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ABSTRACT

This paper investigates the influence of soil idealization on stress distribution and settlement beneath isolated foot-
ings of building structures. Two basic soil models commonly used in geotechnical engineering practice are analyzed:
the elastic half-space model and the finite-thickness soil layer model resting on a rigid base. Stress and settlement
analyses were performed for square isolated footings of different dimensions subjected to a constant uniformly dis-
tributed surface load, while varying the mechanical properties of the soil. Particular attention is devoted to comparing
the soil deformation response at characteristic points along the footing-soil interface. The obtained results indicate
a significant influence of the selected soil model, soil deformability (soil stiffness, E), and footing geometry on settle-
ment values, confirming the necessity of a careful choice of the calculation model in geotechnical design.
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1. INTRODUCTION

Soil modeling beneath building structures represents one of the key aspects of geotechnical and structural design,
as it directly affects stress distribution at the footing—soil interface as well as the magnitude and character of soil
settlements. The stresses transferred from the structure to the soil depend on the stiffness of the footing, the me-
chanical properties of the soil, and the geometry of the contact surface; inaccurate assessment may lead to exceeding
allowable soil stresses [1]. The consequences of such conditions include uneven settlements, cracking of structural
elements, and a reduction in structural bearing capacity. Therefore, a realistic numerical or analytical model of soil-
foundation interaction is essential for a reliable assessment of structural behavior during service life [2]. This issue is
particularly significant for isolated footings, which—unlike strip footings and raft foundations—behave as independ-
ent structural systems. Due to the relatively small area through which the load is transferred to the soil, isolated foot-
ings induce higher stress concentrations and more pronounced local settlements [3]. These settlements may be dif-
ferential relative to adjacent foundations, leading to additional internal forces in the superstructure. Consequently,
accurate soil modeling beneath isolated footings is crucial to ensure the safety, serviceability, and durability of the
entire structure [4]. In the early stages of geotechnical engineering development, soil models were based on simpli-
fied assumptions in which the soil beneath structures was treated as a homogeneous and isotropic medium. Such
models assumed exclusively elastic deformations that were linearly related to applied stress. One of the most well-
known examples of this approach is the Winkler soil model, in which the soil is idealized as a system of independent
springs [2]. This model is directly based on Hooke’s law and enables a simplified analysis of soil-foundation interac-
tion. However, practical experience and experimental investigations have shown that soil behavior cannot be fully
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described using purely elastic laws. Under structural loading, both elastic and plastic deformations occur in the soil,
with plastic deformations potentially being permanent and significantly affecting foundation settlement [5]. As a re-
sult, more advanced constitutive soil models have been developed to realistically describe nonlinear behavior and
stress-history dependency [6]. These models allow for more accurate determination of stresses at the footing-soil
interface as well as total and differential settlements. Modern soil modeling approaches based on the finite element
method include various constitutive soil models, such as the linear elastic model [7], the elasto-plastic Mohr-Coulomb
model [8], the Hardening Soil model [9], the Modified Cam-Clay model [10], and advanced hypoplastic models [11].
Their primary advantage lies in the ability to represent layered soil profiles, nonlinear behavior, plastic deformation,
and soil-structure interaction under complex loading conditions. This enables detailed stress distribution analysis
and reliable prediction of total and differential settlements. However, the main disadvantages include strong depend-
ence of results on the selected constitutive model and input parameters, increased data requirements, and higher
computational complexity compared to simpler analytical approaches[12].

In soil-foundation interaction analyses, two basic idealized soil models are most commonly considered [3]. The first
is the elastic half-space model, in which the soil is treated as a continuum extending infinitely in depth [13]. It is re-
ferred to as a half-space because it is bounded at the top by the plane representing the contact surface between the
foundation and the soil. This idealization is particularly suitable for stress and settlement analyses when deep soil
layers are significantly thicker than the foundation dimensions [14]. The second approach considers soil as a finite-
thickness layer, accounting for the presence of a rigid or significantly stiffer layer at a certain depth [15]. In this case,
stress distribution and settlement magnitude depend not only on soil properties but also on the depth and charac-
teristics of the lower boundary. This model is more realistic for sites where bedrock or very dense soil exists beneath
the bearing layer and enables a more accurate assessment of settlements under conditions of limited soil deforma-
bility. The present study analyzes stress and settlement results beneath an isolated footing using both soil modeling
approaches: the elastic half-space model and the finite-thickness soil layer model. The main objective of the paper is
to highlight differences in results obtained using these models and to provide practical recommendations for their
application in engineering practice.

2. METHODS

In the numerical analyses, the soil beneath the foundation is modeled as a continuum using three-dimensional finite
elements with appropriate material properties. Theoretically, the elastic half-space is bounded at the top by the
ground surface and extends infinitely in depth and width. The soil is characterized by its deformation modulus, also
referred to as soil stiffness (E), Poisson’s ratio, and unit weight. Due to the complexity of this modeling approach, it is
necessary to reasonably estimate the dimensions of the analyzed domain, thereby simplifying the numerical model
while maintaining acceptable accuracy.

2.1. Soil Modeled as an Elastic Half-Space of Infinite Thickness

In this study, the soil beneath the isolated footing is modeled as an elastic half-space of infinite thickness, bounded
at the top by the footing—soil contact plane [16]. The soil is assumed to be homogeneous, isotropic, and continuous,
behaving according to the laws of linear elasticity. The load is transferred from the footing to the soil through a finite
contact area, and the distribution of normal stresses and the soil deformation response are analyzed. This approach
allows analytical or semi-analytical determination of the stress state and settlement beneath the isolated footing.
Figure 1 shows a rigid footing resting on a single-layer soil represented as an elastic continuum. Soil properties are
described by Poisson’s ratio p and the soil deformation modulus (soil stiffness) E.
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Figure 1: Soil model as an elastic half-space of infinite thickness beneath an isolated footing
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The problem of determining stresses and displacements induced by a uniformly distributed vertical load over a rec-
tangular area was studied by Newmark, Steinbrenner, and Florin. Vertical stresses along the axis passing through the
center point (O) are expressed using established analytical solutions. Corresponding expressions allow calculation of
vertical displacements, i.e., settlements, as functions of load intensity, footing geometry, soil stiffness (E), and Pois-
son’s ratio:

2p ab abz(a® +b* +22°)

o, =" arCtgz\/m+(az+zz)(b2 +22)\/m

z

where:

p - intensity of the applied uniformly distributed vertical load, z — coordinate along the z-axis, i.e., the depth within
the elastic half-space, and a and b — coordinates in the horizontal plane defining the position of the axis along which
the vertical stresses are evaluated.

By substituting the known geometric parameters and the physical-mechanical properties of the materials involved
in the soil-foundation interaction into the above expression, the calculation of vertical stresses is reduced to the fol-
lowing form:

O, =P la3 @
where:

p - intensity of the applied uniformly distributed vertical load, 1,45 - tabulated coefficient depending on the soil type
(defined by Poisson’s ratio p) and the geometric characteristics of the footing (expressed by the length-to-width ratio
L/B) [3]. The displacement components in the direction of the z-axis can be determined using the following expres-
sion:
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The values of the elastic constants of the medium, m and G, are given by expressions that depend on the soil defor-
mation modulus (soil stiffness) E and Poisson’s ratio p:

1 E
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By substituting the known geometric parameters and the physical-mechanical properties of the materials involved
into the preceding settlement expression, the calculation of deformations (settlements) is reduced to the following
form:

B
W:’DT o (5)

where:

p — intensity of the applied uniformly distributed vertical load, B — width of the considered footing, E - soil defor-
mation modulus (soil stiffness), and |53 — tabulated coefficient depending on the soil type (defined by Poisson’s ratio
M) and the geometric characteristics of the footing (expressed by the length-to-width ratio L/B).

The main advantage of the infinite half-space model lies in its mathematical simplicity and clearly defined assump-
tions, enabling relatively fast and stable estimation of stresses and settlements. The model is particularly suitable for
isolated footings, where loads are transferred through a relatively small area and the influence of deep soil layers is
dominant. However, its main limitation is the neglect of soil layering and the presence of a rigid base at finite depth,
which may lead to deviations from real soil behavior. Additionally, the assumption of purely elastic behavior does not
account for plastic deformations, potentially leading to underestimated settlement values under higher loads.

2.2. Soil Modeled as a Finite-Thickness Layer

Soil-foundation interaction can also be analyzed for cases in which the soil layer beneath the footing—soil interface
has a finite thickness. In this approach, the stress and deformation calculation procedure is similar to that of the half-
space model, but boundary conditions differ. Soil properties are again defined by Poisson’s ratio u and soil stiffness
E. In comparison with the infinite half-space model, stress and deformation distributions additionally depend on the
thickness of the compressible soil layer. This modeling approach is commonly applied when soil layer thicknesses and
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their mechanical properties are known to a certain depth, below which a rigid or incompressible layer exists. Figure
2 illustrates the geometry and boundary conditions of this soil model.

Figure 2: Soil model as a finite-thickness layer beneath an isolated footing

The problem of determining stresses and deformations (settlements, w) induced by a uniformly distributed load act-
ing through a flexible rectangular footing has been investigated by several researchers. For the purpose of determin-
ing stress components and displacements in the soil caused by a uniformly distributed vertical load, the following
assumptions are adopted: the footing is flexible and rectangular in shape; the compressible soil layer is elastic and
isotropic; its thickness is limited by an incompressible base; and the contact between the footing and the soil is as-
sumed to be smooth in one case and fully rough in the other. The vertical stresses, o, , are given by the following

expression:

aw
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The integration constants in the above expression are determined from the boundary conditions. The displacements
w for the case of smooth contact is given by the following expression:

Wm,n:é{[(3_4/u)c4_cz7/:|5h yz—C, yzch ;/z} 7)

The displacements w for the case of rough contact is given by the following expression:

1
Wm,n:Z{[(3_4:u)C4_7/z Clshyz—yzC,ch ;/z} (8)
where:

C,, G5, and C, - integration constants given in [18], and G - value of the elastic constant of the medium. By substituting
the known geometric parameters and the physical-mechanical properties of the materials into the above expression,
the calculation of vertical stresses is reduced to the following form:

O, =P hoo ©)
where:

p — intensity of the applied uniformly distributed vertical load, l,o — tabulated coefficient depending on the soil type
(defined by Poisson'’s ratio p), the geometric characteristics of the footing (expressed by the length-to-width ratio L/B
and the ratio of footing width to the depth of the compressible soil layer H/B), and the position of the z-axis along
which the vertical stresses are evaluated.

As in the previous model, displacement components can also be calculated for the soil modeled as a finite-thickness
layer, for given geometric characteristics and material properties involved in the soil-foundation interaction, using
the following expression:
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where:

p — intensity of the applied uniformly distributed vertical load, B — width of the considered footing, E - soil defor-
mation modulus (soil stiffness), and |,;, — tabulated coefficient depending on the soil type (defined by Poisson’s ratio
M), the geometric characteristics of the footing (expressed by the length-to-width ratio L/B and the ratio of footing
width to the depth of the compressible soil layer H/B), and the position of the z-axis depending on the location of the
point on the footing-soil contact surface at which the deformations (settlements) are evaluated.

The main advantage of this model lies in its more realistic representation of actual geotechnical conditions, especially
when bedrock or very dense soil exists beneath the foundation. This approach generally results in smaller settlement
values compared to the infinite half-space model due to constrained soil deformation. However, its disadvantages
include increased computational complexity and the requirement for reliable data on soil layer thickness and lower
boundary properties.

3. RESULTS AND DISCUSSION

This section presents the results of stress and settlement analyses at the footing-soil interface for the previously de-
scribed soil models. The analyses were conducted for an isolated footing with a thickness of 0.40 m and square plan
dimensions of 2.50 m, 3.25 m, and 4.00 m. A constant uniformly distributed surface load of 200 kPa was applied over
the entire contact area.

Soil parameters were defined assuming a Poisson'’s ratio of v = 0.30, while soil deformability (soil stiffness) E was varied
between 10 and 50 MPa to cover a wide range of realistic geotechnical conditions. For the finite-thickness soil layer
model, a compressible layer thickness of H = 10 m was assumed, underlain by a rigid base.
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Figure 3: Geometric characteristics of the isolated footing for the two analyzed soil models with control points

The obtained results enable an analysis of the influence of soil stiffness and finite bearing layer thickness on stresses
at the footing—soil contact interface and on settlements beneath the isolated footing. The settlement calculation re-
sults for the isolated footing obtained using the elastic half-space model and the finite-thickness soil layer model are
presented in the following tables.

Table 1: Settlement results for soil modeled as an elastic half-space
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L/B=2.50/2.50m L/B=3.25/3.25m L/B=4.0/4.0m

E [MPa] Wo W, Wo W, Wo W,
[cm] [cm] [cm] [cm] [cm] [cm]
10 4.858 3.237 6.316 4.209 7.773 5.180
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L/B=2.50/2.50m L/B=3.25/3.25m L/B=4.0/4.0m

E [MPa] Wo W, Wo W, Wo W,
[cm] [cm] [cm] [cm] [cm] [cm]
15 3.239 2.158 4.211 2.806 5.182 3.453
20 2.429 1.619 3.158 2.105 3.860 2.590
25 1.944 1.295 2.527 1.684 3.109 2.072
30 1.620 1.079 2.106 1.403 2.591 1.727
35 1.388 0.925 1.805 1.203 2.221 1.480
40 1.215 0.810 1.579 1.053 1.943 1.295
45 1.080 0.720 1.404 0.936 1.727 1.151
50 0.972 0.648 1.264 0.842 1.555 1.036

Table 2: Settlement results for soil modeled as a finite-thickness layer (H= 10 m)

L/B=2.50/2.50m L/B=3.25/3.25m L/B=4.0/4.0m

E [MPa] Wo We Wo We Wo We
[cm] [cm] [cm] [cm] [cm] [cm]
10 4.498 2.040 5.694 2.502 6.744 2.820
15 2.998 1.360 3.796 1.668 4.496 1.880
20 2.249 1.020 2.847 1.251 3.372 1.410
25 1.799 0.816 2.278 1.001 2.698 1.128
30 1.499 0.680 1.898 0.834 2.248 0.940
35 1.285 0.583 1.627 0.715 1.927 0.806
40 1.124 0.510 1.423 0.626 1.686 0.705
45 0.999 0.453 1.265 0.556 1.499 0.627
50 0.900 0.408 1.139 0.500 1.349 0.564

In the following section, a comparative presentation of the deformation, i.e., soil settlement calculation results ob-
tained using the two analyzed soil models is provided. The subsequent figures illustrate a comparison of soil behavior
modeled as an elastic half-space of infinite thickness and as a finite-thickness soil layer. This comparative analysis
enables evaluation of the influence of soil idealization on the magnitude and distribution of settlements beneath the
isolated footing.
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Figure 4: Comparative settlement values for an isolated footing
with L/B = 2.50/2.50 m for the two analyzed soil models
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Figure 5: Comparative settlement values for an isolated footing
with L/B = 3.25/3.25 m for the two analyzed soil models
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Figure 6: Comparative settlement values for an isolated footing
with L/B = 4.00/4.00 m for the two analyzed soil models

The diagrams indicate that soil settlement decreases in all analyzed cases with increasing soil deformability (soil stiff-
ness) E, which is consistent with theoretical expectations and the physical behavior of soil. For both soil models, the
maximum settlement values occur at the lowest values of E, while with increasing soil stiffness the differences be-
tween individual curves gradually decrease. It is also observed that settlements at the characteristic center point (O)
are greater than those at points A and C, indicating a more pronounced deformation response of the soil beneath the
central part of the footing. The diagrams further show that settlement values at the center point (O) are similar for
both soil models, whereas settlement values at the footing edge points, A and C, exhibit significantly larger differ-
ences depending on the selected soil model. These observations apply consistently to all three analyzed isolated
footing dimensions.

A comparative analysis of the two soil models shows that the elastic half-space model yields higher settlement values
than the finite-thickness soil layer model, particularly for lower values of soil stiffness E. This behavior is attributed to
the unlimited deformability of the soil with depth in the half-space model, whereas the presence of a rigid base in the
finite-thickness model restricts the development of deformations. The differences between the models become more
pronounced with increasing footing dimensions, indicating a significant influence of footing geometry on the soil
deformation response. These results confirm the importance of selecting an appropriate soil model when analyzing
settlements of isolated footings.
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4. CONCLUSION

This study analyzed soil stresses and settlements beneath isolated footings for two soil modeling approaches: an
elastic half-space of infinite thickness and a finite-thickness soil layer with H = 10 m. Settlements were evaluated at
characteristic footing points while varying soil deformability (soil stiffness) E in the range of 10-50 MPa at a constant
Poisson’s ratio of 0.30. The analyses were performed for square isolated footings with plan dimensions of 2.50 m, 3.25
m, and 4.00 m.

It can be concluded that, for both soil models, settlement decreases with increasing soil deformability (soil stiffness).
The calculation results indicate that settlements at the footing center point (O) are greater than those at the edge
points (A or C). For both soil models and for all analyzed square isolated footing dimensions, settlement values at the
center point are approximately the same, whereas this is not the case for the footing edge points. Differences in set-
tlement values at the center point range between 10% and 15%, while differences in settlement at the edge points
may reach values of up to 50%, depending on soil deformability.

Finally, it is recommended that, in practical applications of the presented soil models for settlement analysis of iso-
lated footings in building structures, results obtained using both soil models should always be compared. This ap-
proach provides increased reliability in structural design and enables verification that settlement values determined
by the two soil models remain within acceptable limits.
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