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SYNOPSIS : A shear strength can be derived from a pressuremeter test using some simple relationship but derived values vary with the range of 

strain over which they are determined. To obtain consistent values the strength should be measured over the same strain range. The ideal 

pressuremeter test can be interpreted to give peak and post rupture strengths. In practice, there is inevitably some disturbance during installation 

even if a self-boring pressuremeter (SBP) is used. It has been found that peak and post rupture strengths can be obtained from good quality SBP 

tests. The post rupture strength is measured beyond 6% cavity strain and is corrected for non cylindrical expansion. The effects of disturbance are 

no longer significant at this strain. Post rupture strengths can also be obtained directly from prebored pressuremeter tests if there is sufficient 

cavity expansion to overcome the effects of installation.

INTRODUCTION

o '

Several authors have proposed techniques to determine undrained shear 

strength of clays from pressuremeter tests. These include modelling the 

soil as linear elastic perfectly plastic material, curve fitting routines, 

correlations with other tests and empirical factors relating a measured 

parameter to strength. The two most widely used techniques in practice are 

those developed for prebored pressuremeter (PBP) tests, in which the shear 

strength is taken as a factor of a modified limit pressure (Menard, 1975), 

and for self-boring pressuremeter (SBP) tests, in which the soil is modelled 

as an elastic perfectly plastic material (Windle and Wroth, 1977).

A precise shear stress strain curve can be derived from pressuremeter tests 

(Palmer, 1972). The curve produced generally shows a peak strength but 

Baguelin et al (1978) and others have shown that this is significantly 

affected by the installation technique which inevitably disturbs the ground.

Powell (1990) suggested that the shear strength should be determined from 

the true limit pressure, that is the pressure required for infinite expansion, 

since this should be independent of the installation technique and therefore 

should give similar values of strength for all pressuremeter^. It is likely in 

many instances that the soil response will not be perfectly plastic. The 

implication is that the limit pressure, which is determined by extrapolation 

of the curve used to determine shear strength, will depend on the strain 

range over which the extrapolated line is fitted.

There are other factors which affect the strength obtained. These include 

installation and testing procedures such as the rate of loading, the inclusion 

of unload/reload cycles and the time between drilling and testing. Thus, if 

the pressuremeter is to be used to determine strength there is a need to 

clearly define the parameter that is being measured rather than quote 

average values over varying strain ranges or applying arbitrary factors 

related to other tests.

THE EFFECT OF STRAIN RANGE ON STRENGTH

Figure la shows an SBP test in stiff clay. Note that the unload - reload 

cycle is at the end of the loading cycle since the test was designed so that 

effects of unload - reload cycles on strength were removed. The method

proposed by Windle and Wroth (1977) is commonly used to determine 

shear strength from such tests. It is assumed that soil behaves as an elastic 

perfectly plastic material such that a graph of applied pressure against 

volumetric strain (AV/V) to a logarithmic scale is linear with a slope equal 

to the average shear strength, c ^ , and an intercept at AV/V = 1 equal to the 

limit pressure, p|.

cavity strain % 

Figúrela An SBP test in stiff clay

Figure lb shows the variation in shear strength with the strain range over 

which it is measured. Eight lines are shown representing minimum strains 

of 1 to 8%. Each point is the computed best fit average shear strength 

(CuJ measured between the minimum strain for that line and the strain at 

that point. For example, point A on line 2 shows a shear strength of 395 

kN/m at a strain of 2%. This is the average strength over a strain range of 

2% between the minimum strain, 2%, and a strain of 4%.

It is evident that the shear strength is dependent on the minimum strain and 

the strain range over which it is measured. This is partly due to the fact 

that the soil is not perfectly plastic. It would appear that if the minimum 

strain chosen is at least 4% there is less variation in strength with strain 

range than if the minimum strain range is less than 4%. Note that there is 

an increase in strength if the minimum strain is greater than 4%. This may 

be due to the non cylindrical expansion of the cavity (Houlsby et al , 1992) 

or the effects of consolidation (Pyrah and Anderson, 1990).
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Figure lb Variation in shear stress with strain range (the legend 

indicates the minimum value of strain taken to determine 

the shear stress)
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Figure lc The variation in the ratio of limit pressure to shear strength 

with strain range and minimum strain

Figure lc shows the variation in pj/c^ against the strain range. pt is the 

intercept at AV/V = 1 for the associated value of c^ . The values vary 

between 8 and 20 depending on the minimum cavity strain and strain range. 

This suggests that the assumption that cu is a constant fraction of the limit 

pressure is invalid.

Table 1 shows a summary of the results of many tests in a stiff clay. 

Average shear strengths are quoted for different strain ranges. These are 

expressed in terms of the effective horizontal stress and limit pressure. The 

shear strengths are taken from the loading part of the curve ignoring any 

unload - reload cycle of which there were two at nominally between 0 and 

1% and 3 and 4% cavity strain. There is evidence that an unload - reload 

cycle increases the average strength.

strain

range
Cu^'h Pi/c,,

% min ave max min ave max

1- 2 0.35 0.S2 0.69 7.83 9.57 11.98

2 -3 .5 0.48 0.70 0.92 6.70 7.80 9.40

4 -6 .5 0.65 0.79 1.10 5.85 7.81 8.48

6.5-10.5 0.39 0.33 0.86 7.15 9.94 12.02

Table 1 The effect of strain range on average strength for many

tests in stiff clay

Two conclusions can be drawn from these data. The value of p/c,, is not a 

constant and there is a post peak strength after 6% cavity strain. This value 

of cavity strain, at which there is a significant change in the average 

strength, has been observed in many tests in a variety of clays.

Figure 2 shows the variation in shear stress with cavity strain derived using 

the method proposed by Palmer (1972). The data are taken from the test
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shown in Figure 1 with no conection applied to the cavity strain. This test 

is the classical form of an SBP test. The curve has simply been derived 

using a smoothing function to allow for the fluctuation in data due to the 

control and monitoring system.

cavity strain %

Figure 2 The undirected (shown as a solid line) and corrected shear 

stress curve

Two features are noted; the peak stress which may be the true strength of 

the clay and/or a (unction of installation or test procedure; and, an apparent 

increase in strength post peak which may be due to partial drainage or due 

to non cylindrical expansion. Houlsby et al (1992) demonstrated using a 

fmite element analysis that for an LTD ratio of 6 and a rigidity index of 

between 50 and 1000 the derived strength over the strain range 2 to 5% 

could be 25% to 43% greater than the actual strength due to non cylindrical 

expansion. This difference between measured and actual shear strength 

continues beyond 5% strain.

The average of the post peak plateau shear stress gives the same value of 

strength as that shown in Figure lb for a minimum cavity strain of 4%. 

Therefore the method attributed to Windle and Wroth can be used to give 

post peak strengths. Note that Palmei's analysis is simply based on the 

slope of the p; In (AV/V) curve at each point whereas the Windle and 

Wroth method is based on the average slope. Therefore for a perfectly 

plastic material they would give the same value of shear stress. This 

approach has shown the minimum strain range over which they do give 

similar values.

strain

range

50 100 200 500 1000 rigidity

index

2 - 5% 0.92 0.87 0.80 0.70 0.62 Houlsby et al

2 - 5% 0.93 0.88 0.81 0.70 0.62 equ(l)

6 - 10% 0.87 0.79 0.71 0.61 0.56 equ(l)

6 - 15% 0.85 0.77 0.69 0.60 0.55 equ(l)

Table 2 Effect of non cylindrical expansion on ratio of actual

strength to measured strength for L/D =6

Combining the work of Houlsby et al and Windle and Wroth produces an 

empirical equation for the applied pressure in terms of volumetric strain.

P = a h + Cu p  + In j^£LA5i +0.025 J  j j  (l)

The second term in the bracket {0.025 ((G DVyiq, V)2)} is the correction 

for non cylindrical expansion. Table 2 shows the effect that this has upon 

the average shear strength derived from a pressuremeter curve.
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The corrected curve, shown in Figure 2, is flatter than the uncorrected curve 

and the average shear stress is about 37% less. This is consistent with the 

findings of Houlsby et al. There is still an increase in post peak stress with 

strain but this may be due to the effects of consolidation.

THE EFFECT OF I NSTALLATI ON

There can be some unloading or preloading of the borehole wall during 

installation of a SBP though the test curve would still have the classical 

form. A simple strain correction can be applied to the strain by assuming 

that the true cavity strain is

Et  = f E -_A£ 1 (2)
L 1 +A£ J

where Ae represents the strain due to the effect of installation. This does 

not take into account changes in the properties of the soils adjacent to the 

probe but does allow the effect of installation on the latter part of the curve 

to be investigated.

cavity strain %

Figure 3 The effect of changing the true cavity diameter on the peak 

and post rupture strength

Figure 3 shows the effects of Ac on the derived stress strain curve for the 

test shown in Figure 1. A strain correction of -0.3% represents the creation 

of a cavity which has a diameter 0.3% greater than the SBP during 

installation. A strain correction of 0.5% is equivalent to a cavity expansion 

of 0.5% during installation. Unloading of the cavity produces higher peak 

strengths, loading reduces tlje peak strengths. 0.5% strain represents a lift 

off pressure of 1860 kN/m which is in excess of the in situ horizontal 

stress. It would appear that for a strain correction of less than 0.05% a 

second peak stress is shown jt  a strain of less than 1%. The lift off 

pressure at 0.05% is 985 kN/m whi^h is equivalent to a Ko value of 1.98. 

This gives a peak stress of 400 kN/m .

Beyond 4% strain the strength obtained is independent of the correction. 

Evidence from a significant number of tests in stiff clays shows that there is 

a post peak plateau developed at corrected strains of greater than 6% 

provided the correction (Ae) is less than 1%.

Disturbance during installation of a prebored pressuremeter is inevitable. 

Figure 4a shows a disturbed SBP test in stiff clay which has a similar form

to a PBP test. Note there are two unload - reload cycles in the early part of 

the test. The true cavity diameter is probably within the strain range 5.5% 

to 7% cavity strain.

Figure 4b shows the derived shear stress curves for a range of strain 

corrections between 5.5% and 7%. The peak stress is a function of the 

amount o f assumed movement of the cavity wall. Other small peaks, such 

as A and B, are a function of the unload - reload cycles. There is a change 

in shape of an applied pressure strain curve if an unload - reload cycle is 

included.

cavity strain %

Figure 4a A disturbed SBP test similar to a prebored pressuremeter 

test

cavity strain %

Figure 4b The effect of adjusting the cavity diameter on the shear 

stress

It is noted that at large cavity strains the shear stress tends towards a 

common value independent of the strain correction. This is expected since 

the effects of installation reduce as the cavity expands. For this test, in 

which the strain correction is between 5.5% and 7%, it would have been 

necessary to expand the cavity beyond 16% strain since at 16% a clearly 

defined post peak strength is not reached though it would appear that the 

curves are tending towards a value of 100 kN/m .

DI SCUSSI ON

Burland (1990) defines the post peak plateau of shear stress from a triaxial 

test as the post rupture strength. Leroueil et al (1979) state that soil can 

exist in several forms. In situ it is in a structured form. Once it has yielded 

it becomes destructured. The average shear strength taken from the latter 

part o f an SBP curve is akin to post rupture strength, that is a destructured 

strength. It would seem that it is possible to obtain post rupture strengths 

from PBP and SBP tests provided there is sufficient expansion of the 

cavity. This can be taken from the latter part of the derived shear stress 

curve (Palmer, 1972) or as an average value from the applied stress strain 

curve (Windle and Wroth, 1977). In both cases it is unnecessary to apply a 

strain correction though it will, if using the shear stress plot, give an 

indication if the post peak value is reached.

Peak strengths or the strength of the intact clay can only be determined 

from good quality SBP tests though even small strain corrections have an 

effect on the peak strength. Thus, the peak strength will have to be 

assessed in conjunction with horizontal stress.

The strength derived from the test curve can be corrected for the effects of 

non cylindrical expansion by either using the data in Table 2 or following 

the procedure described below.

a. The minimum post peak plateau strength is derived from the 

uncorrected curve by assessing the minimum slope of the data 

when plotted as applied pressure against logarithm of volumetric 

strain. Evidence from a significant number of tests shows that this



occurs between two and six per cent cavity strain.

b. The cavity stiffness is taken from an unload - reload cycle. It is 

recommended that the stress range should be equal to Cy since this 

conforms with the limit of elastic behaviour during the initial 

loading.

c. Calculate for each Hata point the function given below using the 

minimum post peak strength and the secant cavity stiffness 

determined over the stress range equal to the minimum post peak 

strength.

In [ G AV + 0.025 [  G AV T  (3)

LcuV L ^ V  J

Note that this function is not too sensitive to the values of stiffness 

and strength.

d. The peak and post peak strengths are derived from the corrected 

curve by assessing the slope of the data when plotted as applied 

pressure against volumetric strain.

e. The limit pressure is found from equation (1) using the post peak 

strength and a value of AV/V of 1.
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CONCLUSIONS

It has been demonstrated that, for a good quality SBP test, a post peak 

strength can be obtained at strain levels in excess of 6%. At this level of 

strain the average strength is little affected by any small disturbance. The 

post peak strength increases with strain, possibly because of the effects of 

non cylindrical expansion. A correction can be applied which gives a 

reduction in the average shear strength of between 15 and 45%, the greater 

the rigidity index the greater the reduction.

Post peak strengths can also be obtained directly from PBP tests provided 

there is sufficient cavity expansion. For a test in which the strain correction 

is about 6% the probe would have to be expanded to at least 16% and the 

post peak strength taken from between 15% and 16% cavity strain 

correcting for installation effects.

Peak strengths can only be obtained from good quality SBP tests in which 

there is no change in the structure of the clay during installation. Large 

amounts o f disturbance, for example that created during preboring, will 

cause destructuring of the clay. However, the peak strengths are dependent 

on the choice of the strain correction even if it is small, and this is a 

function of the horizontal stress. The selection of this will be subjective.

Unload -reload cycles within the first 6% of the cavity expansion are not 

recommended if the test is being used to assess peak strength since the 

inteipretation of the curve is modified by the unload - reload cycles 

producing apparent peak strengths.

REFERENCES

BAGUELIN, F, JEZEQUEL, J F and SHIELDS, D H (1978) The 

pressuremeter and foundation engineering. Trans Tech Publ.

BURL AND, J B (1990) Thirtieth Rankine Lecture: On the compressibility 

and shear strength of natural clays, Geotechnique, Vol 40, No 3, pp 327- 

378

HOULSBY, G, CARTER, J P and YU, H S (1992) Studies of the effects of 

geometry on the results of pressuremeter tests, Report No OUEL 1928/92, 

Oxford University

LEROUEIL, S, TAVENAS, F, BRUCY, F, LA ROCHELLE, P and ROY, 

M (1979) Behaviour of destructured clays, Proc Am Soc Civ Engrs Vol 

105, No GT6, pp 759-778

128


