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Abstract: - This article deals with a problem of soil modeling. That is a necessary part of foundation modeling. 
The soil modeling can directly influent the resulting deformation of the foundations and therefore deformation 
of the whole building. The accurate procedure that can simulate the foundation-soil interaction is still unknown. 
A greater understanding of the issue through experiments and numerical modeling is important for a good 
application and proper use in practice. To improve this understanding an experimental test of a concrete slab 
was performed on special testing equipment. The experiment is complemented by numerical modeling. 
Numerical models are created in the Ansys software. The article features three cube models and a half-sphere 
model. Deformations on all featured models are discussed and compared to the experimental values and 
simplified hand calculation. The subsoil model is based on the Boussinesq half-space theory. The soil section is 
assumed homogeneous and layered. The size of models is assumed as a changing parameter from 10 m to 30 m. 
A recommended model size was evaluated from the parametric study as a match of deformation from models 
and the experiment. This computed model size is compared with an affected depth described by the standard 
ČSN 731001. Computation was performed using supercomputer Anselm in the National Supercomputing 
Center IT4Innovations in the VSB-Technical University of Ostrava. 
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1 Introduction 

A numerical model of soil-structure interaction is 
essential for the design of the whole building 
structure especially foundations. A key aspect of the 
soil-structure-interaction numerical model is the 
choice of material models that account for soil and 
foundation physically-nonlinear behavior that is 
caused by heterogeneous particles. Another 
important aspect of the soil-structure-interaction 
numerical model is the interaction itself because 
tensile forces cannot be transferred through the soil, 
and it also defines the stress transmission. 

The soil behavior has a space-dependent strongly 
nonlinear character that is difficult to describe with 
the simplified plane theories [1]. The elastic half-
space or contact models are more suitable. An 
advanced constitutive model setting, that captures 
the real behavior, can be very complicated. 
Correctly determine the size of the 3D soil model, 
appropriate boundary conditions, and size of the 
finite element mesh are particularly problematic [2]. 
Research from Vaskova and Cajka was executed on 

a table computer and reached the limit of the model 
size. Therefore is limited by the size of the modeled 
area itself. Research proves that the deformation 
relies on the size of the subsoil, but the dependency 
is not clear. A further deformation is unsure and 
cannot be estimated. As a solution, this research is 
performed on the supercomputer Anselm as an 
extended parametric study. Several numerical 
modeling studies focus sub-parts on related 
phenomena like fiber orientation [3], punching of 
concrete elements [4], or structural failure [5]. But it 
is important to deal with it as a whole. And with 
their combination we expect restrictions by limited 
model size once again. 

The use of a complex, advanced model usually 
requires fine finite element mesh and it is rather 
computationally-intensive. The capacity of the 
standard workstation is insufficient to demands on 
time calculation considering the requirements for a 
fast solution including larger tasks. A possible 
solution for this problem is the use of parallel 
computer code calculations that divide calculations 
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to multiple cores. Parallel computation is done 
through special procedures [6]. Larger structures are 
usually analyzed with the use of the larger computer 
(the supercomputer) [3]. They are also useful for 
solving models with fine meshes, i.e. a large number 
of unknowns, for the nonlinear model, or more 
advanced contact model. The use of the 
supercomputers is beneficial in other areas of civil 
engineering to perform composition visualization in 
the urban landscape [7], the layout of the house in 
the historic city [8], or parametric modeling in 
architecture [9]. 

The optimal procedure to provide sufficiently 
accurate results that work under all circumstances 
has not been accomplished yet. That´s why 
scientists deep the theoretical basis of the research 
field by performing experimental tests [10], [11] 
together with the development of theoretical and 
numerical computational models [5], [12], [13] to 
better describe and understand the real behavior.  

The experimental tests focus on the soil 
deformations trough the concrete slab [10], [12], 
slab punching [14], [15], [4], the tension inside of 
the soil [16] and soil stiffness under the slab [17]. 
Not only the concrete slab but also fiber-reinforced 
concrete or steel fiber concrete was examined. Some 
of the more common problems include the behavior 
of elements from fiber-reinforced concrete [18] or 
steel fiber concrete for pavement [19]. This article 
should extend our knowledge in a way of how the 
selected model and inputs can affect the numerical 
results and dependence on the selected model size. 
And contribute to the creation of optimized models 
as well as using supercomputers into civil 
engineering practice. 

 
2 Methods 
 
2.1 Experimental testing 

The basic experiment method was designed to 
examine the behavior of the concrete slab on the 
subsoil. The special testing equipment (Figure 1,2) 
named Stand was constructed at the Faculty of Civil 
Engineering at VŠB – Technical University of 
Ostrava [11] for this purpose. Sets of experimental 
tests were performed here [12], [2], [13].  

The testing equipment [11] consists of steel 
construction anchored by micro piles to the subsoil. 
The hydraulic press is placed between the tested 
slab and the steel construction to apply the vertical 

load to the slab. The slab has been located in the 
center of the testing area so that the results are not 
affected by uneven ground settlement due to 
eccentric placement between the foundation strips.  

The first test's purpose was to try and prove the 
proper function of the device. After this, a series of 
tests on concrete slabs were performed. The tests 
were performed on slabs with standard dimensions 
2000 x 2000 x 150 mm and all slabs in one set were 
placed on the same subsoil with the same 
parameters. The main difference was in the method 
of concrete reinforcing. All slabs were loaded with 
force up to 1000 kN, which is the device limit, or 
until the bearing capacity of the slab was reached.  
 
2.2 Numerical modelling 

Numerical models are developed based on the 
experiments. This enables direct verification of the 
results and numerical model itself. Similar 
numerical models were solved on a standard 
workstation before [2] but the capacity of the 
standard workstation was insufficient for the 
research, therefore a supercomputer was used. The 
paper explores the possibilities of the supercomputer 
and its application to the solved problems. Several 
different numerical models were made and solved 
by Ansys Multiphysics HPC and ANSYS 
Workbench. A numerical model was prepared in the 
Ansys macro code which was launched on the 
supercomputer Anselm located in the National 
Supercomputing Center IT4Innovations VSB-
Technical University of Ostrava. 
 
 
3 Experiment results 

Slab no. D10-G01 (Figure 1) from the series was 
selected as a reference for this paper. The slab was 
made of plain concrete with no reinforcements of 
concrete compressive strength class C 25/30 
(Figure 2). Together with the slab, few test samples 
were produced from the same mixture and tested in 
the laboratory. Following characteristics were 
evaluated from laboratory tests: 

• average compressive strength of concrete 
(cube test) f_(c,cube)=25.11 MPa 

• average compressive strength of concrete 
(cylinder test) f_(c,cyl)=20.03 MPa 

• average tensile strength f_t=2.10 MPa 
• average elastic modulus E =19 750 MPa  
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Fig. 1 - (Typical concrete slab with dimensions 2 
x 2 m during testing. Author: Z.N. 

 

Fig. 2 - Photo of the testing device. Author: Z.N. 

 

Fig. 3 - Loading force in time. Author: Z.N. 

The slab was loaded by steps (Figure 3) with 
increment by 25 kN every half hour to allow soil 
creep a bit as it would in real conditions. The 
maximal loading force was 345 kN then the 
maximum bearing capacity of the slab was reached. 
Deformation of the slab was tracked by tensometers 
(Figure 2). Results of the experiment were published 
in detail [20] and the maximum deformation 
approximated from measured data is 21.68 mm in 
the center under the load location. 

The modulus of elasticity of soil was measured 
by static load test before the experiment. The slab 
was tested right after the change of the subsoil; 
therefore, the soil was loaded for the first time. For 
this reason, 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑1 was selected in numerical models. 
Measured values from the static load test at the 
surface were: 

− First loading cycle 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑1 = 6.8 MPa; 

− Second loading cycle 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑2= 12.5 MPa. 

− 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑 2

𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑 1
= 1,83 

4 Numerical models 
The numerical model was created based on the 
elastic half-space theory. A solid homogeneous 
model based on the Boussinesq´s method for stress 
distribution under the vertical concentrated load was 
already assumed in the previous paper of authors in 
a small scale [21]. This approach was confirmed and 
therefore, the layered half-space was used also here.  
The assumptions of the Boussinesq theory are:  

− the soil mass is: 
− elastic  
− isotropic  
− homogeneous  
− semi-infinite  
− weightless  
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− the applied load is vertical, concentrated 
acting on the surface 

− the Hook´s Low is applied, that means that 
the ratio between stress and strain is 
constant 

The shape of the soil model was selected as a 
cube/block with finite dimensions and as a half-
sphere with finite dimensions. The cube soil model 
has a homogenous material model that has the same 
elastic modulus trough full volume. In a addition, a 
layered model of the cube was selected. In this case 
the cube is divided into layers with increasing 
elastic modulus with depth. The increasing elastic 
modulus expresses the increasing stiffness of the 
soil with depth.  
. 
4.1 Cube soil model 

Solid 45 was used for three-dimensional models 
[22]. The element Solid 45 is defined by 8 nodes 
with three degrees of freedom at each node 
(translation in the x, y, and z-direction). The finite 
element size is 0.2 m for every model to eliminate 
inaccuracies due to the size of the finite elements. 
The behavior of the soil model is characterized by 
the Modulus of Elasticity and Poisson Coefficient. 
The self - weight was neglected based on 
Boussinesq´s assumptions.  
Input characteristics: 
− Modulus of elasticity Edef1 = 6.8 MPa; 
− Poisson coefficient µ = 0.35; 
− Pressure 87 500 Pa on 2 × 2 m2 area. Applied 

pressure corresponds to the maximum loading 
force at a maximum bearing capacity of the 
slab before failure which was 345 kN rounded 
to 350 kN and converted to surface load 2 × 2 
m2 which matches the slab dimensions.  

 
Material model: 

a) Homogeneous soil model – the whole cube 
soil model has the same soil characteristics. 

b) Layered soil model - the cube is divided 
into layers with different characteristics. 
The thickness of the layers is 0.2 m and the 
Elasticity modulus is increasing by 
relationship (1) and (2) by Feda & Bazant 
[23]. The elasticity modulus is itemized in 
Table 1. The increment is described by the 
cubic equation (Figure 4).  

 
 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐸𝐸0 ∙ (𝑝𝑝𝑧𝑧 + 𝑑𝑑0)𝑚𝑚  (1) 

 𝑚𝑚 =
1
𝜇𝜇
− 2 (2) 

 

Table 1 - Development of the modulus of elasticity 
in dependence on the depth of the subsoil.  
Depth lz [m] 𝑬𝑬𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 [MPa] Depth lz [m] 𝑬𝑬𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 [MPa] 

0 06.80 12 61.28 
2 17.44 14 69.28 
4 27.02 16 77.12 
6 36.05 18 84.84 
8 44.71 20 92.44 
10 53.10 22 99.93 
 
There is no way how to identify the size of the 
numerical model. Therefore, a parametric study was 
created considering three variants of the width-depth 
ratio. In the first variant, the width of the soil was 
selected firmly to 10 m (in the axis x and y) and the 
height of soil lz (in the axis z) was defined variable, 
starting at depth 2 m with 2 m increment in each 
step and maximum at 30 m. In the second variant 
the depth of the soil was selected firmly to 10 m and 
the width of the soil in both directions lx = ly was 
defined variable with 2 m increment. Once again, 
third model was constructed starting at a width of 2 
m with 2 m increment at each step and maximum at 
30 m. And the last variant was set the same in all 
three directions increasing from 2 m by 2 m 
increment in each step up to 30 m. The parametric 
study monitor the changes in the results based on 
the size of the area and boundary conditions.  
 

 
Fig. 4 - Elasticity modulus dependent on depth. 
Author: Z.N. 
 

 
Fig. 5 - Assumed boundary conditions. Author: Z.N. 
 

Three types of boundary conditions were 
considered. All three models are pinned on the 
bottom surface. The difference is how the sides of 
the soil are supported. In the first type A, the bulge 
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of the soil is allowed. In the second variant the 
vertical displacement is allowed and in C are sides 
pinned at their exact positions as shown in Figure 5.  
The prepared typical model can be found in Figure 6 
and its solution in Figure 7. 
 

 
Fig. 6 - Typical numerical model layout. Cube with 
dimensions of 4 x 4 x 4 m with finite element size 
0.2m - mesh and pressure location. Author: Z.N. 
 

 
Fig. 7 - Typical numerical model layout. Cube with 
dimensions of 4 × 4 × 4 m with finite element size 
0.2 m - graphical description of deformation. 
Author: Z.N. 
 
4.2 Half-sphere soil model 

The half-sphere model is also based on the 
Boussinesq theory and was modeled as 
homogeneous isotropic linear elastic. The model 
consists of the soil and the concrete slab. The slab 
and the subsoil are connected by the frictional 
contact to exclude the tensional stress from the 
interaction (Figure 10). The boundary conditions are 
pinned through the whole curved area (Figure 8). 
Model characteristics: 
− Modulus of elasticity (soil): Edef1 = 6.8 MPa; 

− Poisson coefficient (soil): µ = 0.35; 
− Modulus of elasticity (concrete): Ec = 19.5 

GPa; 
− Poisson coefficient (concrete): µc = 0.3; 
− Force: F = 350 kN applied through 0.4 m × 

0.4 m (Figure 6b) area. 

 
Fig. 8 - Model of half-sphere soil model – boundary 
conditions. Author: Z.N. 

Fig. 9 - Model of half-sphere soil model – applied 
force. Author: Z.N. 

 
Fig. 10 - Half-hemisphere model - contact and target 
elements. Author: Z.N. 
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Fig. 11 - Half-hemisphere model – graphical 
solution, deformation in the center cross-section. 
Author: Z.N. 
 
4.3 Hand calculation of elastic deformation 

Simplified hand calculation was performed to 
receive tentative calculation and prove FEM results. 
The hand calculation result gives maximum possible 
deformation. This deformation will not be achieved 
in any other way. The hand calculation of 
deformation w is calculated based on elastic 
compression according to Hooks law neglecting the 
influence of the surrounding soil. The platform size 
of the segment is 2 × 2 m based on slab size 
(Figure 12, hand calculation). Only simplified 
boundary conditions on the bottom are set. This way 
the system is statically determinate and can be 
computed by hand. The same task was computed by 
FEM using the same geometry and boundary 
conditions as a reference. Deformation w is 
computed according to mathematical formula (3) 
with input parameters: 

− modulus of elasticity Edef1 = 6.8 MPa 
− pressure area A = 2 x 2 m2 
− force F = 350 kN 
− depth lz is variable 

 𝑤𝑤 =
𝐹𝐹

𝐸𝐸 ∙ 𝐴𝐴
∙ 𝑙𝑙𝑧𝑧  

(3) 

Calculation results are linear and dependent on the 
selected depth. When depth 𝑙𝑙𝑧𝑧 = 0 then deformation 
𝑤𝑤 = 0. In the case when the depth 𝑙𝑙𝑧𝑧 =  ∞ also the 
deformation  =  ∞ . 
 
5 Results 
A set of models were made and compared to fulfill 
set goals. Ten sets of models with different 
geometry (Figure 12) and boundary conditions were 
computed. 
 

 

 
Fig. 12 - Defined parameters and geometry of tasks 
by the type of task: Cube soil model with a fixed 
width of the cube; Cube soil model with fixed 
depth; Cube soil model with both width and depth 
variable; half-sphere soil model; simplified hand 
calculation. Author: Z.N. 

The prepared models were computed (Figure 12) 
and results were evaluated into tables. Graphs were 
created based on the results. The results of layered 
cube models are in Table 2, Table 3, and Table 4. 
The half-sphere model and hand calculation results 
are in Table 5. The results from homogeneous cube 
models are in Table 6, Table 7, and Table 8. Three 
graphs summarize and compare results (Figure 13, 
Figure 14, and Figure 15). The computed results are 
compared with the experimental value.  

In the second part of the tables, the strain 
displacement increment per depth increment was 
computed based on the relation (4). This allows 
observing the slope of the curve and its angle. 
 ∆𝜀𝜀𝑖𝑖 =

∆𝑤𝑤
∆ℎ

=
𝑤𝑤𝑖𝑖 − 𝑤𝑤𝑖𝑖−1

ℎ𝑖𝑖 − ℎ𝑖𝑖−1
 (4) 

 
The layered model with variable height and 
platform of 10 × 10 m (Table 2) were evaluated 
first. The results are approximately the same in the 
depth 2 m for all three boundary conditions but with 
the increasing depth, they start to differ. This 
phenomenon is caused by the boundary conditions 
itself. The boundary conditions on the sides of the 
cube are not activated in the small depth so the only 
variable influencing the results is the height of the 
subsoil. Once the depth increases the influence of 
the boundary conditions on the sides become 

WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS 
DOI: 10.37394/232011.2020.15.22 

Cajka Radim, Neuwirthova Zdenka

E-ISSN: 2224-3429 199 Volume 15, 2020



activated. It is most noticeable on the C boundary 
condition, after depth reaching 16 m there is no 
additional deformation because it is prevented by 
pinned edges. The displacement increment per depth 
increment of boundary type A is larger than the type 
B because the soil is bulging to the sides. The 
overall displacement increment per depth increment 
behavior of all three boundary conditions is similar. 
It is very steep at a small height but it stabilizes in a 
few steps and after this it is constant. 
 

Table 2. Cube model, layered, variant 1: Surface 
deformation w for different height of the cube lz for 
the cube with width lx = ly =10 meters. 
Height lz [m] Deformation w [mm] Strain ∆𝜺𝜺 [-] 

Boundary 
condition 

type 
A B C A B C 

2 -15.80 -15.77 -15.77 - - - 

4 -20.46 -20.16 -20.13 -2.333 -2.198 -2.181 

6 -22.51 -21.56 -21.49 -1.025 -0.700 -0.680 

8 -23.89 -22.33 -22.00 -0.689 -0.381 -0.258 

10 -25.04 -22.98 -22.20 -0.578 -0.329 -0.101 

12 -26.12 -23.63 -22.28 -0.538 -0.322 -0.040 

14 -27.17 -24.27 -22.31 -0.523 -0.321 -0.015 

16 -28.20 -24.91 -22.33 -0.517 -0.321 -0.006 

18 -29.23 -25.55 -22.33 -0.515 -0.321 -0.002 

20 -30.26 -26.19 -22.33 -0.515 -0.321 -0.001 

22 -31.29 -26.83 -22.33 -0.515 -0.321 0.000 

Table 3. Cube model, layered, variant 2: Surface 
deformation w for different width of the cube lx = ly 
with height 10 meters. 

lx = ly [m] Deformation w [mm] Strain ∆𝜺𝜺 [-] 
Boundary 
condition 

type 
A B C A B C 

2 -127.53 -80.18 -11.20 - - - 

4 -44.17 -31.72 -17.83 41.680 24.227 -3.314 

6 -30.70 -25.03 -20.31 6.735 3.348 -1.241 

8 -26.65 -23.41 -21.53 2.024 0.809 -0.609 

10 -25.04 -22.98 -22.20 0.801 0.212 -0.338 

12 -24.30 -22.92 -22.60 0.373 0.032 -0.198 

14 -23.91 -22.97 -22.84 0.194 -0.025 -0.120 

16 -23.69 -23.05 -22.99 0.110 -0.038 -0.075 

18 -23.56 -23.12 -23.09 0.067 -0.035 -0.048 

20 -23.47 -23.17 -23.15 0.042 -0.028 -0.032 

22 -23.42 -23.21 -23.19 0.028 -0.020 -0.022 

Table 4 - Cube model, layered, variant 3: Surface 
deformation w for cube model with lx = ly = lz. 
Parameter h 

[m] 
Deformation w [mm] Strain ∆𝜺𝜺 [-] 

Boundary 
condition 

type 
A B C A B C 

2 -24.43 -16.04 -10.92 - - - 

4 -24.72 -19.69 -17.55 -0.147 -1.828 -3.316 

6 -24.87 -21.46 -20.12 -0.073 -0.884 -1.281 

8 -24.97 -22.40 -21.42 -0.052 -0.472 -0.651 

10 -25.04 -22.98 -22.20 -0.035 -0.290 -0.393 

12 -25.09 -23.37 -22.73 -0.025 -0.196 -0.263 

14 -25.13 -23.66 -23.11 -0.018 -0.141 -0.188 

16 -25.16 -23.87 -23.39 -0.014 -0.106 -0.141 

18 -25.18 -24.03 -23.61 -0.011 -0.083 -0.110 

20 -25.20 -24.17 -23.78 -0.009 -0.066 -0.088 

22 -25.21 -24.27 -23.93 -0.007 -0.054 -0.072 

Next, the layered cube model with a set height 
and increasing platform was observed (Table 3). In 
contrast to Table 2, the results in Table 3 differ most 
in the smallest width and then become comparable 
with the increasing width of the model. This is 
caused by the boundary conditions behavior which 
is enhanced by the small platform dimensions in 
proportion to the height. This is visible in the 
example with boundary condition A and layout of 2 
x 2 m. There is no side boundary condition so this 
case is very similar to the hand calculation. 
Therefore, this final deformation depends only on 
the area multiplied by the modulus of elasticity. In 
contrast to boundary condition C, size 2 x 2 m, 
where the deformation is limited by the deflection 
basin between pinned ends. This phenomenon 
becomes less visible with a width of 10 meters and 
above. 

Table 5 - Half-sphere model, Hand calculation: 
Deformation w using numerical solution  

 Deformation w [mm] Strain ∆𝜺𝜺 [-] 

Parame
ter h 
[m] 

Linear 
half-

sphere 

Hand 
calculat

ion 

Hand 
calculat
ion by 
FEM 

Linear 
half-

sphere 

Hand 
calculat

ion 

Hand 
calculat
ion by 
FEM 

2 -14.07 -25.74 -25.020 - -  

4 -18.67 -51.47 -50.915 -2.301 -12.868 -12.947 

6 -20.73 -77.21 -76.649 -1.028 -12.868 -12.867 

8 -21.50 -102.94 -102.38 -0.383 -12.868 -12.868 

10 -22.38 -128.68 -128.12 -0.244 -12.868 -12.868 

12 -22.71 -154.41 -153.85 -0.164 -12.868 -12.868 

14 -23.05 -180.15 -179.59 -0.167 -12.868 -12.868 

16 -23.16 -205.88 -205.32 -0.149 -12.868 -12.868 

18 -23.38 -231.62 -231.06 -0.110 -12.868 -12.868 

20 -23.51 -257.35 -256.79 -0.064 -12.868 -12.868 

22 -23.68 -283.09 -282.53 -0.085 -12.868 -12.868 
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Table 6 - Cube model, homogeneous, variant 1: 
Surface deformation w for different height of the 
cube lz for cube with width lx = ly =10 meters 

lx = ly [m] Deformation w [mm] Strain ∆𝜺𝜺 [-] 
Boundary 
condition 

type 
A B C A B C 

2 -17.59 -17.58 -17.58 - - - 

4 -22.16 -22.04 -22.03 -2.288 -2.226 -2.221 

6 -24.10 -23.58 -23.40 -0.970 -0.771 -0.689 

8 -25.42 -24.54 -23.86 -0.658 -0.482 -0.231 

10 -26.55 -25.41 -24.02 -0.565 -0.436 -0.077 

12 -27.61 -26.27 -24.07 -0.533 -0.430 -0.025 

14 -28.66 -27.13 -24.08 -0.521 -0.429 -0.008 

16 -29.69 -27.99 -24.09 -0.517 -0.429 -0.003 

18 -30.72 -28.85 -24.09 -0.515 -0.429 -0.001 

20 -31.75 -29.70 -24.09 -0.515 -0.429 0.000 

22 -32.78 -30.56 -24.09 -0.515 -0.429 0.000 

 
Table 4 combines both previous concepts and 

includes results for variable width and height. From 
the results, we can observe a combination of both 
described phenomena but they are not so visible 
because they disturb and influence each other. For 
these reasons, the difference in results across 
boundary conditions in cube 2 × 2 × 2 is bigger than 
in Table 2 but smaller than in Table 3. The results 
from variant A width 2 × 2 meters can be described 
as uniaxial deflection behavior.  

Table 5 summarizes the half-sphere model and 
hand calculations. The half-sphere results increase 
significantly until reaching a radius of 12 meters, 
then it's more uniform. The hand calculation 
increases linearly as expected. 

The linear cube models (Table 6, Table 7, and 
Table 8) perform the same phenomenon when 
talking influence of boundary conditions and models 
as discussed before at the layered cube models. The 
phenomenon might be clearer to observe here. For 
all calculations, the results of the layered half-space 
are lower compared to the linear elastic half-space 
solution. 

Table 7 - Cube model, homogeneous, variant 
2: Surface deformation w for different width of 
the cube lx = ly with height 10 meters 

lx = ly [m] Deformation w [mm] Strain ∆𝜺𝜺 [-] 
Boundary 
condition 

type 
A B C A B C 

2 -128.12 -107.23 -12.57 - - - 

4 -45.31 -39.28 -19.59 41.405 33.976 -3.506 

6 -32.03 -29.13 -22.09 6.641 5.075 -1.249 

8 -28.08 -26.35 -23.32 1.975 1.389 -0.616 

10 -26.55 -25.41 -24.02 0.767 0.469 -0.349 

12 -25.86 -25.08 -24.43 0.346 0.165 -0.208 

14 -25.51 -24.98 -24.68 0.172 0.050 -0.125 

16 -25.33 -24.97 -24.83 0.092 0.007 -0.075 

18 -25.22 -24.98 -24.92 0.053 -0.007 -0.045 

20 -25.16 -25.00 -24.98 0.031 -0.010 -0.027 

22 -25.12 -25.02 -25.01 0.019 -0.009 -0.016 

 
Table 8 - Cube model, homogeneous, variant 3: 
Surface deformation w for cube model with lx = ly 
= lz. 
Parameter h 

[m] 
Deformation w [mm] Strain ∆𝜺𝜺 [-] 

Boundary 
condition 

type 
A B C A B C 

2 -25.06 -21.45 -12.42 - - - 

4 -25.90 -23.19 -19.43 -0.420 -0.873 -3.504 

6 -26.23 -24.36 -21.97 -0.164 -0.584 -1.270 

8 -26.42 -25.01 -23.25 -0.098 -0.324 -0.639 

10 -26.55 -25.41 -24.02 -0.063 -0.202 -0.384 

12 -26.63 -25.69 -24.53 -0.044 -0.137 -0.256 

14 -26.70 -25.88 -24.90 -0.032 -0.099 -0.183 

16 -26.75 -26.03 -25.17 -0.024 -0.075 -0.137 

18 -26.78 -26.15 -25.38 -0.019 -0.058 -0.107 

20 -26.81 -26.24 -25.55 -0.015 -0.047 -0.085 

22 -26.84 -26.32 -25.69 -0.012 -0.038 -0.070 
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Fig. 13 - Surface deformation w for layered cube 
model variant 1 (homogeneous and layered) with 
different height of the cube lz for the cube with 
width lx = ly =10 meters from Table II in all three 
boundary conditions, cube model variant 1 linear 
variation in all three boundary conditions 
(Figure 12), linear half-sphere from Table 5 and 
experimentally measured deformation. Author: Z.N. 
 

 
Fig. 14 - Surface deformation w for layered cube 
model variant 2 with different width of the cube lx = 
ly for linear cube model with height lz =10 meters 
from Table 3 in all three boundary conditions, 
homogeneous cube model variant 2 (Figure 12) in 
all three boundary conditions (Figure 5) and 
experimentally measured deformation. Author: Z.N. 
 

 
Fig. 15 - Surface deformation w for layered cube 
model variant 3 with different height of the cube lz 
which is same as width lx = ly from Table IV in all 
three boundary conditions, cube model variant 3 
homogeneous (Figure 12) in all three boundary 
conditions (Figure 5), linear half-sphere from Table 

5 and experimentally measured deformation. 
Author: Z.N. 
 
6 Discussion 

This article was executed as an extension and a 
subsequent research to the research from 
Luabudkova and Cajka [13] which was limited by 
the calculation time and a model size, because the 
whole research was performed on the table 
computer. This research brings in larger model size 
options as well as another model options (half-
sphere model). This larger research introduces 
important data showing the direction of the 
deformation graph. The dependence of the 
deformation to the size model is finally clearly 
described, which was unknown in previous research 
precisely due to the limitation of the model size. 

When examining the graphs (Figure 13, Figure 
14, and Figure 15), the numerical model results vary 
from the experimental result. We get the closest 
results from the cube models with a height set to 
10m and variable width (Figure 13). The problem 
with this solution is that it will give us different 
results if we set the height to 20 m instead. But the 
height of 5 × slab size works well in this case.  

If we compare this new revelation to the other 
two graphs (Figure 13, Figure 14, and Figure 15), 
we will find some other models that represent 
experimental value pretty close at the model size of 
10 m. Figure 12 shows a half-sphere model and 
layered cube with C boundary conditions. Both 
models intersect the experimental value roughly at 9 
meters which is 4.5 × b (slab width). Figure 14 
shows the closest results to experimental values 
same numerical models followed by the layered 
cube model with B boundary conditions. Other 
models result in larger deformation. 

The standard ČSN 731001 defines the affected 
depth and affected width of the subsoil as 2 × b for 
the depth and 6 × b for width. This recommended 
depth (4 m) is significantly smaller than our resulted 
depth from the parametric study (9 m). This 
recommended depth can be used only for special 
cases. Linear cube models with boundary conditions 
type A and B and layered cube model with 
boundary conditions type A would work the best 
using recommended depth 4 m.  

As mentioned before, similar parametric study 
was made before [2], but the results were not clear 
due to the size area of the model. The study was 
limited by the calculation time requirements. Due to 
this limitation study stops at dimensions of cube 8 
m. Also, the amount of produced models was 
limited concerning the effort and time required. It 
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can be said that this process was inefficient and the 
exploring area was not large enough to answer all 
questions. The biggest issue was the insufficient 
amount of models. After comparison, the 
deformation values with increasing dimensions 
cannot be predicted.  

This study eliminates the lack of variability of 
previous work [2] on dimensions of the model and 
understanding of the influence of selected boundary 
conditions on them. Although selected models are 
not sophisticated enough and do not take real 
behavior into account well, the maximum 
simplification of the task contributes to the 
clarification and separation of individual influences. 
Now the influence of the model dimensions and the 
boundary conditions is clarified, and in future 
works, the detected influences can be taken into 
account when evaluating the results. 

 
7 Conclusion 

This parametric study was computed by Anselm 
supercomputer using 4 nodes by 16 cores. The 
largest task has 10.12 million degrees of freedom 
and the calculation lasts 14 minutes. This task is 
unsolvable on a standard workstation due to the 
number of unknowns which results from the 
intention to keep the finite element size the same for 
all models.  

The half-sphere model with a radius of 10m and 
layered cube model with bottom and sides pinned 
shows results overall closest to the experimental 
value. The optimal model depth was evaluated as 9 
meters for these cases, which means 4.5 × b of the 
slab.  

Recommendation from the standard ČSN 731001 
defines affected depth as 2 × b of the slab which 
doesn’t correspond with the depth evaluated from 
the parametric study; therefore it can be used only in 
special cases. 

The following phenomena were detected in 
comparison to the linear elastic half-space:  

The slopes of the curves are different in the 
homogeneous and layered model; 

The behavior of the cube model is not the same 
for the homogeneous and layered model. In the 
homogeneous cube model, the slope of the curve 
stabilizes and the deformation increases linearly 
with increasing size. In the layered cube model, the 
deformation grows non-linearly; 

The deformation increases with the depth of the 
modeled area in every case, but the increment in the 
case of layered half-space is stiffer; the half-sphere 
model stiffness is comparable with the layered cube 
model pinned on the bottom and sides. 

The most significant changes between the 
homogeneous and layered model are in the 
boundary conditions type B – pinned at the bottom 
with supported sizes where the vertical displacement 
is allowed. 

Based on this observation we can clearly state 
that computed deformation depends on the 
following influences: 

− Boundary conditions; 
− Selected material model; 
− The dimension of modeled subsoil; 
− Width to height ratio of modeled 

subsoil. 
For future research, it is important to apply all 

the partial results on a case on a larger scale. 
Numerical results are hard to compare to reality 
because the real structures are not closely measured. 
Therefore, we plan to build in the measuring 
systems during the building a real construction and 
measure the tension with under-soil and compare 
these results with a numerical model. The numerical 
model of such a size will need to be computed on a 
supercomputer since the table computer is 
insufficient. Research introduced in this paper will 
help us to keep the supercomputing fast and 
optimal. This planned method will allow us to prove 
and debug the numerical method and use it for the 
construction of buildings in the civil engineering 
practice. 
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