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Determination of shear strength of soft lacustrine clays 

Determination de la resistance au cisaillement d’argiles lacustres molles

H. M. Heil, J. Huder & P.Amann -  Institute  o f G e ote chnica l E ngineering, E T H  Zurich, S witze rland

ABSTRACT: Several field and laboratory tests were carried out in order to determine the magnitude and the distribution of both the shear 
strength and the stress history of a soft lacustrine clay deposit typical of several such deposits found in Switzerland. Results of cone 
penetration tests (CPT), field vane tests and triaxial tests are presented.

The clay deposit investigated exhibited a sensitivity between 2 and 4. Generally, it was found to be normally consolidated. In this case the 
low value of the preconsolidation pressure can be estimated from CPT results directly by means of a semi-empirical evaluation method. 
Correlations of CPT results with the values of the undrained shear strength obtained from other tests are improved by dividing the values of 

the undrained shear strength by the in situ preconsolidation pressure <fv,pre instead of the effective overburden pressure o'V0. Finally the 
possibility of obtaining values of the drained shear strength from CPT results in normally consolidated clays is discussed.

RESUME: Plusieurs essais ont ete faits en laboratoire et in situ afin de determiner la grandeur et la distribution de la resistance au 
cisaillement, ainsi que le comportement d'une argile lacustre molle qui presente des caracteristiques typiques a beaucoup d'autres de ces 
sediments en Suisse. Des resultats provenants d'essais au penetrometre statique electrique (CPT), d'essais scissometriques et d'essais 
triaxiaux sont presentes.

Le sediment d'argile etudie possede une sensibilite comprise entre 2 et 4. On peut le decrire comme normalement consolide. Dans ce cas, la 
valeur basse de la pression de preconsolidation peut etre estimee directement sur la base des resultats CPT par une methode devaluation 
semi-empirique. Les correlations entre les resultats CPT avec les valeurs de la resistance au cisaillement non-draine, obtenues par d'autres 
essais, sont ameliorees en divisant les valeurs de la resistance au cisaillement non-draine par la pression de preconsolidation in situ Ovtpre au 
lieu de la pression verticale effective <y'vo. Finalement, la possibilite d'obtenir des valeurs de resistance au cisaillement non-draine sur la 
base d'essais CPT dans des argiles normalement consolidees est discutee.

1 INTRODUCTION

The determination of shear strength is often accompanied by the 
determination of the stress history. Whereas, for an over

consolidated clay, the OCR value may be a reasonable parameter, 
in a normally consolidated clay this is not appropiate. This paper 
shows how, on the basis of the CPT, the preconsolidation pressure 

of a soft clay layer can be estimated directly. Undrained shear 
strengths are obtained from triaxial and vane tests. These data are 
compared with the CPT results in order to establish correlations.

2 BASIC SOIL PROPERTIES

The deposition of the soft lacustrine clays found in Switzerland 
took place during the last Ice Age in the area of present or former 
alpine lakes. The depth of the normally consolidated layers is 
found to lie between several metres up to more than 50 m. Since 
their deposition, they were subjected only to loading by their own 

weight and are thus normally consolidated. Their limited shear 
strength, their sensitivity and their high compressibility give rise to 

problems mainly when dealing with shallow foundations, 
embankments, cuts and excavations.

Figs. la-c show a typical CPT profile of the deposit discussed 
here. Below a so-called drying crust, where the clay is stiffened as 
a result of suction within this partly saturated layer, the cone 
resistance reaches a minimum value in a depth range of 3 to 6 m 
and then increases slowly with depth. The pore pressure 

coefficient Bq as well as the sensitivity St (of which values were 
obtained from fall cone tests and in situ vane tests, Fig. Id) remain 
approximately constant within the soft clay layer.

The different values for St calculated from borehole vane tests, 
compared to those obtained from field vane tests using a Geonor 
vane, are due to the different shapes of the vanes used (cf. Aas 
1965) as well as to the different test protocol. Fall cone tests imply 
higher values of S, when they are carried out on samples of good 
quality.

The increase of the compaction of the normally consolidated clay 
can be seen from an increase of the net cone resistance

QT.net — tfT  ~ G vjo t  ( 1 )

as obtained from the CPTs (Fig.6), where <JV W, is the total over

burden pressure and q j  = qc + (1 -a)u is the corrected total cone 
resistance after Campanella et al. (1982). It is also detected by a 
decrease of the liquidity index lL with depth (Fig. 2b). The scatter 
that appears in Figs. 2a and 2b, which were compiled from the data 
taken from several borings, is related to the maximum variability of 
the soil that may be found within one single undisturbed sample. 
After cutting the samples in the laboratory the samples exhibit large 
areas of soft clay that are separated by thin and distinct layers with 
a higher content of silt and fine sand, the number and thickness of 
these layers generally increasing with depth.

The grain size distribution of the soft clay shows a clay content 
up to 55 %, whereas the thin silty layers have upt to 10% of fine 
sand. In all layers, the content of carbonate is about 30-35%, 
indicating a flocculated structure of the soil skeleton and possibly a 
slight cementation.

A plot of CPT data, in the soil behaviour type classification chart 
after Robertson (1990), from Fig. 6 is shown in Fig. 3 for a depth 
range from 5 to 17m.

In order to obtain the distribution of the in situ pore pressure 
u0 , making it possible to calculate the in situ effective overburden 
pressure &vo, piezometers were installed at several depths. The 
piezometers were read over several years and showed a hydraulic 
gradient decreasing from the deeper layers to the shallower layers, 
which in turn has to be taken into account when calculating the 
distribution of the effective overburden pressure. Further, the 
readings showed that the depth of the groundwater table is not 
constant due to seasonal effects. In consequence the clay deposit 
was subjected to repeated changes of the effective overburden 
pressure over a long period of time. From the age of the deposit 
(cf. Bjerrum 1973) of about lO'OOO years, and this cyclic 
preconsolidation caused by movements of the ground water table, 
the appearance of a small effective cohesion c' is expected.
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Fig. 1: Typical CPT results and sensitivity for Kreuzlingen clay

3 TRIAXIAL TESTS

As a part of the laboratory investigation of the soft clay, several 

isotropically consolidated undrained triaxial compression tests 
(CIUC) and one anisotropically consolidated undrained triaxial 
compression test (CAUC) were carried out on good quality 
samples (Huder & Groebli 1959). For the CIUC tests, consoli

dation pressures 2 to 3 times higher than the in situ  effective 
overburden pressure &v0 were chosen, whereas the consolidation 
pressures for the CAUC test, a ) c and Cf'jc, amounted to 1.5 
times a'vo. The samples were thus consolidated to the virgin 
compression line, putting them into an isotropically normally 
consolidated state, and eliminating influences from sample 
disturbance or a small effective cohesion. This is confirmed in the 

plotting of effective stress paths (ESPs) in terms of p ' and q for 
the subsequent shearing of the samples, Figs. 4a and 5a.

Lines are also plotted in Figs. 4 and 5 to show the occurrence of 
A ' = I where

a ' = TAq
(2)

is the pore pressure coefficient A after Skempton (1954) as a 
differential, calculated from the gradient angle of the tangents to the 
ESP instead of the slope of the secants as it is done in order to 
obtain A . From these plots it is seen that the samples initially 
exhibit a relatively stiff behaviour and that the deviatoric stress 
quickly increases with small strains £ i . With a further increase of 
the strain £| , at A ' = 1 the maximum vertical effective stress is 
reached, mobilizing the maximum frictional resistance of the 
sample (Figs. 4b, 5b). The different position of the lines locating

A ' = 1 in the p'-q-plot for the CAUC test and the CIUC tests, is 
apparently due to the amount of strain the samples experience until 
reaching their ultimate effective load.

After having reached max(CT'i / a \ c), ongoing straining increases 
the disturbance of the soil structure. Further increase of the 
deviatoric stress is now caused mainly by an increase of the pore 
pressure within the sample while the shearing resistance in terms of 
effective stress quickly decreases (Figs.4b and 5b, a \ l a \ c ).  In 
this state the samples undergo substantial plastic deformation.

Next the samples exhibit the maximum deviatoric stress q 

before the ESP indicates strain softening. Finally the failure 
criterion max(<r'i/CT3 ) for drained shearing is reached, which in 
this case (triaxial compression, c' = 0 ) coincides with the critical 
state line (e.g. Britto & Gunn 1987). For the CAUC test there is a 
clear discrepancy between the occurrence of max <7 and 
max(cri/0 '3 ) , being contradictory to constitutive models of critical 
slate soil mechanics like the Modified Cam Clay where for a 
normally consolidated clay it is expected that the maximum 
resistance of the sample in triaxial compression occurs when the 
critical state line (CSL) is reached. This contradiction is mainly 
observed for tests on undisturbed samples of sensitive clays and 
certain silts (see for example Huder 1963, Bjerrum & Lo 1963, 
Koutsoftas & Ladd 1985).

For the triaxial compression of a normally consolidated (nc) clay 
according to Bjerrum (1961) the undrained strength ratio can be 
estimated using

_ {K0 + (I - K 0 )Af )  sin cp'

1 + (2 A f  - 1 ) sin <p'
cu !0 \>l (3)

Wp, w, wL [%] l L = (W - Wp) /  Ip

Fig. 2: Soil plasticity and water content

mixtu res

Fig. 3: CPT data in the chart after Robertson (1990)
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p' = (o,' + 2 a ,')  /  3 [kN/m 2]

(a)

Fig. 4: Results of the triaxial CIUC tests

(a)

Fig. 5: Results of the triaxial CAUC test

With a mean value for the Skempton parameter A at failure of 
A f  = 1.06 (failure criterion maxq, Fig. 5a) and cp' = 26° 
resulting from the CIUC tests and by estimatimg the coefficient of 
earth pressure at rest Ka =  (1 - sin <p ' )  eq. (3) yields cul<j'vo nc =

0.30. In good agreement the same value is obtained from the 

CAUC test for cu l o \c .

4 IN SITU TESTS

When correlating CPT results with the undrained shear strength, 
usually an equation of the form

NkT cu = tfT " °v,for = QT.net (4)

is used, where is an empirical factor and qr,net >s that Part of 
the cone resistance that is due to the in situ shear strength of the

soil. cu and ovj ol are not constant over depth, but it is expected 

that the undrained shear strength cu of a true nc-clay increases 
linearly with the effective overburden pressure <fvo, the undrained 
strength ratio remaining constant. Accordingly in Fig. 6b the 
undrained shear strength was plotted against the in situ effective 
vertical overburden pressure o'V0 instead of plotting it against 
penetration depth. Employing (4), the correlation of the net cone 

resistance qr.net with the values for the undrained shear strength 
obtained by the vane tests yields a value of N^t  = 17.

The straight line with a gradient of AsuIAo'v0 = 0.20 averages 
the measured values for cu (Fig. 6b) although it does not intersect 
the a'vo axis at its origin. Similar results were, for example, 
reported by Senneset et al. (1989) for Glava clay. The cause of 
this offset is due to light preconsolidation. A drop in the ground 
water table leads to an increase of the in situ effective vertical 
stress, the amount of that increase Aa'vpre remaining constant

(a) (b) (c)

Fig. 6: Correlation for undrained shear strength cu Fig.7: Normalized excess 
pore pressure
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with depth. The preconsolidation pressure at every depth is 

thereby given as

Gv.nc = @v,pre = &vo ■*" A o Vpre (5)

It is deemed very likely that the repeated loading and unloading 

over a long period of lime caused a rearrangement of Ihe soil 
skeleton which is related to effects of "aging" of soils (cf. Bjerrum 
1967, Schmertmann 1991).

Another point concerning the correlation for an undrained 

strength ratio is the nonlinearity of c , , /a 'vo against OCR or 

<J'vo/G'vo,nc (Ladd & Foott 1974), occurring at least for higher 
preconsolidation pressures. For the variation of p'0/p'0lnc with 
OCR, p'o = (a'vo + 2(T)i0)/3 being the mean effective stress 
before shearing, a theoretical relation can be found by using the 
constitutive equations of the Modified Cam Clay model (Wroth & 

Houlsby 1985, Wood 1990) 

culPo _ (  Po AA

i.Cu/p 0) nc [Po.ncj

where A  for the given deposit is a constant value of about 0.8. 
For small preconsolidation pressures it may not be presupposed 

that po changes proportional to tj'vo. This is particularly not the 
case when aging effects have to be taken into consideration. It is 
expected instead that the in situ effective horizontal stress a'ho 

remains approximately constant when a small unloading occurs. 
Taking C'Vipre as observed in Fig. 6b and calculating cu using (6) 

with the assumption that a'ho remains constant during unloading 
from <J'v,pre to a'vo the result practically coincides with the 
straight line plotted in Fig. 6b.

A further confirmation of this result may be seen from Fig. 7 
where the normalized excess pore pressure Au/<J'v p̂re is showing 
a nearly constant value over a wide depth range and from which, 

using

cu -  Au/Nau (7)

(Robertson et al. 1986) with a constant ratio of Aui/o'v.pre a 
value of N&u = 14 is easily obtained.

5 DISCUSSION AND COMPARISON OF RESULTS

a) When comparing undrained strength ratios from the reported 
investigation with the triaxial tests a value of c u / c f 'V 0 J 1 C  = 0.30 

was obtained whereas the vane tests yielded cu/a 'vo.nc = 0.20. 
Despite this being quite unsatisfactory, it is nothing new and to a 
great extent related to the anisotropy of the shear strength of natural 
soils (Bishop 1966, Bjerrum 1973, Ladd & Foott 1974, Ladd 
1994).
Past correlations of CPT results with the undrained shear strength 

have mainly been based on data obtained from field vane tests. 
Newer publications increasingly report correlations that were es

tablished using other reference tests. It is important to distinguish 
between the different types of reference tests when reporting such 
correlations for the undrained shear strength from CPTs.

b) A light preconsolidalion of a constant amount with depth in a 
soft clay deposit can be evaluated solely using results from CPTs in 
conjunction with reliable data for unit weight and pore pressure in 

situ (the correlation for Ao'vpre does not depend on the value of 

NkT)- Compared to other tests, like oedometer tests on soil 
samples that have undergone a certain amount of disturbance, or 
field vane tests that generally lead to results with a greater scatter, 
CPTs include pore pressure measurements so a consistent 
evaluation is achieved.

c) From fig. 6b it is seen that the correlation for the undrained 

strength ratio or empirical cone factors NkT is improved when the 
influence of a light preconsolidation of a constant amount with 
depth is taken into account. Conversely, if the contribution of this 
preconsolidation is neglected, less reliable results are obtained.

d) If the values of cu would not depend on the type of test nor be 
influenced of soil properties like sensitivity, then with a knowledge 
of the unit weight of the soil the drained shear strength parameters 
could immediately be estimated from the increase of cu with 
depth.

Up till now, the influences of sensitivity and strength anisotropy on 
the CPT results are not quite clear, and the interpretation of CPT

results as referred to undrained shear strength is mainly based on 
empirical correlations. Thus values of the drained shear strength 
parameters as obtained by undrained shear strength from CPTs will 
always be related to the type of test that was used to establish the 
empirical correlation.
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