would have occurrcd alreadv.

lnclination of the Plane of Failure caused by shear

As stated by the Mohr-Coulomb failure critt l  r ion, failure from shear wil l occur when
the shear stress on a plane reaches a value given by Eq. (1 1.3). To determine the in-
clination of the failure plane with the major principal plane, refer to Figure 11.2,
where c\ and oi are, respectively, the major and minor effective principal stresses.
The failure plane EFmakes an angle d with the major principal plane. To determine
the angle 0 and the relationship between rrj and ai, refer to Figure 11.3, which is a plot
of the Mohr'.s circle for the state of stress shown in Figure I 1.2 (see chapter 9j. In
Figure 11.3,fgh is thc failure envelope defined by the relationship r[: c, * o, tan $, .
The radia l  l ine ab def ines the major  pr inc ipal  p lane (CD in F igure '11.2) ,  and the ra-
d ia l  l ine addef ines the fa i lure p lane (E-Fin Figure 1 l .z) . l tcan be shown that  Lbad:
2 e : 9 0 * d ' . o r

(  r  1 .4 )

Aga in .  f r om F igu re  11 .3 .

0 : 4 5 + 9
2

ad

f a : s t n a
( r1 . -s)

( 1 1 . 6 a )

U  0 1 ,  a  O ' I

Ef1'ective normal stress

Figure 71.3 Mohr's circle and failure envelope
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Also,

However,

Thus,

r  o t - o l
a a :  

2

Subst i tut ing Eqs. (11.6a) and (11.6b) into Eq. (11.5),  we obtain

o \ - o t

2
sin @' :

(  l  1.6b)

( 1 1.7)

o,, _f o,.
c ' co t$ '  +  

t -

/ l + s i n d ' \  /  c o s 6 ' \
' i  - . ' 1 [ r  

s i n d / * " \ r  , i n o , /

^ /  d ' \: t a n ' 1 4 5 *  
Z )

and

I  +  s i n @ '

1 - sin q5'

cos d' / (b' \

I  " t * , t - t a n \ 4 5 +  2 )

( 1 1 . 8 )

An expression similar to Eq. (11.tt) could also be derived using Eq. (11.2) (thal

is, total stress parameters c and @), or

o\ : o\,un'(+s . +) * ,r' ,^n(ot . +)

u t  -  .  t t u n ' ( + . s ,  
r r )  r r , , " " ( 0 ,  - -  

f )

1t .3

(  l  l .e)

Laboratory Test for Determination
of Shear Strength Parameters

There are several laboratory methods now available to determine the shear strength

parameters (i.e., q 6, c' , 6') of various soil specimens in the laboratory. They are as

follows:

a. Direct shear test
b. Triaxial test
c. Direct simple shear test
d. Plane strain triaxial test
e. Torsional rins shear test



11.4

11.4 Direct Shear Test 315

The direct shear test and the triaxial test are the two commonly used techniques for
determining the shear strength parameters. These two tests will be described in de-
tail in the sections that follow.

Direct Shear Test

The direct shear test is the oldest and simplest form of shear test arrangement. A di-
agram of the direct shear test apparatus is shown in Figure 1 1.4. The teit equipment
consists of a metal shear box in which the soil specimen is placed. The soil rp..i."n,
may be square or circular in plan. The size of the specimens generally ur",l is about
51mm x  5L  mm o r102mm x  102mm (2 in . x2 in .o r4 in .  x  4 in . )  ac ross  and  abou t
2-5 mm (1 in.) high. The box is split horizontally into halves. Normal force on the
specimen is applied from the top of the shear box. The normal stress on the speci-
mens can be as great as 10-50 kN/m2 (150 lb/in.r). Shear force is applied by moving
one-half of the box relative to the other to cause failure in the soil specimen.

Depending on the equipment, the shear test can be either stress controlled or
strain controlled. In stress-controlled tests, the shear force is applied in equal incre-
ments unti l the specimen fails. The failure occurs along the plane of split of the shear
box. After the application of each incremental load, the shear displacement of the
top half of the box is measured by a horizontal dial gauge. Thc change in the height
of the specimen (and thus the volume change of the specimen) during the test .un b"
obtained from the readings of a dial gauge that measures the vertical movement of
the upper loading plate.

In strain-controlled tests, a constant rate of shear displacement is applied to
one-half of the box by a motor that acts through gears. The constant rate of shear
displacement is measured by a horizontal dial gauge. The resisting shear force of the
soil corresponding to any shear displacement can be measurecl by a horizontal prov-
ing ring or load cell. The volume change of the specimen during the test is obtained

Porous stone

€ Shear
force

Figure 11.4 Diagram of direct shear test arrangement

Normal force

Porous stone
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Figure 1?.5 Strain-controllcd direct shear test equipmcnt (courtesy of Soiltest, Inc., Lake
Bluff, I l l inois)

in a manner similar to that in the stress-controlled tests. Figure 1 1.5 shows a photo-

graph of strain-controlled direct shear test equipment.
The advantage of the strain-controlled tests is that in the case of dense sand,

peak shear resistance (that is, at failurc) as well as lesser shear resistance (that is, at

a point after failure called ultimate streng,th) can be observed and plotted. In stress-

controlled tests, only the peak shear resistance can be observed and plotted. Note

that the peak shear resistance in stress-controlled tests can be only approximated be-

cause failure occurs at a stress level somewhere between the prefailure load incre-

ment and the failure load increment. Nevertheless, compared with strain-controlled

tests, stress-controlled tests probably model real f ield situations better.

For a given test, the normal stress can be calculated as

Normal force
(11 .10)o : Normal stress :

Cross-sectional area of the specimen

The resistins shear stress for anv shear displacement can be calculated as

Resistins shear force
(  1 1 . 1 1 )r : Shear stress :

Cross-sectional area of the specimen

Figure 11.6 shows a typical plot of shear stress and change in the height of the

specimen against shear displacement for dry loose and dense sands. These observa-

tions were obtained from a strain-controlled test. The following generalizations can
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Figure 11.6 PloI of shear stress ancl changc in height of specimen against shear displace-
ment for loose and dcnse dry sand (dircct shcar test)

be developed from Figure I 1.6 regarding the variation of resisting shear stress with
shear displacement:

1. ln loose sand, the resisting shear stress increases with shear displacement unti l
a failure shear stress of 11 is reached. After that, the shear resistance remains
approximately constant for any further increase in the shear displacement.

2. In dense sand, the resisting shear stress increases with shear displacement unti l
it reaches a failure stress of rr. This rlis called the peak shear strength. After
failure stress is attained, the resisting shear stress gradually decreases as shear
displacement increases unti l i t f inalty reaches a constant value called the ulti-
mate .shear .strength.

It is important to note that, in dry sand,

o : ( r '

and

c ' : 0

Direct shear tests are repeated on similar specimens at various normal stresses.
The normal stresses and the corresponding values of r, obtained from a number of
tests are plotted on a graph from which the shear strength parameters are determined.

E
a

. = ' c  x

u ) T  F
d F  =

r )  o
a

o
U

Shear displacentent
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o'( lb/ inz)

20

6' = 42"

0 50 100 150 200 2-50 300

Efl'ective norntal stress, o' (kN/rn:,1

Figure 11.7 Determination of shear strcngth parameters for a dry sand using the results of

direct shear tests

Figure 1 1.7 shows such a plot for tests on a dry sand. The equation fr lr  the average

line obtained from experimental results is

T.f : C' tan S'

So, the friction angle can be determined as follows:

(  1 1 . 1 2 )

/  r ' \
d'  :  tan-' [  - i  I\ o  /

It is important to note that in slla cemented sands may show a c' intercept.

11.5 Drained Direct Shear Test on Saturated Sand and Clay

In the direct shear test arrangement, the shear box that contains the soil specimen is
generally kept inside a container that can be fi l led with water to saturate the speci-
men. A drained /est is made on a saturated soil specimen by keeping the rate of load-
ing slow enough so that the excess pore water pressure generated in the soil is com-
pletely dissipated by drainage. Pore water from the specimen is drained through two
porous stones. (See Figure 11.4.)

Because the hydraulic conductivity of sand is high, the excess pore water pres-
sure generated due to loading (normal and shear) is dissipated quickly. Hence, for

40

20

^  1 5 0

z

/  t o o

ca <r l
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Peak shear strength

Residual shear strength

2
Horizontt l  dcl irnnation

( t / ' )

Figure 11.8 Results of zr clraincd direct shcar tt:st on an ovcrconsolidated clay. Nore; Resid-
ual shear strength in clay is similar to ult inrate shcar strength in sand - see Fisure 1 1.6

an ordinary loading rate. esscntially full drainage conditions exist. The friction angle,
f 

' , obtaincd from a drained direct shear test of saturated sand wil l be the same as
that  for  a s imi lar  spccimen of  dry sand.

The hydraulic conductivity of clay is very small compared with that of sand.
When a normal load is applicd to a clay soil specimen, a sufficient length of t ime must
elapse for full consolidation - that is, for dissipation of excess pore water pressure.
For this reason, the shearing load must be applied very slowly. The test may last from
two to five days. Figure I I .8 shows thc results of a drained dircct shear test on an over-
consolidated clay. Figure I 1.9 shows the plot of riagainst o' obtained from a number

Elfective normal stress. o'

Figure 77,9 Failure envelope for clay obtained from drained direct shear tests
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Figure 11.10 lnterface of a loundation material and soil

of drained direct she ar tests on a normally conscll idated clay and an overconsolidated

clay. Note that the value of c' '  : 0 for a normally consolidated clay

General Comments on Direct Shear Test

The direct shear test is simple to perform. but it has some inherent shortcomings.

The reliabil i ty of the results may be questioned bccause the soil is not allowed to fail

along the wcakest planc but is forced to fail along the planc of split of the shear box.

Also, the shear stress distribution over the shear surface of the specimen is not uni-

form. Despitc these shortcomings, the direct shear test is the simplest and most eco-

nomical for a dry or saturated sandy soil.
In many foundation design problems, one must determine the angle of fric-

tion between the soil and the matcrial in which the foundation is constructed (Fig-

ure 11.10). The foundatiitn matcrial may be concrete, steel, or wood. The shear

strength along the surface o[ contact of the soil and the foundation can be given as

r r ' :  c ' r ,  +  o t t a n 6 (1  1 .13)

where c,i, : adhesion
6 - effective angle of friction between the soil and the foundation material

Note that the preceding equation is similar in form to Eq. (11.3). The shear

strength parameters between a soil and a foundation material can be conveniently

determined by a direct shear test. This is a great advantage of the direct shear test,

The foundation material can be placed in the bottom part of the direct shear test box

and then the soil can be placed above it (that is, in the top part of the box), as shown

in Figure I 1.11, and the test can be conducted in the usual manner.

Figure 11.12 shows the results of direct shear tests conducted in this manner

with a quartz sand and concrete wood, and steel as foundation materials, with o' =

100 kN/m2 (14.5 lb / in .2) .
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Normal forcc

Figure 11.11 Direct shear test to determinc interface fr ict ion ansle

Relat ive densi ty,  / ) , .  (7o)

75 -s0 25

I I e

Figure 11.12 Yariation of tan @' and tan 6 with 1/e. fNote: e: void ratio, o' : 100 kN/m2
(14.5 lb/in.'z), quartz sand (after Acar, Durgunoglu, and Tumay, 1982)]

€ Shear
I fbrce

Nornral stress
o ' -  100  kN /n r2
( |  4.5 lb/ in: )
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Example  11 .1

Following are the results of four drained direct shear tests on an overconsolidated
clay:

Diameter of specimen : 50 mm

Height of specimen : 25 mm

Normal Shear force at Residual shear
Test forca, lV failure, So."p forc6, 5r""16961
no. (Nl {N} (N}'

1
2

4

150
250
3s0
550

157.5
199.9
257.6
363.4

44.2
56.6

102.9
r44.5

'See Figure 11.t3

Determine the relationships for peak shear strength (r) and residual shear
strength (r ).

Solut ion /  so \2
Area of the specimen (A) : (rrl+)l # ) : 0.0019634 m2. Now the following
table can be prepared: '  \  luuu /

Residual

Peak shear .. = -sr1* tt*:l , - $residuat

force, Souul A Sreriauat 4
{Nl 

'  
{kN/m'?l (Nl (kN/m'l

Normal Normal
Test force, N sttesg, (''
no. (Nl (kN/m2)

1
2
J

4

150
250
350
550

76.4
127.3
178^3
280.1

r57.5
199.9
257.6
JOJ.4

80.2
101.8
131.2
1 85.1

44.2
56.6

102.9
1.44.5

22.5
28.8
52.4
73.6

The variations of rland r, with c' are plotted in Figure 11.13' From the plots,
we find that

Peak strength: rdkN/m2) : 40 + o' tan27

Residual strength: r,(kN/m2) : a' tan14.6

(Note: For all overconsolidated clays, the residual
pressed as

t' : o' lan 6"

where dl : effective residual friction angle.)

J

shSrstrength can be ex"
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| 1.7 Triaxial Shear Test (Generat)

T /  V S .  O '

21 '  =  Q ' r / .  vs.  o '
= 40 kN/nr:

r  = 11.6"

tr )oo
z

. :  150

!  loo
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50 t(x) I 50 200 2-50
Effbctivc norrral stress, o'  (kN/nt:)

350300
Figure 11.13
Variations of z7
and r, with (' '

11 .7 Triaxial Shear Test (General)

The t r iax ia l  shear test  is  one of  thc most  re l iab le mcthocls  avai lable f 'or  dctern. r i r r ing
shcar strength parameters. It is widcly usccl for research ancl convcntional testing. ,{
d iagram of  the t r iax ia l  test  layout  is  shown in F igure I  I  .  14.

In th is  test ,  a  soi l  specimen about  36 mm (  1.4 in .  )  in  d iamet.er  a lc l  76 ntm (3 in . )
long is gcnerally used. The specimen is encasecl by a thin rubber membrane ancl placecl
ins ide a p last ic  cy l indr ica l  chamber that  is  usutr l ly  f i l led wi th water  or  g lyccr inc.  Thc
specimen is subjected to a confining pressure by compression of the fluicl in the cham-
ber. (Note: Air is sometimes used as a compression mecliunt.) To citusc shear failure
in the specimen,  one must  apply ax ia l  s t ress through a vcr t ica l  loading ram (some-
times called deviator srress). This strcss can be appried in one of two ways:
1. Application of dead weights or hydraulic pressure in equal increments unti l

the specimen fails. (Axial deformation of the specimen resulting from the load
applied through the ram is measured by a dial gauge.)

2. Application of axial deformation at a constant rate by means of a geared or
hydraulic loading press. This is a strain-controlled test.

The axial load applied by the loading ram corresponding to a given axial cleforma-
tion is measured by a proving ring or load cell attached to the ram.

connections to measure drainage into or out of the specimen, or to mcasure
pressure in the pore water (as per the test conditions), are also providecl. The fol-
lowing three standard types of triaxial tests are generally conducted:

1. Consolidated-drained test or drained test (CD test)
2. Consolidated-undrained test (CU test)
3. Unconsolidated-undrained test or undrained test (UU test)
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Axial load

I
Ai r  re le lse  t

valve ---,^ 
: ,,.:

Loading ram

Top cap

Porous disc

Specimen enclosed
in a rubbcr
mcmbrane

Pressure gauge
. 1 l r ) . . 1 - . .

-'\ '. Rubhcr'
- t

|  i l r l
' . . .1  \  ' '

lLTo cel l  pressurc contro l

"  * - -F l ex i h l e  
t uhc

11 .8

Figure 11.14 Diagram of tr iaxial test equipment (al ' ter Bishop and Bjerrum, 1960)

The general procedures and implications for each of the tests in saturated roils are

described in thc followins sections.

Co n so I i d ated - D ra i n ed Tri axi a I Test

In the CD test, the saturated specimen is f irst subjected to an all around confining
pressure, oj, by compression of the chamber fluid (Figure 11.15a). As confining pres-

sure is applied, the pore water pressure of the specimen increases by u. (if drainage
is prevented). This increase in the pore water pressure can be expressed as a non-

dimensional Darameter in the form

u.
B = --:-

C3
( 1 r.14)

where B : Skempton's pore pressure parameter (Skempton, 1954).
For saturated soft soils, -B is approximately equal to 1; however, for saturated

stiff soils, the magnitude of B can be less than 1. Black and Lee (1973) gave the theo-

.," :,,.r,..,.i i,- - ...' :' :l:,.:.-',.-.-...,'.... -

,  . i l ,  . . .- . .- . . . . . , . .- ' r i ,  tr ' - ' , . .r : ,* l
I

Connections tirr drainage or I

porc pressure measuremenI
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Figure 11.15
Consolidated-drained tr iaxial test:
(a) specimcn undcr chambcr confining
pressure: (b) deviator strcss appl ication( a )

Table 11.2 Theoretical Values of B at Comnlete Saturation

Type of soil
Theoretical

value

Normally consol idated soft clay
Lightly overconsolidated soft clays ancl si l ts
Overconsolidatcd st i l ' l '  c lays and sands
Very densc sands and very st i f f  clays at high

confining prcssures

0.9998
0.998u
0.987'7

0 .9 I30

retical values of B for various soils at completc saturation. Thcse values are l isted in
Table 1 1.2.

Now, if the connection to drainage is opened, dissipation of the excess pore wa-
ter pressure, and thus consolidation, wil l occur. with time, a, wil l become equal to
0. In saturated soil, the changc in the volume of the specimen (A( ) that takes place
during consolidation can be obtained from the volume of pore water drained (Figure
1 1.16a). Next, the deviator stress, Ao,1, on the specimen is increased very slowly (Fig-
ure 1 1.1-5b). The drainage connection is kept open, and the slow rate of deviator stress
application allows complete dissipation ol any pore water pressure that developed as
a result (Au,1 : 0).

A typical plot of the variation of deviator stress against strain in loose sancl and
normal ly  consol idated c lay is  shown in F igure 11.16b.  F igure 11.16c shows a s imi lar
plot for dense sand and overconsolidated clay. The volume change, A2,7, of speci-
mens that occurs because of the application of deviator stress in various soils is also
shown in F igures 11.16d and 11.16e.

Because the pore water pressure developed during the test is completely dissi-
pated. we have

total and effective confining stress : ot : o\

total and effective axial stress at failure : at t (Aor)r : ot : o\

and
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Axial  s t ra in

( d )  ( c )

Figure 11. 76' Cbnsolidated-draincd triaxial test: (a) volume change of specimen caused by
chamber confining pressure: (b) plot ol deviator stress against strain in the vertical direction
for loosc szrnd and normally consolidated clay; (c) plot of deviator stress against strain in the
vertical direction for dense sand and overconsolidated clay; (d) volume change in loose sand
and normally consolidated clay during deviator strcss application; (e) volume change in
dense sand and overconsolidatcd clay during deviator stress application

In a triaxial test, oi is the major principal effective stress at failure and o! is the mi-

nor principal effcctive stress at failure.
Several tests on similar specimens can bc conducted by varying the confining

pressure. With the major and minor principal stresses at failure for each test the

Mohr's circles can be drawn and the failure envelopes can be obtained. Figure 11.17

shows the type of effective stress failure envelope obtained for tests on sand and nor-

mally consolidated clay. The coordinates of the point of tangency of the failure en-

velope with a Mohrb circle (that is, point A) give the stresses (normal and shear) on

the failure plane of that test specimen.
Overconsolidation results when a clay is init ially consolidated under an all-

around chamber pressure of o. (: oi.) and is allowed to swell by reducing the cham-

ber pressure to oj (: o1). The failure envelope obtained from drained triaxial tests

of such overconsolidated clay specimens shows two distinct branches (ab and bc in

x l
? l
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i . t
9 l
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c l

a l
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< 6

a l
t r I
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o l
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Eflective
stress iai lure
envelope
T r  =  o ' t an  0 '

o : = o : o t  =  o ' l
Normal strcss

l.-(Ao,i)/--'-*l
l .+t lo") '--*]

Figure 11.17 Effccl ive stress fai lure cnvclope I ' rom drained tests on sand and normally
consolidated clay

F igure  l l .1 t t ) .  The por t ion  ab  has  a  f la t te r  s lopc  w i th  a  cohes ion  in te rcept ,  and the
shear strength equation for this branch can be writ ten as

a

ala

a

T
c '

+

TI : c' * o' tan <f\

The portion bc of the failure envelope represents a
soi l  and fo l lows thc equat ion r t :  ( r ,  tan 6, .

A consolidated-drained triaxial test on a clayey soil may take several days to
complete. This amount of t ime is required because deviator stress must be applied
very slowly to ensure full drainage from the soil specimen. For this reason, the cD
type of triaxial test is uncommon.

( 1 1 . 1 - 5 )

normally consolidated stage of

Overconsolidated
Normally
consolidated

o 3 = O 3  O r = o ' t  O ; .
Normal stress

Figure 11'18 Effective stress failure envelope for overconsolidated clav
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o Undisturbed soil
. '.-. '. . .:

r  Remolded so i l

t ," -5 l0 l 5 20 30 .10 60 t30 l(x) l-so
P las t ic r ty  indcx .  P I  (%)

Figure 11.19 Yttr ial ion ol 'si l r  r ,6'  with plast ici ty indcx lor a number of soi ls (after Kcnney,

r ese)

Comments on Drained and Residual Friction Angles of Clay
'fhe 

drained angle of friction, d;', gencrally dccreascs with the plasticity index of soil.

This fact is i l lustrated in Figure I 1 . l9 for a number of clays from data reported by

Kenncy (19-59). Although the data are considerably scattered, the general pattern

seems to hold. ln Figure I l.tt, the rcsiclual shear strength of clay soil is defined. Also

in Example I I .1, thc proccdure to calculate residual friction angle <75i is shown.

Skempton ( 1964) provided the results of the vzrriation of the rcsidual angle of

friction, $',, of a number ol 'clayey sgils with the clay-sizc traction ('2 pm) present.

The followins tzrble shows a summary ol'these rcsults:

Clay-size Residual
fract ion fr ict ionangle,

l / .1  d .  (deg1

Sc lse t
Wiener Tcgel
Jackfield
Oxford clay
Jar i
London clay
Walton'.s Wood
Weser-Elbe
Litt le Belt
Biot i te

17 .7
22.8
-J ) .4

41.9
46.5
54.9
67
63.2
7'7.2

100

29.8
25.1
1 9 . I
16 .3
Iu .6
16 .3
t  -1 .L

9.3
11.2
7.5

At a very high clay content. @i approaches the value of the angle of sliding fric-

tion for sheet minerals. For highly plastic sodium montmoril lonites, the magnitude

of dl mav be as low as 3 to 4o.
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Example 11.2

For a normally consolidated clay, the results of a drained triaxial test are as follows:

Chamber confining pressure = 16lb/in.2

Deviator stress at failure : 25lblin.z

a. Find the angle of friction, g'.
b. Determine the angle 0 that the failure plane makes with the major princi-

pal plane.

E,f lect ivc strcss
lu i lure envolope

o ' r  =  1 6 l b / i n r  A

Norrnal  st ress

Figure 11.20 Mohr's circle and failure envelope for a normally consolidated clay

$olution
For a normally consolidated soil, the failure envelope equation is

rf : o' tan +' (since c' = 0)

For the triaxial test, the effective major and minor principal stresses at failure are
(rl = (rt = ui * (Aou)r * L6 + 25 = 41lb/in.2

o \  :  c t :  16  lb / in .2

a. The Mohr's circle and the failure envelope are shown infuigure 11.20,
from which we can write :

I

q

and

AB
s r n p  -  

o A =

(ry)
(*#)
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b . 9 : 4 5  *

or

cri - o'^
sin d'  :

0 1 + 0 3

Q' * 26o

1 6
: 4 5 " + ? = 5 8 "

z

4 7 - 1 6
4 1 + 1 6

= 0.438

o'
a
L

Refer to Example 1L.2.

a. Find the normal stress o.' and the shear stress rlon the failure plane.

b. Determine the effective normal stress on the plane of maximum shear
stress.

Solution
a. From Eqs. (9,8) and (9.9),

o 1  * o ' 3 .  o t - c :
a' (on the failure plane) --:-;---i + - 

" 
'- cos20

and

ot - cr5
r,  *  J 

,rs in20

Subsituting the values of oi = 41 lb/in'z, a\: I6lblin'2, and 0 : 58" into
the preceding equations, we get

,  4 l  +  16  4 I  -  1 .6  - , - ,o, : j;i * ?cos(2 x 58) = 23.61b/in.2

and

4 I _ T 6

"t 
:: 

Z: 
sin(2 x 58) = 11'2lb/in.z

b. From Eq. (9.9), it can be seen that the maximum shear stress will occur
on the plane with 0: 45". From Eq' (9.8). 

l
' o ,

o ,  : o \  
*  o ' ,  

+ o "  
-  o \ c o s 2 g  I- ' ) ' )

. , o  , .  

u

Substituting 0 : 45'into the preceding equation gives

o, :4i9 . rycos eo : 28.s tbtin.z
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Example  11 .4

The equation of the effective stress failure envelope for normally consolidated
clayey soil is 11 : o' tan 25'. A drained triaxial test was conductedwith the same
soil at a chamber confining pressure of 80 kN/m2. Calculate the deviator stress at
failure.

Solution
For normally consolidated clay, c' = 0. Thus, from Eq. (11.8),

at: oitun'(+s . +)
6 '  : 2 5 o

: 197 kN/m2

(Loo)r = {r't - o\: 197 * 80 : 117kN/m2

oi : 8o tun'(+s r T)

Example 11.5

The results of two drained triaxial tests on a saturated clay are as follows:

SPecimen I: ot : o\: 70 kN/m2

(Ao,r)r : 130 kN/m2

SPecimen II: ct * 6\ = 160 kN/m2

(Ao i r  :223.5  kN/m?

Determine the shear strength parameters c' and $' .

Solution
For specimen I, the principal stresses at failure are

c ' t :  a z :  7 0  k N / m 2

and

o't  = or :  c3 t  (Lr i t :  70 + 130 = 200 kN/d2

Similarly, the principal stresses at failure for specimen II are \

n\ = oz: 160 kNlm2

and

rr\ :  ot :  { I :  *  (Aor),  :  160 + 223,5 :383.5 kN/m2
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Using the relationship given Uy& t

o\ * o\tan2( 45 +
\

Thus, for specimen I,

11.8)

d r ' \
. l

2oo :.orun'(+s - +)

too tan'z(+s . +) + 2c' tan(4t - y)

, we get

+ zc' tan(4t . +)

/  6 ' , \
+ 2 c ' t a n ( 4 5 * t )

and for specimen II.

383.5 =

Solving the two preceding equations, we obtain

6'  :20o c'  :  20 kN/mz

11.9 Consolidated-UndrainedTriaxial Test

The consolidated-undrained test is the most common type of triaxial test. ln this test,

the saturated soil specimen is f irst consolidated by an all-around chamber fluid pres-

SUre, trj, that results in drainage (Figures 11.21a and 11.21b). After the pore water
pressure generated by the application of confining pressure is dissipated, the devia-

tor stress, Ao,7, on thc specimen is increased to causc shear failure (Figure fl .2Ic).

During this phase ol the test, the drainage line from thc specimen is kept closed. Be-

cause drainage is not permitted, the pore water pressure, Au,1, wil l increase. During

the test, simultaneous measurements of Ao,1 and Au,y are made. Thc increase in the
pore water pressure, Atr,1, can be expressed in a nondimensional form as

Au"
A: -------:-

Lo,t
( 1 1 . 1 6 )

where 7 : Skempton's pore pressure parameter (Skempton, 19-54).
The general patterns of variation of Ao,1 and Aa,1 with axial strain for sand and

clay soils are shown in Figures 1l.2ld through l1.2lg. In loose sand and normally

consolidated clay, the pore water pressure increases with strain. In dense sand and

overconsolidated clay, the pore water pressure increases with strain to a certain limit,

beyond which it decreases and becomes negative (with respect to the atmospheric
pressure). This decrease is because of a tendency of the soil to dilate.

Unlike the consolidated-drained test, the total and effective principal stresses

are not the same in the consolidated-undrained test. Because the pore water pressure

at failure is measured in this test, the principal stresses may be analyzed as follows:
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Ax ia l  s t r a i n

( c  )

E

4 a- o
' a

c(,
( b )

lno.,
t "
l o .
t

-+.:
" . : , , ' .

.  , . t ,  , .

+
l o ,
I

lAo,r
I

( c )

<l--
O1

Figure 71.21 Consolidated undrained test: (a) specirnen under chamber confining pressure:
(b) volume change in specirnen causcd by conl ining pressure; (c) cleviator stress application;
(d) deviator stress against axial strain fbr krose sand and normally consol idated clay; (e) de-
viator stress against axial strain for dense s: ind and overconsolidated clay; (f)  variat ion of
pore water pressure with axial strain 1or loosc sand and normally consol idated clay; (g) vari-
at ion of pore wii tcr prcssurr: with axial strain lor clense sand ,,nd'ou"ra,rnrol iclated clay

Major principal stress al

Major principal stress at

Minor principal stress at

Minor principal stress at

fa i lure ( tota l ) :

failure (effective):

failure (total):

failure (effective):

o3 -f (L,o,1)1 : o1

o r - ( L , u a ) 1 : o \

A j

o 1  -  ( L , u ) 1 :  o ' ,
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o 3  o j

l*l
(Lu t t ) |

Total stress
\  i r i l r .a envelope

Tt -  6  tan  q

o 1  o 1

l.-l
(Lu,ll

Nortnal stress

Figure 11.22 'l't't|ltl and ef1cctivc stress failure envelopcs for consolidated undrained triaxial
tests. (No1c:' l 'hc figure assumcs that no back pressurc is applied.)

In thcse equations, (Arz,1)1 : pore water prcssure at failure. The preceding deriva-
t ions show that

a r t  t r ;  -  t r \  -  t r ' .

Tests on scvcral similar specimens with varying conllning prcssures may be con-
ducted to determinc the shear strength parameters. Figure I1.22 shows the total and
cffective stress Mohr'.s circles at failure obtained from consolidated-undrained triax-
ial tcsts in sand and normally consolidtrtcd clay. Note that ,4 and B are two total
stress Mohr\ circles obtaincd from two tests. C and D are the effective stress Mohr's
circlcs corresponding to total stress circles A and B, respectively. The diameters of
circles A and C are the same; similarly, thc diameters of circles B and D are the same.

In Figure l l.22,the total stress failure envelope can be obtained by drawinga
line that touches all the total stress Mohr's circles. For sand and normally consoli-
dated clays, this wil l be approximately a straight l ine passing through the origin and
may be expressed by the equation

r y : o t a n Q (  1 1.17)

where rr : total stress

d : the angle that the total stress failure envelope makes with the
normal stress axis. also known as the consolidated-undrained
angle ttf sht'uring re.sistunce

Equation (11.17) is seldom used for practical considerations.
Again referring to Figure ll.22,we see that the failure envelope that is tangent

to all the effective stress Mohr's circles can be represented by the equation 11 =

o' tan rD', which is the same as that obtained from consolidated-drained tests (see

F isu re  11 .17 ) .
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6j 
Nurn'ii ,,r"r,

Figure 11.23 Total stress failure envelope obtained from consolidatcd-unclrained tests in
over-consolidatcd clay

In overconsolidated clays, the total stress failure envelope obtained from con-
sol idated-undraincd tests wi l l  take the shapc shown in F igure 1 1.23.  l 'he st ra ight  l ine
a 'b ' is  represented by the equat ion

r t : c  * o t i r n d 1  ( l l . l l t )

and the st ra ight  l ine b 'c ' fo l lows the re lat ionship g iven by Eq.(11.17) . ' rhe efTcct ive
stress failure envclope drawn from the cffectivc stress Mohr'.s circles wil l be similar
to that  shown in F igure 1 1.23.

Consolidated-drained tests on clay soils takc considerable time. For this rca-
son, consolidated-undraincd tests can be conductcd on such soils with pore pressure
measurements to obtain the drained shear strength parameters. Because clrainage is
not allowed in these tests during the appliczrtion of deviator stress, they can be per-
formed quickly.

Skempton' .s  pore watcr  pressure parametcr  Z was del lnecl  in  Eq.  (11.16) .  At
f a i l u re .  t he  pa ramc te r  7  can  hc  w r i t t cn  as

(Lur),
A :  A ' :  - - - -'  ( a o , t )  f

( 1 1 . 1 e )

The gcneral range of 7, values in most clay soils is as follows:
. Normally consolidated clays: 0.-5 to I
. Overconsolidated clays: -0.5 to 0

Tab le  l l . 3  g i ves  t he  va lues  o f  A ,  f o r  some  no rma l l y  conso l i da led  c lays  as  ob ta ined
by the Norwegian Geotechnical Institute.

Laboratory triaxial tests of Bjerrum and Simons (1960) on oslo cray, weald clay,
and London clay showed that A, becomes approximately zero at an overconsolida-
tion value of about 3 or 4.

1 = c + O t a n Q l



336 Chapter 11 Shear Strength of Soil

Table 11.3 Triaxial Test Results for Some Normally Consolidated Clays
Obtained by the Norwegian Geotechnical Institute*

Liquid
l imit Al

Plastic Liquidity
l imit index

Drained
fr ict ion angle,

Sensit ivi ty" @'(degl

Seven Sisters, Canada
Sarpborg
Li l la Edet, Sweden
Fredrikstad
Fredrikstad
Li l la Edet, Sweden
Cdta River, Sweden
Gota River, Sweden
Oslo
Trondheim
Drammen

19
25.5
26
28.5
27
L J

28.5
24
- { 1 . )

34
28

5
50
5
6

50
1 2
40
4
2
8

35
28
30
22
22
30
27
30
25
20
1 u

r27
69
68
59
- ) /
63
60
60
48
36
-)-l

0.28
0.6ri
t --)z

0.58
0.63
1 .58
1 .30
1 .50
0.87
0.50
1.08

0.72
1.03
1 .10
0.87
1.00
1.02
1.05
1.05
1.00
0.75
1 .18

*After Bjerrum and Simons (1960)
" See Section 1 I . l  5 for the delinit ion of sensitivity

Example 11.6

A consolidated-undrained test on a normally consolidated clay yielded the fol-
lowing results:

ot : 12lblin.2

Deviator stress, (Ar)t : 9.1 lb/in.2

Pore pressur e. (L,u) 1 = 6.8 lb/in.2

Calculate the consolidated-undrained friction angle and the consolidated-drained
friction angle.

Solution

<Yt:  12lbl in '2

or:  c3 + (Ao1)1 :  72 + 9' l  :  2 l '1 ' lb l in '2

From Eq. (11.9), for normally consolidated clay with c : 0,

. / , -  d \  ;
o t : u t t a n ' l  4 5 + ; l  i\  r /  :

^ /  d \
21.1 :  12 tan'(  45 + a )\  z /

l -  .  / 2 t . 1  \ o s  . - ld :  2 l tan-r ( . ; /  -  4s l  :  16"
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Again,

n5 : oz * (Lu)r = 12 * 6.8 : 5.2 lb/in.2

oi : ct - (&uir : 21.I - 6.8 : 14.3 lblin.z

From Eq. (11.8), for normally consolidated clay with c' : 0,

o \ : o \ t " n , ( + s . t )

74 .3 :s .z tan 'z (+s .+)

d' - zltun-'(#)" - +sf : zz.r'

11 .10 U nconsol idated- U n dra i ned Triaxia I Test

In  unconst t l idatcd-undrained tests,  dra inerge l ' ronr  the soi l  specinten is  not  pcrmi t ted
dur ing thc appl icat ion o[  chan.rber  prcssure o1.  Thc test  specimcn is  shearcd to I 'a i l -
ure by thc application of deviator strcss, Ao,1. ancl drainage is prevented. Bccause
drainage is nclt allowed at any stage, the tcst can be pe rformed quickly. Because of the
application of chermber confining pressurc rrj. the pore water pressurc in the soil spcc-
imen wil l incrcase by 4,.. A further increasc in the pore water pressurc (Aa,,) wil l oc-
cur  becausc o l ' the deviator  s t ress appl icat ion.  Hencc,  the tota l  porc water  pressure
rr in thc spccimen at any stage ol cleviator stress application can bc given as

L t - r t ( *  L , u , 1

F r o m  E q s .  ( 1 1 . 1 4 )  a n d  ( l l  . 1 6 ) , u , :  B o  j a n c l  A r r , ,  : 7 A , r , , ,  s . ' '

(  1 1.20)

u :  Bo3 + AAo,1: Bot + A@, * cr) ( l  r . 2 r )

This test is usually conducted on clay specimens and depends on a very impor-
l.ant strength concept for cohesive soils if the soil is fully saturated. The added axial
stress at failure (Arlr)r is practically the same regardless of the chamber confining
pressure. This propcrty is shown in Figure 1l.24.The failure envelope for the total
stress Mohr's circles becomes a horizontal l ine and hence is called a rb : 0 condition.
From Eq.  (11.9)  wi th O -  0,  we get

r 1 : c - c , ,  ( 1 I . 2 2 )

where c,, is the undrained shear strength and is equal to the radius of the Mohr's
circles. Note that the @ : 0 concept is applicable to only saturated clays and silts.

The reason for obtaining the same added axial stress (Loitregardless of the
confining pressure can be explained as follows. If a clay specimen (no. l) is consoli-
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Total strcss
Mohr 's c i rc les
at tailure ---

Fa i l u reenve lopeQ=0

o1 63 
N,,,.,i,l Ll"r, 

o1 61

Figure 11.24 Total strcss Mohr'.s circles and failurc envekrpe (.D - 0) obtained from uncon-
solidated-undrained lriaxial lcsts ot"t I 'ul lv saturltccl cohcsivc soil

dated at a chamber pressure rr, and then shearcd to failure without drainage, the
total stress conditions at I 'eri lurc can bc represented by the Mohr's circle P in Fig-

ure 1 1.25. The porc pressure dcvclopcd in the specimen at failure is equal to (Arr,1)r.

Thus, the major and minor principal clTcctive stresses at failure are. respectively,

o \ :  l t r l  +  (A r r , i ) 1 j  (A r , , ) r  :  ( r t  (A r , , ) r

and

0 \  -  r o 1 -  ( A t t , 1 ) 7

Q is the effective stress Mohrh circle drerwn with the preceding principal stresses.
Note that  the d iameters of  c i rc les P and Q arc the same.

Total  st rcss
Mohr 's c i rc le
at fai lurc ------------1

O'3 O r O: 01 Normal stress

l<- (Ao,1)1 -*-l F- (Ao,7), --=">l

l<__ (Ao/,

l<_(LuDl_,_,_"____+l . 
^;, = ̂ ;;, 

,l

Figure 11.25 The rl : 0 concept

a

a
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Now let us consider another similar clay specimen (no. II) that has been con-
solidated under a chamber pressure o3 with initial pore pressure equal to zero. If the
chamber pressure is increased by Aoj without drainage, the pore water pressure will
increase by an amount A4,.. For saturated soils under isotropic stresses, the pore wa-
ter pressure increase is equal to the total stress increase, so Aa,. : Acr: (B : 1). At
this time, the effective confining pressure is equal to oj * Ao. - LJr,.: o7 * Ao3 -

Ao-, : o.,. This is the same as the effective confining pressure of specimen no. I be-
fore the application of deviator stress. Hence, if specimen no. II is sheared to failure
by increasing the axial stress, it should fail at the samc deviator stress (Ao,,)rthat was
obtained for specimen no. I. The total stress Mohr's circle at failure wil l be R (see
Figure 11.25). The added pore pressure increase caused by the application of (An,1)1
will be (Lu)r.

At failure, the minor principal effective stress is

[ (o j  +  A r r j ) ]  [A r r ,  *  ( Lu , , ) r ] :  c t  ( Lu ,1 )1  :  c \

and the major principal effective stress is

lo j  *  Aa.1 + (Ao,7)1]  -  
[Ar l ,  + (Aa,7)1]  :  lo .  *  (Ao,7)1]  (L,u, )1

:  c r  ( Lu ,1 )1  -  o \

Thus, the effective stress Mohr's circle wil l sti l l  be Q because strength is a function
of efTective stress. Note that the diamcters of circles P, Q, and R are all the samc.

Any value of Aoj could have been chosen for testing specimen no. II. In any
case, the deviator stress (Ao,1)/ to cause failure would have bcen the same as long as
the soil was fully saturatecl and fully undrained during both stages of the test.

Unconfined Compression Test on Saturated Clay

The unconfined compression test is a special type of unconsolidated-undrainecl test
that is commonly used for clay spccimens. In this test, the confining pressure oj is 0.
An axial load is rapidly applied to the specimen to cause failure. At failure, the total
minor principal stress is zero and the total major principal stress is o, (Figure i l.26).

o . r = 0  6 t = 4 ,

Normal stress

Figure 11.26 Unconlined compression test

I 1 . 1 1

a

_F

I
Total stress Mohr's
c i rc le at  la i lure
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Table 11.4 General Relationship of Consistency and
Unconfined Compression Strength of Clays

Consistency ton llt2

Very soft
Soft
Medium
stiff
Very stiff
Hard

0-25
25 -50
-s0,100

100 -200
200-400

>400

0-0.25
0.25 -0.-5
0.5 -1

1 a

2 - 4
> 4

Because the undrained shear strength is
long as the soil is fully saturated and fully

independent of the confining pressure as
undrained. we have

(lt.23)

where q,, is the unconJined compression strength. Table 1 1.4 givcs the approximate
consistencies of clays on the basis of their unconfined compression strength. A pho-
tograph of unconfined compression tcst equipment is shown in Figure 11.27.

Theoretically, for similar saturated clay specimens. the unconfined compres-
sion tests and the unconsolidated-undrained triaxial tests should yicld the same val-
ues of ci,. In practice, however, unconfined compression tests on saturated clays yield
slightly lower values of c,, than those obtained from unconsolidated-undrained tests.

Sfress Path

Results of triaxial tests can be represented by diagrams called stress paths. A stress
path is a l ine that connects a series of points, each of which represents a successive
stress state experienced by a soil specimen during the progress of a test. There are
several ways in which a stress path can be drawn. This section covers one of them.

Lambe (1964) suggested a type of stress path representation that plots q'
againstp' (wherep' and q' are the coordinates of the top of the Mohr's circle). Thus,
relationships for p' and q' are as follows:

cl 4"

' :  T : , ,

11.12

o\ * o\
n l : "t 2

o i * o "
^f - ___:-*-__r__-:.1 * 

2

(rr.24)

( i  1.2s)

This type of stress path plot can be explained with the aid of Figure 11.28. Let
us consider a normally consolidated clay specimen subjected to an isotropically
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Figure 11.27
LJnconfi ned compression test
equipment (courtesy of Soi l test,
Inc.. Lake Bluff.  I l l inois)

i.+(Ao,1)1-,,-,----------- l

Figure 77.28 Stress path - plot of q' against p' for a consolidated-drained triaxial test on a
normally consol idated clay

6 : = o r
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consolidated-drained triaxial test. At the beginning of the application of deviator
st ress,  o\  :  o t :  03,  So

U  1  U 1 (rt.26)

o \ -  o \
q - : U (11.27)

For this condition, p' and q' wil l plot as a point (that is, 1 in Figure 11.28). At some
o the r t imedur ingdev ia to rs t ressapp l i ca t i on ,o i  -  o t *  L ,o ,1  -  c j l  L ,o ,1 ;o \ :  o t .
The Mohr's circle marked A in Figure 11.28 corresponds to this state of stress on the
soil specimen. The values of p' and q'for this stress condition are

c ' ,  I  o ' ,  ( r r i  *  Aa,)  *  o i  Lo ,  Lo ,
P ' -  2  2  

- t r ' r +  
2  

- ( r : +  
2 "  

( 1 1 . 2 8 )

q
(o1 *  L,o,1)  -  o1

(tr.2e)

l f  t heseva lueso f  p ' and  q 'we re  p lo t t ed inF igu re l l . 2B , theywou ldbe rep resen ted
by point D' at the top of the Mohr'.s circle. So, if the values of p' and q' at various
stages of the deviator stress application are plotted and these points are joined, a
straight l ine l ike 1D wil l result. The straight l ine 1D is referred to as the stress pathin
a q'-p' plot fbr a consolidated-drained triaxial test. Note that the l ine ID makes an
angle of 45" with the horizontal. Point D represents the failure condition of the soil
specimen in the test. Also, we can sec that Mohr'.s circlc B represents the failure
stress condition.

For normally consolidated clays, the failure envelope can be given by 11 =

c' t an $' . This is thc l ine OF in Figure 1 1 .28. (See also Figure l l . l '7 .) A modified fail-
ure envelope can now be dcfined by l ine OF'. This modified l ine is commonly called
the K1 line. The equation of the Kr l ine can be expressed as

q '  -  p ' tana

where rr : the angle that the modified failure envelope makes with the horizontal.
The relationship between the angles S' and a can be determined by referring

to Figure 17.29,inwhich, for clarity, the Mohr's circle at failure (that is, circle B) and
lines OF and OF' as shown in Figure 11.28 have been redrawn. Note that O' is the
center of the Mohr's circle at failure. Now.

rr'. -f o'"
n ' :  '  '
' 2

and

and

Ltt , t

2

DO',
gO 

: Iana



\
c

a

l . + ( A o , 1 ) , + l

Figure 17.29 Relat ionship betwccn ry' '  ancl a

and thus ,  wc  ob ta in

11.12 Stress Path 343

( 1 1 . 3 1 )

(11.32)

n i - q t

,  2  o ' t * r t 5
t a n a  -

c t * o ' t  o \ + o ,*--;-
/.

Again,

CO'
o(y 

- stn Q

0 \ - : L

s i n d , :  _ : _ _ o \ - c t
o\ *  t r '1  t r '1  |  t r '1

2

Compar ing  Eqs .  (11 .31)  and (11 .32) ,  we see thar

sin {' : 14n o (11 .33)

{ '  -  s in  r ( tan a) (11.34)

Figure 11.30 shows a q'-p' plot for a normalry consolidated clay specimen sub-
jected to an isotropically consolidated-undrained triaxial test. At the beginning of the

o r = O ' t  O , o ' , o r / l
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u a ' t  I  o '1  o ,  o ' ,  o r  / '

Figure 11.30 Stress path - plot of q'  against p'  for a consolidated-undrained tr iaxial test
on a normally consol idated clay

app l i ca t i ono fdcv ia to rs t ress ,o l - t r \  - o j .Hence  ,p ' : o randq ' -  0 .Th i s re la t i on -
ship is represented by point 1. At some other stage of the deviator stress application,

r r \  -  t ra  *  Ar r , l  L t r , ,

o \  : o j -  L u , 1

s

s
6

o i * o \

2

and

So

and

p -
Ao.,

:  c1 *  
1 ' -  

1 ,u, ,

, c\ - c3 L.tr,1
' t 2 2 (  11.36)

The preceding values of p' and q' wil l plot as point U' in Figure 11.30. Points such as
U" represent values of p' and q' as the test progresses. At failure of the soil specimen,

( i l .3s)

(  1 1.37)

( 11.38)

and

(A t r , , ) ,
p '  -  ( r 1 +  

2 -  
( A r r , 1 ) ,

,  ( L o r )  r
, l -  

2

The values of  p 'and 4 'g iven by Eqs.  (11.37)  and (11.38)  wi l l  p lot  as point  U
Hence, the effective stress path for a consolidated-undrained test can be given by the
curve IU'U. Note that point U will fall on the modified failure envelope, OF' (see
Figure I1.29), which is inclined at an angle a to the horizontal. Lambe (1964) pro-
posed a technique to evaluate the elastic and consolidation settlements of founda-
tions on clav soils bv using the stress paths determined in this manner.

Effective stress
Mohr 's c i rc le

Total stress
Mohr 's c i rc le



For a normally consolidated clay, the failure envelope is given by the equation
Tr ,o' tan $' . The corresponding modified failure envelope (q,-p, plot) ii given
bI gq' t 11.30) as q' : p' tan a. In a simirar manner, if the f;iru;e enuetope iJrl :
c' * s' lan$' , the corresponding modified failure envelope is a q'-p'ploi that ian
be expressed os qrl : m * p' tan a. Express a as a function ofdr, and give m as a
function of c' and g' .

11.12 Stress Path

o j  A

*r'' cot Q'-l- 
o'r I o'r -------..-----*l

Figure | 1 .31 Derivation of a as a function of d' and n as a function of c, and

$olution
From Figure 11.31,

AB
S l n @  E  

A C *

(ry)AB
C O + O A (*#)c ' c o t S '  *

+: c,cos 6 '  + ( ' i  I  
o5), in 

4,z \ z /

or

Q ' : m + p ' t a n a
Comparing Eqs. (a) and (b), we find that

(a)

(b)

m = c 'cos @'

t a n a :  s i n 4 '

a = tan-1(sin d')

o-r o,
z

Norntrl stress

and
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Vane Shear Test

Fairly reliable results for the undrained shear strength, c,, (S : 0 concept), of very

soft to medium cohesive soils may be obtained directly from vane shear tests. The

shear vane usually consists of four thin, equal-sized steel plates welded to a steel

torque rod (Figure 11.32). First, the vane is pushed into the soil. Then torque is ap-
plied at the top of the torque rod to rotate the vane at a uniform speed. A cylinder
of soil of height ft and diameter r/ wil l resist the torque unti l the soil fails. The

undrained shear strength of the soil can be calculated as follows.
If I is the maximum torque applied at the head of the torque rod to cause fail-

ure, it should be equal to the sum of the resisting moment of the shear force along

the side surface of the soil cylinder (M.) and the resisting moment of the shear force

at each end (M,,) (Figure I I .33):

7 ' : M , + M , , + M , ,
' l 'wo 

cnds

The resisting moment can be given as

M, - (ndh)t',, (d12)
\ _ J \ - _ ' Y J

Surlacc Moment
a rca  a rm

where d : diameter of the shear vanc
/z : height of thc shear vane

For the calculation of M., investigators have assumed several types of distribu-

ticln of shear strength mobil ization at thc ends of the soil cylinder:

l. Triangular. Shear strength mobil ization is c,, at the periphcry of the soil cylin-
der and decreases l incarly to zero at thc center.

2, IJni.form. Shear strength mobil ization is constant (that is, c,,) from the periph-

ery to the center of thc soil cylinder.
3. Parabolic. Shear strength mobil ization is c,, at the periphery of the soil cylinder

and dccreases parabolically to zero at the center.

These variations in shear strength mobil ization are shown in Figure 11.33b. In
general, the torque, I at failure can be expressed as

(  11.41)
I a2n r/r I

, : r r ' , , 1  
"  

+ B ; l
L  L  a - j

I  a2n ^a31l r l  .  +  l sT l
t L a l

c u : (rr.42)
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11.13 Vane ShearTest

I
I

k-,1 --+l

Figure 11.32

l<-f -------------*1--- 
t 

--,

Figure 1 1.33 Derjvation of Eq. (11 .42): (a) resisting moment of shear force; (b) variations
in  shear  s t rength  mob i l i za t ion

Diagram ol 'vane shear
test equlpm(jnt

1 ,  - 4' 2 'i -t

Unifbrm mobi l izat ion
0f shear strergth

Parabolic fbrm of
mobi l izat ion of
shear strength

I
I
I

Triangular  ntobi l izat ion
of shear strength
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where B : \for triangular mobil ization of undrained shear strength

B : I for uniform mobil ization of undrained shear strength

B : I for parabolic mobil ization of undrained shear strength

Note that Eq. (11.42) is usually referred to as Culding's equttt ion.

Vane shear tests can be conducted in the laboratory and in the field during soil

exploration. The laboratory shear vane has dimensions of about 1-1 mm (j in.) in di-

ameter and 25 mm ( I in.) in height. Figurc I 1.34 shows a photograph of laboratory

vane shear test equipment. Figurc I 1.35 shows thc field vanes recommended by

ASTM ( 1994). Table I 1.5 gives the ASTM recommended dimensions of f ield vanes.

According to ASTM (1994).  i f  h /d :2.  thcn

and

(  1 1.43)

(11.44)

t
( i n  )

In  the f ie ld.  whcre considcrablc var iat ion in  thc undrained shear s t rength can

be found with depth, vane shear tcsts are extrcmcly useful. In a short period, one can

establish a reasonablc pattern ol'thc change of c',, with de pth. However, if the clay de-
posit at a given site is more or less unif 'orm, a few unconsolidated-undrained triaxial

Figure 1 1 .34 Laboratory vane shear test devicc (courtesy of Soiltest, Inc., Lake Bluff, Illinois)
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1 , ,t <
| +s)
I
I

I
I
I+

Figure 11.35 ceometry of field vanes [source : From Annual Book o.f ASTM standards,
04'08' p. 346. Copyright O 1994 American Society for Testing and Materials. Reprinted with
permiss ion l

Table 11.5 Recommended Dimensions of Field Vanes*,,

:f
.lr"

-+; t  r i++

.ii
I

Rectangular vane

ll
+i+*i1.i,..t: i*-

iil
l i

Tapered vane

Casing size
Diameter, Height,
mm ( in . )  mm ( in . )

Thickness
of blade,
mm ( in . l

Diameter
of rod

mm ( in . )

AX

BX

NX

38. r  ( r  j )  76 .2(3)
-50.8 (2) 101.6 (4)
$5 (2)) 127.0 (s)

1 6 (*r)
1 6 ( + )
3 2 ( i )
3.2  ( * )

L L . t  \ 1 )

1 a  ?  /  l \
t 1 . t  \ t )

t2.7 (+)
1 a  1  t  ! \L L . t  \ 2 )

10r.6 mm (4 in . )1 '  92.1 (3; )  184.1 (71)

*After ASTM. 1994
" Selection of vane size is directly related to the consistency of the soil being tested; that is,
the softer the soil, the larger the vane diameter should be.
blnside diameter
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tests on undisturbed specimens will allow a reasonable estimation of soil parameters

for design work. Vane shear tests are also limited by the strength of soils in which

they can be used. The undrained shear strength obtained from a vane shear test also

depends on the rate of application of torque Z
Bjerrum (1974) showed that as the plasticity of soils increases, c,, obtained from

vane shear tests may give results that are unsafe for foundation design. For this rea-

son, he suggested the correction

ca(dcsign) : iCr(uane shear) (11.4s)

where

i : correction factor : l. l  - 0.54 log(P1)

P7 : plasticity index

(11.46)

More recently, Morris and Will iams (199a) gave the correlations of ,\ as

i  :  1 .13n  { ) { )n ( i ' l )  +  0 ' 57

and

n : 7.01e tttts(r'r ') 1 9.57

where LL :  l iqu id l imi t  (%).

(for P/ > ,5)

( for LL > 20)

(11.47)

(11 .48)

|  1 .14 Other Methods for Determining
U ndrained Shear Strength

A modified form of the vane shear test apparatus is the Torvane (Figure I 1.36), which

is a handheld device with a calibrated spring. This instrument can be used for deter-

mining c,, for tube specimens collected from the l ield during soil exploration, and it

can be used in the field. The Torvane is pushed into the soil and then rotated unti l the

soil fails. The undrained shear strength can be read at the top of the calibrated dial.
Figure 1 1.37 shows a pocket penetrometer, which is pushed directly into the soil.

The unconfined compression strength (q,,) is measured by a calibrated spring. This

device can be used both in the laboratorv and in the field.

Sensitivity and Thixotropy of CIay

For many naturally deposited clay soils, the unconfined compression strength is
greatly reduced when the soils are tested after remolding without any change in

11 .15
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Figure 11.36
Torvane (courtesy of
Soil tcst,  Inc., Lake Bluff,
I l l i no is )

Figure 11.37
Pocket penetrometer
(cour tesy  o f  So i l tes t .  lnc . .
Lake Bluff, Illinois)
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Axla l  s t ra ln

Figure 11.38 L. lnconfined comprcssion stre ngth
for undisturbcd and rcmoldcd clay

Mrdiutnquic*

Slightly quick

Very sensitive

Mediurr sensitive

Sl ight ly  sensi t ive

I  nscns i t i  vc

Figure ?1.39 Classif icat ion o[ clays bascd on
scns i t i v i t y

E

" l  
l 6

..;
;
5 d' a

q

the moisture content ,  as shown in F igure I  1 .3U. This propcr ty  of  c lay soi ls  is  ca l led
sensitivity. The degree of sensitivity may bc defined as thc ratio of the unconfined

comprcssion strength in an undisturbed state to thett in a remolded statc, or

^ 4a(undisturhc,J)
J r : - . _ . - -

4rr(remolded)
( I  1.4e)

The sensitivity ratio of most clays ranges from about 1 to 8; however, highly floc-

culent marine clay deposits may have sensitivity ratios ranging from about 10 to 80.

Some clays turn to viscous fluids upon remolding. These clays are found mostly in

the previously glaciated areas of North America and Scandinavia. Such clays are re-

ferred to as quick clays. Rosenqvist (1953) classified clays on the basis of their sensi-

tivity. This general classification is shown in Figure 1 1.39.
The loss of strength of clay soils from remolding is caused primarily by the de-

struction of the clay particle structure that was developed during the original process

of sedimentation.
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If, however, after remolding, a soil specimen is kept in an undisturbed state (that
is, without any change in the moisture content), it will continue to gain strength with
time. This phenomenon is referred to as thixotropy. Thixotropy is a time-dependent,
reversible process in which materials under constant composition and volume soften
when remolded. This loss of strength is gradually regained with time when the ma-
terials are allowed to rest. This phenomenon is i l lustrated in Figure 11.40a.

Most soils, however, are partially thixotropic - that is, part of the strength loss
caused by remolding is never regained with time. The nature of the strength-time
variation for partially thixotropic materials is shown in Figure 11.40b. For soils, the
difference between the undisturbed strength and the strength after thixotropic hard-
ening can be attributed to the destruction of the clay-particle structure that was de-
veloped during the original process of sedimentaticln.

, .  4a(undisturbed)\ = -
{a(renrolded )

{u( undisturbed ) I n i t i a l
u nd i st urbed
strength

./a( re Irolded )

(b)

Figure 11.40 Behavior of (a) thixotropic marerial; (b) partially thixotropic material

a

E

€
z
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Table 11 .6 Empirical Equations Relatcd tt't c,, and o'6

Reference Relationship Remarks

Skempton (1957)

Chand lc r  ( l9 t t t t )

Jamiolkowski ct al.  (  l t) t t5)

Mesri (  19t39)

Ladd ct al.  (1977\

L rr lVSTl

+ : 0 . 1 1 + 0 . 0 0 3 7 ( P l )
CO

P/ : plast ici ty index (%)
c,(VSr) - undraincd shear
strength frcnt vane shear tcst

1+: o.u + o.oo37(p1)
(f 

',

rr i  :  preconsolidation pressurc

: 1  - 0 . 2 3 + 0 . 0 4
(f 

',

; :  o .zz
( fo

/ . , \
\  -  / , , " , , , , , , , . , , , , , ,  , , , , :  (ocR) ' iE

/ ( ; , \
\ a / , , , , , , , , , " , o n s . , i ( r , , c ( r

For normally consolidated
clay

Can be used in overconsoli-
diited soil; accur€rcy +257";

not val id for sensit ive and
fissured clays

For l ightly overconsolidated
clays

OC R :  ovcrconso l ida t ion  ra t io

11 .16 Empirical Relationships between Undrained Cohesion
(cu) and Effective Overburden Pressure (ob)

Several empirical relertionships can be obscrvcd between c,, and the effcctive over-
burden pressure (o'a1) in the field. Somc of these relationships are summarized in
Table I  1 .6.

The overconsol idat ion rat io  was dcf inod in Chapter  10 as

OCR

where oj. : preconsolidation pressure.

( 11.s0)

10.8

: 
o,,

tt6

A soil profile is shown in Figure 11.41. The clay is normally consolidated. Its liquid
limit is 60 and its plastic limit is 25. Estimate the unconfined compression strength
of the clay at a depth of l0 m measured from the ground surface. Use Skemptonb
relat ionship from Table I  L6 and Eqs. (11.45) and ( lL46).



Relationships between Undrained Cohesion (c) and Effective Overburden pressure (crL)

Dry sand

Y=  15 .5  kN /m :

Figure 11.41

Solution
For the saturated clay layer, the void ratio is

e = u)Gs: (2.6BX0.3) :  0.8
The effective unit weight is

.  / c . - l \  ( 2 . 6 8 - l ) ( e . 8 1 )
T i r o y : \ , * " i , , : _ _  : 9 . r 6 k N / m r

The effective stress at a depth of 10 m from the ground surface is
qb :  37"ond + Tylrov: (3X15.5) + (7X9.16)

=  1 1 0 . 6 2  k N / m 2

From Table 11.6.
ca(vST)

* 0.11 + 0,0037(P1)
o'p

Ca(VST)

n'Sr= 
0.11 + 0.0037(60 - 25)

and

ca(vsr) : 26.49 kN/m2

From Eqs. (11.45) and (11.46), we ger

C, : ,\cr,y51,

* lL.7 - 0.54log(Pl)1c,,y5.r1

: 11.7 - 0.54lo9(60 * 2s)J26.49 : 22.95 kN/mz
So the unconnned 

"T':';;:',;eT;:, 
: 45.e kN/m2

Clay
ty - 30Vc
G, = 2.68
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Shear Strength of Unsaturated Cohesive Soils

The equation relating total stress, effective stress, and pore water pressure for un-
saturated soils, can be expressed as

( r ' :  ( ,  -  u u l  X ( u u -  u u , )

where o' : effective stress
o : total stress
rt. : pore air pressure
u?i, : pore water pressure

_ When the expression for o' is substitutecl into the shear strength equation
[Eq. ( I 1 .3)1, which is bascd on effective stress parameters, we get

r [  :  c '  + [ r r  
-  u , ,  *  y(u, ,  -  r r , , , ) ] tan { ' (  r  r .s2)

The values of 1 depend primarily on the degree of saturation. with ordinary
triaxial equipment uscd for laboratory testing, it is not possible to determine accu-
rately the effective strcsses in unsaturated soil specimens, so the common practice is
to conduct undrained triaxial tests on unsaturatecl specimens ancl measure only the
total stress. Figure 11.42 shows a total strcss failure envelope obtained from a num-
ber of undraincd triaxial tests conducted with a given init ial clegree of saturation.
The failure envelopc is gcnerally curved. Higher conlining pr"riur" causes higher
compression of the air in void spaces; thus, the sotubil ity of void air in void water is
increased. For design purposes, the curvecl envclopc is sometimes approximateil as
a straight f ine, as shown in Figurc 11.42,wtth an equation as follows;

r t :  r ' f  o t a n r p  ( 1 1 . 5 3 )

(Note that c and rf in the preceding cquation are empirical constants.)

1 1 . 1 7

( 1 1 . s 1 )

a

Normal stress (total)

Figure 1 1.42 'fotal 
stress failure envelope for unsaturated cohesive soils
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320
160

Inorganic clay (CL)

Degrce of saturation =

0d
500 1000 2(XX) 22(X)

Total nonlal strcss. o (kN/rnrt

F igure11.43 Yar iat i<rnof  t l . tc tota l  s t ress fa i lureenvelopcwi thchangeof  in i t ia l  degrecol '
s:lturation obtaincd frttm undrained tcsts of an inorganic clay (al 'te r Casagranclc alcl
Hirschfeld, 1960)

Figure 11.43 shows the var iat ion of  thc tota l  s t ress cnvelopes wi th change of
the in i t ia l  degree of  saturat ion obta incd f rom undrained tests on an inorganic c lay.
Note that for these tests the specimcns werc prepared with approximately the same
in i t ia l  dry uni t  weight  of  about  16.7 kN/mr (  106 Ib i  mr) .  For  a g ivcn tota l  normal  s t rcss,
tl.re shear stress needed to cause failure dccreascs as the dcgrce of saturalion in-
creases.  When thc degrec of  saturat ion reaches 100'2, .  the tota l  s t ress l 'a i lurc enve-
lope becomes a horizontal l ine thzrt is the samc as with thc r/ : 0 conccpt.

In practical cases where a cohesivc soil dcposit may bccome saturatecl bccause
of  ra infa l l  or  a r ise in  thc groundwatcr  tablc ,  the st rength of  par t ia l ly  saturatcd c lay
should not  be used for  design considerat ions.  Instead,  the unsaturated soi l  speci -
mens collected from thc field must bc saturated in the laboratorv and the undraincd
strength determined.

|  1.18 Summary and General Comments
In this chapter, the shear strengths of grandular and cohesive soils were exam-
ined. Laboratory procedures for determining the shcar strength paramcters were
described.

In textbooks, determination of the shear strength parameters of cohesive soils
appears to be fairly simple. However, in practice, the proper choice of these pa-
rameters for design and stabil ity checks of various earth, earth-retaining, and earth-
supported structures is very dif l lcult and requires experience and an appropriate
theoretical background in geotechnical engineering. In this chapter, three types of
strength parameters (consolidated-drained, cctnsolidated-undrainecl, anrJ unconsoli-
dated-undrained) were introduced. Their use depends on drainage conditions.

Consolidated-drained strength parameters can be used to determine the long-
term stabil ity of structures such as earth embankments and cut slopes. Consolidated-
undrained shear strength parameters can be used to study stabil ity problems relating
to cases where the soil init ially is fully consolidated and then there is rapid loadine.

1000

Rfl .<
_ ' !

=

,+0

? 8oo
z
tr 600
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. Saturated
ciay ,  , r . . ,

( a )

Figure 11.44 Strength anisotropy in clay

An excellent example of this is the stabil ity of slopes of carth dams after rapid draw-
down. The unconsolidatcd-undrained shear strength of clays can be used to cvaluate
the end-of-construction stabil ity of saturated cohesive soils with thc assumption that
the load causcd by construction has bcen applied rapidly and there has been litt le
time for drainagc to take place. The bcaring capacity of foundations on soft saturated
clays and the stabil ity of the base ol'cmbankments on soft clays arc cxamples of this
condi t ion.

The unconsolidated-undrained shear strength of some saturatcd clays can vary
depending on the dircction of load application; this is referred to as anisotrcpy with
respect to strength. Anisotropy is primarily caused by the naturc of the deposition of
the cohesivc soils, and subsequent consolidation makes the clay particles orient per-
pendicular to the direction of thc major principal stress. Parallel orientation of the
clay par t ic les can cause the st rcngth of  c lay to vary wi th d i rect ion.  F igure 11.44a
shows an elcmcnt of saturated clay in a deposit with the major principal stress mak-
ing an angle a with respect to the horizontal. For anisotropic clays, the magnitude of
c,, wil l be a lunction of a. For normally consolidated clays, c,,1,*-e11,,, ) {:,,1,,:1r"1, for over-
consolidatcd clays, c,,,,, q..) ( c,,(,, ,,.,. Figure 11.44b shows the directional variation
for c,,1,,;. The anisotropy with rcspcct to strength for clays can have an important ef-
fect on the load-bearing capacity of foundations and the stabil ity of earth embank-
ments because the direction of thc major principal stress along the potential failure
surfaces changes.

The sensitivity of clays was discusscd in Section 1 1.15. It is imperative that sen-
sit ive clay deposits are properly identif ied. For instance, when machine foundations
(which are subjected to vibratory loading) are constructed over sensitive clays, the
clay may substantially lose its load-bearing capacity. and failure may occur.

Problems
11.1 A direct shear test was conducted on a specimen of dry sand with a normal

st ress of  200 kN/m2. Fai lure occurrec l  at  a shear s t ress of  175 kN/m2. The s ize
of the specimen tested was 75 mm x 75 mm x 30 mm (height). Determine
the angle of friction, @'. For a normal stress of 1-50 kN/m2, what shear force
would be required to cause failure in the specimen?

Nonnally consolidated
anisotropic clay
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ll.2 The size of a sand specimen in a direct shear test was ,50 mm x 50 mm x 30 mm
(height). It is known that, for the sand, tan g,= 0.65/e (where e : void ratio)
and the specific gravity of solids, G, : 2.68. During the test a normal stress
of 150 kN/m2 was applied. Failure occurred at a shear stress of 110 kN/m2.
What was the mass of the sand soecimen?

11.3 Following are the results of four drained direct shear tests on
consolidated clay:

Size of specimen : 60 mm x 60 mm
Height of specimen : 30 mm

Normal Shear
Test force force at
no. {N} failure (N}

a normally

I
2
3
/1

200
300
400
500

1.5-5
230
3 l 0
385

rt.4

Draw a graph for the shear stress at failure against the normal stress and de-
termine the drained angle of friction (r/->') from the graph.
Following are the results of four drained direct shcar tests on a normally
consolidated clay:

Specimen s ize:  d iameter  of  specinten :  2 in.
hcight of spccir.r.ren - I in.

Normal Shear
Test force force at
no.  ( lb)  fa i lure ( tb l

Draw a graph for shear stress at failure against the normaI stress and deter-
mine the drained angle of friction ({,) from the graph.

11.5 The equation of the effective stress failure envelope for a loose sandy soil was
obtained from a direct shear test as r 1. : c' tan 30o. A drained triaxial test
was conducted with the same soil at a chamber confining pressure of 10 lb/in.2
a. Calculate the deviator stress at failure.
b. Estimate the angle that the failure plane makes with the major principal

p lane.
c. Determine the normal stress and shear stress (when the specimen failed)

on a plane that makes an angle of 30'with the rnajor principal plane. Also.
explain why the specimen did not fail along the plane during the test.

11.6 The relationship between the relative density D, and the angle of friction, @,,
of a sand can be given as Q'" : 28 + 0.18 D, (D,is in %). A drained triaxial
test on the same sand was conducted with a chamber confining pressure of
120 kN/m2. The relative density of compaction was 65%. Calculate the maior
principal stress at failure.

I
2
3
A

3'7.5
-5-5
70
u0

60
90

l l 0
l l l
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l1..7 For a normally consolidated clay, the results of a drained triaxial test are as

follows:
Chamber confining pressure : 15 lb/in.2
Deviator stress at failure : 34 Ibiin.2

Determine the soil fr iction angle, @'.
11.8 For a normally consolidated clay, it is given that $' :24".In a drained tri-

axial test, the specimen failed at a deviator stress of 175 kN/m2. What was

the chamber conlining pressure, ai?
11'9 For a normally consolidated clay, it is given that $'= 28'' In a drained triaxial

test, the specimen failed at a deviator stress at 30 lb/in.'What was the cham-

ber confining pressure, oi?
11.10 A consolidated-drained triaxial test was conducted on a normally cclnsoli-

dated clay. The results were as follows:
( r ' r  1  250 kNi  m2

(Ar r , , ) ,  :  275  kN /mr
Determine the following:
a. Angle of friction, r/, '
b. Anglc g that thc failure plane makes with the major principal plane

c. Normal stress, rr ', and shear strcss, 11, on the failure plane

11.11 The results of two drained triaxial tcsts on a saturated clay are as follows;

Specimen I :  chamber conf in ing prcssurc :  70 kN/mr

deviator  s t rcss at  fa i lure -  215 kN/m2

Specimen I I :  chambcr conf in ing pressure :  120 kN/m')

deviator stress at failurc : 260 kN/m'

Calculatc the shcar strength parameters of the soil.

11.72 lf a spccimen of clay described in Problem l 1.1 1 is tested in a triaxial appa-

ratus with a chamber confining prossure of 20()kN/mr, what wil l be the ma-
jor principal stress at failurc'/ Assume full drained condition during the test.

11.13 A sandy soil has a drained angle of friction of 35'. In a drained triaxial test

on  the  same so i l . l he  dcv ia to r  s t r css  a t  f a i l u re  i s  2 .69  ton / f t 2 .  Wha t  i s  t he

chamber confining pressure'?
11.14 A deposit of sand is shown in Figure 11.45. Find the maximum shear re-

sistance in kN/m2 along a horizontal plane located l0 m below the ground

surface.
11.15 A consolidated-undrained test on a normally consolidated clay yielded the

following results:
( r r  :  l 5 l b / ' n ' 2
Deviator  s t ress,  (Lo,)  r  

:  11 lb / in .2

Pore pressure, (Aa,)1 -- 1.2lblin,1
Calculate the consolidated-undrained friction angle and the drained friction

angle.
11.16 Repeat Problem 11.15, using the following values:

o3 -  140 kN/m2
(Ao , i ) ,  :  125  kN /m2
( L u , , ) i :  7 5  k N / m 2
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Sand
Q' = 42"
e  = 0 . 6

Gs =2.67

Figure 11.45

11.17 The shear strength of a normally consolidated clay can be given by the equa-
tion 11 - o' tan 31'. A consolidated-undrained test was conducted on the
clay. Following are the results of the tcst:

Chamber conf in ing pressure :  112 kN/mr
Deviator stress at failure - 100 kN/m2

Determine
a. The consolidated-undrained friction angle, {
b. The pore water pressure dcveloped in the clay specimen at failure

11.18 For the clay specimen described in Problem I L 17, what would have been the
deviator stress at failure if a drained test would have been conducted with
the same chamber conf in ing pressure ( i .e . ,  o j  :  112 kN/m2)?

11.19 A silty sand has a consolidated-undrained friction angle of 22" and a drained
friction angle of 32" (c' : 0). If a consolidated-undrained test on such a soil
is conducted at a chamber confining pressure of 1.2tonlft2, what wil l be the
major principal stress (total) at failure? Also, calculate the pore pressure
that wil l be generated in the soil specimen at failure.

11.20 Repeat Problem 1 1.19, using the following values:
4> : t9'

6' - 28'
o.r = f35 kN/m2

11.21 The following are the results of a consolidated-undrained triaxial test in a
clay:

Specimen a3 rr, at failure
no. (kN/mr) (kN/mr)

Draw the total stress Mohr's circles and determine the shear strength param-
eters for consolidated undrained conditions (i.e., d and c).

t92
384

375
636
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11.22 The consolidated-undrained test results of a saturated clay specimen are as
follows:

u t :  9J  kN im '
ar at failure : 197 kN/m2

What will be the axial stress at failure if a similar specimen is subjected to an
unconfi ned compression test?

11.23 The friction angle, @', of a normally consolidated clay specimen collected
during field exploration was determined from drained triaxial tests to be 25'.
The unconfined compression strength, q,,, of a similar specimen was found to
be 100 kN/m2. Determine the pore water pressure at failure for the uncon-
fined compression test.

11.24 Repeat Problem I1.23 using the following values:

$' - 23o
q,, - 120 kN/m'

11.25 The results ol two consolidated-drained triaxial tcsts on a clavev soil are as
follows:

(r ' l ( fai lure)

Test no. u\ ( lb l in.2l ( lb/ in. 'zl

z7
I L

Use thc failure envelope equation givcn in Example I 1.7 - that is, 11' : v11 a
p '  Lan a.  (Do not  p lot  thc graph.)
a .  F ind  r r  and  a
b. Find c' and 6' .

11.26 A 1,5-m-thick normally consolidated clay laycr is shown in Figure 11.46. The
plasticity index of the clay is 18. Estimate the undrained cohesion as would
bc determined from a vane shear test at a depth of 6 m belclw the ground
surface. Use Skempton's cquation in Table 11.6.

Clay

Y ,ar  = 19.5 kN/mr

4n
I
2

''""1,-
3 m
*' t '

l , ' ] .

:" l
. '  , l . l' " 1 5  n

Figure 11.46
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