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Shear Strength
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The snegs sreagl of a soil s its maximum resistance 1o shear Stresses just before the failure. Soils are
seldom susjected 1o direct shear. However, the shear stresses develop when the soil is subjected to direct

compression. Allhough shear stresses may also develop when the soil is subjecled o direct tension, but these

hear giresses are et relevant, as the sofl in this case fails in tension and does not fail in shear. In ficld, soils
sre widorn sublected to ension, as fi causes opening of the cracks and fissures, These cracks are not only
hig, b are also detrimental fo the stabiiity of the soil masses. Thus, the shear failure of a soil masy
s when o sherr siresses induced due to lhe applied compressive loads excoed the shear strength of the

st T rnav be noted thal the failure in sol} occurs by relative movements of the particies and not by breakin
g y t y

(b 1S she principal enginceting property which controls the stability of a soil mass under
germs the bearing capacity of soils, the stability of slopes in soils, the earth pressure against
sotures ond many other probloms. s explained i later chapters. Al the problems of soil
¢ relmed i one way o the olber with the shear strenglh of the soil. Unfortunately, the shear
¥ one of ihe mos compiex engineering properties of ine soil. The currcni rescarch is giving new
o and thearies. This chagter presents the basic concepts and the accep! =d theories of the shear strengih.

133, STRESS-SYSTEM WITH PRINCIPAL PLANES PARALLEL TO T1E COORBINATE AXES

in peperal, a soil mass is subjected to a three—dimensionat siress system. However, in many soil
engineering problems, the stresses i the third direction are not relevant and the stress system is simplified 48
two-Gimensional. The plane sirain conditions are generally assumed, i which the strain in the thid
(longitudinal) direction is zero. Such conditions exist, for example, under a strip footing of a long retaining
wail.

A1 every point in @ stressed body, there are three planes on which the shear siresses are ZCI0. These
piangs arc KNOWN 2 principal planes. Tne plane with the maximum COmMpressive sircss {ay) 15 called ihe
major principal plane, and that wilk the minjmum compressive (03) as the minor principal plane. The third
orimcinel plage iS subjected 16 2 Siess which has the value intermediate between o) snd oy, and is known &s
i wadiae principal plane. Generally, the siresses on a plane perpendicuter to the inlermediate principal
misne we required 0 the apalysis. Thersfore, the siresses on {he intermediate principal plane are not much
slpvpn Onlv the malor principal siress (7)) end the minor principal stress {cia} are gereraily important.

% i meehanics, the tensile siresses are taken as positive. 1n soil engineering provlems, {ensiie siresses
<o Aaveld niny negalive signs, COMProssive siresses are taken as positive andd the tensie stresses
zs negative in soil engineering.

§ig, 13,1 shows 2 plane which is perpendicnlar to the intcrmediate principal niane. Thie major and minot
nepaipel sliessss act on this plane. The major principal plane 18 horizontal and the minor principal plane i

carsi
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Therefore, the two priocipal stresses are as under.

.
5 2
, . o, + U, f3.~-0 . ,
Major principal stress, g = i..z.»_’- + JLWLE«E} + T 13T
The point U gives the major principal siress (0y).
o Vf o, - a;) |
. . . U + - 4 - gk
Minor principal siress, O3 = e = (—-1'—2—-5) g A3
A

The poini V gives the minor principal siress {03}
Alse, becsuse tan 2 8, = tan {26, + 180°), the second principal plane is indicated by the line a4

3.6, IMPOETANT CHARACTERISTICS OF MOHR'S CIRCLE
Tne following important characteristics of Moht’s circle should be carefully noted, a8 thess wie Fe( A
for further study.
(1} The maximum shear Stress Tog: 19 numerically equal to (oy -~ o3)/2 and & oscurs o & plase fuclied
at 45° to the principal planes (Fig. 13.5}.
{25 Point 2 on the Mohr circle represents thie stresses (0, T) on a plane make an angle § with ine £ ATGT
principal plase.

Fig. 13.5. Charactesistics of Mohr’s Ciede.
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The resultant stress on that plane is equal to Vo? + 1° and its angle of obliquity with the normal of
the plane is equal to angle B, given by

= tan™ (v/0) L{13.9)
(3) The maximum angle of obliquity fimax is obtained by drawing a tangent to the circle from the
origin O.
alo-o)2 [0 -0;

..(139)

Pow = ST o Vo2 = (5,

(4) The shear stress t; on the plane of the maximum obliquity is less than the maximum shear stress

. Tmax

(5) Shear stresses on planes at right angles to each other are numerically equal but are of opposite signs,
as shown in Fig. 13.4 (c).

(6) As the Mohr circle is symmetrical about o-axis, it is usual practice to draw only the top half circle
for convenience. :

(7) There is no need to be rigid about sign convention for plotting the shear stresses in Moht’s citcle.
These can be plotted either upward or downward. Although the sign convention is required for
locating the orientation of the planes, the numerical

¥ results are not affected. W7 E‘NF'\'O?E'
£
f y& MOHR-COULOMB THEORY | and®
The soil is a particulate material. The shear failure D MOHR CRCLE

occurs in soils by slippage of particles due to shear stresses.
The failure is essentially by shear, but shear stresses at
failure depend upon the normal stresses on the potential
failure plane. According to Mobr, the failure is caused by 2 Pl C i
ciitical combination of the normal and shear stresses.

The soil fails when the shear stress (t) on the failure

plane at failure is a unique function of the normal siress
() acting on that plane. (a)
y = f(0)
Since the shear stress on the failure plane at failure is
defined as the shear strength (5), the above equation can be
wrillen as

X

s = f(o) <~ (13.11)

The Mohr theory is concerned with the shear siress at
failore plane at failure. A plot can be made between the
shear siress T and the normal stress o af failure, The curve {b)
defined by Eq. 13.11 is known as the Mohr envelope [Fig.
13.6 (a)]. There is a upique. failure envelope for each
material. _ ?T

Failure of the material cocurs when the Mohr circle of
the stresses touches the Mohr envelope. As discussed in the
preceding sections, the Mohr circle represents all possible
combinations of shear and normal stresses at the stressed
point. At the point of contact (D) of the failure envelope and
the Mohr circle, the critical combination of shear and
normal stresses is reached and the failure occurs. The plane
indicated by the line PD is, therefore, the failure plane. Any (e)

Mohr’s circle which does not cross the failure envelope and ¥ig. 13.6. Faiture Envelopes.

L
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lies below the envelope represents a (non-failurc) stable condition. The Mohr circle cannot cross the hiobr -
envelope, as the failure would have already occurred as soon as the Mohr circle touched the envelope.

The shear strength {5) of a soil at a point on a particular plane was expressed by Coulomb as a linear
function of the normal stress on that plane, as

s =¢+ oclan¢ .-(13.12)
In other words, the Mohr envelope is replaced by a straight line by Coulomb as shown in Fig. 13.6 (b).

In Eq 13.12, ¢ is equal to the intercept on v-axis and ¢ is the angle which the envelope makes with
o-axis [Fig. 13.6 (c)}. The component ¢ of the shear” strength is known as  cohesion. Cohesion bolds the
particles of the soil together in a soil mass, and is independent of the normal stress, The angle ¢ is called the
angle of internal friction. It represents the frictional resistance between the particles, which is directly
proportional to the normal siress.

As mentioned before, the failure occurs when the stresses are such that the Mohr circle just touches the
failure envelope, as shown by point B in Fig. 13.6 (c). In other words, shear failure occurs if the stresses 0
and T on the failure plane.plot_as point B. If the stresses plot 23 point A below the failure envelope, it
represents a stable; non-failite condition. On the other hand, a state of stress represented by point C above
the failure envelope is not possible. It may be noted that a material fails along a plane when the critical
combination of the stresses o and T gives the resultant with a maximum obliquity (Pumax), In which case the

resultant just touches the Mohr circle.

8. REVISED MOHR-COULOMB EQUATION

I ater research showed that the parameters ¢ and ¢ in Eq. 13.12 are not necessarily fundamental properties
of the_soil as was originally assumed by Coulomb. These parameters depend upon a number of factors, such
as the water content, drzinage conditions, conditions of testing. The current practios is to consider ¢ and ¢ a8
mathematical parameters which represent the failure conditions for a particular soil under given conditions.
That is the reason why ¢ and ¢ are now called cohesion intercept and the angle of shearing resistauce. These
indicate the intercept and ihe slope of the failure envelope, respectively.

Terzaghi established that the normal stresses which control the shear strength of a soil are the effective
stresses and not the total stresses. In terms of effective stresses, Eq. 13.12 is written as

s = ¢ + otang’ ..(13.13)
where ¢ and ¢’ are the cohesion intercept and the angle of stiearing resistance in terms of the effective
stresses.

Eq. 13.13 is known as the Revised Mohr—Coulomb equation for the shear strength of the soil. The
equation has replaced [he original equation (Eq. 13.12). It is one of the most impottant equations of soil
enfiincering.

The Mohr—Coutomb theory shows a reasonably good agreement with the observed failures in the field
and in the laboratory. The theory is ideally suited for studying the behaviour of soils at failure. The theory is
used for cstimation of the shear strength of soils. However, even this theory is not perfect. It has the
following main limitations :

(1) 1t neglects the effect of the intermediate principal stress (a2),

(2) It approximates the curved failure envelope by a straight line, which may not give correct results.

(3) When the Mobr envelope is curved, the actual obiiquity of the failure plane is slightly smailer than

the maximum obliquity. Therefore, the angle of the faiture plane, as found, is not correci.

{4) For some clayey soils, there is o fixed relationship between the nommal and shear stresses on the

plane of failure. The theory cannot be used for such soils.

13.9. DIFFERENT TYPES OF TESTS AND DRAINAGE CONDITIONS
The following tests are used to measure the shear strength of a soil.

(1) Direct shear test (2) Triaxial Compression test
{3) Unconfined Compression test  (4) Shear Vanc test.
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The shear test must be conducled under appropriate drainage conditions that simulate the actual field
problem. In shear tests. there are two stages .
(1) Consolidation stage in which the normal stress (or confining pressure) is applicd 1o the specimen and
it is allowed (0 consolidate.
(2) Shear stage in which the shear stress (or devialor sidssj is apalied 1o the specimen w shear it
Depending upon the drainage conditicns, there are three types of tosis as explained below

(1) Unconsolidated—Undrained Condition. In this 1ype of test, no drainage is permitied daring the
consolidation stage. The drainage is also not permitied in the shear stage.

As no time is allowed for consolidation or dissipation of excess pore water pressure, the test can be
concucted quickly in a few minutes. The test is known as unconsolidated-—undrained test (UU test) or quick
test ((-1est).

{2) Consolidated—Undrained Condition. In a consolidated---undraiaed tesi, thie specimen 5 allowed to
consolidate in the first stage. The drainage is permitted until the consolidation i& comiplete.

In the second stage when the specimen is sheared, no drainage is permifted. The st is known as
consolidated—undrained test (CU test) It is also called a R-test, as the alphabet R falls between the alpbabet
Q used for quick tesi, and the aiphabet § used for stow test.

The pore waler pressure can be measured in the second siage if ihe faciiities for iis measurcment are
avatlable. In that case, the test is known as CU test.

)] Consolidated—-Drained Condition. In a consolidated--drained test, the drainage of the specimen is
permitied in both the stages. The sample is allowed to consolidate in the first stage. When the consolidation
is complete, it is shezred at a very slow rate to ensure that fully drained conditions exist and the excess pore
waler §s zero,

The test is knowsn as a consolidated—drained test (CO Lest) or drained tesi. # e also known 28 the slow
1est (S—-test).

) 4.’5.1{). MODE OF APPLICATION OF SHEAR FORCE

The shear force in a shear test is applied either by increasing the shear displacement al 2 given rate or
by increasing the shearing force at a given rate. Accordingly, the shear tests are either sirain-—controked or
stress-controlled,

(1) Strain conirolied tests, In a strain-contiolled test, the test i conducied in &ach a way that the
shearing sirain increases at a given rate. Generally, ihie raie of increase of the shearing straim s kept constant,
and the specimen 1 sieared at a uniforn strain rate.

'The shesr force acting on the specimen is measured indirectly using a proving ting. The rate of shearing
strain is controfled manuaily or by a gear sysiem attached to an ¢lectric motor.

Mosi of the shear tesis are conducted as strain—controlled, The stress-——strain chiaracieristic are easily
obluined in these twsis, as the shape of the stress—sirain curve beyond the peak poini can be observed only
in a strn— controlled test. A strain—controlied test is easter o perform ihan a stress- controlled iest.

{2y Stress—Controlied tests. Tn a stress——controlled test, the shear force i dncressed al a given e
Usually, the caw of increase of the shear force is maintained constant. "The shear ioad is increased such that
the shear stresses increase at a uniform rate. The resulting shear displacements are obtamed by means of a
dial gauge,

Stress—controlled tests are preferred for conducting shear lesis & a very low rale, because an apphad
lowd can easiiy be kept constani for any given petiod of tme. Further, the joads <an be conveniently apphied
and removed, The siress-controlled test represents the field conditions maore closcly.

¥ All DIRECT SHEAR TEST
' (4) Apparatus. A divect shear test is conducted on a soil specimen in a ‘shear box which i split ¢ wo
halves along & borizontal plane at its middle (Ihg. 13.7). The shear box 18 made of bréss or gunmetal [l
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Fig. 13.7. Direct Shear Test.

cither square or circular in pian. A square bex of size 60 x 60 x S0mm is commonty used. The box 18
chivided horizontally such that the dividing plane passes through the centre. The two halves of the box are
held together by locking pins. Suitable spacing screws to separate the wo halves are also provided. The
spacing screws are fixed to the upper hall and they butl against the iop of the lower half.

‘The box is provided with the gripper of the grid plates which are ioothed and fitted inside it. The gripper
piates are plain (without perforations) for undrained Lesis and perforated for drained iests, Forous stones are
piaced at the top and the botior of the specimen i Crained tesis. A pressure pad of brass of gun metal is
fitted into ihe box 2 fis lop to wansmit the normal joad to the sample. The normal load froin the loading yoke
is applicd on the wp of the specimen through a steel ball bearing upor the pressure pad.

The lower hal of the box is fixed to the base plate which is rigidly held in position in a large contamer.
The large container is supported on rellers (rollers not shown). The container can be pushed forward at a
constant rate by a geared jack which works as a sirain-controlled device. The jack may be operated manually
or by an electric motor.

A ivading frame is used to support the large container. It bas the arrangement of a lnading yoke and a
lever system for applying the normal load.

A proving ring i5 fitted to the upper half of the box to measure the shear force. The proving ring butts
against 2 fized support. AS the box moves, the proving ring records the shear force, The shear displacement
is measured with a gial gauge Stied to the container. Another dial gauge is fitted 10 the {ep of the pressure
pad to reeasute the change in the thickness of the specimen.

(3} Test. A soil spocimen of size 60 x 6} x 25 mm 15 taken. It may be cither an undisturbed sample or
made from compacted and remoutded soil. The specimen may be prepared directly in the box and compacted.
The base plate is attached fo the lower haif of the box. A porous sione 18 placed in the box. For undrained
tests, & plain grid 1s kept on the porous stone, keeping its segregations 2t right angles 1o the direction of shear.
For drained tests, perforated grids are used instead of plain gnids. The mass of the base plate, purous stone
and grid is taken. The specitaen if made separately is transferred to the box and 18 mass taken,

The upper grid, porous stone and the pressure pad arc placed on ihe specimen. The box 18 placee inside
the large container and mounted on the loading frame. The vpper half of the box is brought in contact waih
the proving ring. The loading yoks is mounted on the stecl ball ptaced on the pressure pad. The dial gauge
is fitted to the container to give the shear dispiacement. The otfer dial gauge is mounied on the leading yoke
10 record the vertical movenent.

The locking pins are removed and the upper half box is slightly raised with the help of spacing screws.
The space between the two halves is adjusted, depending upon the maximum particle size, The space should
be such that the top half of the box does not ride on soil grains which come between Lhe edges.

The normat load is applied to give a normat siress of 25 KN/m?. Shear load is then applied at a consiant
rate of strain. For undrained tests, the rate is generally between 1.0 mm o 2,00 mm per minuie. For drained
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tests, the strain rate depends upon the type of soil. For sandy soils, it may be taken as (.2 mm/minule;
whereas for clayey soils, it is generally between 0.005 to 0.02 mm/min. The sample shears along the
horizontal plane between the two hatves. The readings of the proving-ring and the dial gauges are taken every
30 seconds. The test is continued till the specimen fails. The failure is indicated when the proving ring dial
gauge begins to recede after having reached the maximum. For the soils which do not give a peak point, the
failure is assumed to have occurred when a shearing strain of 20% is reached. At the end of the test, the
specimen is removed from the box and its water content found.

The test is repeated under the normal stress of 50, 100, 200 and 400 kN/m?. The range of the normal
stress should cover the range of loading in the ficld problem for which the shear parameters arc required. The
shear stress at any stage during shear is equal to the shear force indicaied by the proving ring divided by the
area of the specimen. A plot can be made between the shear stress and the shear strain. The shear strain 18
equal to the shear displacement (AH) divided by the length of the specimen (L). The shear siress is obtained
from the shear load indicated by the proving ring and the cross-sectional area.

Direct shear tests can be conducted for any one of the three drainage conditions. For U-U test, plain grids
are used and the sample is sheared rapidly. For CU test, perforated grids are used. The sample is consolidated
under the normal load and after the completion of consolidation, it is sheared rapidly in about 5—10 minutes.
In a CD test, the sample is consolidated under the normal load and then sheared slowly so that excess pore
water pressure is dissipated. A CD test may take a few hours for cohesionless soils. For cohesive soils, it may
take 2 to 5 days.

The direct shear test is generally conducted on cohesionless soils as CD fest. It is convenient to perform
and it gives good results for the strength parameters. It is occasionally used to determine the strength
parameters of silt and clay under unconsolidated—undrained N
and consolidated drained conditions, but it does not offer
the flexibility of a triaxial compression test, as explained
later.

13.12. PRESENTATION OF RESULTS OF DIRECT (/’

SHEAR TEST p Loose sond

(a) Stress-Strain Curve. A stress-sirain cutve is a plot i
beiween the shear stress t and the shear displacement 4

Dense sand

-
-— -
e

(AH/L) [Fig. 13.8 {a}]. In case of dense sand (and also - QH/L

over-consofidated clays), the shear stress atiains 3 peak
value at a small stroin. With funther increase in strain, the
shear stress decreases slightly and becomes more of less A
constant, known ags ultimate stress, In case of loose sands -

(and normally consclidated clays}, the shear stress increases .

~——{lense sand

. : < &H
graduaily and finally attains a constant value, kriown as the . 7 i
o Medium dense

uftimate stress or residual strength. It has been observed that

the uvltimate shear stress attained by both dense and loose A —f " Loose sand
sands tested under similar conditions is approximately the

same. The figure also shows the stress-sirain curve of & e (t)

medium dense sand.

Generally, the failure strain 15 2 to 4% for dense sand
and 12 10 16% for loose sand.

Fig. 13.8 (b) shows the volume changes with an
increase in shear strain for CD tests. Since the
cross-sectional area of the specimen remains unchanged, the
volume change is proportional to the change in thickness
measured by the dial gauge. In case of dense sands (and
over-consolidated clays), the volume first decreases slightly,

i } }.:

ig. 138 Stress-Strain Curves.
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but it increases with further increase in strain. In the case of loose sands (and normally consolidated clays),
the volume decreases with an increase in’ shear strain. The figure also shows the curve for medium dense
sand.

It may be observed that the void rato of an initial loose sand decreases with an ingrease in shear strain,
whereas that for the initially dense sand increases with an increase in strain [Fig. 13.8 (c)]. The void ratio at
which there is no change in it with an increase in strain is known as the critical void ratio. If ‘the sand
initially is at the critical void ratio, there would be practically no change in volume with an increase in shear
strain.

(b} Failure Envelope. For obtaining a failure envelope, a number of identical specimens are tested
under different normal stresses. The shear stress required to cause failure is determined for each normal
stress. The failure envelope is obtained by plotting the points corresponding to shear strength at different
notmal stresses and joining them by a straight line {Fig. 13.9 (a)]. The inclination of the failure envelope to

Y

Nagihe!
Y
"

(a)

Fig. 13.9. Failure Envelope.

the horizontal gives the angle of shearing resistance ¢ and its intercept on the vertical axis.is equal to the
cohesion intercept c. |

For dense sands, the failure envelope can be drawn either for peak stress or for ultimate stress. The
values of the parameters ¢ and ¢ for the two envelopes will be different. For loose sands, the failure envelope
is drawn for ultimate stress, which is usuaily taken as the shear stress at 20% shear strain.

(¢) Mohr-Circle. In a direct shear test, the stresses on planes other than the horizontal plane are not
known. It is, therefore, not possible to draw Mohr stress circle at different shear loads. However, the Mohr
circle can be drawn at the failure condition assuming that the failure plane is horizontal.

In Fig. 13.9 (b}, the point B represents the failure condition for a particular normal stress. The Mohr
circle at failure is drawn such that it is tangential to the failure envelope at B. The horizontal line BP gives
the direction of the failure planc. The point F is the pole. The lines PD and PA give the directions of the

' }ajor and minor principal planes, respectively. The principal planes are also shown in Fig. 13.9 (¢).

Merits and Demerits of Direct Shear Test |
The direct shear test has the foliowing merits and demerits as compared to the triaxial comgression test
{described in the following section).
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Merits.

(1) The sample preparation is easy. The test is simple and convenient.

(2) As the thickness of the sample is relatively small, the drainage is quick and the pore pressure
dissipates very rapidiy. Consequently, the consolidaied-drained and ihe consolidated- undrained tests
take relatively small period.

(3) It is ideally suited for conducting drained tests on oohesionless soils.

(4) The apparatus is relatively cheap.

Demertits,
(1) The siress.conditions are known only at failure. The conditions prior te failure are indeterminate and,

therciore, the Mobr circle cannot be drawn.

(2) The stress distribution on the failure planc (horizontal planc) is not uniform. The stresses are more
at the edges and lead to the progressive failure, like tearing of a paper. Consequently, the full
strengih of the soil is not mobilised simultaneously on the entire failure plane.

(3) The arca wnder shear gradually decreases as the test progresses. But the corrected area canaot be
determined and, therefore, the original area is taken for the computation of stresses.

{4) The orientation of the failure plane is fixed. This plane may not be the weakest plane.

(5} Courol on the drainage conditions is very difficult. Consequenty, only drained igsts can be
conducted on highly permeable soils.

(6) The measurement of pore water pressure is not possibic.

(7 The side walls of the shear box cause lateral restraint on the specimen: ang <do not allow 1t 1o deform
lateratly.

Vrﬁs. DIFFERENT TYPES OF SOILS
On the basis of shear strength, soils can be divided into three fypes.

(1) Cohesionicss soils. (2) Purely cohiesive soils and sty
(3) Cohesive-frictional soils. XK

1. Cohesionless soils. These are the soils which do not have cohesion
ic, ¢ = 0. These soils derive (he shear strength from the intergranular friction. -
These soils are also called frictional soils. For example, sands and gravels. = -

2, Purely cohesive soils. These are the soils which exhibit cohesion but the - -
angle of shearing resistance ¢ = 0. For example, saturated clays and silts under g -» e G
undrained conditions. These sails are also called ¢, = 0 soils. wen -~

3, Cohesive-frictional soils. These arc composite soils having boih ¢’ and - -
¢'. These are also called c-—¢ soils. For example, clayey sand, silty sand, sandy e -
clay, etc.

[Note. Sometimes, cohesive-frictional soils arc also called cohesive soils. b4 Jorg
Thus any soil having a value of ¢’ is called a cohesive soil.] (a) E LE‘IATEON

oA’3.14. TRIAXIAL COMPRESSION TEST APPARATUS Vi

The friaxial compression test, or simply triaxial test, is used for the ™ s C
determination of shear characteristics of all types of soils under different — @ g
drainage conditions. In this test, a cylindrical specimen is siressed under
conditions of axial symmetry, as shown in Fg. 13.10. In the first stage of the test, .- ol ~
the specimen is subjected to an all round confining pressure {g.) on the sides c/ f L

and at the top and the bottom. This stage is known as the consolidation siage.
In the second stage of the test, called the shearing stage, an additional
axial stress, known as the deviator stress (o), is applied on the top of the

specimen through &' ram:-Thus, the total siress in the axial direction al the Fig. 13.10,

{b} PLAN
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time of shearing is equal 10 (0. + Ug). It may be poted thal when the axial stress is increased, the shear
stresses davelop on inclined planes due to compressive stresses on the top.

The vertical sides of the specimen are principal planes, as there are no shear stresses on the sides. The
confining pressure o is equal to the minor principal stress {o3). The top and bottom planes are the major
principal planes. The fotal axial stress which is equal to the sum of the confining pressure and the deviator
stress, is the major principal stress (0,). Because of axial symmelry, the intermediate principal stress (o) is
2lso equal to the confining pressure (o).

[Note. The above interpretation of the stress conditions in the triaxial test is not strictly correct
according to the theory of clasticity. In the case of cylindrical specimens, the three principal'siresses are
the axial, radial and the circumferential stresses. The state of stress is statically indeterminate throughout
the specimen. For convenience, in the triaxial test, the circumfercntial stress is taken equal to the radial
siress and the principal siresses oy and o3 are assumed to be equal].

‘The main features of a triaxial test apparatus are shown in Tig. 13.11. It consisis of a Circular base that
has & cenleal pedestal, The pedestal has one or two holes which are used for the drainage of the specimen in
a drained test or for the pore pressure measurement in an undrained test. A triaxial cell is fitted to the top of
the base plate with the help of 3 wing

nuts (not shown in the figurey after the ~ LOADING RAM
specimen  has been placed on he Ol VAVLE -a{
pedestal. ‘The triaxial cell &5 @ perspex AR RELEASE VALVE
cylinder which is permunently fixed (o ] T0P
the top cap and the botiom brass collar. v [’4 ' A '/, w /
There arc three tie rads which support
ihe cell. ‘The top cap is a broave casting o LOAIING CAP
with its central boss forming a bush V/ -

C . " -RIN
through which a stainless steel ram <an TME ROD—g] CBBER MEMEBAAE

slide. The ram is so designed that it has
minimum of fricticn and at the same
time does nol permit any leakage.
There is an air-release valve in the top gl || ——1- PEDESTAC
cap which is kept open when the cell is

a—PERSPEX CYLINDER
{Triakial cell}
POROUS STONE

SFECIMEN

filled with water {or glycering) for . s
ing It iNing pressure. il PRESSURE =
applyu}g the confi_n ng pressure An ol R, ”>anmmc;
valve is aiso provided in the lop cap {0 2 PRE o
fill light machine oil in the cell 1o \
N — BASE

reduce the leakage of waicr past the
ram in Jong duration tests. The
apparaius is mounied on a loading
frame. The deviator stress is applied to
the specimen from a strain-controlled loading machine. The loading system consists of cither a screw jack
operated by an electric motor and gear box or a hydraulic ram operated by a pump.

The triaxial test apparatus has the following special attachments.

1, Mercury Control System. The cell pressure is a triaxial test in maintained constant with a
self-compensating mercury control system, developed by Bishop and Henkel. 1t consists of two limbs of a
water-mercury manometer (Fig. 13.12). The pressure in the water of the triaxial cell develops due to the
difference in levels of the mercury in the two pots. The water pressure at the. centre of the specimen i the
triaxial cell, a1 a height of A3 above the datum, can be calculated using the theoty of manomeiers. As the
mercury surface in the upper pot is open 10 atmosphere, the (zauge) pressute therc is zero. Irom the

marnometer equation,

Fig. 13.11. Triaxial Tes Apparatus.

0+ Ymhl ~ Ym h2 - (}13 - h?) Tw = Gf
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Fig. 13.12. Mercuty Control System,

where G, is the cell pressure at the centre of the specimen,
¥, is the unit weight of water, and
Y. 18 the unit weight of mercury.
The above equation can be simplificd as
G = Y By — ) + Uy - 3}y, L(13.14)
The upper pot is supported by a spring. Whea the volume of the specimen decreases <ue to consolidaion
or when the walgr leaks past the ram, water flows from the lower pot to the cell and the mercury level in the
lower pot rises by a small amount A/, The mercary level in the upper pot would also fail by ihe same amount
if the 1wo pots arc of the same cross-scctional arca. However, the différence ol miercury levels in the WG pois
is maintained constant by the spring. The stiilness (k) of the spring is selected such thai it reduces in length
and causes a rise of the upper poi as soon as its weight decreases due to flow of mercury. The stiffness of
the sprng is given by

W (13.15)

1
k=AY
! [ 2 - (Yw/Tm)

where A = cross-sectional area of {he mercury pot,

and W = weight of unit length of the tube filled with mercury which is also lified above the foor.

2. Pore water Pressure Measurement Device, The pore water pressure in the triaxial specimen is
measured by attaching it to the device shown in Fig. 13.13. It consists of a null indicator in which no- fiow
condition is maintained. For accurate measurement, no- flow condition is essential because the flow of water
from the sample to the gauge would modify the actual magnitude of the pore water pressure. Further, the flow
of waler leads to a time lag in the attainment of a steady state in samples of cohesive soils because of low
permeability. '

The null indicator is essentially a U-lube partly filled with mercury. One limb of the null indicator is
connected to the specimen in the triaxial cell znd the other limb is connected 10 a pressure gauge. A oontrol
cylinder, which is filled with water, is attached (o the system. The water can be displaced by a screw-
controlled piston in the controi cylinder. The whole system s fitled with deaired walet, The tubes connecting
the specimen and”the null-indicator should be such that these undergo negligible volume changes under
pressure and are free from leakage.

- Any change in the pore-water pressure in {he specimen tends (0 cause a movement of the mercury level
in the null-indicator. However, the no-flow condition is maintained by making a corresponding change in the
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PRESSURE GUAGE
TG TRIAXIAL ﬁ

~H—FILLED WITH
WATER !

PISTON S
[ ﬁ‘l’ MANOMETER

o
MULL  INDICATOR CONTROL CYLINDER

Fig, 13.13. Pore Water Pressure Measurement Device.

other limbs by means of the control cylinder. Thus the mercury levels in the two limbs remain constant. The
pressure applied by the control cylinder is recorded by pressure gauge of the manometer.

If the specimen is portially saturated, a special fine, porous ceramic disc is placed below the sample in
the triaxial cell. The ceramic disc permits only pore water 1o flow, provided the difference between the pore
air pressure and pore water pressure is below a certain value, known as the air-entry value of the ceramic
disc. Under undrained conditions, the ceramic disc will remain fully saturated, provided the air-cntry value is
high. it may be mentioned that if the required ceramic disc is not used and instead the usual coarse, porous
disc is used, the device would measure air pressure and not water pressure in a partially. saturated soil.

In modem equipment, sometimes the pore water pressure is measured by means of a transducer and not
by conventional null indicator. i '

3. Volume Changes Measurement. Vojume changes
in a drained test and during consolidation stage of a /—TRIAXIAL CELL
consolidated undrained test are measured by means of a ‘"
burette connected to the specimen in the triaxial cell. For
accuraie measurements, the water Jevel in the buretle _jﬂ
should be approximately at the level of the centre of the
specimen (Fig. 13.14).

During consolidation stage, ‘the volume of the S : Ll
specimen decreases and the water level in the burette
rises. The change in the volume of the specimen is equal
to the volume of the water increased in the burette. During shearing of specimens of dense sand when the
volume of the sample increases, the water flows from the burette to the specimen. The increase in volume of

'—--.-.-___..__....-——-__—_-—-

| ~—PEDESTAL
BURETTE

[R—— |

Fig. 13.14. Volume Change Measurement.

jz specimen is equal to the volume of water decreased in the burette.

3.15. TRIAXIAL TESTS ON COIIESIVE SOILS

The following procedure is used for conducting the triaxial tests an cohesive soils.

{a) Consolidated-undrained fest. A deaired, coarse porous disc or stone is placed on the top of the
pedestal in the traxial test apparatus. A filler paper disc is kept over the porous stone. The specimen of the
cohesive soil is then piaced over the filter paper disc. The usual size of the specimen is about 37.5 mm
diameter and 75.0 mm height. A porous stone is also placed on the top of the specimen. Deaired vertical filter
strips are placed at regular spacing around the entire periphery such that thesc touch both the porous SLOACS.
The sample in then enclosed in a rubber membrane, which is slid over the specimen with the help of a
membrane stretcher. The membrane is sealed 10 the specimen with O-rings.
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The triaxial cell is placed over the base and fixed to it by iightening 1he nuis. The cell is then filled with
water by connecting it to the pressure supply. Some space in the top portion of the cell i filied by injecting
oil through the oil valve, When excess oil begins 10 spill out tarough the air-vent valve, both the vaives (oil
valve and air-vent valve) are closed. Pressure is applied io the waier filled in the cell by connecting it 1o the
mercury-pot system. As soon as the pressure acts oo the specimen, it starts consolidating. The specimen 18
connected to the burette through pressure connections for measurement of voiume chianges. The consolidation
is complete when there is no more volume change.

When the consolidation is compiete, the specimen is ready for being sheared. The drainage valve is
closed. The pore water pressure measurement device is attached to the specimen through the pressure
connections. The proving ring dial gavge is set to zero. Using the manual control provided in the loading
frame, the ram is pushed into the cell but not allowed to touch the loading cap. The: loading maching is then
run at the selected speed. The proving ring records the force due to friction and the upward thrust acting on
the ram. The machine is stopped, and with the manual control, the ram is pushed further into the cell bringing
it in contact with the loading cap. The dial gauge for the measuring axial deformation of the specimen is set
10 ZEro.

The sample is sheared by applying the deviator stress by the loading machine. The proving ring readings
are generally taken corresponding to axial strains of 1/3%, 2/3%, 1%, 2%, 3%, 4%, 5%, ...untl fadure or
20% axial strain.

Upon compietion of the test, the loading is shut off. Using the manual control, all additional axial stress
is removed. The cell pressure is then reduced io zero, and the cell is emptied, The triaxial cell is unscrewed
and removed from the base. O-rings are taken out, and the membrane is removed. The specimen is then
recovered after removing the loading cap and the top porous stone. The filter paper strips are peeled off. The
post- shear mass and length are determined. The water content of the specimen is also found.

(b) Unconsolidated Undrained test. The procedure is similar to that for a consolidated-undrained test,
with one basic differcnce that the specimen is not allowed to consolidate in the first stage. The drainage valve
during the test is kept closed. However, the specimen can be connected o the pore-waler pressure
measurement device if required.

Shearing of the specimen is started just after the application of the cell pressure. The second stage is
exactly the same as in the consolidated-undrained test described above,

(¢) Consolidated Drained test. The procedure is similar to that for a consolidated-undrained test, with
one basic difference that the specimen is sheared slowly in the second stage, After the consotidation of the
specimen in the first stage, the drainage valve is not closed. It remains connected to the burette throughout
the test. The volume changes during the shearing stage are measured with the hiclp of the burette. As ihe
permeability of cohesive soils is very low, it takes 4-5 days for the consolidated drained test.

13.16. TRIAXIAL TESTS ON COIESIONLLESS SOILS

Triaxial tests on specimens of cohesionless soils can be conducted using the procedure as described for
cohesive soils. As the samples of cohesionless soils cannot stand of their own, a special procedure is used for
preparation of the sample as described below.

A metal former, which is a split mould of about 38.5 mm internal diameter, is used for the preparation
of the sample (Fig. 13.15). A coarse porous stone is placed on the top of the pedestal of the triaxial base, and
the pressure connection is attached to a burette (not shown). One end of 2 membrane is sealed to the pedesial
by O-rings. The metal former is clamped to the base. The upper metal ring of the former is kept inside the
top end of the rubber membrane and is held with the help of a clamp before placing the funnel and the rubber
bung in position as shown in {igure.

The membrane and the funnel are filled with deaired:water. The cohesionless soil which is to be tested
is saturated by mixing it with enough water in a beaker, The mixture is boiled to remove the entrapped air.
The saturated soil is deposited in the funnel, with a stopper in position. i the required quantity. The glass
rod is then removed and the sample builds up by a continuous rapid flow of saturated soil I the former. The
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funnel is therr removed. The sample may be
compacted if required. The surface of the
sampie is leveled and a porous stone is
placed on its top. The loading cap is placed
gently on the top porous stone. O-rings are
fixed over the top of the rubber membrane.

A small negative pressure is applied to
the sample by lowering the burette. The
negative pressure gives rigidity to the sample
and it can stand without any lateral support.
For sample of 37.5 mm diameter, & negative
pressure of 20 cm of water (or 2 kN/rn2) is
sufficient. As soon as the negative pressure is
applied, the consolidation of the sample
oocurs and it slightly shortens. The diameter
of the upper porous stone should be slightly
smaller than that of the specimen so that it
can go inside when the sample shortens;
otherwise, a neck is formed.

The split mould is then removed, and the
diameter and the height of the sample are
measured. The thickness of the membrane is
deducted from the total diameter to get the
net diameter of the sample. The cell is then
placed over the base and clamped to the base.
It is then filled with watcr.

The rest of the procedure is the same as
for cohesive soils. '
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Fig. 13.15. Preparation of Sample of Cohesionless Soil.

‘17. MERITS AND DEMERITS OF TRIAXIAL TEST
The triaxial test has the following merits and demerits.

Merits,

(1) There is complete control.over the drainage conditions. Tests can be easily conducted for all three

types of drainage conditions.

(2) Pore pressure changes and the volumetric changes can be measured directly.
(3) The stress distribution on the failure plane is uniform. ,

(4) The specimen is free to fail on the weakest plane.
(5) The state of stress at alt intermediate stages upto failure is known. The Mohr circle can be drawn at

any stage of shear.

(6) The test is suitable for accurate research work. The apparatus is adaptable to special requirements
such as extension test and tests for different stress paths.

Demerits.

(1) The apparatus is elaborate, costly and butky.

(2) The droined test takes a longer period as compared with that in a direct shear test.

(3) The strain condition in the specimen are not uniform due to frictional restraint produced by the
loading cap and the pedestal disc. This leads to the formation of the dead zones at each end of the

specimen.
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The non-uniform distribution of stresses can be largely eliminated by lubrication of end surfaccs.
However, non-uriform distritution of stresses has practicaily no effect on the measurcd strengih if
length/diameter ratio is equal to or more than 2.0.

(4) It is not possible (o determinc the cross-sectional area of the specimen accurately at large sirains, as
the assumption that the specimen remains cylindricat does not hold good. '

(5) The test simulates only axis-symmelrical  problems. In the field, the problem is generally
3.dimensional. A general test in which all the (hree slresses are varied would be more useful.

(6) The consolidation of the specimen in the test is isotropic; whereas in the field, the consolidation is

~ generally anisotropic.

Despite the above-mentioned demerits, the triaxial test is extremely useful. I is the only reliable test for

accurate determination of the shear characteristics of all Lypes of soils and under ail the drainage conditions.

13.18. COMPUTATION OF VARIOUS PARAMETERS

{a) Post-Consolidation Dimensions. In consolidated-drained and consolidated-undrained iests, the
consolidation of the specimen takes place during the first stage. As the volume of the specimen decreases, its
post-consolidation dimensions are different from the initial dimensions. The post consolidation dimensions can
be determined approximately assuming that the sample remains cylindrical and it behaves isotropically. Let
L, D;, and V; be the length, diametec and the volume of the specimen before consolidation. Let Lg, Dp and

V, be the corresponding quantitics after consolidation.

Therefore, volumetric change, AV, =V, — Vy
The volumetric change (AV;) is measured with the Belp of burette.

S AY;
Volumetnc strain, £, = =

Vi
For isotropic consolidation, the volumetric strain is three times the linear strain {g,). Thus
g = £,/3

Thus Ly=Li-aL=Li-Lixsg
or Lo = L;(1 - &) =L (1-8/3) .{13.16)
Likewise, Dy = Di(1 - £/3)

The post consolidation diameter D can also be compuied after Lo has been determined from the telation,

(n/4 th)) x Ly =V,

or ix = '\/_#_.____v._ , (1307

(b) Cross-sectiona! Area During Shear Stage. As the sample is sheared, its length decreases and the
diameter increases. The cross-sectional area A al any stage during shear can be determined assuming that the
sample remains cylindrical in shape. Let Alg be the change in length and AV, be the change in volume, The

volume of the specimen at any stage is given by Vo £ AV,

'[‘hercfdrc, ALy - ALy = Vo= AV
1
; [ = 'i},__}},]
72 Vo
or 14 _ Y?:_%_YE —_ _.“-.}_ ________ _.f. (33 18)
10-—.&[10 E &Lﬂ. N N

Ea. 13.18 is the general equation which gives the cross-sectional area of the specimen.
The above equation can be writien as
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(PI) of the soil remains constant {Fig. 13.26). An approximate value of the undrained shear strength of a
normally consolidated deposit can be obtained from Fig. 13.26, if the plasticity index has been determined.

The relationship is expressed as (Skempton, 1957).

565 - 0.11 + 00037 PI

where ¢, = undrained cohesion intercept,
G = effective over-burden pressure
PI = plasticity index (%)
The value of the ratio {¢,/ G} determined in a consolidated-undrained test on undisturbed samples is
generally greater than actual value because of anisotropic consolidation in the field, The actual value is best
determined by in-situ shear vane test, as explained later.

.‘%z UNCONFINED COMPRESSION TEST

The unconfined compression test is a special form of a triaxial test in which the confining pressure is
zero. The test can be conducted only on clayey soils which can stand without confinement. -The test is
generally performed on intact (non- fissured), saturated cla}r specimens. Although the test can be conducted
in a triaxial test apparatus as a U—U test, it is more convenient 10 perform it in an unconfined compression
testing machine. There are two types of machines, as described below.

(1) Machine with a spring. Fig. 13.27 shows the unconfined compression testing machine in which a
Joaded spring is used. It consists of two metal cones which are fixed on horizontal loading plates B and C
supported on the vertical posts D. The upper loading
plate B is fixed in position, whereas the lower plate C
can slide on the vertical posts The soil specimen is
placed between the two metal cones.

When the handle is tumed, the plate A is lifted c
upward. As the plate A is attached to the plate C, the

*~— Handle

=

latter plate is also lifted. When the handle is turned -Rod

slowly, at a speed of about half a tum per second, a Chart plate

compressive force acts on the specimen. Eventually, the Yy

specimen fails in shear. The compressive load is

proportional to the extensicn of the spring. Spring Autgraphic
The sirait in the specimen is indicated on a chart D —al recording arm

-
-

Y
e ]ZFEH?E

fixed to the machine. As the lower plate C moves Fixed plaie™
upward, the pen attached to this plate swings sideways.
The Iateral movement of the pen (in arc) is proportional | Sample

. ) Moving plate—=y
to the strain in the specimen. = T

The chart plate is attached to the yoke ¥ As the r ]
yoke moves upward when the handle is rotated, the chart
plate moves upward. The pivot of the arm of the pen _
also moves upward with the lower plate. The vertical Fig. 13.27. Uncoafined Compression Testing
movement of the pen relative to the chart is equal to the Machine (Spring Type).
extension of the spring and hence the compressive force. Thus the chart gives a plot between the deformation
and the compressive force. Springs of different stiffncsses can be used depending upon the expected
compressive strength of the specimen.

(2) Machine with a Proving Ring. In this type of the unconfined compression testing machine, &
proving ring is used to measure the compressive force (Fig. 13.28). There are two plates, having cone seatings
for the specimen. The specimen is placed on the bottom plate so that it makes contact with the upper plate.
The dial gauge and proving ring are sct (o zero.

The compressive load is applied to the specimen by turning the handle. As the handle is turned, the upper

k

. Pivot

e
[ EN——

OJ}
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plate moves downward and causes compression. (In some
machines, the upper plate is fixed and the compressive load is
applied by raising the lower plate). The handle is tumed
gradually so as to produce an axial strain of 1/2% 1o 2% per

minute. The shearing is continued till the specimen fails or till D g Handle
20% of the axial strain occurs, whichever is earlier.

The compressive force is determined from the proving ring C )
reading, and the axial strain is found from the dial gauge
reading. '

Presentation of Resuits, In an unconfined compression test,
the minor principal stress {o3) is zero. The major principal stress

(o} is equal to the deviator stress, and is found from ¥q. 13.21. gﬁg;\ ‘
g = P/A a

Movin lale
where P = axial load, . = /— gp

and A = area of cross-section. - ]

The axial stress at which the specimen fails is known as : P> Conical seatings
the unconfined compressive strength (g,). The stress- sirain ,A,/
curve can be plotted beiween the axial stress and the axial
strain at different stages before failure.

While calculating the axial stress, the area of cross-section
of the specimen at that axial sirain should be used. The
corrected area can be obtained from Eqg. 13.20 as

A = Ay/(1-¢)

The Mohr circle can be drawn for stress conditions at failure. As the minor principal stress is zero, the

Mohr circle pesses through the origin (Fig. 13.29). The failure envelope is horizontal (¢, = 0). The cohesion

intercept is equal to the radius of the circle, ie.

§ |~ Proving ring

e

Fig. 13.28. Unconfined Compression Testing
Machine (Proving Ring Type).

. .(1325)

I
L

Fig. 13.29. Mohr Circle for Unconfined Compression Test.

Merits and Demerits of the test
Merits
(1) The test is convenient, simple aud quick.
(2) It is ideally suited for measuring the unconsolidated-undrained shear strength of intact, saturated clays.
(3) The sensitivity of the soil may be easily determined by conducting the test on an undisturbed sample
~and then on the remoulded sample.
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Demerits
(1) The test cannot be conducted on fissured clays.
(2) The test may be misleading for soils for which the angle of shearing resistance is not zero. For such
soils, the shear strength is not equal to half the compressive strength.
(See Chapter 30, Sect. 30.17 for the laboratory experiment).

3.23. VANE SHEAR TEST
 The undrained shear strength of soft clays can be determined in 2 laboratory by & vane shear test. The
test can also be conducted in the ficld on the soil at the bottom of a bore hole. The field test can be
petformed even without drilling a bore hole by direct penetration of the vane from the ground surface if it is
provided with a strong shoe to protect it.

The apparatus consists of a vertical steel rod having four thin stainiess | )
steel blades (vanes) fixed at its bottom end. IS : 2720—XXX-—1980 R ,,»f/‘/’\
recommends that the height A of the vane should be equal to twice the )
overall diameter D. The diameter and the length of the rod are
recommended as 2.5 mm and 60 mm respectively. Fig. 13.30 (a) shows a 50mm
vane shear test apparatus. Pyxla ;Eb

For conducting the test in the laporatory, a specimen of the size 38
mm diameter and 75 mm height is taken in a container which is {ixed
securely to the base. The vane is gradually lowered into the specimen till |
the top of the vane is at a depth of 10 to 20 mm below the top of the 2%
specimen. The readings of the strain indicator and torque indicator are l

taken.

Torque is applied gradually to the upper end of the rod at the rate of ol
about 6° per minute (ie. 0.1° per second). The torque acting on the o

specimen is indicated by a pointer fixed to the spring. The torque is - 12mm-ef
ELEVATION

continued till the soil fails in shear. The shear strength of the soil is
determined using the formula derived below.

Derivation of Formula. In the deviation of the formula, it is assumed
that the shear strength (s) of the soil is constant on the cylindrical sheared
surface and at the top and bottom faces of the sheared cylinder. The torque
applied (T) must be equal to the sum of the resisting torque at the sides
{T,) and that at the top and bottom (7). Thus,

T=T1+T, .{a)

The resisting torque on the sides is equal to the resisting force
developed on the cylindrical surface multiplied by the radial distance.

Thus,

T, = (snDH) x D/2 () Fig. 13.30. Vane Shear Test.
The resisting torque T, due to the resisting forces at the top and bottom of the sheared cylinder can be
determined by the integration of the torque developed on a circular ring of radius r and width dr [Fig. 13.30
(0)} Thus.

" E Dr2
T2=2f0 {s(2nr)dr]r=4rrs[-3—0
s |
or T, = 7s % ..(€)

From Eqs. (a), (b} and (¢), T = as[D°H/2 + D/6)
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- —— A .(1327)
a(D*H/2 + D/6)

For example, if 2 = 1.2 cm, and H = 2.4 ¢m, s=0158T

or

where T s in N-cot and s in Nfem®.
Eq. 13.27 is modified if the top of the vane is above the soil surface and the depth of the vane inside the

sample is H,. In such a case.

.
§ = {1328
n(DPH./2 + DP712) (13.25)

The shear streagth of toe soil under undrained conditions is equal to the apparent cohesion ¢,

The vane shear test can be used to determine the sensitivity of the soil. After the initial test, the vane is
rotated rapidly through several revolutions such that the soil becomes remoulded. The test is repeated on the
remoulded soils and the shear strength in remoulded state is determined. Thus,

(s) undisturbed

Sensitivity (S} = (s) remoulded

Merits and Demerits of Shear Vane Test

Merits.
(1} The test is simple and quick.
(2) 1t is ideally suited for the determination of the in-situ undrained shear strength of non-fissured, fully
saturated clay.
(3) The test can be conveniently used to determine the sensitivity of the soil.

Demerits.
(1) The test cannot be conducted on the fissured clay or the clay containing sand or silt laminations.

2% The test does not give accurate results when the failure envelope is not horizontal.
B pe

13.24. PORE PRESSURE PARAMETERS

A knowledge of the pore water pressure is essentiai for the determination of effective stresses from the
total stresses. The pore water pressure is usually measured in the field by installing piezometers. However, in
some cases, it becomes difficult and impractical to install the piczometers and measure the pore water
pressure directly in ifie field, For such cases, a theoretical method for the determination of the pore water
pressure is useful. Skempton gave the pore pressure paramelers which express the response of pore pressure
due to changes in the total stresses under undrained conditions. These parameters are used 10 predict pore
water pressure in the ficld under similar conditions. The expressions for pore pressure paramelers are derived
separately for isotropic consolidation, for deviatoric steess and for the combined effect.

Ey
1 R
-
. “ K IT“Z*
&
A 3
< /ﬁfz'*ﬁﬁ
/
PLRE PRESSURE =, PORE PRESSURE = W+ Uy

PORE PRESSURE |INCREASE :AU3
{a) {n)

Fig. 13.31. Pore Pressure Under Je-Lopie Consolidation.
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where K is known as Hvorslev coefficient of cohesion. Accordingly, the shear strength can be expressed

as
s = Ko,+ otang, .(13.52)

Bishop and Henkel (1962) suggested a method for determination of ¢, and ¢, from a serics of
consolidated-undrained triaxial tests on normally consolidated and over-consolidated specimens. The two
failure envelopes are obtained as usual and are shown in Fig. 13.42 (b). The water content at failure for the
two types of specimens is plotted against ihe maximum principal siress as shown in Fig. 13.42 (a).

For determination of the true failure envelope, any circle (say left circle 1y for the over-consolidated clay
in Fig. 13.42 (b} is chosen. The point carresponding to its maximum stress { Gy) is projecied upward to the
0y - wy curve in Fig. 13.42 (a) to get the point 1 on the curve for over<consolidated clay. The point 1 is
projected horizontally across at constant water content to obtain point 2 on the curve for the normally
consolidated clay. The point 2 is projected downward to oblain the poinf (5,)y in Fig. 13.42 (c). Through this
point, a Mohr circle I is drawn to touch the failure envelope for normally consolidated clay. In Fig. 13.42
(c), the left circle I is the same as the circle I in Fig. 13.42 (b). The common tangent to the circle I and I in
Fig. 13.42 (c) is the true failure envelope. The parameters c, and ¢, are obtained from this envelope.

The true failure envelope has been obtained using the concept that two samples can exist at the same
water content, one as normally consolidated and one as over-consolidated. As the water contents at points 1
and 2 are equal, the true cohesion is the same and the difference between the shear strength of the two
samples is due to the internal friction only.

The fundamental properties of soils can be studied in terms of Hvorsiev shear strenglh parameter.
However, the theory is generally used only for research purposes. For practical use in engineering problems,
the Mohr-Coulomb theory is commonly used.

30. LIQUEFACTION OF SANDS
As discussed earlier, the shear strength of sandy soils is given by the Mohr-Coulomb equation (Eq.
13.13), taking the cohesion intcrcept as zero.
Thus s = otan ¢’ ..(13.53)
If the sand deposit is at a depth of z below the ground and the water table is at the ground surface, the

- effective stress is given by (see Chapter 10),

o= Yo £~ YwZ= YFZ
Therefore, s =y ztan ¢’
If the sand deposit is shaken due to an carth-quake or any other oscillatory load, extra pore watcr
pressure (') develops, and the strength equation becomes
s=(yz-u)tan ¢’
It can also be expressed in the term of extra pore pressure head h, where i’ = ¥, h. Thus
5 = (Y z-y,h)tang’ , ...(13.54)
As indicated by Eq. 13.54, the shear strength of sand decreases as the pore waler increases. Ultimately,
a stage is reached when the soil loses all its strength. In which case,

Trz e 'Ywh =0
or h_ Y
Z  Yw
Expressing h/z as critical gradient,
G-y, 1
by = —4/— " —
1 +¢ Y
, G-1
or lrr = ] + € ...(1355)

The phenomenon when the sand loses its shear strength due to oscillatory motion is known as
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liguefaction of sand. The structures resting on such soils sink. In the case of partial liquefaction, the structure
may undergo excessive settlement and the complete failure may not occuf.

The soils most susceptible 1o liquefaction are the saturated, fine and medium sands of uniform particle
size. When such deposits have a void ratio greater than the critical void ratio and are subjected to a sudden
shearing stresses, these decrease in volume and the pore pressure »’ increases. The soil momentarily liquefies
and behaves as a dense fluid. Extreme care shall be taken while constructing structures on such soils. If the
deposits are compacted to a void ratio smaller than the critical void ratio, the chances of liquefaction are
reduced. (See Chapter 32 for more details on fiquefaction of sand.)

\/103/.31. SHEAR CHARACTERISTICS OF COHESIONLESS SCILS

The shear characteristics of cohesionless soils can be summarized as given below.

The shear strength of cohesionless soils, such as sands and non- plastic silts, is mainly due to friction
between particles. In dense sands, interlocking hetween particles also contributes significantly to the streagth.

The stress-strain curve for dense sands exhibits a relatively high initial tangent modulus. The stress
reaches a maximum value at its peak at a comparatively low strain and then decreases rapidly with an
increasing strain and eventually becomes more or less constant, as discussed earlier. The stress-strain curve
for loose sands exhibits & relatively low initial tangent modulus. At large strains, the stress becomes more of
less constant.

The dense sand shows initially a volume decrease in a drained test, but as the strain increases, the volume
siarts increasing. The loose sand shows a velume decrease throughout.

In the case of loose sand, the specimen bulges 1€
and ultimately fails by sliding simultancously on 1
numerous pianes. The failure is known as the piastic
Failure [Fig. 13.43 (a)]. In the case of dense sand, the
specimen shows a clear failure plane and the failure
is known as the brittle failure [Fig. 13.42 (b)1.

The failure envelope for dense sand can be
drawn either for the peak stresses or for the
ultimate stresses. The value of the angle of
shearing resistance (&") for the failure envelope for
peak stresses is considerably greater than that for
the ultimate stresses. In the case of Joose sands, as
the peak stress and the ultimate stress are ideniical, there is only one failure envelope. The angle of shearing
resistance in very loose state is approaimately equal to the angle of repose. The angle of repose is the angle
at which a heap of dry sand stands without any supgport. It has been established thal air-dry sand gives
approximately the same value of ¢ as the saturated sand. As it is easier to perform tests on dry sand, tests
can be performed on dry sand instead of saturated sand.

If the failure envelope is slightly non-linear, a straight line may be drawn for the given pressure range
and the angle of shearing resistance is taken as the siope of this line. The cohesion mtercept, if any, is usually
neglected.

The angle of shearing resistance of sands in the field can be determined indirectiy by conducting in-sifu
tests, such as the standard penetration test (SPT) as explained in chapter 17.

The factors that affect the shear sirength of cohesionless soils are summarized below:

(1) Shape of particles. The shearing strength of sands with angular particles having sharp edges is
greater than that with rounded particles, other parameters being identical.

(1) Gradation. A well-graded sand exhibits greater shear strength than a uniform sand.

(3) Denseness. The degree of interlocking increases with an increase in density. Consequently, the greater
the demseness, the greater the strength. The value of $’ is related to the relative density (D)) as

o' = 26° + 0.2 D, However, the altimate value of ' is not affected by denseness.

(a) LOOSE SAND {bj DENSE SAND
Fig. 1342 Types of Failure.
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.(4) Confining pressure. The shear strength increases with an increase in confining pressure. However,
for the range of pressures in the common ficld problems, the effect of confining pressure on the angle of
~ shearing resistance is not significant.

' {8) Deviator stress. The angle ' decreases under very high stresses. As tie maximum deviator stress is
increased from 500 to 5000 kN/m% the value of ¢' decreases by about 10%. This is due to the crushing of
particles.

{6) Intermediate principal stress. The inlcrmediate principal stress affects fthe shear strength to a small
exient. The friction angle for dense sands in the plane strain case is about 2° to 4° greater than that obtained
from a standard triaxial tesi. However, for loose sand, there is practically no differcace in the two values.

() Loading. The angic of shearing resistance of sand is independent of the rate of loading. The increase
in the value of & from the siowest to the fastest possible rate of loading is only about 1 to 2%.

The angle of shearing resisiance in loading is approximalely equal to that in unloading.

(8) Vibrations and Repested loading. Repeated loading can cause significant changes. A stress much
smaller than the static failure stiess if repeated a large number of times can cause a very large strain and
hence the failure. '

(9) Type of minerais. If the sand contains mica, it will have a large void ratio and a lower value of ¢
However, it makes no difference whether the sand is composed of quariz or feldspar mincrais.

(10) Capiltary moisture, The sand may have apparent cohesion due to capillary moisture. The apparent
cohesion is destroyed as soon as the sand becomes saturated.

A person can easily walk on damp sand near the sea beach because it possesses strength due to capillary
moisture. On the same sand in saturated conditions, it becomes difficult to walk as the capillary action is
destroyed.

Table 13.2 gives the representative values of ¢ for different types of cobesioniess soils.

Tahle 13.2. Representative Values of ¢' for Sands and Silts

S. No. '- Soil o'
1. A Sand, round grains, uniform 27° to 34°
2. Sand, angular, wetl-graded 33° to 45°
3 Sandy gravels 35% 1o 50°
4, Silty sand 27° to 34°
5. Inorydnic silf 27% 10 35°

Note. Smalier vaiues a6 for foose conditions and larger values are for dense conditions.

13.32. SHEAR CHARACTERISTICS OF COHIESIVE SOiLS

The shear characteristics of cohesive soils are summarized below :

The shear characieristics of a cohesive soil depend upon whether a soil is normally consolidated or
over-consolidated. ‘The stress- strain curve of an over-consolidated clay is similar to that of a dense sand and
that of a normally consolidated clay s identical to that of a loose sand. However, the strain required to reach
peak stress are generally grealer in clay than in sand. The high strength at the peak point in an
over-consolidated clay is due lo structural strength; whereas in the dense sand, it is mainly due to
interlocking. In over-consolidated clay, strong structural bonds deveiop between the particles. Loose sands
tend to increase in voiume at large strains whereas normally consolidated clays show no tendency to expand
after a decrease in volume.

The effective siress parameters (¢, ¢°) for an overconsolidated clay are determined from the failure
envelope,

5 =¢ +otang’
However, for @ normally consolidated clay, the failure envelope passes through the origin and hence ¢' = 0.
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