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Prediction of Strain Rate for Drained Triaxial Tests
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SYNOPSIS
high undissipated pore water pressures in the samples.

The strain rates suggested by Gibson & Henkel (1954) for drained triaxial tests are found to leave

In this paper, an alternate method for determining suita-
ble strain rates for drained triaxial tests is supgested.

The magnitudes of the pore pressures that develop

while shearing a specimen along the drained stress path and the corresponding axial strains are determined from

the results of undrained tests.
INTRODUCTION

A drained test has to be performed in the laboratory
at & strain rate vwhich would ensure that the undissi-
pated pore water pressure in the sample is negligible
when compared to the effective stresses acting on it
throughout the duration of the test. Bishop & Henkel
(1962) have recommended suitable strain rates to be
used in carrying out fully drained triaxial tests,
These strain rates are, however, found to leave high
undissipated pore pressures in triaxial specimens of
kaolin sheared under fully drained condition {see
Thurairajah, Balasubramaniam and Fonseka, 1975). In
this paper an alternate method for predicting the
strain rate for the conventional drained triaxial
compression test is presented., Only nermally conso-
lidated saturated clays have been considered but,
since the volume change during a drained test on a
normally consolidated clay is larger than on the over-
consolidated clay,the theoretical strain rates for
normally consolidated clays could alse be satisfacto-
rily used for overconsclidated clays,

STRESS AND STRAIN PARAMETERS

The stress parameters used are the mean mormal stress
1 :
p= 5‘(gi + 205) and the deviator stress q = (gf- o),

where Gi and o! are the effective axial and radial
strains, The incremental strain parameters dv and de
are defined as dv = d& + 2dey and de = % (dey- de3),

where d& and d® are the incremental axial and radial
strains.

GIBSON & HENKEL THEORY FOR ESTIMATING STRAIN RATES

In Fig. 1, NP and NQ respectively represent the stress
paths for an undrained and a fully drained tria-

xial compression tests, on a normally consclidated
clay with constant cell pressure, OX is the projec-
tion of the critical state line. The laboratory
drained test has some undissipated pore water pressure
in the sample and therefore the effective stress path
NR for such a test lies to the left of NQ.

Let 9,85 94f and s be the peak deviator stresses for

the undrained, fully drained and laboratory drained
tests respectively. If Ugf is the pore pressure

developed under dyf in the

o Q X undrained test and aug is
e R the undissipated pore water
b f pressure under q¢ during
= ! the laboratory drained test,
J
«© ! then
[ }
o /
s I’
.g P, h ¢~ dug _ 1 - Ayf I
a i 4= duf ug £
0 ceene (1)

As Ug approaches unity,
the peak point in the
laboratory drained test
path approaches the peak
point in the fully drained test path. Gibson &
Henkel (1954) derived an equation similar to Eq. (1)
in which Aug is the average pore water pressure at
failure along the shear plane in the sample and Uf is
the average degree of consolidation at failure. It
is apparent from their paper that their objective is
to choose a strain rate so that the peak strength
measured during the laboratory drained test is very
close to the peak strength for the fully drained test.
This objective can be achieved if the strain rate
chosen is such that the undissipated pore water pres-
sure in the sample at failure, (1-Ug) up is small; ug
is the pore water pressure at failure during an
undrained test on a sample consolidated under the same
cell pressure as for the drained test. According to
Gibson & Henkel (1954), the strain for drained tria-
xial tests should be such that the time to failure tg¢
is given by the equation
2

tf =~ ; 2H is the height of the sample,  is

poe, (1-Ug)

Mean Normai Stress, p

Fig. 1 Stress paths

a factor depending on the extent and location of the
drainage surface, and ¢y is the coefficient of conso-
lidation. The equations given in their paper indicate
that the total pore pressure developed in a drained
test is assumed to be equal to the pore pressure
developed during an undrained test., But the pore
water pressure developed during a drained test is
much higher than the value ug corresponding to the
undrained test. For remoulded specimens of kaolin
sheared under drained condition, the magnitude of
pore pressure, u, developed is about 4.5 times the
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value of Ufo Thus the undissipated pore pressure in
the drained test specimen must be (1-Uf)u3 instead of
(1 - UFf)UF Gibson & Henkel recommended that the
Tnaximum value of the deviator stress is reached in a
drained test, for the duration of tf, corresponding
to a value of of 0.95« The maximum undissipated
pore water pressure in the sample is then 0.05 u,
Where u is the total pore pressure developed in a
sample sheared along a fully drained stress path and
is about 4,5 times uf in the particular case of nor-
mally consolidated kaolin specimense

It is therefore essential that the strain rate for a
laboratory drained test is such that the stress and
strain parameters are determined sufficiently accu-
rately for the entire stress path- In the approach
adopted in this paper, the strain rate for a drained
test is chosen so that the maximum undissipated pore
pressure in the sample at any stage of the test could
be controlled to be a small fraction of the cell
pressure under which the sample is consolidated prior
to the beginning of shear.

PORE PRESSURE DEVELOPED DURING SHEAR ALONG A FULLY
DRAINED STRESS PATH

According to Roscoe and Poorooshasb (1963), the effec-
tive stress paths obtained from undrained triaxial
compression tests on a normally consolidated clay are
geometrically similar. Also unique relationship
exists been g/p (= T]) and €. Thus it could be shown
that u/p 1is uniquely related to 7]. Hence

u/p ti(n) @
where TL denotes q/p.

Consider a specimen ofclay at a state (e, p3 Q)
corresponding to A in Fig. 3 and lying on the fully
drained stress path NQ, e being the voids ratio. Let
a stress increment (6p, 8q) causes the state of the
sample to move to B (e p + &p, q + 6g)= Then the
pore pressure 6u developed in the specimen due to the
stress increment (6Pj 6q) is denoted as BC in Fig. 3,
It can be shown that gp = (69/3 - gu) and & = 6~/p

- T1-69/p. Differentiating equation (2) and substi-
tuting the values of gp and &1 it can be shown that

oo [N + GTD h1ED] & ®
3[L + h(D - T h* ()]

where h 1(TD

Equation (3) gives the magnitude of the pore pressure
gu3 developed in a specimen3 while the deviator stress
increased from q to g + gq under undrained condition.
If the specimen is now allowed to drain keeping the
deviator stress constant at q + sq3 the state of the
specimen moves from B to C (in Fig, 3) when gu is
fully dissipated.

For a fully drained stress path starting from a pre-
shear consolidation pressure of a3 (same as the cell

pressure , p = E§_3n). and gq = (zfni’ g~
Substituting these values in Eq, (3), gu/a™ is given
by

u _ 3D + G-"DhiG)]

3 [1 + b(D - ~hFADIE-TD"

O

330

ri=alp Mean Normal Stress, p
Fig. Variation of u/p Fig* 3. Pore water
with q/p pressure dissi-

pated in a
drained test

The variation of hr®) with
T as obtained from Fig, 2
is presented in Fig. 4.
Knowing the values hOf]) and
hT(@l)3 equation (4) can be
integrated numerically for
increments in dgj of 0.01.
The pore pressure u3 thus
estimated to be developed
in a fully drained test,
while T changes from zero
to 0*9 (corresponding to
Fig. 4. Variation of h(r]) failure) is about 3o0%« In
with ) comparison to this value,
the pore pressure measured
during an undrained test starting from a pre-shear
consolidation pressure of is only 0.7 08-

SHEAR STRAIN IN FULLY DRAINED TESTS

The plastic incremental volumetric strain,
experienced by a normally consolidated clay when sub-

jected to stress increments (gp, sq) from current
stress state (g3 p) can be expressed as
6vp o¢ 5P ®)

Combining Eq. (5) with the energy balance equation of
Roscoe, Schofield and Thurairajali (1963) and using

6P w for a fully drained test
6e ( | ,
1+e 1+e (3-T1)1 )
(-7

Equation (6) can be integrated numerically with res-
pect to 7]. It is also possible to derive an equation
similar to (6) using Roscoe & Burland (1968) energy
equatione

Voids Ratio Change during a Fully Drained Test

In Fig. 5y A corresponds to the state point (e9 p3 q)
of a normally consolidated clay subjected to a stress
increment (6p3 gq). Let the change in voids ratio
under drained condition be ge. Curves AC ind BD
represent the effective stress paths under undrained
conditions. Let pc and pc + gpc be the pre-shear

consolidation pressures corresponding to paths AC and
BD.



o . Then
Py Undroined Test
2
4 ]T‘Sgress Path P, = [1 + hind=/3] ..}
w |
= Gr————-5p Differentiating (7) and
hod | substituting ge = :L_ﬁpc,
g 1 c 10 Pe
2 P P, PSR it can be shown that for
a fully drained test
Normal Consoli~ )
€ 8- h'(y)
i dation Line (hey =R 2N

A [1+h()-n/3]

[}
) . h(Dsn
2 °;::;“_:::-E_B ™~ {[+h(n)-7/3]
o [Nerde i |
2 "'i* ei . (3-m1 .. (®
p=1  p}p PtOP; Equation (8) can be sub-
p+Sp stituted in Equation (6)

and the shear strain §¢

can be integrated numeri-

cally with respect to §1.

Fig. 5. Voids ratio change, The voids ratio e need to
be adjusted after each
step of integration,

Mean Normal Stress, p

DETERMINATION OF STRAIN RATE

The chosen strain rate for the drained test should be
such that the ratio of the maximum undissipated pore
pressure Hu in the sample to the cell pressure o
under which it is consolidated before shear is a small
quantity, say x,

Fig. 6 shows the variation of u/og with € during a
fully drained test on normally consolidated tests.

The variation seems to be linear up to about 18% shear
strain., For estimating the suitable strain rate, the
rate of development of pore pressure ratio u/03 with

¢ for the drained test path is assumed to be a con=-
stant and equal to the slope of the straight line por-
tion of the curve in Fig, 6, For cases where the
points do not lie on a straight line, the strain rate
may be calculated using the maximum gradient of the
curve, and this leads to a conservative estimate,

Consider a tria-
xial sample con-

3.0 solidated under
a cell pressure
25F 03 and sheared
| at a constant
2.0
rate of shear
047 I-51F strain y per unit
3 oL time., If z is the
’ the slope of the
0.5F straight line
2 1 i ) L L L ] portion of curve

0 . .
O 4 B 12 16 20 24 28 32 in Fig. 6, then

Sheor Stroin, € ,% B =yt L. ()

o
Fig. 6. Variation of u/og with 3

e for drained tests on

kaolin Equation (9)

gives the quanti-

ty of pore water
Pressure ju developed in the sample during the drained
test in an increment of time gt.

Expressions for suitable strain rates have been obtain-
ed for a triaxial sample of height 2H and radius a
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where 2a = H, with drainage from (i) both ends, (ii)
one end only, (1ii) radial boundary only, and ziv)
ends and radial boundary.

Strain Rates for Different Drainage Conditions

The suitable strain rate for drained tests is given
by (see Appendix)
poCy ¥
y = e ceeen (10
2 u?

where |, is a constant having the following values:

drainage from one end only 0.50
drainage from both ends 2,00
drainage from radial boundary only 16.10
drainage from ends and radial boundary 16.30

it should be noted that u/63 may be plotted against
the axial strain instead of the shear strain € in Fig,
6. The value of y obtained from equation (10) will
then be the axial strain rate instead of the shear
strain rate,

An Approximate Method for Determining Strain Rate

For a quick estimate of the appropriate strain rate
for drained tests, the following procedure may be
used. The total pore water pressure developed in the
sample due to loading along the fully drained stress
path is first determined from the results of an
undrained test by integrating equation (3) numerically.
Alternatively, the total pore water pressure could be
estimated graphically by making use of the fact that
the undrained stress paths on (q, p) plane for
different values of 93 are geometrically similar. 2Z
in equation (10) is then determined by making the
assumption that the total pore water pressure develop-
ed during a drained test varies linearly with strain
up to failure, and assuming a value for the failure
strain.

Strain Rate for Specimens of Kaolin

Calculations are carried out to determine a suitable
strain rate for a typical clay, Spestone Kaolin, and
the result is coppared with strain rate recommended by
Gibson & Henkel (1954)., A triaxial sample of height

3 inch and diemeter 1.5 inch with drainage facilities
at both ends of the sample is considered. The coeffi-
cient of consolidation, ¢y, for kaolin is 0.04 in2/min.
The value of z from Fig, 6 is 0,118, For the undissi-~
pated pore water pressure in the sample to lie within
5% of the cell pressure g,, the shear strain rate as
obtained from Equation (18) is 0,015% per minute. The
shear strain for drained tests for 1 = 0.9 as predict-
ed from the results of undrained tests is 31.7%.
Therefore, the time required to reach the value 7 =0.9
by a drained test is 2110 minutes. The natural axial
strain corresponding to a shear strain of 31.7% is
35.1% which is equivalent to a conventional axial
strain of 29.1%. For 3 inch high triaxial sample, the
rate of axial deformation is 0.00042 in/minute. The
corresponding time as obtained from Gibson & Henkel
method will be 375 minutes, this would correspond to a
strain rate of 0,00176 in/minute for a failure strain
of 22%.

CONCLUSIONS
The theoretical method derived by Gibson & Henkel to

calculate the rate of strain for drained triaxial tests
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is found to leave high undissipated pore pressure in
the samplee Expressions developed in this paper for
determining strain rates for the drained triaxial
compression tests satisfy the condition that the ma-
xiinuTn undissipated pore water pressure is small when
compared to the consolidation pressure. The method

could easily be extended to other types of shear tests4
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APPENDIX
Drainage from Both Ends

From Terzaghi?s theory for one-dimensional consolida-
tion, the maximum undissipated pore water pressure

in the triaxial sample at any time T from the beginn-
ing of the test can be written, as

(-Dn A-(2n+1)2n2 -
Au .n/\O( 2n 1) exp dat (1)

n= 0 4H2

where ¢ is the coeffxcient of consolidation and (
is the rate of development of pore water pressure
in the sample xrith time.

Integrating Eq. (i) gives

If the allowable Tnaximum undissipated pore water
pressure u in the sample during the test is the
strain rate y is given by

2.00 fv. (iii)
ZE2

If drainage is permitted from one end of the sample
only the strain rate is given by

y = 0.50 X- .- (iv)
zE2

Drainage from Radial Boundary Only

The undissipated pore water pressure at the centre of
the triaxial sample at any time T is given by the
expression (Carslaw and Jaeger3 1959)e

AU= 21 1(S)eXP O i (T-t}] dt .. (v)

where pn are the positive roots of JQ(P) = 0, Jo being
Bessells function of the first kind and order zero.

On integrating Eq. (v) and substituting 2a = H3

=izsiv |- 1- n A 1 (Vi)
a3 B
m=l m
The strain rate is given by
cVX
16.1 (vii)
ZH2

Drainage from Ends and Radial Boundary

8 " (-Dn T
“owr)  zZ. (2n+l) ¢ dexp [U K
n=0 m=1
(2n+1)2 -
o (viii)

Integrating Eq* (viii) and substituting 2a = H gives

4c T (2n+l)V
u _ 2yzH , Z "-Dn! [Oom + (16> -~1!
a3 WCVn_o e @n+1)2 2 .
16 (iv)
The strain rate is given by
y = 16. 3 CvX ()

zH2



