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ABSTRACT: Problem Statement. In the construction of multi-storey and high-rise buildings subjected to substantial foundation loads 
- particularly when weak, water-saturated soils are present near the surface - pile-raft foundations are widely implemented to comply 
with deformation limits set by building regulations (DBN V.2.1-10:2018, 2018). However, the use of raft foundations in such conditions 
must be validated through engineering analyses supported by a scientifically substantiated soil base model and its corresponding 
parameters. This paper proposes an improved soil base model conceptualized as a continuous "stepped" layer with limited load 
distribution capacity. The justification of this model is based on a comparison of numerical simulation outcomes with real settlement 
data obtained from two adjacent multi-storey buildings constructed on raft foundations. Findings. The numerical modeling was carried 
out for the raft foundations of a two-section building characterized by varying floor heights across sections. The simulation addressed 
the interaction within the soil–foundation–structure system, incorporating the proposed “stepped” soil layer model with distinct 
deformation behaviors across layers. The results support the model’s validity for analyzing the deformation behavior of buildings with 
sectionally different storey numbers situated on extensive raft foundations above shallow soft sandy soils. The inclusion of 
compressible layer thickness variations and the application of the "Hardening Soil" constitutive law in the improved model enhance 
the precision of simulating horizontal displacements (tilts) between structural sections.  
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1 INTRODUCTION 

Since the mid-20th century, engineering practice has 
extensively employed a simplified analytical model of the soil 
base, represented as a linear continuous layer, to perform 
foundation calculations. This approach, enshrined in national 
design standards-including those currently in force (Samorodov 
and Tabachnikov, 2023) requires only the definition of the 
compressible layer thickness H and two key mechanical 
parameters: the deformation modulus E and Poisson’s ratio ν. 
However, this classical formulation lacks spatial confinement 
in the horizontal plane, which limits its applicability in more 
refined three-dimensional simulations. 

The increasing availability of high-performance numerical 
tools (such as SOFiSTiK, ABAQUS, Plaxis, SCAD, and Lira) 
has enabled more advanced modeling of the soil–foundation–
structure interaction. In these platforms, the soil base is 
frequently represented as a continuous layer with finite load-
distribution capability (Figure 1), which incorporates not only 
vertical constraints at a prescribed depth H but also horizontal 
limitations defined over a finite area B × L (Empfehlungen des 
Arbeitskreises, 2014; Wani and Showkat, 2018; Briaud, 2013; 
Nosenko, 2012; Nosenko and Krivenko, 2020; Skochko and 
Shabaltun, 2020; Ter-Martirosyan and Ter-Martirosyan, 2009; 
Braja, 2017; Samorodov and Tabachnikov, 2024). 

 
Figure 1. Soil base model as a continuous layer with finite distribution 
capability (three-dimensional case). 

These boundary conditions stem from the physical observation 
that external loads induce a spatially bounded stress–strain zone 
within the soil. Beyond this zone, deformations become 

negligible due to the insignificant magnitude of additional 
stresses at the soil mass periphery (Braja, 2017; Kushner, 2008; 
Vynnykov 2005). Furthermore, the model allows for assigning 
custom-defined strain laws, including time-dependent 
behavior, enabling better alignment with observed soil response 
characteristics. Under plane strain conditions, this concept 
simplifies to a two-dimensional formulation the well-
established model of a finite-width continuous layer 
(Luchkovsky, 2020).  

2 RESEARCH MATERIALS AND METHODS 

This study introduces an enhanced soil base model described as 
a continuous stepped layer of finite distribution capability 
(CSLFDC), which enables a more accurate representation of the 
interaction between large-area foundations of adjacent 
buildings with differing numbers of storeys (Samorodov and 
Tabachnikov, 2023; Samorodov, 2024). The CSLFDC model 
incorporates the physical and mechanical characteristics of the 
soil, the geometric configuration of its layers in relation to their 
deformation and load distribution potential and accommodates 
diverse boundary conditions required for numerical analysis of 
the soil–foundation–structure system. A key distinguishing 
feature of this model lies in its lower boundary, which follows 
a stepped geometry, reflecting variations in the thickness of 
compressible soil layers beneath each foundation of the 
buildings. 

Figure 2 presents an illustrative example of constructing 
the stepped lower boundary of the improved soil base model 
(1), which incorporates the physical and mechanical properties 
of subsoil layers as well as their load distribution capability, 
characterized by the distribution angle α (Empfehlungen des 
Arbeitskreises, 2014). The model reflects the varying 
thicknesses of compressible layers (active deformation zones) 
Hp,i located beneath each foundation of width bi, which transfers 
the corresponding load pi to the base. 
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Figure 2. Example of constructing the lower boundary of the 
improved soil base model in the form of CSLFDC. 

The subject of this study is the deformation behavior of the soil 
base beneath the raft foundations of adjacent sixteen-storey 
residential buildings, which include underground and 
mechanical floors. The construction site is situated in Kharkiv, 
Ukraine, Osnovianskyi district, at 2B Lisavetinska Street. The 
general layout of the buildings, including the analyzed structure 
(Building 7, Sections 1 and 2), is presented in Figure 3. 

 
Figure 3. Location of Building 7 (Sections 1 and 2) under study during 
construction. 

The two sections of the building exhibit a symmetrical layout, 
with each section representing a mirror image of the adjacent 
one in plan. The structural concept follows a frameless system. 
Reinforced concrete hollow-core slabs are employed as the 
main load-bearing elements for the structural floors. The overall 
spatial stiffness of the building is provided by the interaction 
between the horizontal and vertical load-bearing components. 

The primary load-bearing elements of the buildings are: 
 Brick walls constructed from silica brick with thicknesses 

of 150, 250, 380, and 510 mm. 
 Prefabricated floor structures consisting of 220 mm thick 

reinforced concrete hollow-core slabs.\ 
 Prefabricated basement walls composed of 500 mm thick 

concrete blocks. 
The geological profile at the project site, extending to a 

depth of 20.0 m, consists predominantly of Neogene–
Quaternary sediments, including alluvial and deluvial loams 
and sands, overlain by a shallow layer of fill material. At greater 
depths, greenish-grey and bluish-grey clays and greenish 
sandstones of the Upper Paleogene are encountered, underlain 
by clays of the Kyiv Subformation and Middle Paleogene 
sandstones. 

The hydrogeological conditions are defined by a low-
pressure Quaternary alluvial aquifer. During the site 
investigation in June 2020, the groundwater table was observed 
at depths ranging from 1.8 to 3.3 m, corresponding to absolute 

elevations of 101.51 to 102.92 m. The site is classified as flood-
prone. During periods of high precipitation and spring flooding, 
groundwater levels may rise significantly, approaching the 
surface. 

The layout of the boreholes is shown in Figure 4. 

 
Figure 4. Borehole layout. 

An engineering-geological cross-section illustrating the 
approximate position of the foundation slabs is presented in 
Figure 5. 

 
Figure 5. Engineering and geological section 1-5. 

The soil description and their properties are summarized in 
Table 1.  

Table 1. Soil types and descriptions. 

Symbol EGE-1 EGE-2 EGE-3 EGE-5a EGE-8 

γ - 18.88 19.40 20.23 16.74 

γsat - 19.45 19.60 19.22 16.88 

γs - 26.09 26.68 20.15 26.74 

γsb - 9.97 9.99 10.65 7.47 

W - 0.19 0.22 0.19 0.38 

e - 0.63 0.68 0.54 1.06 

c - 2 23 4 37 

φ - 33 18 36 17 

E - 28(9*) 15 38 13 

IL - - 0.60 - 0.24 

IP - - 0.11 - 0.28 

* - the value was obtained according to the plate bearing tests 

The parameters considered in the analysis include: 
 Specific weight of soil (γ, kN/m³). 
 Specific weight of water-saturated soil (γsat, kN/m³). 
 Specific weight of soil fragments (γs, kN/m³). 
 Specific weight of soil suspended in water (γsb, kN/m³). 
 Natural moisture content (W, unit). 
 Porosity coefficient (e, unit). 
 Specific soil adhesion (c, kPa). 
 Angle of internal friction (φ, degrees). 
 Modulus of deformation in the natural / water-saturated 

state (E, MPa). 
 Liquid limit (IL, unit). 
 Plasticity (IP, unit). 
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The foundations of the residential buildings are designed 
as reinforced concrete slabs with a thickness of 1000 mm, with 
their bottom elevation set at an absolute level of 102.80 m. The 
subgrade beneath the foundations consists of EGE-2 fine-
grained sands, exhibiting varying degrees of water saturation 
and medium density.  

The maximum average pressure beneath the foundation 
slab, resulting solely from the dead load of the erected 
structures and without the application of load amplification 
factors, does not exceed the calculated bearing resistance of the 
subsoil: p = 230.02 kPa < R = 388.0 kPa. 

 
3 SIMULATION OF THE BASE–FOUNDATIONS–

BUILDINGS SYSTEM AND CALCULATION 
RESULTS 

To evaluate the influence of the improved soil base model, a 
finite element model of the base-foundation-structure system 
was developed using the PLAXIS 3D software suite. The model 
comprises the soil base and a two-section, 17-storey building 
supported by raft foundations. 

The structural elements of the building including the 
foundation raft, foundation block walls, brick walls, and floor 
slabs - were modeled using plate finite elements with an elastic 
material model. All materials were assumed to be nonporous. 
The geometric and mechanical characteristics of these 
structural components, including thickness (d), specific weight 
(γ), modulus of elasticity (E), and Poisson’s ratio (ν), are 
presented in Table 2. The soil base was modeled as a 
continuous stepped layer of finite distribution capability 
(CSLFDC) using solid finite elements. The assigned physical 
and mechanical properties correspond to the actual engineering 
and geological conditions of the construction site, as detailed in 
Figure 5 and Table 1. The thickness of the modeled soil layer 
was constrained by the depth of the compressible zone 
corresponding to each stage of loading imposed by the erected 
building volume. 

Table 2. Parameters of building structures. 
Structural 
Element 

d (m) γ (kN/m³) E (kN/m²) ν (units) 

Foundation 
raft 

1.0 25.0 30.0ꞏ106 0.2 

Foundation 
block wall 

0.5 25.0 30.0ꞏ106 0.25 

Brick wall 0.15 / 0.25 / 
0.38 / 0.51 

19.0 3.2ꞏ106 0.25 

Floor slab 0,14 25.0 30.0ꞏ106 0.2 

Three principal constitutive models were employed to simulate 
soil behavior (PLAXIS CONNECT Edition V20, 2020): the 
Linear Elastic (LE) model, the Mohr-Coulomb (MC) model, 
and the Hardening Soil (HS) model, an elastoplastic 
formulation incorporating stress-dependent soil stiffness. 

The principal input parameters of the soil base used for 
each of the three selected constitutive models are summarized 
in Table 3. 

Linear Elastic (LE) model. The linear elastic model is 
governed by Hooke’s law for isotropic materials. It requires 
only two primary input parameters: Young’s modulus (E, 
kN/m²) and Poisson’s ratio (ν, unit). The specific weight of soil 
(γ, kN/m³) was also included to establish the initial stress state 
in the soil base, taking into account the hydrogeological 
conditions of the site. 

Mohr-Coulomb (MC) model. This elastic–perfectly plastic 
model is defined by five input parameters: the deformation 
characteristics (E, kN/m² and ν, unit), the shear strength 

parameters (internal friction angle φ, ° and cohesion c, kN/m²), 
and the dilatancy angle (ψ, °). 

Table 3. Main parameters adopted for the soil base in different 
constitutive models. 

EGE  
Number 

Linear 
Elastic 
(LE) 

Mohr-Coulomb 
(MC) 

Hardening Soil (HS) 

EGE-2 E´=9000 
kN/m2 
ν´=0.3 

E´=9000 kN/m2 
ν´=0.3 
с´ref=2 kN/m2 
φ´=33°; ψ=3° 
einit=0.63 

E50
ref=9000 kN/m2 

Eoed
ref=9000 kN/m2 

Eur
ref=27000 kN/m2 

с´ref =2 kN/m2 
φ´=33°; ψ=3°; 
einit=0.63 

EGE-3 E´=1500
0 kN/m2 
ν´=0.35 

E´=15000 
kN/m2 
ν´=0.35 
с´ref =23 kN/m2 
φ´=18°; ψ=0° 
einit=0.68 

E50
ref =15000 kN/m2 

Eoed
ref=15000 kN/m2 

Eur
ref=45000 kN/m2 

с´ref =23 kN/m2 
φ´=18°; ψ=0°; 
einit=0.68 

EGE-5а E´=3800
0 kN/m2 
ν´=0.3 

E´=38000 
kN/m2 
ν´=0.3 
с´ref =4 kN/m2 
φ´=36°; ψ=6° 
einit=0.54 

E50
ref=38000 kN/m2 

Eoed
ref=38000 kN/m2 

Eur
ref=114000 kN/m2 

с´ref =4 kN/m2 
φ´=36°; ψ=6°; 
einit=0.54 

EGE-8 E´=1300
0 kN/m2 
ν´=0.4 

E´=13000 
kN/m2 
ν´=0.4 
с´ref =37 kN/m2 
φ´=17°; ψ=0° 
einit=1.06 

E50
ref=13000 kN/m2 

Eoed
ref=13000 kN/m2 

Eur
ref=39000 kN/m2 

с´ref =37 kN/m2 
φ´=17°; ψ=0°; 
einit=1.06 

Hardening Soil (HS) model. Similar to the Mohr-Coulomb 
model, the HS model defines the ultimate stress state using φ 
(°), c (kN/m²), and ψ (°). However, soil stiffness is described 
through three separate moduli: E₅₀ (secant stiffness in a triaxial 
test, kN/m²), E₍ᵤᵣ₎ (unloading/reloading stiffness, kN/m²), and 
Eₒₑd (oedometric stiffness, kN/m²). Default relationships are 
typically applied: E₍ᵤᵣ₎ ≈ 3E₅₀ and Eₒₑd ≈ E₅₀. Unlike the Mohr-
Coulomb model, the HS model accounts for stress-dependent 
stiffness, where all stiffness moduli increase with confining 
pressure. These values are defined relative to a reference stress, 
conventionally taken as 100 kPa. 

The applied loading includes the self-weight of all load-
bearing and enclosing structural components. According to the 
calculations (DBN V.2.1-10:2018; Samorodov, 2017), and 
without applying the recommended minimum thickness values, 
the depth of the compressible soil layer Hc was determined 
based on the average pressure pav beneath the foundation slab 
at various stages of structural erection. At pav = 24.95 kPa, 
corresponding to the dead load during basement construction, 
Hc is taken as 2.0 m. As the number of constructed floors 
increases, the corresponding values are as follows: Hc = 9.5 m 
at pav = 65.21 kPa (three floors erected, n = 3); Hc = 10.5 m at 
pav = 98.55 kPa (n = 6); Hc = 11.0 m at pav = 120.40 kPa (n = 8); 
Hc = 13.5 m at pav = 153.21 kPa (n = 11); Hc = 16.0 m at 
pav = 191.60 kPa (n = 14); and Hc = 18.0 m at pav = 230.02 kPa 
(n = 17).  

In the first stage, numerical analysis was conducted to 
evaluate the stress–strain behavior of the base–foundations–
buildings system using a CSLFDC-type soil base model with a 
uniform maximum compressible layer thickness, as illustrated 
in Figure 1. The model boundaries were defined both vertically 
and horizontally by a distance equal to the maximum depth of 
the compressible zone, Hc = 18.0 m, corresponding to the fully 
loaded condition. The distribution of compressive stresses in 
depth was assumed to occur at an angle α = 45° from the 
vertical, measured from the edges of the loaded foundations 
(Empfehlungen des Arbeitskreises, 2018). At subsequent 
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construction stages, the thickness of the compressible layer was 
adjusted to reflect the actual stress increment from the 
progressive erection of the building volume. 

To account for the variation in compressible layer 
thickness (active deformation zone) beneath the foundations 
during progressive loading on the soil base, a simplified 
modeling approach was adopted. In this method, an underlying 
layer composed of an almost rigid, non-deformable material 
with a high modulus of elasticity (E = 100.0 × 10⁹ kN/m²) was 
introduced below the calculated lower boundary of the most 
heavily loaded section, corresponding to the number of erected 
floors (Figure 6). 

 
Figure 6. Calculation scheme of the model at the first stage of analysis 
with a uniform compressible layer based on observation dates and the 
number of erected floors. 

Using the defined model parameters and initial data, the 
interaction between the structure and the improved soil base 
model was simulated. The analysis was performed using the 
finite element method, providing absolute values of the stress–
strain state for the system. Time-dependent behavior was not 
considered in this simulation. 

At the second stage, numerical calculations were carried 
out for the base–foundations–buildings system incorporating a 
stepped compressible layer within the CSLFDC soil model. 
This approach accounted for variation in compressible layer 
depth beneath each foundation, depending on the applied load, 
and incorporated the assumed stress distribution angle α, as 
shown in Figure 2 and Figure 3. 

The vertical boundaries (in depth) were defined 
individually for each foundation section, corresponding to the 
calculated thickness Hi of the compressible layer under varying 
load conditions. To represent the active deformation zones, the 
depth spread of compressive stresses was assumed to propagate 
at an angle of approximately α = 25° from the vertical, 
measured from the inner edge of the most heavily loaded 
foundation (Samorodov et al., 2024). The horizontal (in-plane) 
boundaries, as in the first stage of the study, were set at a 
distance equal to the maximum compressible layer thickness of 
H = 18.0 m, corresponding to the full loading scenario. 

During construction of the stepped lower boundary of the 
soil base model, which reflects the variation in compressible 
layer thicknesses, a nearly rigid, non-deformable material with 
a high modulus of elasticity (E = 100.0 × 10⁹ kN/m²) was 
applied beneath the active zones (Figure 7). 

To analyze the simulation results and compare them with 
field observations, control points in the finite element model 
were placed at the same locations as the benchmarks on the 
actual two-section building. Additional benchmarks were also 
distributed along the height of each section. Based on the 
numerical outcomes, the deformation behavior of each section 
was evaluated with respect to the load distribution, the adopted 
soil base model, and the selected constitutive model for soil 
behavior. The computed settlement values were subsequently 

used in comparison with the measured settlement data recorded 
during the building’s construction. 

 
Figure 7. Calculation scheme of the model at the second stage of 
analysis with a stepped compressible layer based on observation dates 
and the number of erected floors. 

Figure 8 presents a comparison of the calculated settlement 
values obtained for one of the simulation scenarios. The 
maximum and minimum settlement values are shown for both 
sections of the building, using the CSLFDC soil base model 
with either uniform or stepped compressible layer thicknesses 
under the foundations, corresponding to different construction 
stages with varying numbers of storeys. 

 
Figure 8. Comparison of calculation results for uniform and stepped 
compressible layer thicknesses as of 19.06.2021. 

4 OBSERVATION RESULTS  

Building settlements were monitored throughout the 
construction process using high-precision second-order 
leveling techniques. Settlement reference points M.1 through 
M.8 were established at the basement floor level of both 
sections of the structure (Figure 9). 
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Figure 9. Settlement mark location diagram. 

There were nine observation stages during the construction 
process. Leveling measurements were conducted using an H-05 
level and an RN-05 invar leveling rod. The procedure involved 
combined forward and reverse runs. At each setup, height 
differences between the primary and auxiliary scales (aз and aп) 
were recorded, and their difference h = aз – aп was determined, 
not exceeding 0.7 mm. For each leveling segment between 
adjacent benchmarks, the total height differences were 
calculated for both the forward ([h]п) and reverse ([h]з) runs. 
The resulting discrepancies fₓ remained within ±2.1 mm (where 
L is the segment length in kilometers) for sections with fewer 
than 15 setups. 

Figure 10 presents graphs comparing the actual and 
calculated settlements of both sections of the building under 
monitored construction loads. Only the dead load from the 
erected structural elements was considered in the analysis, 
without the application of any load amplification factors. 

 
Figure 10. Average settlements of Sections 1 and 2 versus average 
pressure beneath the foundation slabs. 

For improved clarity, Figure 11 and Figure 12 show a detailed 
comparison between measured and simulated settlement values 
based on the CSLFDC soil base model with a stepped 
compressible layer beneath the foundation slabs. The data 
correspond to the stage when both Sections 1 and 2 had reached 
17 floors, with an average pressure beneath the foundations of 
pav = 230.02 kN/m². 

 
Figure 11. Average settlements of Section 1 compared to calculated 
values using the soil base model with a stepped compressible layer. 

 

 
Figure 12. Average settlements of Section 2 compared to calculated 
values using the soil base model with a stepped compressible layer. 

Figure 13 presents graphs of the actual and simulated horizontal 
displacements (tilts) of both building sections in the 
longitudinal direction, under monitored construction loads. As 
in previous analyses, only the dead load from the erected 
structural elements was considered, without applying any 
amplification factors. 

 
Figure 13. Horizontal movements (tilts) of Sections 1 and 2 along the 
longitudinal axis throughout the height compared to calculated values 
using the soil base model with a stepped compressible layer. 

As shown in Figure 11 and Figure 12, the calculated settlement 
values that most closely matched the observed in-situ data were 
obtained using the Hardening Soil (HS) model. Nevertheless, 
the measured settlements exceeded the calculated ones by 
approximately 28% for Section 1 and 43% for Section 2. In 
comparison, deviations for the Linear Elastic (LE) and Mohr-
Coulomb (MC) models were significantly higher - 65% and 
50% for Section 1, and 66% and 52% for Section 2, 
respectively, in the downward direction. 

The analysis of horizontal displacements (tilts) shown in 
Figure 13 indicates that, for Section 1, the most accurate match 
in absolute values was achieved using the Linear Elastic (LE) 
and Mohr-Coulomb (MC) models, with deviations of +2% (LE) 
and -15% (MC) relative to the measured values. However, the 
pattern of tilt development across the building height did not 
correspond to the observed behavior. In contrast, the Hardening 
Soil (HS) model most accurately reproduced the propagation 
trend of tilts at all stages of construction, despite an overall 
deviation of -64% from the measured magnitudes. 

For Section 2, the differences between calculated and 
observed tilt values were +36% (LE), +55% (MC), and +7% 
(HS). It is important to note that the HS model parameters were 
applied in their default configuration within the Plaxis software, 
without additional calibration based on laboratory soil testing. 
Nevertheless, this approach provided the best agreement with 
the observed tilt propagation patterns for both sections, when 
using the soil base model in the form of a continuous layer of 
finite distribution capability with variable compressible 
thicknesses. 
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The convergence of tilts between the two building sections 
is consistent with classical theoretical solutions in continuum 
mechanics, specifically the principle of stress (strain) 
superposition under mutual structural interaction. However, as 
illustrated in Figure 13, the most pronounced interaction occurs 
at the final stage of construction, particularly when the vertical 
gap between the two sections does not exceed several floors (in 
this case, four). It is evident that the section constructed later - 
Section 2 - exerts a dominant influence on the overall 
deformation behavior of the system. 

Figure 14 presents a general view of the completed 
building, including the expansion joint located at the interface 
between the two sections at the final stage of construction. The 
visual condition of the expansion joint indicates the absence of 
localized damage to the masonry on the upper floors, 
suggesting that no significant structural effects from “mutual 
loading” between the sections have occurred. 

 
Figure 14. General view of the building and expansion joint at the final 
stage of construction. 

5 CONCLUSIONS  

The stress-strain behavior of the base – foundations - buildings 
system on large-area raft foundations was analyzed using 
PLAXIS soil models, confirming the applicability of the 
improved soil base model for adjacent buildings of differing 
storey heights. 

The results of the research support the following 
conclusions and recommendations: 
1. The effectiveness of the soil base model in the form of a 

continuous layer of finite distribution capability with 
variable compressible thicknesses, when used in 
combination with the elastoplastic Hardening Soil model, 
has been confirmed for predicting realistic deformations 
in sectional buildings on large raft foundations 
constructed over weak, water-saturated surface soils. 

2. Comparative analysis of simulated and measured 
settlement and horizontal displacement (tilt) values for 
both sections demonstrates the suitability of the 
Hardening Soil model with stress-dependent stiffness for 
accurately reproducing observed behavior. 

3. The analysis of measured tilt behavior in adjacent 
foundations of different-storey buildings shows that 
conventional continuous medium models with uniform 
compressible thickness do not adequately capture mutual 
structural interaction. This limitation is addressed through 
the use of the improved soil base model, which accounts 
for differentiated compressible layer thicknesses beneath 
each section in accordance with the applied loading.  
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