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experiments as numerical element tests are done 
in PLAXIS 2D. Based on this a population-based 
stochastic optimization method is applied to 
minimize the absolute error between experimental 
and numerical curves.

Constitutive models for clay
Underneath, a selection of constitutive models 
and their parameters are briefl y described.

1. Mohr-Coulomb model
The Mohr-Coulomb model (MC) is introduced in 
PLAXIS (see more information in the PLAXIS 2D 
Material Manual [1]). For the Mohr-Coulomb model 
only fi ve constitutive parameters (Young’s modulus 
E, Poisson’s ratio y, friction angle {’, cohesion c and 
dilatancy angle } ) are needed to describe the soil 
behavior. These parameters can be determined 
from the results of standard geotechnical testing.

2. Soft Soil creep model
The Soft Soil Creep model (SSC) is a standard 
model in PLAXIS (see more information in the 
PLAXIS 2D Material Manual [1]). The parameters 
of the SSC model (modified compression index 
m*, modifi ed swell index l*, modifi ed creep index 
µ*, coeffi cient of earth pressure at rest K0,nc,y,{’, c 
and } ) can be determined from standard triaxial 
and oedometer tests with time measurement.

3. S-CLAY1S model
The S-CLAY1S model can be used in PLAXIS 
as a user-defi ned model. It is an elastic-plastic 
model, which accounts for plastic anisotropy 
and destructuration of normally or lightly over 
consolidated clays [6]. Therefore, an “intrinsic yield 
surface” (IYS) is introduced (Figure 1). The IYS 
refers to equivalent unbounded soils having the 
same shape and orientation at the same void ratio 
within the yield surface. Using an initial inclination 
of the yield surface a0 anisotropy is considered for 
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Table 1: Model parameter for the S-CLAY1S model 

Parameter Comment

e0: Initial void ratio Standard laboratory test

M: Value of the stress ratioh at 
critical state

Triaxial test

a
0: Initial size and inclination of the 

yield curve Anisotropy: Estimated via { ’

n: Absolute effectiveness of 
rotational hardening

Anisotropy: typical values: 

10 / m - 20 / m

b: Relative effectiveness of 
rotational hardening Anisotropy: Estimated via { ’

x0: Initial bonding effect Destructuration: St - 1

a: Absolute effectiveness of 
destructurational hardening Destructuration: typical values : 8 - 11

b: Relative effectiveness of destruc-
turational hardening

Destructuration: typical values : 
0, 2-0, 3
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the plastic behavior. The additional constitutive 
parameters for anisotropy and destructuration 
for the S-CLAY1S models are summarized in Table 
1. They cannot all be determined directly from 
standard laboratory tests. This means that some 
parameters have no “real” physical meaning and 
can only be obtained by estimation via other soil 
parameters or can only be identifi ed by back 
calculation.

4. Multilaminate model for Structured Clay
The Multilaminate Model (ML) for Structured Clay 
is a user-defi ned model in PLAXIS. The model 
was developed by Galavi 2007 [4] and is based 
on the Multilaminate framework [7]. Anisotropy, 
destructuration and softening can be taken 
into account. The deformation behavior of the 
soil is obtained by integrating the response 
of a particular number of differently oriented 
“sampling planes” (Figure 2). Each stress 
integration point is associated with a certain 
number of these planes at different orientations. 
The stress-strain relations are formulated locally 
at the microscopic level, except for the elastic 
part, which is calculated at the macroscopic level. 
The global strains are obtained by numerical 
integration of the inelastic contribution of each 
sampling plane and the global elastic contribution. 
Therefore, induced anisotropy can be considered 
without further material parameters. In order 
to include the inherent anisotropy, a so-called 
micro structure tensor is implemented. To take 
destructuration into account, it is assumed that 
destructuration starts at gross yield. It is related 
to the damage strain fdi, where an increase 
leads to a decrease of structure and depends 
on the bonding parameter b and the volumetric 
rate of the destructuration hv. The additional 
constitutive parameters describing anisotropy 
and destructuration of the Multilaminate Model 
for Structured Clay are summarized in Table 2. Not 
all parameters can be determined by standard 
laboratory tests. 

Figure 2: Multilaminate model (integration planes) [4] 

Figure 1: S-CLAY 1S model (principle 
stress space) according to [6]
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Laboratory testing and numerical modeling
Drained oedometer tests on natural and 
reconstituted Pisa clay, a soft, marine clay from 
Italy, were chosen to calibrate the constitutive soil 
parameters [8]. High quality Laval samples were 
retrieved from the subsoil of the Tower of Pisa 
from a depth of 10 – 12 m (Upper Clay). Pisa Clay 
has a metastable structure and a high sensitivity. 
The over consolidation rate is about 1 – 2. The 
oedometer tests are simulated in PLAXIS 2D as 
plane strain element tests.
 
Optimization 
1. Parameter Identification
Due to lack of knowledge of the constitutive 
parameters a back analysis in terms of direct or 
inverse approaches can be used to calibrate the 
material model parameters [3]. In this article the 
direct approach is used, which is based on an 
iterative procedures correcting the trial values 
of the unknown parameters by minimizing an 
objective function. Here the material parameters 
are the unknowns and the objective function 
consists of measured and simulated data. 
Additionally bound constraints are considered 
on the optimization variables x to ensure that the 
global minima lie within a restricted search space 
corresponding to the range of realistic constitutive 
parameter values

xmin ≤ x ≤ xmax

where xmin and xmax are the lower and upper 
bounds of x, respectively. Schematically this 
procedure is given in Figure 3. 
                 
The objective function reads:

with fi = (yi,meas – yi,calc)

where wi are weighting factors, i = 1, …, n 
is the counter of loading steps used in the 
optimization process. In this paper the Particle 
Swarm Optimizer (PSO) is used to minimize the 
objective function. The PSO approach is based 
on a population of individuals [5]. Each particle 
represents a solution to the optimization problem. 
While searching for optima, each particle adjusts 
its trajectory according to its own previous best 
position and the best previous position attained 
by any member of its neighbors.

2. Start values
For the identification process it is necessary to 
assume initial start values for each constitutive 
parameter. These values can be adopted by e.g. 
engineering experience or from literature. The 
assumed constitutive parameters for reconstituted 
Pisa Clay for the different models with their 
minima and maxima boundaries are summarized 
in Table 3. 
                  
The cohesion c is assumed as 2.4 kN/m2 and the 
friction angle {’ as 25.6°. Dilatancy is not taken 
into account } = 0). For the S-CLAY1S model the 
slope M of the Critical State Line supposed to be 
1.0 [2,8]. The Poisson’s ratio is also adopted to be 
0.2. These parameters are held constant in the 

Figure 3: Identification procedure 

Parameter Comment

Ad: Parameter for proportion of 
plastic strains

Destructuration and anisotropy: 
0 -1

Ar: Anisotropy ratio Anisotropy

b0: Size initial value of bonding Destructuration: 

hv : Volumetric rate of 
destructuration Destructuration: typical values 10 - 30
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Table 3: Constitutive parameters for reconstituted 
Pisa Clay from literature

Constitutive
parameter

Start 
value

Boundaries
minimum

Boundaries
maximum

m i

*

  [-] 0.15 0.08 0.25

l i

*

  [-] 0.02 0.01 0.03

m i
  [-] 0.23 [2] 0.15 0.35

l i  [-] 0.035 [2] 0.025 0.045

Gref.i [kN/m2] 1500 1000 2500

c [kN/m2] 2.4 [8] fixed in oedometric conditions

{  [o] 25.6 [8] fixed in oedometric conditions

M  [-] 0.984 [8] fixed in oedometric conditions

a0  [-] 0.54 0.20 0.60

n  [-] 30 20 50

b   [-] 0.94 0.85 1.05

Ar   [-] 1 0.7 1.5

Ad   [-] 0 [4] fixed in oedometric conditions

n  [-] 0.0001 fixed

e0,i  [-] 1.4 [10] fixed

Table 4: (Additional) Constitutive parameters for 
natural Pisa Clay      

Constitutive
parameter

Start 
value

Boundaries
minimum

Boundaries
maximum

Gref [kN/m2] 2500 1500 4000

  m
*

[-] 0.2 0.1 0.3

  l
*

[-] 0.025 0.015 0.035

  x0  [-] 10 1 20

b  [-] 0.3 0.2 0.4

a  [-] 10 7 15

hv  [-] 10 5 20

b0  [-] 2 1 5

e0  [-] 1.72 [10] fixed
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identifi cation of the oedometer tests, because 
the sensitivity of these parameters is very low in 
oedometric conditions in comparison to the other 
parameters. 
The (additional) parameters for natural Pisa Clay 
are summarized in Table 4.           

3. Results of parameter identifi cation
For the oedometer test on reconstituted Pisa 
Clay the results of the optimized simulation 
results compared with the measurement data 
are shown in Fig. 4. Due to its limitations it was 
not possible to improve the simulation of the 
MC model. The simulated stress-strain curves 
of the SSC, S-CLAY1S and ML models result in a 
good agreement with the measurements. The 
associated optimized parameter set can be seen in 
Table 5 (left). 
                 
For the oedometer test on natural Pisa Clay 
the S-CLAY1S and the ML models can predict 
the behavior after gross yield best, as they can 
consider destructuration (Fig. 5). Because of this 
they can predict the metastable structure what 
results in an abrupt yield. The SSC model reaches 
the fi nal measured strains at a stress of 3250 kPa. 
However, this model is not able to predict the 
correct destructuration behavior after yielding. 
The associated optimized parameter set for 
natural Pisa Clay can be seen in Table 5 (right). 
Cohesion c, friction angle {, Poisson’s ratio y are 
also held constant.             

Conclusions
The description of complex behavior of clay 
requires advanced constitutive models with a 
large number of unknown parameters. Thus an 
effi cient manual identifi cation becomes quite 
diffi cult for most practical problems. Due to the 
complex problems a back analysis in terms of an 
inverse approache is used. For laboratory tests on 
reconstituted and natural Pisa Clay, it is possible to 
get good results of constitutive parameter sets. It 
was shown that the SSC, S-CLAY1S and ML models 
for reconstituted Pisa Clay are able to predict the 
correct soil behavior. The MC model is not able 
to simulate essential features of soil behavior 
because of limitations. Only the S-CLAY1S and ML 
models are able to predict the natural behavior 
of Pisa Clay because these models can consider 
destructuration.
The next step would be the identifi cation of 
the parameters on triaxial tests and fi nally on 
oedometer and triaxial tests simultaneously to 
obtain the best fi t for all experiments. 
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Figure 4: Observed and simulated vertical strain of an oedometer test on 
reconstituted Pisa Clay with optimized parameters (according to [8])

Figure 5: Observed and simulated vertical strain of an oedometer test on 
natural Pisa Clay with optimized parameters (according to [8])
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reconstituted Pisa Clay with optimized parameters (according to [8])

Figure 5: Observed and simulated vertical strain of an oedometer test on 
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