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Summary When conducting triaxial tests the effective stress state of the specimen should be well defined at
all times. This is particularly important when conducting drained stress path tests, where the generation of
excess pore pressures can result in a deviation from the assumed effective stress path. Thus the measured stress-
strain behaviour may not reflect the true soil behaviour. Consolidation theory may be used to predict excess
pore pressure generation during time dependent loading. This theory may be applied to predict the excess pore
pressure in triaxial specimens during drained constant rate stress paths. A series of triaxial tests was conducted
to validate this theory for use in specifying appropriate rates of loading to ensure negligible generation of
excess pore pressures during drained stress paths. The results indicate that the theory is appropriate. A method
of calculating deviations from an assumed effective stress path is presented.

1. INTRODUCTION

The triaxial apparatus has long been established in
geotechnical engineering practice as the major
piece of equipment for investigating the stress-strain
behaviour of soil and obtaining strength and
stiffness parameters for design. In addition to its use
for standard triaxial compression and extension
tests, the triaxial apparatus may be used to apply
"npon-standard” stress paths to a specimen of soil.
These tests are used to examine the effect of a
particular stress path (eg. resulting from a
construction sequence) to the soil or in more
fundamental studies, to investigate the stress-strain
behaviour of soils for the development of
constitutive models. For this type of test a great deal
of control is required in applying loading to the
specimen or achieving specified strains.

In highly permeable soils, such as sands, manual
operation of the loading system to follow required
stress paths is possible and can produce acceptable
results. However, in materials with lower
permeabilities - silts and clays - the time taken for
dissipation of excess pore water pressures, results in
the following of a stress path being at best tedious
and inaccurate and at worst impossible. By
automating the loading process using computers to
control the stresses acting on specimens, it is
possible to conduct accurate stress path testing of
low permeability soils.

The normal procedure for conducting automated
effective stress path triaxial tests is to apply a fotal
stress path to the specimen by varying the confining
and deviator stresses. During the application of total
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stress pore water pressures will inevitably change in
the specimen. If drainage is permitted then partial
dissipation of these excess pore water pressures will
occur. Therefore in order to follow the prescribed
effective stress path it is important that the rate of
excess pore pressure application be matched as
closely as possible by the rate of excess pore water
pressure dissipation. If a soil specimen is being
continually loaded then the rate of excess pore water
pressure dissipation will always be less than the rate
of excess pore water pressure rise. However, by
controlling the rate of stress application it is
possible to maintain excess pore water pressures at
an acceptably low level and thus permit the
prescribed stress path to be closely followed.

Solutions have been obtained for mean excess pore
pressure values for soils with different drainage
boundary conditions when subjected to continuous
rates of loading, e.g. Schiffman (1958). Such
solutions have been used for predicting mean excess
pore water pressure values in constant rate of
loading consolidation tests, Aboshi et al. (1970).
These solutions may also be appropriate for
predicting excess pore pressures in soil specimens
subjected to continuous loading in triaxial stress
path tests. A series of triaxial stress path tests were
conducted to validate the use of these solutions for
this application and the results of these tests are
presented herein.

2. TIME DEPENDENT LOADING

The rate of dissipation of excess pore water pressure
for the case of an external load increasing



proportionately with time, (Gibson and Henkel
1954), is given by (1),
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where: R = rate of change of imposed total
stress, (do/dt)
C = coefficient of consolidation

U = excess pore pressure
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Figure 1. Analytical and experimental one
dimensional consolidation behaviour

For one dimensional drainage conditions, an
analytical solution for this equation assuming
constant rate (i.e. R = do/dt constant) time
dependent loading was achieved using Fourier
expansions by Schiffman (1958):

_ 32.u 1 w?
u[T, ] = T 2 ¥ S.fl-exp(@.—.T)] @
v n=135
where: U = average pore water pressure at
time T, = Cut
me v - H2

u imposed excess pore pressure

(if no dissipation has occurred)

For the case where R=0 (i.e. instantaneous loading),
(1) simplifies to the classical equation of
consolidation proposed by Terzaghi (1943). This
was solved by using the method of separation of
variables and the solution is given below:

U, =1-Y —é——.sin[MZ].exp[-Mz.Tv]

m=0

©)

where: M= 5(2m+1) andm=20,1,2, ..
Z = z/H, (depth factor)
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H = length of the drainage path

The solution of (1), given by (2) for one-
dimensional consolidation, may be represented in a
plot of excess pore pressure ratio, ﬁ/uo, versus time
factor, TV. In Figure 1 both the instantaneous (R =
0) and time dependent (R = do/dt) solutions are
plotted together for comparison. The solutions
indicate that as the time of loading increases (when
loading is continuous) the ratio of average excess
pore water pressure to imposed pore water pressure,
ﬁ/uo, decreases. Figure 1 indicates that the time
factor required for time dependent loading is nearly
six times greater than that for the equivalent pore
pressure dissipation for an instantaneous load
increment. Both theories predict that the excess
pore pressure ratio is independent of the magnitude
of loading, being a function of time factor, T , only.

For three dimensional drainage conditions the
solution for (1) with time dependent loading, after
Schiffman (1958) is,
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and for instantaneous loading,
— 32.u, 1
u[T,] = =52 — exp[-m}.0.T,].
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()
where: o= I—f/z;2 (aspect ratio squared )

§=nn +4.pm

a = effective radius of the soil mass
H = length of vertical drainage path
Jo(mi) =0 (Bessel function of the first
kind and of zero order)

In triaxial specimens three dimensional drainage is
achieved using radial drains (normally strips of
filter paper located around the circumference of the
specimen) in addition to drainage from the ends of
the specimen. The aspect ratio (height:diameter) of
triaxial specimens is typically 2 for standard tests
and sometimes 1 in research applications, e.g.
Newson (1992). Figure 2 shows the solutions for
aspect ratios of 1 and 2 for time dependent loading
using (4). It can be seen that to achieve equivalent
levels of dissipation (u/u), specimens with a higher
aspect ratio (AR) will require a proportionately
greater time.
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Figure 2. Analytical and experimental 3-D time
dependent loading behaviour

3. IMPOSED EXCESS PORE PRESSURE
The solutions presented assume that a constant rate
of loading is applied to the specimen and that the
rate of 'imposed’ excess pore pressure, u,, (i.e. the
value of excess pore water pressure at time t that
would be generated if there were no drainage from
the soil) is the same as the rate of imposed loading.
The rate of imposed pore pressure can thus be
expressed as :

©®

Comparisons of experimental and theoretical
behaviour necessitates an estimate of the value of
u_, the imposed excess pore water pressure at time t.
Since most tests are conducted continuously and
excess pore pressures are dissipated during the
period of the test, this value cannot be directly
measured and therefore has to be predicted
analytically.

The well known equation of Skempton (1954)
relates changes in pore pressure to changes in both
isotropic and deviatoric stress :

Au=B[Ac, + A.(Ac, - Ac))] 7)
Skempton's equation can be split into two
components; one due to isotropic stress change and
one related to deviatoric stress change. Thus, an
experimental investigation into excess pore pressure
generation under drained stress path increments
must consider contributions to the total incremental
excess pore pressure developed from both isotropic
and deviatoric components.
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For fully saturated specimens subject to purely
isotropic time dependent total stress change, (7) is
sufficient to calculate the imposed excess pore water
pressure u (assuming B is equal to unity).
However, a constitutive model is required to predict
the imposed excess pore water pressure if any
deviatoric stress change occurs. The Modified Cam
Clay model (Roscoe and Burland, 1968) was
selected for this purpose. The imposed excess pore
water pressure can be calculated from the difference
between the total stress and the effective stress (if
the total stress increment had been applied in an
undrained fashion) at any stage. The method of
calculation is described below.

3.1 Calculating the Imposed Excess Pore
Pressure

Figure 3 shows an increment of shear, from an
initial stress state A', which lies on a yield locus
with a preconsolidation pressure py', to points B'
and B, in effective and total stress space
respectively. Point B' is assumed to be the effective
stress state (which lies on a yield locus with
preconsolidation pressure py') had the increment of
total stress been applied undrained.
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Figure 3. Calculation of the imposed excess pore
water pressure, Au,



From the geometry we can write a relationship
between the preconsolidation pressures px' and py'
and the effective stress states ps' and pg'.

., K
EA_) A-K
Ps'

py' = px'( ®

where : p' = mean normal effective stress
A = slope of normal consolidation line

k = slope of swelling line

At point B' the stress state lies on the yield locus, so
the equation of the Modified Cam Clay yield surface
can be used to express p,' in the following form,

Qg +M’.pg'
MZ . pB [

Py ©®

Equations (8) and (9) can be combined to give a
quadratic equation in terms of pg',

(0s") - Px-(Pa ") (pg"H " + (qﬁ)2 = 0
(10)

K
=

where:

The geometry of the chosen total stress path should
be known, so the value of pp in Figure 3 can be
calculated. Thus using (10) in combination with
(11), the imposed excess pore water pressure, Au,,
during the increment AB can be calculated.

Au, = pg - Py’ an

4.  EXPERIMENTAL INVESTIGATION

A research programme - consisting of two series of
triaxial stress path tests - was conducted to
investigate excess pore water generation during
time dependent loading of triaxial specimens. The
tests were conducted using a computer controlled
apparatus permitting complex total stress paths to
be closely followed at user specified rates of loading
(Bondok, 1989; Newson, 1992). In the first series,
specimens were subjected to a range of isotropic
increments; both rate of loading and length of
loading path (i.e. incremental changes in total
stress) were varied. In the second series specimens
were subject to a range of deviatoric stress
increments.

Speswhite kaolin specimens (wy = 59, wp = 27)
were used for the experimental programme with
aspect ratios of both 1 and 2; with both one and
three dimensional drainage conditions. In the two
test series specimens were loaded with a sequence of
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either isotropic (Ap) or deviatoric (Aq) total stress
increments, with rates varying from 2 to 60
kPa/hour and loading periods between 70 hours and
0.5 hour.

4.1 Measurement of the Average Excess Pore
Water Pressure

At the end of each increment of total stress,
drainage from the specimen was prevented by
closing the back pressure line to the cell and
allowing pore pressures to distribute fully
throughout the specimen. Monitoring of the excess
pore water pressure was continued until a constant
value was observed. This value was assumed to be
the 'average' excess pore pressure, U, at the end the
increment of total stress. Once this stage had been
reached, drainage to the specimen was re-
established and the excess pore pressures permitted
to fully dissipate prior to the next increment.

4.2  Comparison of Measured and Predicted
Excess Pore Water Pressure

To permit comparison of measured and predicted
excess pore water pressures at the end of a loading
increment the excess pore water pressure measured
at the end of each loading increment, u, was
normalised by the excess pore water pressure that
would have been generated had the loading
increment been applied undrained, i.e. u_. The value
of the imposed excess pore water pressure, u , being
calculated using the appropriate method presented
above. Values of excess pore water pressure ratio,
f]/u0> may then be plotted against the corresponding
time factor, Tv.

In Figure 1 the results of tests in which isotropic
loading was applied to one dimensionally drained
specimens are plotted together with curves for
excess pore water pressure dissipation predicted
from the theory of consolidation. The results show a
decreasing pore pressure ratio with increasing time
factor, agreeing very well with the predictions. A
closer correlation is achieved with the more
rigorous solution of time dependent loading. In
Figure 2 the results of the three dimensionally
drained isotropic and deviatoric loading tests, for
both 1:1 and 2:1 aspect ratio specimens, are
presented together with the theoretical curves for
different aspect ratios. Again, there is reasonable
correlation between the results for each of the aspect
ratios and the theoretical curves.

These results justify the use of the preceding
theoretical ideas for the prediction of the average
excess pore pressure in a specimen at any ftime
during a continuous stress path triaxial test. The
rate of application of total stress path can then be
calculated to ensure an acceptable error is



accomplished to enable the effective stress path to
be followed closely, both during and at the end of a
loading increment.

5. PREDICTION OF THE DEVIATION
FROM EFFECTIVE STRESS PATHS

A method for calculating the deviation of a drained
effective stress path under a constant loading rate is
shown below. This will allow selection of suitable
rates of testing to ensure negligible errors resulting
from the generation of excess pore pressure during
the application of a such loading states.

Assume that the sample is initially in equilibrium at
position A (see Figure 4), with deviatoric and mean
normal effective stresses q; and p;'. The sample is to
be Ioaded to position F at a stress state of q¢ and py,
at a constant total stress rate of Ap/hour. The total
stress path should be divided into a number of
increments. For the ng increment the imposed
excess pore pressure, Au, , can be calculated using
the method outlined in the Section 3.1. Using the
theoretical solution for consolidation under time
dependent loading, the excess pore pressure at the
end of each loading increment, Au, due to the
dissipation of the imposed excess pore pressure can
be calculated from :

Au, =R,.Au, (12)

where: R, is the excess pore pressure ratio
for theoretical time dependent loading
corresponding to a known time factor
1A

Figure 4. Method of predicting deviation from
effective stress path

At the beginning of an increment, excess pore
pressure may exist from previous increments. These
excess pore pressures will continue to dissipate
during subsequent increments of loading. If it is
assumed that these excess pore pressures have been
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instantaneously applied at the end of the particular
increment that they were generated, then we can
apply the solution for instantaneous loading
conditions to calculate the dissipation over the
subsequent loading increments, viz:

Aug =" S;.Aug (13)
i=0

S; is the excess pore pressure ratio
obtained from the theoretical solution
(instantaneous) which corresponds to
a known time factor.

where:

Thus the excess pore pressure at the end of each
increment Au, can be calculated by:
Au, = Au; + Au,_ (14)

Hence, the deviation from the required stress path
can be calculated from :

p'=po + 4 . Au, (15)

m

where: m = slope Ag/Ap of the stress path

As an example of the use of this method, the
deviation from the required effective stress path has
been predicted for the typical stress controlled
drained triaxial test shown in Figure 5 (after
Newson, 1992). A sample was taken from point I, at
a normally consolidated stress state of q = 43 kPa
and p' = 100 kPa (at which state it was normally
consolidated) to point F at a stress state of q = 183
kPa and p' = 445 kPa in seventy four hours (Ap ~
4.6 kPa/hour). The critical state parameters for this
Speswhite kaolin clay are M = 0.845, . = 0.171 and
k = 0.04. It is assumed that C, = 0.05 mm?/sec. The
sample had a 1:1 aspect ratio and was three
dimensionally drained with H= 35 mm.

This procedure has also been repeated for the same
loading conditions but assuming one dimensional
drainage at the same rate (t = 74 hours) and at a
number of other rates, t = 14.8, 10.6 and 9.25 hours.

The predicted stress paths for each of these cases
are shown in Figure 5. The solutions show that for
the first case the effective stress path is very close to
the required stress path (with an deviation of 3 kPa
in the p' value at the end of the stress path). If the
test had been conducted at the same rate, but with
one dimensional drainage, the stress path would
have been slightly less accurate, with 13 kPa
deviation in p' at the end of the test. With further
increases in loading rate it can be seen that the
deviation from the effective stress path increases.
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Figure 5. Predicted deviations from required
effective stress paths

Once the rate reaches Ap/hour = 373
(approximately eight times the actual rate), which
corresponds to a driving time of 9.25 hours the
prediction indicates that the sample actually fails
prematurely. Obviously, similar variations in the
applied effective stress path could have been created
by varying the coefficient of consolidation or the
specimen dimensions.

6. CONCLUSIONS

This paper has described an experimental study of
the time dependent loading of drained triaxial tests.
The use of analytical solutions for predicting excess
pore water pressures in triaxial specimens subjected
to time dependent loading (or unloading) may be
justified from the experimental results obtained. A
method for predicting the deviation of observed
effective stress paths for drained time dependent
triaixial tests has been presented.
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