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Le facteurde pression interstitielle dans les argiles molles
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SYNOPSIS: The pore pressure developed during undrained shear of normally and lightly consolidated clay 
samples was investigated for monotonic and cyclic loadings. The samples were prepared both under isotropic 
and anisotropic consolidation conditions. For the isotropically and normally consolidated samples the pore 
pressure stress ratio relationship was linear. However, for the anisotropically consolidated and 
overconsolidated samples the relationship was bi-linear. Suitable methods were established to correlate the 
data under different types of consolidation conditions and to derive expression for undrained stress paths. 
A new type of plot in the (a,6) space was developed to describe the induced pore pressure in a unified 
manner.

1 INTRODUCTION

This paper is in a series on the engineering 
behaviour of soft and stiff Bangkok clay wherein 
attention is confined to the analysis of pore 
pressure development under monotonic and cyclic 
loadings. In the case of monotonic loading under 
in-situ stress conditions, three types of undrained 
tests were carried out, i.e. isotropic, anisotropic 
and K -consolidation conditions. Also, the 
cyclically loaded samples were subsequently sheared 
under undrained conditions. Normally and 
overccnsolidated samples were sheared in all cases 
and simple relationships are established for the 
trend in pore pressure development.
Previous work carried out on Bangkok clay 

includes compression and extension tests under a 
variety of applied stress paths, both at in-situ 
stress levels and at higher pre-shear consolidation 
stresses (BALASUBRAMAHIAM & UDDIN, 1977; and 
BALASUBRAMANIAM & LI, 1977). These results were 
then compared with the predicted strains obtained 
from several stress strain theories, particularly 
those developed at Cambridge University 
(BALASUBRAMANIAM S, CHAUDHRY, 1978) . The current 
work attempts to understand in an alternative way 
the development of pore pressures during undrained 
shear in soft clays and forms part o£ the Doctoral 
Dissertation of Handali (1986).

2 DESCRIPTION OF SOFT BANGKOK CLAY

The clay used in this study was soft Bangkok clay 
taken from Bangpli, a site located 20 km Southeast 
of Bangkok and some 30 km from the coastline of the 
Gulf of Thailand. Undisturbed clay samples were 
taken from a depth of 5 to 6 m. The samples fell 
into the category of very soft clay. The soil was 
fairly homogeneous but included very thin 
horizontal silt layers and faint traces of shell 
fragments. The index properties of the clay are as 
follows; natural water content 124 +_ 5%, liquid 
limit 116 + 5%, plastic limit 46 3Í, specific 
gravity 2.75 and grain size distribution -- sand 4
- 9%, silt 27 - 32% and clay 64 %.

3 SUMMARY OF MONOTONIC LOADING AND CYCLIC LOADING
TESTS

For easy reference, the samples under static 
(strained controlled) loading tests are designated 
with symbols ST and IS and cyclic loading tests 
with CT. Samples ST-1, ST-2, ST-3 and ST-4 were KQ 

consolidated to consolidation stresses equal to 
the in-situ overburden stress and 1, 1.5 and 2 
times the pre-consolidation pressure (pc), 
respectively. Samples ST-5, ST-8, ST-9, IS-1 and 
IS-2 were normally consolidated samples among which 
samples ST-5, IS-1 and IS-2 were isotropically 
consolidated. Sample ST-5 was consolidated to a 
final stress such that the water content prior to 
shearing was equal to that of sample ST-4, while 
samples IS-1 and IS-2 were consolidated to higher 
stresses. Samples ST-8 and ST-9 were 
anisotropically consolidated to consolidation 
stress ratios of 0.25 and 0.75, respectively. The 
final water content oC these samples were also the 
same as that of sample ST-4.
Samples ST-10, ST-6 and ST-7 were isotropically 

consolidated to have OCR of 1.2, 1.6 and 2.0, 
respectively. The final water contents of these 
samples were also the same as that of sample ST-4.
The consolidation stresses of the samples 

subjected to cyclic loading were the same as those 
of the corresponding samples under static loading 
having the same numerical ending. For example, the 
consolidation stress of the sample CT1-1 was the 
same as that of sample ST-1. The cyclic loading 
was of two-way nature, i.e., the cyclic deviator 
stress alternated about the deviator stress of the 
pre-shear consolidation stage. The ratio <3cAlf 
expresses the normalized cyclic deviator stress 
amplitude (qc) with respect to the maximum deviator 
stress (q g) of the sample with the same 
consolidation history, where qc and q^ are the 
values in excess of the pre-shear deviator stress 
(qa,. Most samples were subjected to 1000 load 
cycles, unless failure occurred prematurely.
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4 TEST RESULTS AND ANALYSIS

4.1 Monotonic Loading Test

Figure 1 shows the variation of the normalised pore 
pressures (u/pQ) with stress-ratio ( n) for the 
isotropically and normally consolidated samples, 
where pQ is the preshear consolidation stress. The 
variation is linear and the average gradient 
(l/pD)(du/dn) is 0.53. The linear relationship of 
the pore pressure and stress-ratio also confirmed 
with the data from previous researchers at the 
Asian Institute of Technology. The linear 
relationship of pore pressure and the stress ratio 
is also observed in other clays such as Drammen 
clay, Halloysite, Kaolin, Grundite clay, Lagunillas 
clay and Boston Blue clay.

Figure 2 shows the (u/p0,n) relationship of the 
anisotropically consolidated samples. For the 
anisotropically consolidated samples the (u/p9,n) 
relationship was bi-linear. The gradient 
(1/p ) (du/dn) for the initial part are 0.3<1, 0.31 
and 0.25 when the anisotropic consolidation stress- 
ratios, na are 0.25, 0.49 and 0.75, respectively. 
The second linear part is parallel to that of the 
isotropically and normally consolidated samples 
having a gradient (l/p0)(du/dn) of 0.52. In Fig. 
3, the (u/p , n) plots are shifted upwards in the 
direction of u/pc by the values Apon/p|?. An 
illustration to describe Apgn is given in Fig. 4, 

where APon = Pd'Pi» Pi ls t'1e preshear mean 
consolidation stress of the anisotropically 
consolidated sample; is the p value on the
drained path of the sample isotropically 
consolidated to pQ and drawn at the same level of 
q ; and, pQ is the pre-shear consolidation stress 
of the isotropically consolidated sample (having 
the same void ratio as the anisotropically 
consolidated sample).

Thus

Figure 5 shows the (u/p ,n) plot for
overconsolidated samples. Here again the (u/pQ,n) 
plot for the overconsolidated samples is bilinear. 
The measured gradients (l/p0)(du/dn) of the first 
linear section for samples having OCR ratios of 
1.2, 1.6 and 2.0 are 0.35, 0.22 and 0.18, 
respectively. The gradient of the second linear 
section is the same as that of the normally 
consolidated sample, which is 0.52. In Fig. 6 the 
bi-linear relationships of the overconsolidated 
samples are shifted in the direction of u/p0 by the 
corresponding values of Ap0n/p0i where APon is 
defined as the difference Detween the preshear 
consolidation stress of the normally consolidated 
sample and the corresponding overconsolidated 
sample. The adjustment thus made is identical to 
the thinking that the point of reference of 
measuring pore pressure of the overconsolidated 
sample is the same as that of the normally 
consolidated sample. Such a shift results in the 
merging of the second linear path of the 
overconsolidated samples to the path of the 
normally consolidated sample. The test results of 
WROTH & LOUDON (1967) can also be interpreted with 
such bi-linear relations.

4.2 Cyclic Loading Tests

The test data on samples with void ratios of 2.50 
to 2.52 on isotropically consolidated sample of OCR 
equal to 1.0, 1.2, 1.6 and 2.0 and a number of 
anisotropically consolidated samples of

consolidation stress-ratios of 0.25, 0.49 and 0.75 
were also interpreted for the pore pressure 
development. The cyclic loading was of two-way 
nature excited at a frequency of 0.1 Hz. The 
(u/p0, n) plot of the normally consolidated sample 
CT 5-1 for the load cycles of 1 and 1000 are shown 
in Fig. 8. Here again, approximate linear 
relations are noted both for loading and unloading 
paths. The linear relationships seem to fit the 
test points of OCR equal to 2 in compression for 
all load cycles up to 1000. Deviations are noted 
in the extension phase and at a value greater than 
1000. The results of WROTH S, LOUDON (1967) on 
strain - controlled repeated load tests under 
undrained triaxial conditions on Kaolin can also be 
interpreted in the pore pressure stress-ratio plot.

5 INTERPRETATION OF PORE PRESSURE-STRESS RATIO 
RELATIONSHIPS

For normally consolidated clays the (u/p0,n) 
relationship can be expressed as

u/p = Cn ( 1 )

For conventional undrained triaxial tests with an 
applied stress paths of slope dq/dp = 3, the 
undrained stress path can be expressed as

1 - Cn

1 - n/3
( 2)

The pore pressure at peak deviator stress can be 
expressed as

uf/Po

1

- M*/3
(3)

when M is the value of n corresponding to peak 
deviator stress and the same as the critical state 
parameter M when the peak deviator stress and the 
peak stress ratio coincide.

1/3
Thus C = (4)

(1 - sin0)2 

(1 -1 sin0)2

Thus knowing the angle of friction 0 
corresponding to the peak deviator stress 
condition, C can be determined.

5.1 (a, 6) Plot

A new way of interpreting test data can be 
formulated using an (a, 6) plot as illustrated in 
Fig. 9(a), with a series of stress paths for 
isotropically and normally consolidated samples 
(NC), and overconsolidated samples (OC1, 0C2, 0C3). 
All samples have the same void ratio and the stress 
paths are normalised by the pre-shear consolidation 
stress, pQ, of the normally consolidated sample. 
The maximum deviator stress of the normally 
consolidated sample, NC, occurs at a mean stress 
equal to p^. Sample 0C1 is sheared from P;>Pf 
while OC3 from pj<pj. Sample 0C2 is sheared from 
Pj=Pj-. The stress path 0C2 is assumed to be more 
in a constant p direction. The typical (u/pQ,n) 
plots of these samples are shown in Fig. 9(b). The
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Fig. 9 Typical Undrained Stress Path and (u/p0,n) 
Plot for Overconsolidated Samples

Fig. 10 (a,B) Plot for Isotropically Consolidated 
and Anisotropically Consolidated Samples

paths of NC is linear with the gradient 
(l/p0)/ (du/dn) equal to CQ. The paths of 0C1, 0C2 
and 0C3 are bi-linear. The gradient (l/pD)/ (du/dn) 
of the first linear section is denoted as Cj. The 
gradient Cj for the path of OC2 can be taken as Ce.

Dimensionless parameters a and B are introduced

load cycles needed for each sample to reach that 
particular p^. Using the (a,3) plot, it is 
possible to generate the undrained stress paths of 
overconsolidated samples during monotonic and 
cyclic loadings.

6 CONCLUSIONS

Monotonic and cyclic undrained test were carried 
out on normally and overconsolidated samples both 
from the isotropic and anisotropic pre-shear 
consolidation pressures. The following conclusions 
are reached from the analysis of the test data.

(1) For undrained monotonic loading tests on 
isotropically normally consolidated samples, a 
linear relationship is observed for the pore 
pressure when plotted with respect to the stress 
ratio. The relationship can be normalised with 
respect to the pre-shear consolidation pressure.

(2) For anisotropically consolidated samples the 
(u/pD,n) relationship was bi-linear and the second 
linear portion was parallel to the relationship 
obtained for isotropically consolidated samples. A 
suitable method is recommended to correlate the 
relationship for isotropically and anisotropically 
consolidated samples.

(3) The slope C of the relationship u/pQ = Cn is 
related to the angle of friction 0 and can also be 
used to obtain an expression for the undrained 
stress path.

(4) For overconsolidated and cyclically 
overconsolidated samples, bi-linear relations are 
observed between the pore pressure and stress 
ratio. These bi-linear relations are also 
correlated with the linear relation for the 
normally consolidated sample.

(5) A new plot (a,B) was derived in which the 
data for monotonic and cyclic loading can be 
correlated in a linear manner for all stress 
history and repeated cycles of loading.
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