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Assistant Professor of Civil Engineering, Polytechnic University 
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SY NOPSIS: The stress-strain and shear strength properties o f clays are dependent on the strain path and mode of failure. The mode of 
failure and stress path during pressuremeter (PM) test remains unclear. Conventional pressuremeter interpretation data is based on the 
assumption that o,' > a , ' >  o,' at failure. Relationship between PM shear strength ( r ^ J  and other conventional tests are unclear. This paper 
examines these two issues with particular attention to the influence o f vertical stress on mode o f failure during PM test. The results are 
compared with true triaxial experimental data simulating plane strain cavity expansion for three OCR values. Results indicate that there exist 

a critical OCR below which aw' decreases sharply from its initial value (avo'); At critical OCR, a,' remains constant and equal to the initial 
ctvo';  Above critical OCR, a , ' increases from its initial value. The condition a,' > a > a,' was found satisfied in all three cases. The change 
in vertical stress in the field is explained by a bending mechanism. Relationship between and shear strength from triaxial compression 
is presented.
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INTRODUCTION

There are a number of interpretation methods and their variations available 
to determine stress-strain and strength parameters from the pressuremeter 
(PM) cavity expansion curve (Ladanyi 1972, Palmer 1972, Baguelin et al 
1972). The basic assumptions in these methods are that the soil is isotropic, 
homogeneous, undrained, rate independent and deform under plane strain 
(e,= 0) conditions. The most important implicit constitutive assumption is 
that the vertical stress,<r,', has no influence on the mechanism of failure and 
the mode of deformation; the radial and circumferential stresses (a,'.a,') 
become the major and minor principal stresses, respectively. With these 
assumptions, based on the equation of equliburium of stresses the stress- 
strain curve of the soil for small strains can be obtained as;
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Using Eq. 1 and the pressuremeter test (PMT) data, one could obtain the 
total stress paths in terms of a, and a,. Pore pressure measurements along the 
cavity wall enable one to obtain the corresponding effective stresses. 
Unfortunately the PMT does not provide any information on a., and whether 
it has any influence on the mode of failure. Hence the interpretation methods 
lack verification of the basic constitutive assumption that a,' > a„' > a,' at 
failure and plane strain conditions prevail during the test.

The natural clays are anisotropic and the stress-strain curves are path 
dependent and the shear strengths are dependent on the mode of failure. The 
stress path and the failure mechanism during PMT in clays are neither fully 
understood nor agreed upon (e.g. Prevost, 1979). Ladanyi (1977) noted that 
soil elements around the probe may experience tensile a, ' , and hence, may 
fail in a mode similar to that in unconfined compression. Results of an 
elastic-plastic analysis assuming Mohr-Coulomb failure criterion (Wood and 
Wroth 1977) is shown in Fig. 1. Results indicate, depending on OCR and 
friction angle, av' may become major or minor principal stress; hence failure 
planes other than the r-6 may be possible. If this is in fact the case the 
assumption of e, =  0 and use of Eq.l may be inappropriate. Limited true 
triaxial test do.ta (Wood and Wroth 1977) contradict the above analysis. 
Elastic-plastic analysis is clearly inadequate for this study. On the other hand, 
while it is widely acknowledged that the PM shear strength ( t ^ )  obtained

(1) 8-v mode pi) r-S mode (iil) r-v mode

F ig .l .  M ohr-Coulomb Failure with Different Orientations o f 
Failure Plane (After Wood and W roth, 1977)

using Eq. 1 would be different from strength r „  from triaxial compression 
(TC) or any other lab/field test results, there is no consensus among 
researchers (Ladd et al 1980, Wroth 1984, Clough and Benoit 1985) on the 
relationship between Tlfm and shear strengths obtained from other tests.

The objective of this paper is to examine the possible mechanisms and modes 
of failure during the PMT with particular attention to the vertical stresses at 
failure during PMT. A theoretical relationship between r^ ,  and is 
proposed. A simple anisotropic model (Thevanayagam and Chameau, 1992) 
based on the pioneering work of Roscoe and co-workers (1963) and Dafalias
(1987) is used for analyses.

BACKGROUND

The behavior of clays is dependent upon the initial state, void ratio (e), 
confining stress, OCR, anisotropy, and strain path. A failure criterion taking 
these characteristics into account to model the undrained behavior of clays
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Fig.2. Failure Criterion a) Principal Stress Space, b) II-Plane

NC lines in the e-ln(p) plane. The subscript nc in K „  refers to the value of 
K. in NC state. The yield locus in the axisymmetric triaxial p-q space as 
deduced from Eq.4 is shown in Fig. 3. It can also be shown that the peak 
undrained strength ratio in TC, c, is given by:

r ,  1 + 2JC„„
l - L ) „ r  — m.

6 2H ] - 2 aM e

OCRA [ 5]

where A= l-*/X, a j =  initial effective vertical stress, 0^ = effective friction 
angle at peak shear strength (of NC clay) and Mc=q/p at failure in TC. By 
calibration with experimental values of r r, it has been shown that a  = 0.6 

a .  is a satisfactory value for many soft clays at failure, while a  = a 0 is 
satisfactory for highly overconsolidated clays. Eqs. 1-5 yield H = M,= 6 sin 
0*/(3-sin 0 J ,  a nla„' = a  (rr/<7„ ')TC/(Mt+oi), and VJaJ = (2Mc+0.5 a) 
(TflojyrcMMc + a)- Once these parameters are established, Eq.3 can be used 
to relate stresses at undrained failure for different stress paths. This was 
compared successfully with experimental data for several clays with different 
OCR and stress paths (Thevanayagam et al 1988, Thevanayagam and 
Chameau 1992). The features of this model will now be used to re-evaluate 
several characteristics of the PM loading conditions discussed earlier.

UNDRAINED PLANE STRAIN SHEARING (e. = 0)

Using Eqs. 1-5 the failure stresses a , ' l a „ ' ,  o j l o j  and Tfpml a „ '  are:

3X2+2  . 25 -+ X -0 .5

r _
a Tf

Mc+a
fvo TC

Fig-3. Anisotropic Yield Surface in Triaxial p-q Plane
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h a  been suggested recently (Thevanayagam and Chameau 1992). In this 
model the failure criteria f ( = f /  + fff) =0  is expressed as the evolution of the 
intersection of a deviatoric surface fd'= 0  and a non-deviatoric surface f/ = 0  

(Fig. 2). The functions fd' and f /  were selected according to the von Mises 
and the extended von Mises criteria, respectively:

f /  “ 3/ 2 (Sy-dq) (Sy-Cig) ~ ~ 0 f J '  ( 0 \ ~ 0 \ ) '

+ ( o '2- a ' 3) 2+ ( o \ + o '2+ o '3) J- 0

where S ,=  at - 1/3 aa  5, and 6-0 = 1 for i= j, 6-d= 0 for i * j ,  aa=  stress 
tenior, Sv = deviatoric stress tensor; a / ,  o ,', a /  =  principal effective 
•tresses; a ,, i,j =  1,2,3, k =  initial state dependent material parameters, and 
H *= material parameter. The function f p (and thus the parameter H) is 
assumed to be independent of the initial state of the clay, while k and a ,, 
are dependent upon the initial state. If the clay is initially cross-anisotropic 
(e.g. natural 1-D consolidated clays) the axes of principal stresses and strains 
are chosen to coincide with the axes of anisotropy, and a„ = -an!2, and 
= 0 for i *  j. The strain increment at failure is given by:

d £ i

do
[3 ]

It it alio assumed that the clay satisfies the critical state concepts (Roscoe et 
•1 1963) and the modified work equation introduced by Dafalias (1987):

p Í /  +  q = p [ ( t ’f  + (M Í,")2 + 2ct € /  É," ; [4]

V -where M = q/p at critical state; q=  ar a,; p = (ff,' + 2<rj')/3; i ,1 

irreversible parts of incremental volumetric and deviatoric strains, 
respectively. Since a  will vary with the anisotropic state of the clay it is 
convenient to relate a  to a reference state, preferably to the value of a  (= « J  
at the K, normally consolidated (NC) state. The value a , at K„ consolidated 
atae la given by a . “ [3(l-*/X)ii,+if1.-MiJ/[3(l-i/X)], where i).= q /p= 3(l- 
K _ )/(l + 2  K . )  at NC and x and X are the slopes of the recompression and

V 3 X ^ 2 .  2 5 _x _ 0m.
M +a

Jrc

a r- a , T/ 2Mc+ 0 .5 a Tf

[ 2 ] 2 0 „ pm o'„ ^  (Mc+ a) °'vo

[ 8 ]

[9 ]

Jrc

where X=(2M e+ 0 .5 a )/( /3  a) and subscript pm refers to plane strain (f,= 0 ) 
condition. Eqs.6-9 are valid for both NC and OC clays and can be related to 
simple parameters «, X, K,, OCR and For typical values of these 
parameters (A =  0.8, =  1-Sin <^), Figs.4a-c show the variation of
o, ' l o„' ,  o, ' l o„'  and a , ' la j  vs 0* and OCR. These results are compared with 
plane strain (e, =  0) true triaxial test data for 1-D consolidated Spestone 
kaolin for different OCR in Table 1. Evaluation of these results indicates:

1. There exists a critical OCR, (OCR,), at which o.' at failure remains 
constant and equal to a„', whereas a,' increases and a,' decreases, 
respectively, from the initial value For most clays, this predicted OCR., 
using Eqs.5 and 7, lies in the range of 1.5-2.5 (Fig.4d). A comparison of 
predicted and measured values for Spestone kaolin is shown Table 1.

Table I. Predicted and Measured Stress Ratio at Failure for i .= 0  Condition

TEST

No.

OCR íTy ÍOy O 

1 2

o j l o j

1 J

&9
1 2

2av7(cr/+<V) 

1 2

K4 1.0 0.58 0.51 0.73 0.67 0.32 0.32 1.10 1.11 ■

K2 2.5 1.19 1.02 1.51 1.19 0.67 0.52 1.10 1.15

K3 5.5 2.14 1.44 2.4 1.91 1.07 0.77 1.10 1.1

Note: 1 - Predicted, 2 -Measured (After Wood and Wroth, 1979) 
Predicted OCR, “  2.0, Experimental OCR, < 2.S
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Fig.4. (ffo'/o-.oOpm & OCR c Vs. <t>u Relationship for Clays
a) NC Clay, b) OC Clay, c) W / o J ) ^  Vs. d) OCR, Vs. <t>K

2. For a clay with OCR < OCR,, a,' sharply decreases from a j .  As 
shown in Fig. 4a, a,' may increase or decrease from a j  depending on the 
clay. At low <£„, a,' decreases while it increases for larger <)>*. However, a,' 
always decreases from o^' and is the minor principal stress at failure.

3. If OCR >  OCR., a,' and a,' increase from <r„' and ab ', respectively; 
a,' decreases from a j  (see Fig.4b for OCR= 10). However, the changes in 
ir,' and a,' are such that a ,' is always the intermediate principal stress.

4. Contrary to the results of isotropic elastic-plastic analysis (Fig. I), the 
failure stresses are always such that a,' > a > a,' for all OCR. The t-$ plane 
becomes the failure plane irrespective of OCR, as is schematically depicted 
in Fig.S. For NC to lightly OC clays, mean stress p and a.' decrease 
whereas they increase for highly OC clays. It remains constant only when 
OCR= OCR*. Experimental data shown in Table 1 supports these trends.

Implications for the Pressuroneter Test

The above analysis indicates that both a, and a j  around the PM changes 
during PMT. The changes can be explained as follows. Consider an element 
A, near a cylindrical cavity wall (Fig.6). Neglecting end effects, the element 
A, is chosen as a reference point. For PMT at large depths, the soil above 
the level A, can be idealized as a thick plate clamped at some distance away 
from the probe. Also, experience with PMT indicate that the pore pressures 
during expansion of the probe are generally positive (Windle and Wroth 
1977), and their magnitude decreases with increasing OCR.

Now assuming plane strain conditions (¿,=0), for OCR = OCRe, ov' remains 
equal to a j ,  and the mode of failure satisfies what is assumed in the 
analyses of PMT data. If OCR>OCRc, the theoretical results for ¿ ,= 0 
shown in Figs.4a-c and plane strain true triaxial test data (av'la„' for high 
OCR values in Table 1) imply that a,' increases from o j  and approaches the 
value given by Eq.7. In addition positive pore pressures are also developed. 
To achieve increase in a ,' (and <jv), an upward movement of the thick plate 
of soil is necessary in the field. Therefore, the soil elements around the probe 
would apparently deviate from the plane strain condition. However, 
considering the high flexural rigidity of the plate, this increase in vertical 
stress is possible with a very small upward deflection (bending) of the thick 
plate at level A,; thus, this upward deflection is in fact negligible and the 
element at level A, can be considered to be in plane strain. Similar reasoning 
is plausible for a case of OCR <OCR.; crv' decreases from a j .  In the field 
this can be achieved by a slight decrease in a, (due to a downward bending) 
combined with positive pore pressures. In the post failure shearing, an 
upward bending would prevail.

The above reasoning intrinsically assumes that a, around PM deviate from 
the o„ during the cavity expansion. Experimental data simulating the PMT 
using a large size hollow cylindrical specimen (diameter ratio= 6) does 
indicate that a, does change during expansion of the cavity (Thevanayagam 
and Prapaharan, 1990). The analytical model discussed earlier is limited to 
prediction of failure stresses only. Figs.7a-b show the variation of a j a j  
around a cylindrical cavity for N.C clays under ¿ ,= 0  conditions, simulated 
using various other soil models (e.g., Levadoux and Baligh 1980, 
Thevanayagam 1989). Figs.7a-b clearly indicate changes in a, in all elements 
surrounding the cavity regardless of the soil model; aY initially decreases at 
very low strain levels and increases subsequently. Such changes in <j, in the 
field can be explained using the 'bending mechanism" described earlier.

It can be deduced that during PMT at relatively large depths (i.e high 
flexural rigidity), the soil elements closely experience a state of plane strain 
shearing. The "bending mechanism" of the thick plate of soil above the 
pressuremeter probe is responsible for this. The analyses also imply that 
there exists a critical depth below which the PMT can be regarded as a test 
under ¿ .= 0  conditions. Tests at shallow depths may deviate from <,*=0 
conditions. Additional analytical and experimental data on a„ and a j  during 
plane strain shearing for different OCR values are needed to further 
investigate and validate this.

Failure Plane - Vertical -  t-0 mode

Fig.S. State o f Stress and Orientation o f Failure Plane 
(Proposed Theory)

i

J
1
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r I 
i i 
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I

Fig .6 . Schematic Diagram o f Pressuremeter Testing
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(a)

Fl*.7. Distribution o f Total Stresses at Different Levels o f Cavity 
Expansion (a) Kaolin Clay (Thevanayagam, 1989), (b) Boston 
Blue Clay (Levadoux and Baligh, 1980)

Table 2. Predicted and Measured OCR and 4>K

|  Teil No. 

I [-oil] 1 2

OCR
1 2

|  CP6 [K100J 19.5 20.7 1.02 1.0

I CP8 [K50] 20.2 23.5 0.99 1.0

|  CP23 [K50J 20.8 23.5 7.5 10.0

| CP16 [K100] 23.5 20.7 7.3 10.0

N ote: l> P re d ic tc d ,  2 - M e u u i« d  (A fter Humng, 1986)

INTERPRETATION O F PM TEST DATA

Eqs.6 and 9 depend only on <t>u and OCR. Interpretation of PMT data using 
Eqs.6 and 9 leads to the values for <j>„ and OCR. Table 2 presents the 
predicted <t>u and OCR using PMT data and those measured from TC tests for 
two clays, a) 100% kaolin (K100), (LL=63, PL = 28) and b) 50% silt and 
50% kaolin (K50) (PI = 12). The PMT data for these two clays were 
obtained using large scale (diameter ratio = 18) calibration-chamber model 
pressuremeter tests (Chameau et al. 1987, Huang et al 1988). The test 
specimens were first prepared by consolidating a slurry mix using a slurry 
consol idometer together with a model pressuremeter to a vertical stress of 
about 220 kPa under K, conditions. The specimens were then transferred to

a double wall calibration chamber and consolidated to higher stresses The 
pressuremeter expansion tests were performed in the calibration chamber.

The predictions for NC clays are good, however the OCR is slightly 
underpredicted for highly OC clays (tests CP23 and CPI6). This deviation 
may result from sample disturbance during preparing the OC sample where 
high shear stresses were certainly induced on the day/PM interface due to 
consolidation and subsequent swelling during the preparation of OC samples 
in the calibration chamber tests. These residual shear stresses can influence 
the PMT data and hence are reflected in the results of the above analysis.

CONCLUSIONS

The results of this study based on an anisotropic model and available 
experimental data indicate that irrespective of the OCR of clays the state of 
stresses at failure during PMT is such that a,'>  a,'>  a ,'. Hence, the r-9 
plane always becomes the failure plane. A "bending mechanism" is 
postulated responsible for this. The analyses indicate that there exists a 
critical depth below which the assumption of plane strain conditions holds. 
However, this may not hold for shallow depths, has been related to other 
conventional shear strengths. More experimental data for a wide range of 
OCR are needed to support the findings presented herein.
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