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SYNOPSIS: Experimental results of triaxial drained and undrained tests on Swedish soft clays are presented. Whilst the general pattern of behaviour of those soils 

are discussed, the emphasis is put on their two observed characteristics i.e. softening and anisotropy with respect to reconstituted soils. A material model based on 

the theory of plasticity is proposed for modelling the main characteristics of those soils particularly including the anisotropic behaviour. Comparisons of model 
predictions with test data are made to demonstrate its capacity.
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INTRODUCTION CHARACTERISTICS OF NATURAL SOFT CLAYS

Behaviour and modelling of natural clay soils has in recent years attracted 
much attention in geotechnical engineering. Constitutive models, like the Cam 
Day-type models based on the Critical State concept, have in most cases been 
developed from ideal laboratory-reconstituted soils. It has been found that 
while the general pattern of behaviour of natural clays is qualitatively similar 

to that of reconstituted clays and thus the Critical Slate soil mechanics theory 
may be used as an reference for describing the stress-strain relations (Wood 

and Graham, 1990; Burghignoli et al., 1991), there are several distinct aspects 
of behaviour of natural clays which are quite different from those of reconsti
tuted clays. For instance, anisotropic responses concerning the initial yield 
surface and failure state are often observed, and strain softening phenomenon 
coupled to the development of shear bands and localized deformation are not
ed to a variable extent even for natural normally consolidated clays. These dif
ferences must be recognized not only in order to model natural clays in a 
realistic way but also when solving certain geotechnical problems such as the 
stability of natural clay slopes.

Within the framework of a current research program for the development of 

numerical techniques accounting for localized failure of natural slopes, the 
constitutive behaviour of Swedish soft clays are experimentally investigated 
and modelled. As a first step, experimental testing is mainly performed with a 
computerized advanced stress path triaxial apparatus (GDS system). Based on 
the experimental results, constitutive models are developed for accurately de

scribing the observed behaviour of Swedish natural soft clays using the finite 
element method with the aim of solving practical geotechnical problems.

The objective of this paper is to present experimental results from triaxial iso- 
tropically and anisotropically consolidated undrained and drained tests on typ
ical Swedish natural soft clays taken from > vo different landslide sensitive 
areas in southern Sweden. The test results are discussed and compared with 
those from tests on reconstituted clay soils. A preliminary modelling of the 
constitutive behaviour of the tested soils is carried out using a recently devel
oped anisotropic Cam Clay model.

General

Natural clay samples from Bäckebol, near to Gothenburg, arid from 
Norrköping are investigated. General geotechnical properties of these clays 
have previously been studied by e.g. Lars son (1977, 1981), Sällfors (1975), 

Möller and Ahnberg (1991). The Bäckebol (BB) clay is a postglacial marine 
clay with a depth up to 40m; clay deposits like this are situated along the Göta 
river valley. At the depth of particular interest (5-7m) from which the samples 
are taken, some general geotechnical properties are summarized in Table 1. 

For the Norrköping (NK) clay which also is a postglacial clay but with some 
varved structure, the data corresponding to general geotechnical properties for 

3-5m depth are presented also in Table 1. Both types of clay can bo referred 

to as soft, plastic, and normally to slightly overconsolidated clays. The water 
levels at these sites are normally so high that all the samples taken were fully 
saturated.

T ab le  1: Geotechnical properties of the samples

Site
w

(%]
Wl

[%] (kPa| [kJ^a]
OCR

Bäckebol

(5 - 7m)

80-100 80-100 13-16 48-70 1.3-1.5 .65 -.70

Norrköping 

(3 - 5m)

70-130 45-90 10-12 47-54 1.2-1.5 .65 -.75

Stress-Straln-Pore Pressure Relations

Typical test results concerning the stress-strain-pore pressure relations of the 
investigated natural soft clays are illustrated in Figs. 1-3. Most of the results 
are obtained from triaxial compression tests on isotropically normally consol
idated samples as compared with the corresponding in-situ preconsolidation 
pressures given in Table 1. The drained deviatoric response of two tested sam
ples is shown in Fig. 1. Even for large strains, say 15%, the deviatoric stresses 
still continues to increase together with increasing volumetric strains, and thus
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no distinct failure states are indicated as also should be expected for a (more 
or less) normally consolidated soil. This behaviour seems to be characteristic 
of many natural soft, highly plastic, postglacial clays (e.g. Crawford 1959, 
Larsson 1981). The reason for this is apparently due to continuous consolida
tion and structure change during shearing. Therefore, drained tests are not fa
vorably adopted to evaluate these normally consolidated soils. On the other 
hand, for well overconsolidated soils i.e. with their consolidation pressures 
well below their preconsolidation pressures, the devialoric stress reaches a 

peak whereafter softening occurs, i.e. deviatoric stress decreases with 
increasing strain.

Fig. 1 Drained stress-strain response for two clay samples

The undrained deviatoric response for the normally and anisotropic consoli

dated soil samples is shown in Figs. 2 and 3. For the stress-strain curves in 
Fig. 2, the devialoric stress increases rapidly up to a peak value at about an 
axial strain of 2.0 -3.0%, thereafter a softening process takes place and finally 
some "critical state" is approached. The corresponding excess pore pressures

Fig. 2 Undrained axial strain vs. deviatoric stress and pore pressure

increase with increasing strains, and tend to be constant for large strains. For 
the strain range up to peak failure, 70-90% of the total excess pore pressure is 
developed. Smoother peaks and less pronounced softening are observed for 
the Backebol clay samples partly owing to the fact that these samples have a 
higher liquid limit wL. It is found that even for the samples with consolidation 

pressures much higher than the in-situ preconsolidation pressure softening can 
still occur to a certain extent, indicating that the initial clay structure, at least 
to some extent, remains. In Fig. 3, a failure or peak line (FL) and the Critical 
State line (CSL) are determined in the p' -q plane for the NonkOping clay. Ob
viously, in this case, the slope M of CSL is larger than the slope M, of FL (de
fined as undrained peak failure). The CSL for some samples seems to slightly 
intercept the q-axis, whereas the associated failure line passes through the 

origin.

Mean s tre ss , p ' (kPa) 

Fig. 3 Undrained effective stress paths in p '-q  plane

S often ing , S h e a r  L o ca lization  a n d  A n iso tro p y

It is often argued that whether softening phenomena observed in laboratory 
tests display a true constitutive behaviour or if it is a result primarily due to 
localized deformation, i.e. occurrence of shear bands in the samples tested. 
This issue is discussed to quite an extent for sands, but so far to a very limited 
degree for natural soft clays although it might have a significant impact on e.g. 
slope stability problems. In this investigation, observations are made to notice 
possible relations between undrained strain softening and the occurrence of 
shear bands. It is found that the softening related to material behaviour is 
observed to a certain extent for some samples in CU tests because even after 
deviatoric stress peaks they seem in a homogeneous deformation state. In 
other words, the shear bands or other instability modes occurred not immedi
ately after peak values of deviatoric stress. However, the occurrence and ex
tent of homogenous (material) softening are quite variable, depending on 
consolidation state, loading condition and soil structure. It might be the case 

that only soils with some cementation between particles exhibit true material 
softening on constitutive level. In addition, there is some analytical evidence 
(e.g. Peric 1990) that localization into a shear band is very prone to occur in 
plane strain conditions rather than in triaxial compression, and triaxial exten

sion might be the intermediate situation.

To better quantify the observed (undrained) softening in tests, the "softening 
mobility" measure

is used where qfand q, are peak and critical values of the deviatoric stress q, 
and p 'c the consolidation pressure. Fig. 4 shows the relation of 8 versus p 'c 

for these soil samples. The extent of softening and its dependence on the con
solidation pressure are clearly demonstrated in this figure. That is, the higher 

the consolidation pressure relative to the preconsolidation pressure, the less 
the observed softening, reflecting the fact that the natural soil structure is pro
gressively demolished with increasing consolidation pressure. Further, under 
the preconsolidation pressure the values of 0 are approximately constant.

It has also been found that while the deviatoric response for the anisotropically 
(K«) consolidated samples follows the same pattern as depicted in Fig. 2 for

*****  NK p ’„=200 kPa  
***** NK p ’„=50 kPa 
®e««« BB p'„=155 kPa 
» • • • «  BB p'0=57  kPa

NK ff'l0= 58 kPa, (7'5c=38 kPa 
NK <r',„=40 kPa, ff'*,=26 kPa

Axial s tra in , t ,  (E -2 )
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where Q denotes the anisotropic deviatone stress measure

with

Fig. 4 Softening mobility 0 vs. consolidation pressure p'

42 =  |* i jk i  <sij -  *ij> <*ki -  *ki>

(2)

(3)

(4)

isotropically consolidated samples, there are several differential aspects con

cerning elastic stiffness, initial yield surface and strength. These differences 
are owing to the in-si tu Ko-stress state resulting in a transversal or cross-aniso
tropic structure of these soils during long-time sedimentation. The transversal 

anisotropic material is in the elastic range modelled in-the usual way in accor
dance with the theory of elasticity, e.g. as discussed by Graham and Houlsby 
(1983). In the plastic range, it is well known that natural soft Ko-consolidated 

clays display initial yield loci in the p’-q plane which are inclined to p'-axis 
and approximately symmetric with respect to the Kg-line, see e.g. Berre (1972) 
and Diaz-Rodriguez et al. (1992). For Swedish soft clays this has been con
firmed by an extensive series of tests performed by Larsson (1981). In Fig. S 

a conceptual yield locus based on these tests and proposed by Larsson is re
plotted to the p '-q  plane. On the other hand, the failure state seems not to be 
so dependent on the initial Ko~ state, e.g. see Fig.3, but instead on deviatoric 
state in the deviatoric stress plane, implying that there is a trend to destroy 
such an anisotropy as stress stale is reaching failure.

and s°  denotes the deviatoric stress state and p' the effective mean stress at 
the K-state with the initial state of K = Ko- In Eq. (3) the fourth order anisot
ropy tensor a ^  contains the current anisotropy parameters. For the case of 
transversal anisotropy, it can be simplified to contain only two parameters (a 

and b). Further in (2) M is the mapped slope of "rotated critical state line" 
which is related to the slope M of CSL and to Ko-value. Eq. (2) can account 
the effect of cohesion if p \  is not zero. Clearly, Eq. (4) is also dependent on 
the effective mean stress.

Fig. 6 An anisotropic plasticity model for natural clays

Two hardening processes are considered here. One is the volumetric (or den
sity) hardening governing to the size of the elliptic yield locus by isotropic ex
pansion related to the volumetric plastic strain. Similar to the Cam Clay 
model, a logarithmic virgin consolidation line is assumed resulting in the 
hardening rule

Fig. 5 Observed initial yield loci for Swedish soft clays 

CONSTITUTIVE MODELLING

General

Based on the experimental results for natural soft isotropically and anisotropic 
or Ko-consolidaied clays commented upon above, a soil model able to capture 
the most important features of such soils is here proposed. In particular, aniso

tropic yielding and strain softening should be accounted for in an appropriate 
way. As a first step, however, effort is made here to model the prefailure 
(peak) behaviour of the natural soft clays, and thus (material) softening is ig
nored as a constitutive property in the light of the discussion above. The pre- 
failure behaviour is modelled within the framework of elasto-plasticity 
accounting for elasticity, initial plastic anisotropy, transitional or rotational 
hardening and Critical State.

Model Formulations

The initial criterion for the Ko-consolidated natural soft clay is based on the 
(modified) Cam G ay model, however the yield ellipse is rotated in p'-q plane 
so that its principal axis coincides with the Kg-line as proposed by Runesson 
and Axelsson (1977), Fig. 6. The corresponding yield criterion is written

P ' c =  X 3 i ¿ ( , + e 0>é!
(5)

where eP is the plastic volumetric strain, X and K the compression and 
swellingvslopes in isotropic compression. The second hardening process is 

called rotational hardening and governs the rotation of (principal axis of) the 
yield ellipse in p' -q plane. It may be said to correspond to the shear hardening 
of the shear yield cone in certain double hardening models. Considering the 
fact that the rate of reorientation decreases and reaches a saturation state when 
the stress state approaches the critical state, the following assumption is made 

herein

K = - C ( l

with

-C ep
K(eP)  =  1 - ( 1- K 0 ) e  *•

(6)

(7)

where C is a non-negative parameter and eP the plastic deviatoric strain. It is 
noted that K = 1C, when eP = 0 and K —» 1 »hen eP » 0 in the case of C *  0.

Q q
If C = 0, the yield surface will not rotate during shearing with an initial Ko-line 
as a fixed (ellipse) axis. Moreover, an associated flow rule is assumed for this 
model, i.e. the Eq. (2) is also used as the plastic potential function. Clearly, 
setting Ko = 1 leads to the modified Cam Clay model. For details of these for

mulations, see Yu (1993).
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MODEL PARAMETERS AND PERFORMANCE

Parameter Determination

There are seven parameters to be determined in the model presented. The 
parameters A., K, G and M have the same meanings as in the Cam Gay model. 
The parameter X can be determined from either an isotropic triaxial compres
sion test or from an oedometer test. In Sweden it is quite popular to obtain 
compression parameters of natural soft clays using a CRS test. In this case, the 
parameter Xmay be got through X = (l-fe^/m, where m is the slope of the o' 

vs. E, (modulus) curve. The parameter G, the elastic shear modulus, may tie 
evaluated from triaxial shear curves, but this often yields a lower G due to 
sample disturbance and small strain effect. Empirical relations or seismic cone 
measurements are useful to supplement the range of its value. Since the und
rained softening for normally consolidated samples is not modelled, the Crit
ical State parameter M is chosen to be equal to M,. The ranges of Mc and M, 
are 1.16 - 1.42 and 1.04 - 1.22, respectively, thus implying that the chosen M 
is actually smaller than M,.. The intercept p, relating soil effective cohesion c' 
may approximately be set zero.

The parameters a and b contained in the anisotropic tensor a,^ may be 
evaluated from tests on samples cut at different angles to the vertical (trans
versal symmetric) axis or from true triaxial tests. In the simplest case a = b. 
The parameter C is normally determined by fitting the experimental data dur
ing shearing. A simple case is to set C = 0 i.e. no transitional hardening is ac
counted for. In a general case, it is found that an optimization-based method 

seems to be a promising method to automatically and objectively determine 
such parameters, Axelsson et al. (1991).

However, due to limited experimental data on the Kg-consolidated samples, 
only parameters for the NK soil samples isotropically consolidated have been 
evaluated, see in Table 2. The possible ranges of the parameters (for typical 
Swedish natural soft clays) are also given in this table.

Table 2: Model parameters evaluated

Fig. 8 Undrained effective stress paths in p'-q plane obtained from model 
prediction and test data

CONCLUSIONS

Based on experimental results on typical Swedish soft clays, it has been noted 
that there are some important characteristics for these soils which are signifi
cantly different from those of e.g. reconstituted clays. In particular, undrained 
softening commonly appeared even for well normally consolidated soil 
samples, and anisotropic behaviour, e.g. expressed by distinct anisotropic ini
tial yield loci, is observed. A preliminary modelling of the observed prefailure 
stress - strain relations is made using a new plasticity-based model. Promising 
predictive results compared with test data are obtained, encouraging a more 
deep investigation of the softening and anisotropic behaviour together with 

the development of suitable numerical techniques used in FEM.
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