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1 INTRODUCTION 

The cone penetration test (CPT) is a method of ge-
otechnical sampling used for site investigation. This 
method is frequently applied to correlate relative 
density, friction angle or even stress state (Grabe and 
König, 2004; Grabe et al., 2005) with its output val-
ues, tip resistance and skin friction. Furthermore, 
Pucker et al. (2013) proposed a method to determine 
the foundation penetration directly from CPT meas-
urements. For the design of geotechnical structures 
such as pile foundations these correlations as well as 
numerical simulations may be used.  

For such a numerical simulation the soil has to be 
modelled realistically. The material properties are 
usually known from laboratory tests. State variables 
such as void ratio distribution and stress state need 
to be determined from CPT. An inverse determina-
tion method to determine the state dependent varia-
bles is developed using mathematical optimization 
with an evolutionary algorithm which minimizes the 
difference between measured CPT data and Finite 
Element Method (FEM) simulation results. This 
technique enables the determination of an initial 
state for a design process without prior interpretation 
of CPT data. Therefore, the overall error rate will be 
reduced. 

 

This paper presents the developed technique and 
shows its applicability. Three fictitious problems 
with known state dependent variables are proposed. 
The solution of the proposed inverse technique for 
initial relative density as well as stress state will be 
calculated and compared to the known parameters of 
the fictitious problems.  

2 NUMERICAL METHOD 

2.1 Evolutionary Algorithm 

The inverse parameter determination is conducted 
using a multicriterial evolutionary optimization algo-
rithm according to Kinzler (2011). The evolutionary 
optimization method is used to determine parameter 
sets which minimize the deviation of model results 
from the measurements. This is done by analyzing 
arbitrary parameter variations with respect to the 
overall deviation. Each iteration considers a so 
called generation of various individuals. These indi-
viduals represent parameter sets. The objectives of 
the optimization are evaluated to identify the best 
individuals. The evaluation of the objective function 
comprises in this case of: the modification of materi-
al parameters e0 and initial conditions K0; the FE-
analysis using Abaqus/Standard; the result readout 
and the evaluation of deviation. The best individuals 
persist and through recombination and mutation, ar-
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bitrarily chosen individuals complete the generation 
for the next iteration. The iterative procedure of an 
evolutionary algorithm is shown in Figure 1. 

 

 
Figure 1. Iterative procedure of evolutionary multicriterial op-
timization algorithm  
 

3 NUMERICAL MODEL 

Numerical models for CPT need to be able to simu-
late large relative motions between cone and subsoil 
as well as large deformation of the subsoil. This can 
be done using axisymmetric models based on FEM 
including the ‘zipper technique’ (Cudmani, 2001).  
With this approach Grabe and König (2004) simu-
lated a CPT in non-cohesive soil successfully and 
investigated the influence of stress state and relative 
density on sounding resistance. In this model, the 
cone is modelled as a rigid body and penetrates the 
soil displacement-controlled. 

Geometries, dimensions and boundary conditions 
are shown in Figure 2. The penetration of the cone 
into a deeper soil layer is simulated by applying a 
stress boundary condition σ‘v = γ’ z according to the 
overburden stress. 

The cone is modelled with a rigid tip to distin-
guish its contributions to the total resistance. At the 
beginning of the simulation the cone is preinstalled 
into the subsoil by approximately 5Dcone using the 
wished-in-place technique, i.e. the previous installa-
tion process is neglected. Penetration is modelled us-
ing the presented zipper technique (Cudmani, 2001). 

The stress-strain behavior of the non-cohesive 
subsoil is modelled using the hypoplastic constitu-
tive model according to von Wolffersdorff (1996) 
extended by small strain stiffness according to Nie-
munis & Herle (1997). By using this sophisticated 
soil model the stress paths in the subsoil during cone 
penetration can be simulated realistically, as it in-
cludes effective stresses and void ratios as state vari-
ables of the soil. The soil parameters for the non-
cohesive soil layer are adapted from Cuxhavener 
Sand (fS, u’). Parameters for the hypoplastic consti-
tutive model for Cuxhavener Sand have been deter-

mined and published in Bubel and Grabe (2013). 
Saturated and fully drained conditions are assumed 
during cone penetration, i.e. no excess pore pressure 
will occur. 

 

 
Figure 2. Geometry, dimensions and boundary conditions for 
the axi-symmetric CPT FE-model 

 
Normal contact between the cone and the subsoil 

is transmitted as long as there are no tensile contact 
stresses. For the smooth surface of the cone, a stick-
slip model for the contact in tangential direction is 
applied using an assumed low friction coefficient of 
μ = 0.1. 
 
Table 1.  Parameter sets for the original fictitious problems 
    
 A B C 

K0 [-] 0.5 0.5 0.5 
e0 [-] 0.724 0.724 0.972 

σ‘v [kN/m²] 60.5 121 121 

 
Three different combinations of initial K0-stress 

state, void ratio and overburden stress σ‘v will be 
evaluated as fictitious problems. The prescribed val-
ue of the coefficient of earth pressure at rest of 
K0 = 1 − sin(φ) = 0.5 will be chosen for all simula-
tions. The initial void ratio is either e0 = 0.724 or 
e0 = 0.972 corresponding to dense and medium dense 
material. The overburden stress is either 60.5 or 
121 kN/m² which corresponds to a depth of 5.5, re-
spective 11 m. The fictitious parameters are shown 
in Table 1. External loads for this initial state are 
gravity load and a pressure on the upper boundary of 
the soil column according to the overburden stress. 
Next, the cone penetrates downwards by prescribing 
its vertical constant velocity of 1 cm/s. The reaction 
forces for the tip are monitored. 
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4 OPTIMIZATION 

For each fictitious problem A, B and C, an optimiza-
tion is conducted using 30 iterations with each 
10 parameter sets in order to determine the initial 
K0-stress state and void ratio. The optimization pro-
cedure offers the choice of an initial range and an 
overall range as well as an additional choice of ini-
tial parameter sets. For the first iteration it is possi-
ble to define initial parameters. For the present anal-
ysis one initial parameter set is chosen for the 
problems A, B and C. The remaining nine parameter 
sets are initialized using a random distribution with-
in the range for the initial parameter sets, which 
matches the overall range for parameter sets used for 
further iterations. The chosen ranges and initial val-
ues are the same for the three optimization problems 
and are summarized in Table 2. 

 
Table 2.  Ranges for optimization concerning the initial param-
eter set and range of definition and initial parameter set 
   
  A, B, C 

range for parameter sets 
e0 [-] 0.6 to 1.22 
K0 [-] 0.5 to 1.0 

range for initial parameter sets 
e0 [-] 0.6 to 1.22 
K0 [-] 0.5 to 1.0 

initial parameter 
e0 [-] 0.97 

K0 [-] 0.6 

 
For each parameter set a FE-analysis will be con-

ducted. The forces of tip resistance are evaluated and 
compared to the fictitious problem. The optimiza-
tion’s objective is to minimize the overall deviation 
summed over the penetration depth between the tip 
resistance of the original problem and the simulation 
with the optimized parameter set. 

Figure 3 shows the original state variable and the 
tested parameter sets for the three original problems 
A, B and C. The original state variable is depicted as 
asterisk. The tested parameter sets are shown as 
crosses. The diagram in the lower row on the right 
depicts the maximum deviation from the original so-
lution within during the course of iteration for the 
three original problems. During the iterative process 
the maximum deviation is reduced. The best optimi-
zation results are summarized in Table 3. They are in 
fairly good agreement with the original state varia-
bles. The optimization results differ maximum 2.3 % 
from the original fictitious problem. 
 

(A) 

(B) 

(C) 

(D) 

 
Figure 3. Optimization results for the original problems A, B 
and C; the maximum deviation for each iteration step is depict-
ed (D) 
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Table 3.  Best optimization results after 30 iterations, with cor-
responding e0 and K0-stress state 
    

Parameter A B C 

K0 [-] 0.5 0.5 0.5 
e0 [-] 0.724 0.724 0.972 

σ‘v [kN/m²] 60.5 121 121 
Deviation of tip force [kN] 7.5 11.3 8.0 

Deviation normalized to 
overall sum [%] 

1.3 1.1 2.3 

5 CONCLUSION 

The present paper shows that the proposed method 
for determination of state variables such as initial 
void ratio and K0-stress state is effective. With this 
method it is possible to determine the unknown state 
variables based only on the results of CPT-
measurements. This technique enables the determi-
nation of an initial state for a design process without 
prior interpretation of CPT data. Therefore, the over-
all error rate will be reduced. 

Since different initial state variables in different 
depths can be determined, the numerical model 
could be calibrated directly on the CPT-
measurements. However, calibrating a whole numer-
ical model for pile installation requires large 
amounts of computational resources. Each iteration 
step considers several parameter sets which all need 
to be evaluated through FE-analysis, e.g. using 10 
parameter sets in 30 iterations 300 FE-analyses have 
to be carried out, which is, depending on the model 
size, an enormous computational effort. Consequent-
ly, the applicability of this method to more complex 
problems might be limited by computational re-
sources. 
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