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Abstract: - The solution of tasks of interaction of foundation and subsoil is more difficult the less accurate the 
input data. The modulus of deformability of the modeled area of subsoil varies smoothly with increasing depth. 
It was resolved by use of an inhomogeneous half-space. Two sets of FEM analyses were performed. Nonlinear 
elastic isotropic homogeneous half-space was applicated for the first set of FEM analyses. Linear elastic 
isotropic inhomogeneous half-space was applicated for the second set of FEM analyses. The parametric study 
shows comparison of resulting slab deformations obtained by analyses of homogeneous and inhomogeneous 
half-space. 
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1 Introduction 
At present there is no generally valid model of  
subsoil. As a consequence the results of the solution 
may be different. This is caused by dependence on 
the choice of the model subsoil. Interaction models 
are gradually improving. The subsoil can be 
modeled as a 2D model of the surface of subsoil or 
as a 3D model of the soil massif. The 3D model of 
the soil massif allows a detailed description of 
processes running inside the subsoil. The 3D model 
of the subsoil can be created as a half-space. The 
half-space is a continuum bounded from above by a 
plane. The models of the subsoil and subsoil-
structure interaction are also dealt with in [5, 12, 13, 
14, 16, 18, 24, 25]. 

An elastic homogeneous isotropic continuum is 
the simplest idealization of the half-space. It is 
composed of a substance for which Hooke's law is 
valid. The properties of the continuum depend on 
two material parameters. These parameters are the 
elastic modulus and Poisson's ratio. The size of the 
modeled area representing the subsoil, choice of 
boundary conditions and the size of the finite-
element mesh are difficult to determine correctly, 
especially if the model of the subsoil consists of 3D 
finite elements [9, 10, 23, 26]. 

Foundation soil is a heterogeneous material. Its 
properties are therefore different from the 
idealization of linear elastic isotropic homogeneous 
material. That is why the calculated values do not 
correspond to the values of settlement measured for 

real buildings or during the experiments. Other 
experimental measurements associated with subsoil-
structure interaction are also dealt with in [1, 2, 4, 7, 
11, 17, 19]. 

Use of the model of inhomogeneous half-space 
or nonlinear calculation is a possible way to a more 
accurate capturing of the real behavior of the 
subsoil. 

 
 
2 Linear inhomogeneous half-space 
The modulus of elasticity of the modeled area 
representing the subsoil varies smoothly with 
increasing depth.  

Concentration of the vertical stress in the axis of 
the foundation placed on the inhomogeneous half-
space is different in comparison with the 
homogeneous half-space. The relationship based on 
conditions of low deformation work was derived by 
Frölich [21]. The modulus of elasticity increases 
linearly with depth [21]: 

 m
def zEE 0=    (1) 

 
21

−=
µ

m
   (2) 

where 
E0 – modulus of deformability at the surface  
z   – z-coordinate (depth) 
m  – coefficient depending on Poisson's ratio µ 
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3 Nonlinear half-space 
Structural and physical nonlinearity were applied in 
the performed FEM analysis. Another FEM analysis 
associated with subsoil-structure interaction and its 
results are also dealt with in [6, 10]. 

Foundation-subsoil interaction is a contact task. 
The calculation is always performed by nonlinear 
analysis due to structural nonlinearities. This 
structural nonlinearity is induced by unilateral bond. 
This unilateral bond acts exclusively in pressure 
(Fig. 1). The nonlinear analysis requires an iterative 
solution. 

 

 
Fig. 1 Unilateral bond, contact task 

 
Physical nonlinearity is associated with material 

properties. The nonlinear material model was 
performed by application of Drucker-Prager model. 
Behavior of the subsoil can be better described due 
the Drucker-Prager model. 

In nonlinear analysis Hooke's law does not apply 
and exceeding of conditions of plasticity leads to  
lasting deformations. Fig. 2 shows the elastic-plastic 
material behavior during uniaxial stress and the 
creation of plastic deformations. 
 

 
Fig. 2 Drucker-Prager model, elastic-plastic material 

 
The Drucker-Prager model is derived from the 

condition of plasticity according to von Mises. The 
Drucker-Prager model is used for cohesive materials 
with internal friction. The Drucker-Prager model 
approximates to Mohr-Coulomb's plasticity 
condition (Fig. 3). Because of this, it is possible to 
describe the difference between the tensile and 
compressive strength (Fig. 3). The Drucker-Prager 
model has a smooth curve of limit stress in contrast 
to Mohr-Coulomb's condition of plasticity. This is 
advantageous in terms of numerical calculations. 
The nonlinear tasks and conditions of plasticity are 
described in greater detail in [6]. 

 

 
Fig. 3 Mohr- Coulomb and Drucker-Prager condition of 

plasticity, sectional view for plane stress 
 

The nonlinear model is defined by the modulus 
of elasticity E, Poisson coefficient µ, internal 
friction angle φ [o], soil cohesion c [kPa] and 
dilatancy angle ψ [o]. 

 
 

4 Implementation of the numerical 3D 
models in FEM analysis 
Input data required for numerical solution were 
taken from measurements obtained during the load 
testing [22]. The test sample was a prefabricated 
concrete tile (Fig. 4). A concrete tile was chosen 
because of simplicity of the experiment performed 
for verification of testing methods and equipment. 
 

 
Fig. 4 Load testing of the slab 
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The dimensions of the concrete slab were 
500x500x48mm. The class of concrete strength was 
C45/55. The top layer of subsoil consisted of loess 
loam, and its consistency class was F4. Its thickness 
was about 5m. The slab was loaded in the centre. 
The dimensions of the loaded area were 
100x100mm. The load value was 18.640kN at the 
time of the failure of the slab (Fig. 5). 

 

 
Fig. 5 Failure of the slab 

 
4.1 3D numerical models 
The subsoil-structure interaction was resolved using 
numerical modeling in ANSYS 15.0.  

The computational model was created by using 
the finite element SHELL 181 (2D) for the concrete 
slab.  The 3D model of the subsoil was created by 
using the finite element SOLID 45 (3D). The finite 
element SHELL 181 was additionally defined by the 
thickness of the slab. The thickness was 48 mm.  

Contact was mediated by contact pair  
TARGE 170–CONTA 173. The influence of friction 
between the slab and the subsoil was neglected at 
the contact area. The coefficient of friction was thus 
zero. Verification of directions of the normals on the 
contact surfaces was necessary. Normals must be 
directed against each other. If they are not, the 
rotation of these normals is necessary. 

The model of the slab was loaded in the center 
on an area of 100x100mm. The uniform load 
corresponded to the value measured at the moment 
of the failure of the slab. 

The horizontal and vertical shifts of the external 
walls (representing the subsoil area) were hindered 
by boundary conditions (Fig. 6). 

 

 
Fig. 6 Boundary conditions 

4.2 Linear inhomogeneous half-space 
Material No. 1 was marked concrete with modulus 
of elasticity E=36.3GPa and Poisson coefficient of 
µ=0.2. The model of the subsoil was created as a 
cube with dimensions 2.5x2.5x2.5m. The model was 
created as layered continuum consisting of 21 
layers. The thickness of one layer was 0.125 m. The 
subsoil was marked as a material number 2-22 and 
the Poisson's ratio µ=0.35. Inhomogeneity of the 
subsoil was taken into account by increasing the 
value of modulus of deformability. The modulus of 
deformability began on the surface of the model. Its 
initial value was Edef=2.65 MPa. Its value 
progressively increased in deeper layers according 
to the formula: 

       )7.(FigzEE m
odef =  (3) 

857.02
35.0
121

=−=−=
µ

m   (4) 

 

 
Fig. 7 Layers of the inhomogeneous half-space 

 
The results of the FEM analysis are shown in 

following figures. Fig. 8 shows total deflection. The 
influence of boundary conditions is evident.  
Fig. 8 shows the total deformation in the vertical 
section through the subsoil model. 

 

 
Fig. 8 Total deflection; vertical section in subsoil [m] 
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Fig. 9 shows the vertical component of the stress 
σz in the subsoil. The red areas show the tensile 
stress in the subsoil in the area of the settlement 
trough. 

 
Fig. 9 Vertical component of the stress σz [Pa] 

 
4.3 Nonlinear half-space 
The model of the subsoil was created as a cube with 
dimensions 2.5x2.5x2.5m. Its finite-element mesh 
had a size of 0.05x0.05x0.05m. In reality, the 
subsoil is also capable of transmitting a lesser extent 
of tensile stresses. The use of the Drucker-Prager 
model corresponds well with this assumption. The 
Drucker-Prager model enables tensile stresses in 
material like subsoil. 

The cohesion of the subsoil was c=15kPa and the 
internal friction angle was φ=25°. These values 
correspond to the characteristics of the soil 
classified as F4. 

The results of FEM analysis are shown in the 
following figures. Fig. 10 shows total deflections. 

 

 
Fig. 10 Total deflection; vertical section in subsoil [m] 

 
Plastic deformations originated under the corners 

of the slab after nonlinear analysis (Fig. 11). 

Plasticization has occurred. Tensile stress in the 
subsoil decreased after plasticization. 

 
Fig. 11 Plastic deformations [m] 

 
Fig. 12 shows the vertical component of the 

stress σz in the subsoil. Red areas show the tensile 
stress in the subsoil in the area of the settlement 
trough. 

 

 
Fig. 12 Vertical component of the stress σz [Pa] 

 
4.4 Parametric study 
Parametric study was performed. Influence of depth 
of nonlinear homogeneous half-space model and 
linear inhomogeneous half-space model was 
observed in this parametric study. It is shown in 
Tab. 1 – Tab. 6. The resulting vertical deformations 
are also affected by the boundary conditions. Three 
variants of boundary conditions were used in the 
parametric study (Fig. 13). 

 
Fig. 13 Variants of boundary condition 
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Tab. 1 Settlement of nonlinear homogeneous half-space  
variant of boundary conditions A 

 NONLINEAR HOMOGENEOUS HALF-SPACE 

D
EP

TH
  h

=0
.5

m
 

 

D
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TH
  h

=1
.5

m
 

 

D
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TH
  h

=2
.5

m
 

 
 

Tab. 2 Settlement of nonlinear inhomogeneous half-space  
variant of boundary conditions A 

 NONLINEAR INHOMOGENEOUS HALF-SPACE 

D
EP

TH
  h

=0
.5

m
 

 

D
EP

TH
  h

=1
.5

m
 

 

D
EP

TH
  h

=2
.5

m
 

 

 

wmax  is 
smaller 
about 

17.29% 

wmax  is 
smaller 
about 

18.06% 

wmax is bigger about 63.2% 

 

wmax is bigger about 30.8% 

wmax is bigger about 16.6% wmax is bigger about 17.7% 

wmax  is 
bigger 
about 
3.15% 
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Tab. 3 Settlement of nonlinear homogeneous half-space,  
variant of boundary conditions B 

 NONLINEAR HOMOGENEOUS HALF-SPACE 

D
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TH
  h

=0
.5

m
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=1
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m
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Tab. 4 Settlement of nonlinear inhomogeneous half-space,  
variant of boundary conditions B 

 NONLINEAR INHOMOGENEOUS HALF-SPACE 

D
EP

TH
  h

=0
.5

m
 

 

D
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TH
  h

=1
.5

m
 

 

D
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TH
  h

=2
.5

m
 

 

 

wmax  is 
smaller 
about 

21.19% 

wmax  is 
smaller 
about 

22.98% 

wmax is bigger about 34.1% 

 

wmax is bigger about 21.1% 

wmax is bigger about 6.5% wmax is bigger about 9.0% 

wmax  is 
smaller 
about 

12.77% 
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Tab. 5 Settlement of nonlinear homogeneous half-space,  
variant of boundary conditions C 
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Tab. 6 Settlement of nonlinear inhomogeneous half-space,  
variant of boundary conditions C 

 NONLINEAR INHOMOGENEOUS HALF-SPACE 

D
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TH
  h

=0
.5

m
 

 

D
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TH
  h

=1
.5

m
 

 

D
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TH
  h

=2
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m
 

 

 

wmax  is 
smaller 
about 

21.32% 

wmax  is 
smaller 
about 

20.78% 

wmax is bigger about 46.4% 

 

wmax is bigger about 31.2% 

wmax is bigger about 5.25% wmax is bigger about 4.5% 

wmax  is 
smaller 
about 

12.20% 
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5 Conclusion 
A FEM analysis was performed for the model of 
linear inhomogeneous and nonlinear half-space. The 
maximum vertical deformation in the middle of the 
slab calculated by model of linear inhomogeneous 
half-space was 7.34mm. The maximum vertical 
deformation in the middle of the slab calculated by 
model of nonlinear half-space was 9.02mm. The 
difference is more than 25% between results of both 
compared analyses. During the experiment there 
was measurement of deformation in the middle of 
the plate about 3.5mm. The resulting deformation 
obtained by analysis of linear inhomogeneous half-
space is closer to the real value of deformation. 
There can be many different reasons for deviations 
between the calculated and measured magnitude. 
For example, uncertainties associated with the 
determination of geomechanical properties of 
subsoil or climatic influences. 

Analysis of the inhomogeneous linear continuum 
provides smaller vertical deformations than the 
model of the homogeneous nonlinear continuum. 
The reason is the modulus of deformability 
increasing with depth. Influence of depth of 
nonlinear homogeneous half-space model and linear 
inhomogeneous half-space model was observed in 
the parametric study. Percentage differences 
between the slab deformations on homogeneous 
subsoil model and inhomogeneous subsoil model 
are also shown in parametric studies of all variants 
of boundary condition. 

Plastic deformations originated under the corners 
of the slab after nonlinear analysis.  

The results obtained in the analysis of 
inhomogeneous continuum are affected to a far 
smaller extent by the choice of the geometry and 
dimensions of the subsoil model. It follows that the 
use of inhomogeneous continuum provides more 
stable and usable results. The desirability of using 
the inhomogeneous continuum will be verified in 
further numerical modeling of the subsoil-structure 
interaction. 
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