Shear Strength of Soil
Chapter 12
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Types of Triaxial Test
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Il. Consolidated Unrained Test (CU Test)

As the name implies, the test specimen is first consolidated (drainage
valves open) under the desired consolidation stresses.

After consolidation is complete, the drainage valves are closed, and the
specimen is loaded to failure in undrained shear.

Often, the pore water pressures developed during shear are measured,
and both the total and effective stresses may be calculated during shear
and at failure. Thus this test can either be a total or an effective stress
test.

This test is sometimes called the R-fest.

The CU test is the most common type of triaxial test.



Il. Consolidated Unrained Test (CU Test)

CD tests on clay soils take considerable time. For this reason, CU tests
can be conducted on such soils with pore pressure measurements to
obtain drained shear strength parameters.

Because drainage is not allowed in these tests during the application of
deviator stress, they can be performed quickly.

Like the CD test, the axial stress can be increased incrementally or at a
constant rate of strain..

Positive pore pressures occur in normally consolidated clays and
negative pore pressures occur in overconsolidated clays.



Stress conditions for the consolidated undrained test

Totaho = Neural,u 4 Effective,s’

Step 1: At the end of consolidation
O3 G'3 =03

«— O3 0 «— 03 =03

Dralnage

Step 2: During axial stress increase

o’y =03+ActAu =0c’;

o3+ Ac
No l
: *+ Au
drainage «— O3 — o', =03t Au=0¢’,
Step 3: At failure
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Stress conditions for the consolidated drained test

Step 1: At the end of consolidation
G3

Step 2: During axial stress increase

63+ Ac
Drainag
Step 3: At failure
G5+ Ac;
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Neutral,u = Effective, o’
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Consolidated Unrained Test (CU Test)
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Stress-strain relationship during shearing (CU Test)
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Y-ve p.w.p is because of a tendency of the soil to dilate.



Shear Strength Parameters C and ¢
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Shear stress, t

. o, = 03 + (Aoy)
Confining stress = Gy, 1
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C and ¢ are total strength parameters (Sometimes called C,, and ¢, which are
consolidated-undrained cohesion and angle of shearing resistance, respectively).



Effective and total stress Mohr circles

#* Unlike the consolidated-drained test, the total and effective principal stresses are
not the same in the consolidated-undrained test.

» However, since we can get both the total and effective stress circles at failure for a
CU test when we measure the induced pore water pressures, it is possible to define
the Mohr-Coulomb failure envelopes in terms of both total and effective stresses.

» For any point in the soil a total and an effective stress Mohr circle can be drawn. These

are the same size with
= 67 — 0Oy

» The two circles are displaced horizontally by the pore pressure, u.



Failure envelopes for sand and NC Clay, C,, and C' =0

One CU test would be sufficient to determine ¢ (=¢.,)
and ¢’ (= ¢4) of sand or NC clay
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Shear Strength Parameters C and ¢
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Failure envelopes for NC and OC Clays
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Note on CU test

Shear Strength parameters in terms of total stresses are Cand ¢ or C_, and ¢,

Shear Strength parameters in terms of effective stresses are C’ and ¢’

If the specimen tends to contract or consolidate during shear, then the induced
p.w.p. is +ve. This is in loose sand and N.C. clay.

If the specimen tends to EXPAND or swell during shear, the Au decreases and
may be —ve. This occurs in Dense sand and OC clay.

Since the shear strength is controlled by the effective stress in the specimen
at failure, the Mohr failure hypothesis is valid in terms of effective stresses
only. Hence, the point of tangency of effective M-C failure envelope to the
Mohr circle of effective stress is used to define 6; .

It is tacitly assumed that the Mohr-Coulomb strength parameters in terms of
effective stresses determined by CU tests with pore pressure measurements
would be the same as those determined by CD tests. We used the same
symbols, C’ and ¢’ for the parameters determined both ways.



Some practical applications of CU analysis for clays

o CU strengths are used for stability problems where the soils have first
become fully consolidated and are at equilibrium with the existing stress
system

o Then, for some reasons, additional stresses are applied quickly with no
drainage occurring.

o Practical examples include

1. Embankment constructed rapidly over a soft clay deposit

/ \
/ A

\ Soft clay /
\ T =in situ undrained shear strength
\ /
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Some practical applications of CU analysis for clays

2. Rapid drawdown behind an earth dam. No drainage of the core

—

T = Undrained shear strength
of clay core




Disadvantages of CU Test

It requires the measurement of Au which is not an easy task and
requires a great deal of care.

The sample cannot be assured to be fully saturated.

Effect of rate of loading. The stress-deformation and strength response
of clay soils is rate-dependent; that is, usually the faster you load a
clay, the stronger it becomes.

There are two objectives that are incompatible.

The rate of loading in one hand shall be slow that the proper
pressures measured at the ends of the specimen are the same as
those occurring in the vicinity of the failure plane.

On the other hand, the rate of loading in the field may be quite
rapid, and therefore for correct modeling of the field situation, the
rate of loading in the laboratory sample should be comparable.



Example 12.8

I Example 12.8 I
A specimen of saturated sand was consolidated under an all-around pressure of
105 kMim®. The axial stress was then increased and droinape was prevented.
‘Ihie specimen faled when the 2ol deviator stress reached (U kN/mE. The pore
‘waler pressure al failure was 50 kNim®. Determine

w. Unnsolidated-undramed angle of sheanng resistance, &
b. Drained friction angle., "
Solution
Part o
horihscase, o, = W KN'mE, o, = 1D + U= 113 I.Wml,lli{dn‘];—]]l['l'm:.
The total and efoctive stress filore envelopes are shown in Figure 1233, From

Eg.(12.34).
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Example 12.9
L

| Example 12.9 |

Previous iriaxial fest resulis on a normally consolidated clay have shown
that the parameter A, & about (.81 and 4’ & about 28" If a consofidated-
undrained test 5 conducted with the same soil with o, = T EN/m?®, what will be
ihe approximate deveator stress [(Ae,), at fiure?

Solution
From Eq. (12.37).
D oo
¢ = sm ‘{"': +ﬂ&—'3'[ﬂ-l.|};] ®
From Eg. (12.39),
(A = (A, (b)
Also,
@ = oy + (Al {€)
Substitution of Eqgs. (b) and (c) in Eq. (2) will give
& = sint m + Ayl o
@+ (B + oy — DA {Aey),
oar
o {Aer, )y
e ‘[‘ans.ﬂ&r l—zﬂ'ﬁ]
N2 = {&ﬁh
(20} + (Aergt[1 — (Z)UHT])
049 Gy
"D + (A, D)

| (Aer,}, — 5050 KNim? |




Example

A normally consolidated clay was consolidated under a stress of 150 kPa, then
sheared undrained in axial compression. The principal stress difference at
failure was 100 kPa, and the induced pore water pressure at failure was 88 kPa.

Determine:-
a. The Mohr-Coulomb strength parameters in terms of both total and effective

stresses analytically and graphically.
b. The theoretical angle of the failure plane in the specimen.

o, =150 kPa 4
o, =150 +100 =250 kPa Lo
o’y = 150-88 =62 kPa H

o’, =250-88 =162 kPa
Sin ¢ = 100/(250+150)... > ¢ =14.5° 100
Sin ¢’ = 100/(162+62)... > ¢ = 26.5°
0, =45+ ¢ /2 =58°

150

al
(@]

S

Note:
« Failure plane is obtained from effective Mohr circle
« Measuring p.w.p. makes it possible to obtained effective strength parameters



Example

The shear strength of a normally consolidated clay can be given by the equation t,= ¢ tan 27°.
Following are the results of a consolidated-undrained test on the clay.

* Chamber-confining pressure = 150 kN/m?
* Deviator stress at failure = 120 kN/m?

a. Determine the consolidated-undrained friction angle
b. Pore water pressure developed in the specimen at failure

o3 =150 kN/m?
o, =150 +120 =270 kN/m?
Sin ¢ = (270-150)/(270+150).... > ¢ =16.6°
SIN$ =(G';- G5, (G + O)
But deviatoric stress of total and effective are always equal, hence
C'4-G3=120
Sin 27 = 120/(0';+ G'3)
hence (G';+ G'5) = 120/sin 27 = 264.3 kPa

The difference between the center of total and effective Mohr circles is equal to u, or
U = (G+ O3)/2 —(0'- 0'5)/2 = (270+150)/2 —(264.3)/2
Hence U = 77.85 kPa




lll. Unonsolidated Unrained Test (UU Test)
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Types of Triaxial Test

. f? .
Is the drainage valve open” Is the drainage valve open?

M M

Consolidated Unconsolidated Drained Undrained
sample samp loading loading

CD test UU test

CU test



Stress conditions for the unconsolidated undrained test

Total, o — Neutral, u + Effective, ¢’

Step 1: After application of cell pressure

Oc— O3
No ¥ l
. c = c L A —_
drainage <_C 3 —Au-> <« 03=03—Au.=0
S v

Step 2: During application of axial load
6’1 =03+Acy—Au. t Auy

No Au_ % Au, l

drainage o, et ) — 0’3 =05~ Aug £ Au,

e
Nt | |
Step 3: At failure

o3+ Aoy G'vi =03+ Aot - Au  * Auy = o'y

|

) —_
= O3

163 + Ao

No
drainage




Shear Strength Parameters C and ¢

o Three identical saturated soil samples are sheared to failure in UU triaxial
tests. Each sample is subjected to a different cell pressure. No water can
drain at any stage. At failure the Mohr circles are found to be as shown.

Failure envelope, ¢, =0

o All tests for fully saturated clays, which are assumed to be at the same void
ratio (density) and water content, and consequently they will have the
same shear strength since there is no CONSOLIDATION allowed.




Notes on UU TEST

o Drainage is not allowed both during the application of the
confining pressure 6; and during shearing.

o The test specimen is sheared to failure by the application of
deviator stress, Ac,, and drainage is prevented.

o Because of the application of chamber confining pressure c,,
the pore water pressure in the soil specimen will increase by u._.

o A further increase in the pore water pressure (uy) will occur
because of the deviator stress application.

o Usually Au is not measured in this test. This test is total stress
test. Analysis is in terms of ¢ gives C, and ¢,.

o The added axial stress at failure (Ac,); is practically the same
regardless of the chamber confining pressure.



Notes on UU TEST

All Mohr circles at failure will have the same diameter and the
Mohr failure envelope will be a horizontal straight line and
hence is called a ¢ = 0 condition witht =S, = c, = constant.

T:=c=c, = s, is called undrained shear strength and is equal to
the radius of the Mohr’s circle.

The ¢ =0 concept is applicable to only saturated clays and silts.

Since drainage is not allowed at any stage the test can be
performed very quickly. So it is called Quick test or just Q-test.
(10-20 mins.)

Typically, stress-strain curves for UU test are not different from
CU and CD stress-strain curves for the same soils.

Intact specimens are required for this test, so it is conducted
usually on clay samples.



Effective and total stress Mohr circles

o If Au is measured, although it is not measured in this test, then the
effective stresses can be estimated and Mohr circle for that is drawn.

o The deviator stress (G,); to cause failure is the same as long as the soil is
fully saturated and fully undrained during both stages of the test.

o The total and effective Mohr circles are displaced horizontally by the pore
pressure, u.



Effective and total stress Mohr circles

_ Effective stress
Mohr’s circle at A
failure Pt 2

~ Total stress Moher's circle af failare
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o The different total stress Mohr circles with a single effective stress
Mohr circle indicate that the pore pressure is different for each sample.

Shear sress

Id—'_"l.'l::r

o As discussed previously increasing the cell pressure without allowing
drainage has the effect of increasing the pore pressure by the same
amount (Au = Ac_) with no change in effective stress.

o The change in pore pressure during shearing is a function of the initial
effective stress and the moisture content. As these are identical for the
three samples an identical strength is obtained.



Why does Ag; is the same for all specimens?

o There is only ONE UU effective stress Mohr Circle at failure, no matter what
the confining pressure. But why this is the case?

Specimen |: at Failure

G’y 7‘3 +Acy —}4 - Au g

NO 3+ Aoy U, + AU l
i ) y
dralnag & O3 p— <—l — 4 O 3 —ﬁs - }lc - Au g

For fully saturated clays, B =1 (hence, u, = ;)

Specimen II;: at Failure
o'y :73/+§0€+A5d _}*C/_A{c' AU ¢

NG o3+ Aoyt Aoy Ue +TAUC+ Au g l
dralnag - O3 — Pl + —
! o’3 :/43 +/{ G3 -){C ] ?ﬂ ¢ - AUy

Because the effective confining pressure is the same for Specimen | and Il.



Example

In an unconsolidated undrained triaxial test the undrained strength is
measured as 17.5 kPa. Determine the cell pressure used in the test if the
effective strength parameters are ¢’ = 0, @’ = 262 and the pore pressure at

failure is 43 kPa.

Analytical solution

3 = = {G - O } _ (G' - G']
Undrained strength = 17.5 ! : 2 = 2 5 : 2 Egs. With 2
2)7411(45 +¢,r 2) unknowns

Failure cnterion o, =0, tanz(zl.j +¢/2)+

Hence o, = 57.4kPa, o," = 22.4kPa

and cell pressure (total stress) = o," +u= 65.4k
Graphical solution A
17.5
NN .




Remarks

It is often found that a series of undrained tests from a particular site give a value of

o
¢, that is not zero (C, not constant). If this happens either:
* The samples are not saturated, or
* The samples have different moisture contents
o If the samples are not saturated analyses based on undrained behavior will not be
correct.
o The undrained strength C, is not a fundamental soil property. If the moisture

content changes so will the undrained strength.

oy S < 100% S > 100%

v

O3. Ogzp CGic O3, Op Oia G

Effect of degree of saturation on failure envelope



Some practical applications of UU analysis for clays

o Like the CD and CU tests, the UU strength is applicable to certain critical
design situations in engineering practice.

o These situations are where the engineering loading is assumed to take
place so rapidly that there is no time for the induced pore water pressure
to dissipate or for consolidation to occur during the loading period.

o UU test simulates the short term condition in the field. Thus, C, can be
used to analyze the short term behavior of soils

1. Embankment constructed rapidly over a soft clay deposit

/ \
/ \

/

Soft clay

T =in Situ undrained
shear strength




Some practical applications of UU analysis for clays

2. Large earth dam constructed rapidly with no change in water content of

soft clay

t=Undrained shear
strength of clay core

1 =In situ undrained shear strength




Types of Triaxial Test
L

Drainage Drainage Pore water Total Type of test

during during pressure or
confinement shear build up? Effective | “duration”

Cch Open Open No Effective Slow
if the test is for clay
slow S- test
CuU Open Closed Yes Total
Effective if
p.w.p is
measured
uu Closed Closed Yes Total Fast

Q-test



Applications
L
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Unconfined Compression Test (UC Test)

o This a special class or type of UU test. In this test the confining pressure ¢; = 0.

o Axial load is rapidly applied and at failure ; = O and the value of o,
necessary to cause failure is called the Unconfined Compression Strength .

Failure by shear Failure by Bulging



Unconfined Compression Test (UC Test)

o Because the undrained shear strength is independent of the confining
pressure as long as the soil is fully saturated and fully undrained, we

have

. '1|
_ 91 _ qu_ i ¥
= 22 = Cu g 4._ .
- s
o The difference in q, between -
different tests will depend on the —

%, Total stress Mohr's
Y circle at failure
1

level of compaction for each
sample.

w

MNormal stress

o Since we said that in UU test strength is independent of o3, theoretically
the value of C, obtained from unconfined compression test or UU test
must be the same. In practice, however C, from UC is slightly lower than
that from UU test.



Notes

o The effective stress conditions at failure are identical for
both UU and UC tests. And if the effective stress conditions
are the same in both tests, then the strengths will be the
same. For this to be true the following assumptions must be
satisfied.

1. The specimen must be 100% saturated.
2. The specimen must be intact and contains no defects.
3. The soil must be very fine (clays)

4. The specimen must be sheared rapidly to failure.



Comments on Triaxial Tests

Three types of strength parameters (Consolidated-drained, consolidated-
undrained, and unconsolidated undrained) were introduced. There use

depends on drainage conditions.

Consolidated-drained strength parameters can be used to determine the_long-
_term stability of structures such as earth embankments and cut slopes. Consolidated-
undraiped shear streneth parameters can be used to study stability problems relating
to cases where the soil jnitially is fully consolidated and then there is rapid loading.
An excellent example of this is the stability of slopes of earth dams after rapid draw-
down. The unconsolidated-undrained shear strength of clavs can be usaed to evaluate
the epd-of-construction stability of saturated cohesive soils with the assumption that
the load caused by construction has been applied rapidly and there has been little
time for drainage to take place. The bearing capacity of foundations on soft saturated
clays and the stability of the base of embankments on s0ft clayvs are examples of this

condition.




Vane Shear Test

o Since the test is very fast, Unconsolidated Undrained (UU) can be
expected.

o If T is the maximum torque applied at the head of the torque rod to
cause failure, 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,).

T=M,+M, +M,=M,+2M,

M, — Shaft shear resistance along
the circumference C

2
Mszndhcugzﬂcuﬂ iy
2 2

le



Vane Shear Test

M, depends on the assumed distribution of shear strength
mobilization at the ends of the soil cylinder.

f
(:T E‘ C,

—d2 d2 — “—d2 ——d2 — “—d2 ——d2 —

o In general, the torque, T, at failure can be expressed as

P =1/2 for triangular distribution
P = 2/3 for uniform distribution
B = 3/5 for parabolic distribution




Remarks

Figure 1247 Labomtory vane shear test device (Counery of ELE inlernationad)

1
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Remarks

o The undrained shear strength obtained from a vane shear test also
depends on the rate of application of torque T.

o Bjerrum (1974) has shown that as the plasticity of soils increases, C,
obtained by vane shear tests may give unsafe results for foundation
design. Therefore, he proposed the following correction.

Cu(design) = 7"Cu(vane shear)

Where, A = correction factor=1.7 —0.54 log (PI)
Pl = Plasticity Index

Morris and Williams {1994) gave the correlations of A as
A =118z 4 (057 (for PI = 5)
and
A o= ANl SSNRR) 4 S) (b LA > 2U)
where LL = liguid limit (% ).



Example 12.14
L

I Example 12.14 I
A soil profile i shown in Fagure 12.49. The clay s pormally coasofidated. Its
Iaqusd Iimut 15 64 and its plastic limut s 25, Eshimale the unconpined COmMpression
strength of the clay at a depth of 10 m measured from the ground surface. Use
Skempton s refatioaship from Eq. (12.46) and Egs (12.61) and (12.62).

Solution
FOr the saturated clay layer, the void ratio s

e = w6, ~ (Z68)(U5) ~ UN
The effective unit weight is —

oA (2.68 — 1)(9.81) Copuery = 26.49 EN/m?
’"’-(1+¢ L s T T et o From Egs. (12.61) and (12.62), we pet
The effective stress at a depth of 10 m from the pround surface is £y = Atyysn
Gy = Y, + I¥ S, — (BH1DD) + (£)(Y.16)
= [1.7 — 054 log {(F5
e B8E T Knimt = (L4 — U5 huw (60 — 2 [26.4Y — L2 KMN?

s L - S0 the unconfined compression strenglh is

= 0.0037 g, = I, = (2)i22.95) - 459 kNm*

SO 11 + 0.0037(60 — 25) [ I

11062

O oy O cuy @ Rock



Example 12.15

I Example 12.15

Refer to Figure 1248 Vane shear tests (lapered vane) were condecled in the
chiy layer. The vane dimensions were 63.5 mm (d ) = 127 m (&) and t; = 5 = 45°.
For a test at a certain depth in the clay, the torgque required (o cause Filere was
0 N -m. For the clay. liquid limit was 50 and plastic limit was 18, Estimale the
undrained cohesion of the clay for use in the design by using each eguation:

4. Bjerrum’s A relationship (Eq. 12.62) _

b Morrs and Williams™ & and 27 relationship By, 1263)

. Moeris and Williams” A and LL relationship {Eqg. 12.64)

Solution
Given h/d = 127/635 = 2.
Pari a
From Eg. (12.60),
=it d d
"E(E*E*“}
_ wiD0&3SP[ 00635 | 00635
12 [m45+ +Hl.1-'.'ﬂ]
= (DODI05EN0080E + DOR9E + 0.742)
= (LIHARY
From Eg. (12.56),
—
R I R T

= 20,121 N'm? = A2 EN/m®

From Egs. (12.61) and (1262),
Cuomcn = [17 — 054108 (A%,
= (1.7 — U354 g0 — B2
= TS kMNim®

Pari b
From Eqs (12.63) and (12.61),
Copanacian = [1-18 %P + 0570
= [118e-vem=-an 4 ) STHHD1Z)
= 153 KMm*
PPari ¢
From Eqs (12.64) and (12.61),
Cnrmrocsayy ™ [ U015 4 U151y,
= [7.00e-t==2t 4 (L5T)(2012)
= 1405 kM/m* I




Remarks

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

o In the field, where considerable variation in the undrained shear strength
can be found with depth, vane shear tests are extremely useful.
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