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Calculation of strip foundations in complex conditions
of its operation based on digital technologies

Abstract. The study aimed to develop a methodology for calculating strip foundations with due regard for difficult
operating conditions. For this, the peculiarities of foundations on weak and subsiding soils were considered, the effect
of incomplete contact with the foundation was investigated, as well as the influence of longitudinal forces arising
from pretensioning of reinforcement and temperature changes. The calculation methodology was based on modelling
the foundation as a finite beam resting on a two-parameter elastic foundation. The study analysed the effect of
incomplete contact between the base and the foundation, which occurs in the case of localised dips or soil weakness,
as well as longitudinal forces caused by external loads. A calculation program was developed for numerical modelling
and implemented in Delphi. The study determined that the absence of full contact between the foundation and the
substrate leads to stress redistribution, which can cause localised deformation concentrations. Longitudinal forces have
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L ¢ Calculation of strip foundations in complex conditions...

different effects on the performance of the foundation: tensile reduce deflections and compressive — increase them.
Analytical and numerical calculations have confirmed the need to incorporate these factors during design, as ignoring
them can lead to significant deviations in the stress-strain state of the structure. The developed mathematical model
incorporates these effects and identifies critical areas requiring adjustment of design parameters. The data obtained
can be used in the design of strip foundations in difficult ground conditions, increasing their reliability and efficiency,
as well as minimising the risk of cracking and uneven settlements. The proposed methodology can be used to calculate
the foundations of buildings and structures operating in heterogeneous soils

Keywords: soil foundation model; Heaviside function; bending stiffness; generalised soil characteristics; bedding

coefficient; elastic modulus; moment of inertia

INTRODUCTION

In modern construction, the reliability and cost-effective-
ness of the designed structures are essential, especially
when designing strip foundations operating in difficult
ground conditions. To ensure the safety and durability of
such foundations, several factors must be incorporated:
the heterogeneity of the soil base, the possibility of sub-
sidence, the impact of temperature and mechanical loads,
as well as the specifics of the interaction between the foun-
dation and the soil. Traditional calculation methods do not
always provide an accurate estimation of the behaviour of
such structures, which often causes errors at the design
stage and increases the cost of building construction and
operation. A.T. Marufiy et al. (2021) developed a method-
ology for calculating strip foundations with consideration
of incomplete contact with the ground and the action of
longitudinal forces. The study determined that incomplete
contact led to a redistribution of loads and an increase in
deflections, while tensile forces reduced deflections by 10-
5%, and compressive — forces increased them by 5-10%.
The implemented methodology improved the accuracy of
prediction of the stress-strain state of foundations and in-
creased the reliability of design solutions.

The development of digital technologies can analyse
complex engineering problems related to the calculation
of building structures, including strip foundations, in more
detail. Modern software systems implementing numerical
methods made it possible to consider various factors af-
fecting the behaviour of the foundation and improve the
accuracy of predicting its performance. For instance, M. Al-
abi (2024) considered the effectiveness of computational
methods in the design of responsible building systems, and
H.F. Schweiger et al. (2018) described approaches to the
correct formulation of numerical modelling for complex
interactions “structure-soil”.

One of the key factors affecting the behaviour of foun-
dations is incomplete contact with the subgrade. This sit-
uation often occurs on weak and subsiding soils, where
there is a loss of bearing capacity in individual sections,
which leads to a redistribution of loads and a change in the
stress state of the structure. This effect was analysed by
Q. Liu (2023) in an assessment of the capabilities of mod-
ern algorithms in evaluating deformed beam structures
on elastic foundations. In addition, M. Ertz et al. (2024)
highlighted that the local absence of support can provoke
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significant deformations that require mandatory consider-
ation in design models.

Another significant aspect was the impact of longitu-
dinal forces caused by temperature fluctuations, pre-ten-
sioning of reinforcement or uneven load distribution.
These factors could affect the strength and stability of
the structure, adjusting the design characteristics. For in-
stance, the study by M. Clement (2025) analysed the fea-
tures of compressive effects and their impact on the stress
distribution in the elements, and A.N. Hoshyar et al. (2019)
demonstrated that the consideration of longitudinal forces
improved the accuracy of prediction of the risk of localised
loss of stability.

To solve this problem, the method of modelling a strip
foundation in the form of a finite beam on a two-parameter
elastic foundation was used. This approach incorporated
both local disturbances in contact with the ground and the
influence of longitudinal forces, bringing the design con-
ditions as close as possible to actual operation. This was
confirmed by the findings of Y. Fissha et al. (2024), which
emphasised the importance of a correct assessment of the
load distribution and stress state of structures in the con-
text of soil heterogeneity. The importance of architectural
software tools was demonstrated by I. Zgoda (2023), who
highlighted the speed and convenience of performing com-
plex calculation operations with subsequent graphical in-
terpretation.

Analysis of existing research determined that previ-
ously published works did not fully consider the combina-
tion of incomplete contact between the strip foundation
and the subgrade and longitudinal tensile or compressive
forces, especially in conditions of significant soil heter-
ogeneity and its subsidence properties. In several cases,
possible temperature effects and dynamic factors were
not incorporated, which distorted the real picture of the
stress-strain state of the structure. In this regard, it became
necessary to determine the influence of the combined ac-
tion of incomplete contact and longitudinal forces on the
distribution of deflections, bending moments and critical
stress zones. The study aimed to develop a methodology
for calculating strip foundations with consideration of in-
complete contact and longitudinal forces, which ensured a
more accurate prediction of the stress-strain state of the
structure under difficult operating conditions.



MATERIALS AND METHODS

Since the method for calculating strip foundations was
based on universal modelling principles, no attention was
initially paid to possible regional characteristics. In real-life
conditions, specific geotechnical factors were observed to
have an impact. The research established that the soils of
the Fergana Valley had several characteristic properties,
including high heterogeneity, pronounced subsidence, the
presence of loess layers, and significant fluctuations in the
groundwater level. These features significantly influenced
the behaviour of the foundations, requiring adjustments to
the standard calculation models. In this regard, it was ap-
propriate to account for the properties of the soils of the
Fergana Valley to improve the accuracy of the calculations.

A rectangular beam (width b=1.25 m, height h=1.5 m)
was used as the initial modelling object, which operates as
a strip foundation with a length of /=18 m. The beam ma-
terial was characterised by a density of p=2,500 kg/m? and
an elastic modulus of E=21-103 MPa. The external forces
considered were the dead weight of the structure, a con-
centrated load in the centre of the span P=100 kN, and lon-
gitudinal tensile or compressive forces N, =200 t/m acting
in the midplane of the beam. The initial data of the beam
with a rectangular cross-section are shown in Figure 1.

y

Figure 1. Rectangular beam section
Source: compiled by the authors

The incomplete contact is represented by a trench of
size 2a located in the centre of the end beam and subjected
to longitudinal forces (Fig. 2). The beam is subjected to the
beam’s weight ¢, and a concentrated force P=100 kN ap-
plied in the centre of the beam.

N,
&=

Figure 2. Design diagram of the end beam
Source: compiled by the authors

The subgrade was modelled using a two-parameter
model that considers not only vertical elastic displacements
(bedding coefficient k ) but also shear deformations (addi-
tional stiffness parameter). The complexity of the problem
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is due to the incomplete contact in width 2a located in the
central zone of the beam. Three variants of 2a were con-
sidered: 3 m, 4.5 m and 6 m, reflecting different scenarios
of weakening or absence of support under the foundation.
To improve the accuracy of the calculations, it is necessary
to incorporate the soil properties of the Ferghana Valley,
characterised by high heterogeneity, the presence of sub-
sidence and loess soils, and significant fluctuations in the
groundwater level.

To describe the bending of a finite beam on an elastic
base with incomplete contact, a fourth-order differential
equation was adopted, supplemented by terms that consid-
er longitudinal forces and the Heaviside function to model
the “interruption” of contact in section 2a. In general, it
will be presented as follows (1, 2):

d*w(x)
dx*

ZrZ% FswO-a)-N 2D qx), (1)

x X dx?

EJ

where w(x) — deflection function of the beam; 6(x-a) - hea-
viside function reflecting the absence of soil support in the
area [a, [-a]; N, - intensity of longitudinal forces (tensile
or compressive); EJ - bending stiffness; r and s — parame-
ters characterising the elastic properties of the foundation;
q(x) - external load.

E=21-10°MPa-r, 2)

where E - modulus of elasticity characterises the resistance
of a material to deformation in tension or compression; r —
dimensionless coefficient equal to 10.19716, which is used
to convert the modulus of elasticity from megapascals to
the required system of units.

The analytical transformations performed obtained
solutions for various combinations of parameters 2a and
N.. The influence of the coefficient a, which relates the lon-
gitudinal forces and stiffness characteristics of the beam,
is notable (3):

Ny l?
El;’

a= (3)

By introducing correction terms in the differential
equation, both the effect of the “hanging section” and
deformations caused by longitudinal forces are incorporat-
ed. As part of the calculations, the dead weight of the beam
was determined using the following formula:

q,=pP" b- h’ (4)

where g, — evenly distributed load produced by the dead
weight of the beam (in kg/m or t/m); p — density of the beam
material, measured in kilograms per cubic centimetre (kg/
cm?®); b — beam (base) width, measured in metres (m) or
centimetres (cm); h — beam height, measured in metres (m)
or centimetres (cm).

To verify the analytical solutions and their subsequent
engineering application, the developed algorithm was im-
plemented in the Delphi environment. This platform was
chosen due to the convenience of creating a user interface,
as well as the high speed of processing data arrays, which
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is critical for numerical experiments. The numerical ex-
periment consisted of several stages. In the first stage, the
initial geometric and mechanical parameters were set, in-
cluding cross-sectional dimensions, beam length, physical
properties of the material and the magnitude of loads such
as dead weight and concentrated force P. Next, the variants
of incomplete contact were considered, where the program
sequentially calculated the cases of 2a=3m, 4.5 m and 6 m,
while all other parameters remained unchanged.

At the next stage, longitudinal forces were modelled,
with N values entered as both positive (tension) and nega-
tive (compression) at a fixed angle of inclination « ~0.102.
Then, calculation iterations and convergence analysis were
performed: for each combination {24, N }, the program cal-
culated deflections,bending moments, and base reaction di-
agrams. Convergence was verified by comparing the results
of the iterations and comparing them with analytical ex-
pressions,which confirmed the correctness of the algorithm.

The graphical dependencies demonstrated how an in-
crease in the partial contact zone or a change in the sign
and value of N_affects the deflection shape and the nature
of the moment distribution. Thus, a comprehensive meth-
odology combining an analytical approach and numerical
modelling was used for a detailed analysis of the effect of
both incomplete contact and tensile/compressive longitu-
dinal forces on the behaviour of strip foundations.

RESULTS

The study provided the analytical solution to the problem
of bending a finite beam on a two-parameter elastic foun-
dation with consideration of incomplete contact with the
soil foundation and the action of tensile and compressive
longitudinal forces applied in the midplane of the beam.
This calculation is based on the analytical solution of the
problem of bending a finite beam resting on a two-parame-
ter elastic foundation, considering two key factors. The first
factor is the incomplete contact between the foundation
and the subgrade, which occurs in width 2a (trench) locat-
ed in the central part of the beam. This phenomenon can
significantly affect the distribution of stresses and strains,
changing the traditional patterns of interaction between
the beam and the foundation.

The second factor is the longitudinal forces that occur
in the centre plane of the beam. These forces can be either
tensile or compressive, and their occurrence is caused by
various external influences, such as pre-tensioning of re-
inforcement, temperature fluctuations or other operating
conditions. Their inclusion in the design model improves
the accuracy of description of the behaviour of the beam in
real-world conditions.

The modulus of elasticity of the beam material is equal:

E=21-10° MPa=21-10°-10.19716 2%~
214.14-105=214,140 22,= 2,141 400

The dead weight of the beam is calculated using for-

mula (4):
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2500m3 1.25 m-1.5 m=2,500 —-%.
125 cm-150 cm= 4,687.50%9 4,6875 t/m.

To determine the total load acting on the beam, the
dead weight of the beam was converted into a concentrated
force:

 nera™ P+ 0, 1= 100kN+4,687.50 X2 18 m=100 kN +
+84,375 kg=100 kN + 84,375 kg +9. '80665 N=100 kN+
+827,436 N=927.436kN,
where P, - total load acting on the beam (in kN); P -
concentrated load applied to the beam (in kN); g, - uni-
formly distributed load from the beam’s weight (in kg/m);
[ - beam length (in m).

The Fergana Valley is characterised by complex soil
conditions, predominantly loess and loess-like soils, which
often have subsidence properties and high layer heter-
ogeneity. According to geotechnical surveys by M. Ala-
bi (2024), deformation modules can vary within the range
of 10-25 MPa, cohesion (c) from 10 to 30 kPa, and internal
friction angle (¢) from 18 to 26°. In addition, such soils are
sensitive to changes in moisture content and can lose part
of their bearing capacity when moistened. All this signifi-
cantly affects the performance of strip foundations and re-
quires correct consideration in the design model.

An additional complicating factor in the region is seis-
mic activity: The Ferghana Valley is classified as an area
with seismicity levels of 7-9 on the MSK-64 scale. When de-
signing foundations, it is necessary to incorporate dynamic
effects that cause vibrations of the structure and additional
load on the “hanging” sections of the foundation (if there
are areas of incomplete contact). In this study, the seismic
load was modelled by introducing a horizontal component
proportional to the beam mass and the site seismicity fac-
tor. This can be used to estimate the increase in deflections
and stresses, especially in weak or subsiding soil conditions.

Digital technologies were used to verify and improve
analytical solutions. A software module was developed in
the Delphi environment that accounted for all key factors
affecting the object under study. The numerical experi-
ment included solving a system of equations (finite differ-
ence method or finite element method) for various combi-
nations of {k, 2a, N} and variations in seismic load. The
results of the deflection and bending moment diagrams
along the beam were compared with analytical expres-
sions. With correct parameter settings, the discrepancies
between the results of the analytical and numerical meth-
ods did not exceed 5-10%.

Thus, the integration of real geotechnical data from the
Fergana Valley, consideration of the seismicity of the site
and the use of digital technologies for numerical modelling
provides a comprehensive and accurate approach to the
design of strip foundations. In practice, this can be used to
optimise cross-sectional and reinforcement dimensions, as
well as to provide timely reinforcement measures in poten-
tially dangerous areas with increased deflections or stresses.



To incorporate the effect of longitudinal forces, it
is necessary to determine the value of the proportion-
ality coefficient of the intensity of longitudinal forces.
The intensity of longitudinal forces was assumed to be
N =200 t/m=2,000 kg/cm.

The beam’s mass was calculated by multiplying the
volumetric mass by the cross-section and length, and, if
necessary, the forces were converted into concentrated
equivalents. To account for longitudinal forces, a dimen-
sionless value a was introduced into the problem, charac-
terising their relative value concerning the stiffness of the
beam and the base. The value of is defined as (5):

=" [, )

where [ - characteristic length of the beam (in metres); E -
modulus of elasticity of the beam material (in Pa, MPa or
kN/m?); J, — moment of inertia of the beam cross-section
relative to the z-axis (in m* or cm*); k, — bedding coeffi-
cient, which characterises the elasticity of the subgrade (in
N/m? or kN/m?).
Where:
k,= 5 N-5.100 % m3 =5-0.10197162-10° — Cm3
Z5.1-105 kg, ko =0.51 22 £9.2510 -,

where k- bed coefficient, characterising the stiffness of the
ground base (in various units of measurement); 5 MN/m?> -
initial value of the bedding factor in meganewtons per cubic
metre; 5 - 10°N/m? - conversion to Newtons per cubic metre.

According to the above initial data, the value of the ax-
ial moment of inertia for a rectangular section (Fig. 1) was
determined by the formula (6):
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_ bh® _125-15%  125-1503
== T -
=35,156,250 cm*=0.3515625 m*, (6)

where ], — axial moment of inertia of the beam cross-sec-
tion relative to the axis; b — beam width (in m or cm); h -
beam height (in m or cm); bi—’; - formula for calculating the
moment of inertia of a rectangular section relative to its
central axis; 1.25 m — beam width in metres; 1.5 m — beam
height in metres; 12 — coefficient in the formula for the
moment of inertia for a rectangular section.
The bending stiffness was determined:

E-J=21-10°MPa-],= 214 140 25, "g
+35,156,250 cm*=2,141,400 t 0. 3515625 mt=
~752,835.94 tm?,

where E - ], - bending stiffness of the beam (bending stiff-
ness); E — modulus of elasticity of the beam material (in
Pa, MPa, kg/cm® or t/m?); J - moment of inertia of the
beam cross-section relative to the axis z (in m* or cm?);
21-103 MPa - value of the elastic modulus in megapascals.

Substituting the values of E-], and k; in (3), the value
of I was determined:

E /z 752,835.94 tm? N
510_ 1,476.15 ~ 38.42.
38.42 76,840
“=F Jz =2,000- 752,835.94  752,835.94 0.102.

The absence of beam support in this area leads to a
redistribution of loads and, as a result, to changes in de-
flections and stresses. Table 1 shows the calculation results
for each of the above cases.

Table 1. Calculated deflections of a foundation beam
on a two-parameter elastic foundation under tensile longitudinal forces

No. x 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 80 9.0 a o W excluding
t/m tensile stress

g

2 & -0.0053 -0.0052 -0.0049 -0.0043 -0.0037 -0.0031 -0.0023 -0.0014 -0.0007 0.00 0.0102 200 0.0059

g

= % -0.0067 -0.0066 -0.0061 -0.0055 -0.0047 -0.0038 -0.0028 -0.0018 -0.0008 0.00 0.0102 200 0.0074

&

g

2 & -0.0077 -0.0075 -0.0070 -0.0063 -0.0053 -0.0043 -0.0032 -0.0021 -0.0009 0.00 0.0102 200 0.0085

%

g

2 & -0.008 -0.0085 -0.0080 -0.0072 -0.0061 -0.0050 -0.0036 -0.0023 -0.0011 0.00 0.0102 200 0.0098

S

Source: compiled by the authors

One of the most important factors affecting the per-
formance of strip foundations is the heterogeneity of the
soil, as well as the probability of localised failures or sub-
sidence. In this study, the incomplete contact was modelled
as a 2a-wide trench located in the central part of the beam.
Three options were considered:

row 1 — when the beam is in full contact with the
subgrade;

row 2 - with incomplete contact in an area of trench
width: 2a=(1/g)-1=(1/g)-18=3 m;

row 3 — with incomplete contact in an area of trench
width: 2a=(1/4)-1=(1/4)-18=4.5 m;

Architectural Studies, 11(1) 13 »
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row 4 — with incomplete contact in an area of trench
width: 2a=(1/3)-1=(1/3)-18=6 m.

The analysis of beam bending on a two-parameter
elastic foundation, considering incomplete contact, rev-
eled several key trends. First, an increase in deflection is
observed with an increase in trench width. As parameter
2a increases, the bearing area of the beam on the founda-
tion decreases, which leads to increased displacements in
the central zone. This is due to a decrease in the stiffness
of the beam-foundation system and an increase in the free
section without support.

Secondly, there is a redistribution of forces along the
beam. The areas immediately adjacent to the trench zone
experience increased bending moments, since they have to
take an additional part of the load, which would be distrib-
uted more evenly under full contact conditions. Thus, an
increase in internal forces is observed in these zones, which
should be incorporated when calculating the strength of
the structure. Third, the shape of the deflection diagram
changes. With full contact, the deflection is distributed
smoothly, providing a uniform change in bending mo-
ments. However, in the case of incomplete contact, a sharp
increase in deflection occurs in the “hanging” zone, which
leads to localised deformations and a potential change in
the stress-strain state of the beam.

0
-0.005
-001
-0.015
-002
-0.025
-003

The data obtained suggests that even a relatively small
“break” in contact leads to a noticeable increase in dis-
placements and stresses near the trench edges. Thus, when
designing, it is necessary to carefully assess the probability
of ground subsidence and possible local failures. Ignoring
these factors can lead to an underestimation of the stresses
in the foundation, which in real life can mean an increased
risk of cracking and reduced bearing capacity. The calcula-
tions (Table 1) demonstrated that, without factoring in lon-
gitudinal forces, the maximum deflections could increase
t0-0.0098 m when the area of incomplete contact increased
by 2a =6 m, which is approximately 6,670% more than in
the case of a smaller trench area (2a=3 m). This indicates
that the structures are highly sensitive to the length of the
section where there is no support on the ground. Based on
the results shown in Table 1, graphs of the deflections of
the end beam on a two-parameter elastic foundation were
constructed, incorporating the incomplete contact of the
beam with the soil settlement in the form of a single trench
2a wide, located in the centre of the beam, and the action of
longitudinal tensile forces applied in the median plane of
the beam. Figure 3 demonstrates the deflection graph of the
end beam on a two-parameter elastic foundation, incorpo-
rating the parameters that ensure the approximation of the
design conditions to the actual operation of the structure.

el ROW 3
Row4

Figure 3. Deflection diagram of a finite beam on a two-parameter elastic base
with consideration of the parameters providing conditions close to its actual operation

Source: compiled by the authors

Incomplete contact between the foundation (beam)
and the subgrade was modelled as a central trench with a
width of 2a, which redistributed loads and locally increased
deflections and stresses. Four scenarios were considered in
the study: full contact (control case) and three variants of
the trench with width 2a=3 m, 4.5 m and 6 m. The study
determined that an increase in the “hanging” area caused
a significant increase in deflections and internal forces in
the trench adjacent to the trench. The calculations demon-
strated that with a trench width of 2a=6 m, deflections in
the central part of the beam increased by 66-70% compared
to the 2a=3 m variant, which emphasised the high sensi-
tivity of the structure to the unsupported zone.

The analysis of the results demonstrated that incom-
plete contact significantly increased deflections in the area
of the “hanging” section. The distribution of internal forces
became uneven, and the extreme sections of the trench ex-
perienced increased bending moments. With the increase
in the width of the trench, the probability of deformation
concentration and cracking significantly increased. The
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study established that the weakened contact zones should
be taken into account at the design stage to prevent the
underestimation of stresses and increase the reliability of
the foundation.In real-life conditions, strip foundations
are often subjected to tensile longitudinal forces caused by
preliminary tensioning of reinforcement, uneven heating
or cooling of structures (temperature gradients), as well as
design schemes that assume external influences creating
tensile effects (Baida et al., 2024). In the presented calcu-
lations, the intensity of tensile forces N, was taken to be
equal to 200 t/m with a coefficient a = 0.102. Comparative
data for beam deflections with and without tensile stress
are given in Table 1 (rows marked W)).

The main conclusions on the effect of tensile forces
demonstrated that the beam works somewhat more rigid-
ly under tension, which leads to a reduction in deflections.
Theanalysisofanalyticaland numerical data shows that,on
average, deflections are reduced by about 10-11%. In ad-
dition, a levelling of the stress-strain diagram is observed,
as tensile forces counteract the local loss of stability and



increase in deflections. In addition, the redistribution
of forces near the edge of the trench becomes less sharp
when in incomplete contact with the ground, which re-
duces the probability of excessive moments and concen-
trated deformations.

For instance, when the beam was in full contact with
the substrate without longitudinal forces, the maximum
deflection was -0.0059 m, while when tension was con-
sidered, it reached -0.0053 m. Although the difference in
absolute values seems insignificant, in real-world con-
struction, a 10-15% reduction in deformation can mean
a significant safety margin and a reduction in the prob-
ability of damage. For the variants with incomplete con-
tact, a similar pattern is observed: with a trench zone of
3 m in length, the deflection decreases on average from
-0.0074 m to -0.0067 m, which confirms the favourable
effect of tensile forces on the overall stiffness of the foun-
dation-soil system. When the width of the incomplete
contact is increased to 6 m, the tensile effect also results
in a reduction of the ultimate deflection values by approx-
imately 10-11%. Thus, the incorporation of tensile longi-
tudinal forces improves the accuracy of determination of
the actual stiffness of the foundation and predicting its
behaviour under real loads.

In the presence of tensile longitudinal forces (N, _>0),
the beam demonstrated stiffer operation, which was re-
flected in a reduction of deflections and a smoother distri-
bution of the stress-strain state. Calculations demonstrat-
ed that at an intensity of N =200 t/m and a coefficient of
a=0.102, deflections decreased by an average of 10-11%.
This effect was observed both in the case of full contact of
the beam with the base and various variants of incomplete
contact (different values of 2a). Even with large areas of
incomplete contact (2a =6 m), the tensile force remained
a stabilising factor, reducing the risk of local deformation.

The analysis of the results confirmed that tensile longi-
tudinal forces contributed to a reduction in deflections and
an increase in the overall stiffness of the foundation-soil
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system. The reduction in maximum deflections reached 10-
15%, which significantly increased the safety margin of the
structure in real construction conditions. Stress diagrams
in the trench zone became smoother, reducing the risk of
excessive deformation concentrations. These results ena-
bled the use of prestressed reinforcement in strip founda-
tions as an effective technique for stabilising the structure
and increasing its reliability.

In addition to tensile forces, compressive forces can
be substantial in the operation of strip foundations, which
arise under various operating conditions. For instance,
temperature exposure leads to linear expansion of the
structure, as a result of which the foundation can rest
against rigid elements, creating significant longitudinal
compressive forces. In addition, the transfer of loads from
overlying structures under specific support patterns can
also contribute to compression, especially in places of con-
centration of forces. The peculiarities of installation and
operation, such as the overstretching of supports or the
presence of expansion joints, which can change the nature
of the distribution of compressive stresses in the founda-
tion, are also substantial.

In this study, compressive forces were modelled with
the same intensity (N, =200 t/m), but with the opposite
sign. The calculation results are shown in Table 2 (rows
W,). The analysis demonstrated that compression can
increase beam deflections, but the magnitude of this in-
crease is usually less than the reduction effect from ten-
sion. The reason lies in the fact that a compressed beam is
more prone to losing stability in the transverse direction,
especially if there is weak or no contact with the ground
in section 2a. Figure 4 demonstrates a deflection distribu-
tion graph of the final beam calculated on a two-parameter
elastic basis with the above parameters. The graph showed
the change in deflections along the length of the beam, and
their maximum values were recorded, to assess the impact
of the selected parameters on the behaviour of the struc-
ture under conditions close to real ones.

Table 2. Comparison of response times and computing costs

No. x 00 10 20 30 40 50 60 70 80 90 o No Wwithout
t/m compression
g
= % -0.0063 -0.0061 -0.0057 -0.0051 -0.0043 -0.0036 -0.0027 -0.0017 -0.0009 0.00 0.0102 200 0.0059
3
= % -0.0078 -0.0077 -0.0072 -0.0065 -0.0055 -0.0045 -0.0033 -0.0020 -0.0010 0.00 0.0102 200 0.0074
o
g
= £ -0.0009 -0.0088 -0.0083 -0.0074 -0.0063 -0.0051 -0.0037 -0.0024 -0.0011 0.00 0.0102 200 0.0085
th
g a
= = -0.0104 -0.0100 -0.0094 -0.0085 -0.0072 -0.0058 -0.0042 -0.0028 -0.0013 0.00 0.0102 200 0.0098
<
Source: compiled by the authors
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Figure 4. Deflection diagram of a finite beam on a two-parameter elastic base with the above parameters considered

Source: compiled by the authors

Several key points can be identified from a compari-
son of the results for different scenarios. With incomplete
contact with the foundation, when the width of the trench
section is 2a =3 m, the maximum deflection without com-
pression reached -0.0074 m, while with compression forces
incorporated, it increased to 0.0078 m, which corresponds
to an increase of about 5%. For a wider trench section,
2a=6 m, the increase in deflection was even more notice-
able and amounted to about 6-7%. Without consideration
of compression, the deflection was -0.0098 m, and with
consideration of compression, it increased to -0.0104/-
0.0105 m and more. Separate calculations also indicate a
range of values of -0.0100--0.0104 m.

In most of the combinations considered, especially at
higher values of 2a, deflections increase and beam warping
is possible, which can be a serious hazard. This effect can
cause cracks in the foundation, especially if the reinforce-
ment is insufficient or if the necessary structural measures
are not taken. Thus, compressive forces can exacerbate the
negative effects of incomplete contact with the foundation
by increasing deformations. However, the extent of this ef-
fect is determined by the stiffness of the soil and the mag-
nitude of the longitudinal forces.

In designing strip foundations, it is necessary to ac-
count for compression that can cause more significant
deformations than assumed in simplified design models
where longitudinal forces are not considered. The analysis
of the calculations demonstrated that the difference in the
maximum deflections with and without compression for
large sections of the trench reaches 5-10%, which is a signif-
icant value for structures with a high level of responsibility.

Compressive longitudinal forces (N _<0) had the oppo-
site effect, contributing to an additional increase in deflec-
tions, especially in conditions of incomplete contact. The
calculations showed that at N =200 t/m, the ultimate de-
flections increased by 5-10% compared to similar scenari-
os without compression. In the case of a longer “hanging”
section of the foundation (2a=6 m), the deflection increase
was most pronounced and reached 6-7%. This effect was
accompanied by an increase in internal stresses and an in-
creased risk of crack development, which made it necessary
to account for compressive forces in the design of struc-
tures, especially concerning possible temperature effects.

The analysis of the effect of compressive longitudi-
nal forces demonstrated that their presence exacerbated
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the negative effects of incomplete contact and led to an
increase in deflections by 5-10%. At values of 2a up to
6 m, a significant increase in deformations and stresses
in the central zone of the beam was observed. In condi-
tions of weak or subsiding soil, the risk of localised dam-
age increased significantly, especially if the influence of
longitudinal compressive factors was underestimated. To
compensate for such effects, it was advisable to include
design measures such as expansion joints and reinforced
reinforcement in the design, which reduced the negative
impact of compressive effects and increased the overall re-
liability of the structure.

DISCUSSION

The results of the study confirm that the consideration of
incomplete foundation-base contact and longitudinal forc-
es is one of the determining factors in the design of strip
foundations in difficult operating conditions. Increased at-
tention to stabilisation and optimisation of the structure’s
performance plays a significant role here, as it can increase
deflections in the central part of the beam and increase
stress concentration. Since even a relatively small unsup-
ported zone (e.g., a 3 m long trench) leads to a noticeable
increase in deflections and stress concentration, it should
be noted that the greatest impact on the stress-strain state
of a structure is exerted by increasing the size of the in-
complete contact zone, and not just the fact of its presence.
The larger the area where the foundation does not rest on
the ground, the greater the redistribution of forces and the
increase in local deformations, which must be considered
in the design.

The results of the study confirmed the importance of
the incomplete contact of the foundation with the sub-
grade and the influence of longitudinal forces. The study
determined that even a relatively small zone of “hanging”
area significantly increased deflections and the appearance
of local stress concentrations in the parts of the foundation
adjacent to the trench. The largest increase in deforma-
tions was observed with the expansion of the unsupport-
ed zone, which was consistent with the conclusions drawn
by A.T. Marufiy & A.S. Kalykov (2019), where incomplete
contact between the beam and the soil was noted to cause
a significant redistribution of bending moments. B. Mes-
saouda et al. (2023) emphasise the importance of numer-
ical modelling of the behaviour of a surface foundation



located near a slope. Their results demonstrated that the
geometrical location of the foundation relative to natural
objects has a significant impact on the load distribution,
which harmoniously complements conclusions about the
effect of the expansion of the incomplete contact zone on
the local deformation of the structure.

The effect of longitudinal forces was ambiguous:
tensile forces contributed to a reduction in deflections,
increasing the stiffness of the beam-foundation system,
while compressive forces, on the contrary, increased the
magnitude of displacements and could provoke addition-
al buckling. Similar trends were observed by A.T. Maru-
fiy & A.S. Kalykov (2019), specifying that the presence of
compressive forces can exacerbate the negative effects of
incomplete contact, especially in the central zone of the
structure. These conclusions were consistent with the
results obtained earlier and described by A.T. Marufiy et
al. (2021), who analysed various schemes of longitudinal
load distribution and their influence on the flexibility of
beams on an elastic foundation.

A.T. Marufiy & A.S. Kalykov (2019) investigated the
stress-strain state of strip foundations, incorporating the
factors affecting their actual operation. Various character-
istics of the foundation and their influence on the durabili-
ty of the structure were considered. Earlier, a methodology
for calculating slabs and beams on elastic foundations was
also proposed by A.T. Marufiy et al. (2021), which empha-
sised the need to incorporate soil heterogeneity and pos-
sible subsidence of individual sections. The results of the
present study were consistent with their findings, demon-
strating that the expansion of the incomplete contact
zone increased local deformations and increased the risk
of cracking, especially under compressive forces. This con-
firmed the feasibility of using prestressed reinforcement, as
mentioned in the study by A.T. Marufiy et al. (2021) when
it was necessary to increase the stiffness of the foundation
and reduce deflections in problem areas.

Thus, the consideration of incomplete contact and
longitudinal forces was a crucial condition in the design of
strip foundations. Ignoring these factors could lead to er-
rors in the assessment of the stress-strain state and reduce
the reliability of the structure. Together with the recom-
mendations given in the above works, the presented anal-
ysis confirmed the importance of an integrated approach
combining analytical and numerical methods, as well as
enabling detailed consideration of the characteristics of
weak and subsidence soils in real operating conditions.

The transition to the use of big data and complex an-
alytics for engineering is becoming an increasingly prom-
inent trend. The presented study is limited to the line-
ar-elastic formulation, but the transition to more complex
models can be made based on modern computing tech-
nology and integrated solutions described by these au-
thors. The review of finite element methods presented by
G.D.Dhadse et al. (2021) was dedicated to modelling the in-
teraction of the soil-structure system, incorporating inter-
face phenomena. This review demonstrated the complexity
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of calculations in incomplete contact, which confirms the
need for an integrated approach used in the current study
to optimise computational methods. The situations of deep
excavation and weakened soil under foundations were fur-
ther considered by S. Yang et al. (2023). Their Grey Wolf
Optimiser-Extreme Learning Machine (GWO-ELM) model
demonstrated that hybrid algorithms can achieve high ac-
curacy in deformation prediction. No such methods were
used in the calculations, but the general idea is the same:
incorporation of additional parameters that determine the
behaviour of the soil increases the accuracy and reliability
of model assumptions.

Similar themes are present in a study by A. Ramos et
al. (2024), where the application of machine learning to
predict deformations of railway tracks has similarities with
the methodology: although they are dealing with tracks
rather than foundations, both are important for correct
prediction of subsidence and displacements in the base.
The results obtained on how longitudinal compression or
tension affects the deflection shape can be reinterpreted
for various types of linear structures, where the effect of a
“hanging” section can be relevant. In a study by M. Sadegh
Es-haghi et al. (2021), a model based on machine learning
methods is proposed to predict the seismic load-bear-
ing capacity of a shallow strip foundation located over a
void in heterogeneous soils. This approach demonstrates
the potential of using modern computational methods to
improve the accuracy of structural stability assessment,
which is also reflected in current analytical and numerical
experiments.

It is necessary to incorporate the uncertainty inher-
ent in soil systems and loaded structures. Approaches to
probabilistic modelling are demonstrated by S. Chen et
al. (2022) demonstrate probabilistic modelling approaches
by applying machine learning methods to assess perfor-
mance. A study that determines the maximum deflections
under different scenarios can easily be supplemented with
probabilistic parameters if the engineer has statistics on
variations in the modulus of elasticity of concrete, density
or soil bedding coefficient. The use of advanced computing
technologies in geotechnical design was discussed in de-
tail by H. Jiirgens & S. Henke (2021), demonstrating how
numerical algorithms improve the quality of engineering
solutions. In practice, the advantage of such a strategy us-
ing a combination of analytical formulas and numerical it-
erations has been convincingly confirmed. Digital technol-
ogies enable flexible change of the parameters: the length
of the trench section, the sign and Nx value, and the com-
parison of obtained results.

The issue of the reliability of engineering solutions,
especially under complex loads, was addressed by M. Amin-
isharifabad et al. (2021), proposing a deep-learning model
for survival analysis. Although the case is not directly re-
lated to bioengineering, the approach to processing large
amounts of data is similar: it is necessary to identify criti-
cal factors affecting the state of a structure and predict the
time to limit state. In the context of geotechnics, this is
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the service life of a foundation before unacceptable defor-
mations or cracks appear. The study by K.C. Onyelowe et
al. (2022) demonstrated that the use of artificial intelli-
gence algorithms to optimise design methods can signif-
icantly improve the efficiency of design solutions. The au-
thor’s findings on the influence of longitudinal forces and
incomplete contact are consistent with the conclusions of
this paper, indicating the prospects for integrating Al tech-
nologies into future research in geotechnics.

Neural network solutions for assessing the reliability of
different types of foundations described by A. Savvides &
L. Papadopoulos (2024) complement the overall picture of
current trends. In shallow foundations, it is necessary to as-
sess the cohesive properties of the soil, and the study high-
lighted the elastic coefficients of the foundation, which can
be considered as an analogue of shear stiffness. These two
areas are quite compatible, as the combination of classical
soil mechanics methods and artificial intelligence algo-
rithms increases the adaptability of calculations. The topic
of integrating analytical and machine methods for model-
ling bases is also present in a study by Z. Zhou et al. (2024).
The authors analysed large-scale hydraulic structures, but
the nature of the interaction “structure-soil” is in many
ways similar to the situation with strip foundations, when
the presence of weakened zones or trenches can cause local
stress redistribution. The difference is only in the physical
scale and type of structure, but the fundamental deforma-
tion mechanisms are similar.

The issues of algorithmic comparison of different
machine learning methods for predicting complex states
raised by S. Sasane & Z.A.S. Mulla (2024) demonstrated
that the choice of a particular strain prediction technique
(whether it is gradient boosting, random forest or neural
network) depends on the nature of the input data. There-
fore, this means that if it is necessary to verify the mod-
el when statistics of foundation deformations during op-
eration are collected, different algorithms can be tried to
clarify the “dangerous” zones of the hanging section and
effectively assess the risk. The structured application of
modern multivariate computing algorithms was studied
by X.-M. Gao et al. (2023), classifying methods per num-
ber of dimensions. In the case of the basic calculation, it
is still focused on a one-dimensional beam model but can
be extended to a two- or three-dimensional formulation if
it is necessary to incorporate the effects in the transverse
direction or significant variations in soil properties along
the width of the foundation. The use of higher dimensions
implies an increase in computational costs, which in turn
raises performance issues.

The role of supercomputing resources and adaptive
algorithms in solving complex scientific and engineering
problems is mentioned by H. Sharma et al. (2020). The study
illustrated that modelling large and complex structures re-
quires distributed computing. For research purposes, this
approach would be an additional step that can analyse
scenarios in greater detail or introduce additional physi-
cal nonlinearity. This would provide an even more accurate

& 18 Architectural Studies, 11(1)

picture of the foundation-soil interaction, incorporating
dynamic factors and load variability. Y. Du et al. (2022) pro-
posed a new model for predicting the bearing capacity of
large strip foundations under combined loading, which can
incorporate the mutual influence of different loads. This
approach complements the current analysis of the influ-
ence of longitudinal forces and emphasises that compre-
hensive modelling using modern technologies is a key fac-
tor in assessing the strength characteristics of a foundation.

Thus, the results analysed in this study are close-
ly related to many modern trends that involve a complex
combination of numerical methods, new technologies and
proper data analysis. The study in the context of these ad-
vances demonstrated the importance of the parameters of
incomplete contact and longitudinal forces in the calcula-
tion of strip foundations: simplified schemes can lead to
an incorrect assessment of the stress-strain state and an
increase in deformation, while high-tech and intelligent
methods, on the contrary, can incorporate many factors
and building more reliable, optimised structures.

CONCLUSIONS

The study developed a methodology for calculating strip
foundations that considers incomplete contact with the
ground and the effect of longitudinal tensile or compres-
sive forces. The analysis demonstrated that if these factors
are ignored, a significant discrepancy between the actual
and calculated stress-strain state of the structure can occur,
leading to errors at the design stage. The study was based
on both analytical solutions reflecting the influence of the
“hanging” section of the beam using the Heaviside func-
tion and numerical experiments performed in Delphi and
verified by finite difference and finite element methods.
The results demonstrated that incomplete contact causes a
noticeable increase in deflections in the central zone of the
foundation and an increase in bending moments in the ar-
eas adjacent to the trench. As the width of the unsupported
section increased, local deformations increased, and stress
concentrations increased. The tensile longitudinal forces
created a favourable effect, which consisted of a reduction
in deflections and a more even distribution of forces along
the beam, leading to an increase in the stiffness of the
foundation-soil system. The study determined that with a
characteristic coefficient o, the maximum possible tensile
deflections were reduced by 10-15%.

The calculations yielded the following key numeri-
cal values. With full contact between the beam and the
ground, the maximum deflection was 0.0059 m, and with
partial contact with a trench width of 2a =73 m, it was
0.0074 m; with an increase in 2a to 6 m, the deflection
reached 0.0098 m, which meant an increase in deflection
by 66-70%. With the tensile longitudinal forces included
a decrease in deflections of approximately 10-11% was re-
corded, and when compressive forces were modelled, an
increase of 5-10% was observed. The coefficient charac-
terising the influence of longitudinal forces was approxi-
mately 0.102. The numerical data obtained confirmed the
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effectiveness of the proposed method for calculating strip  methodology, increasing the accuracy of determining the
foundations under conditions close to real ones and made  parameters of foundation performance and reducing the
it possible to optimise the cross-sectional dimensions and  risk of undesirable deformation or failure.

reinforcement scheme of the structure. Further research
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lateral interactions between the foundation and the ground  None.

to more accurately predict stresses and strains. In addition,

the introduction of monitoring systems that combine the- FUNDING

oretical calculations with actual measurements will enable  None.
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ornap Ta KoHUenuis NacMBHOro iHAUBIAYaNnbHOro YXUTMOBOIro 6yAUHKY
ONs YMOB KOHTUHEHTasIbHOIO NOoMipHOro KniMarty

AHoTauiga. MeTtow goctimkeHHs 6Gyaa po3po6ka METOZOJOTii PO3PaxyHKy CTPiUKOBUX (GYHIAMEHTIB 3 ypaxyBaHHIM
CKJIAIHMUX YMOB eKcIutyartariii. [Iyig 1boro 6yJa0 pO3WISHYTO OCOOGMMBOCTI (yHIAMEHTIB Ha CJ1aOKMX Ta IMPOCiIaroumx
IPYHTaX, JOCTIIKEHO BIUIMB HEIOBHOTO KOHTakKkTy 3 (yHIaMeHTOM, a TaKOX BIUIMB IMO3JOBKHIX CWJI, [0 BUHUKAIOTD
BHAC/IIJOK TIIOMEepeIHbOr0 HATATY apMaTypu Ta 3MiHM Temreparypu. MeTomonoris po3paxyHKy OasyBanacs Ha
MOAenoBaHHI QyHIaMeHTy SIK CKiHYeHHOI 6ajKu, 10 CIMPAEThCS HA ABOMApPAMETPUYHMII MPYXHUIT GyHZamMeHT. V
IOCTiIKeHHI ITPOaHasi30BaHO BIUIMB HEMOBHOTO KOHTAKTY MiXK OCHOBOIO Ta (DyHIAaMeHTOM, IO BUHMKAE Yy BUIIALIKY
JIOKa/Ti30BaHMX ITPOBAJIiB 260 OCIabIeHHSI IPYHTY, @ TAKO3K ITO3I0BKHIX CUJI, CIIPUYMHEHMX 30BHIITHIMM HAaBaHTasKeHHSIMM.
Byna pospo6iieHa po3paxyHKOBa IporpamMa Ijisi YMCJIOBOIO MOJeNIOBaHHSI Ta peamizoBaHa B Delphi. V mocmimskenni
6y/710 BU3HAUEHO, IO BiICYTHICTb MOBHOTO KOHTAKTY MiXX (PyHZAMEHTOM Ta OCHOBOIO MPU3BOOUTH IO Mepepo3Nonity
HaIpyXeHb, 0 MOXe CIIPUUYMHUTY JIOKaJIi30BaHi KOHIeHTpalii gedopmariiit. [I03q0BXHi CyM MO-pisHOMY BILIMBAIOTh
Ha XapaKTepUCTUKYU QYHIAMEHTY: PO3TATYI0Ui — 3MEHIIYIOTb IIPOTMHMY, & CTUCKAIOUi — 361/IbINYI0Th. AHATITMYHI Ta YUMCIOBI
pPO3paxyHKy MiATBEPOMUIM HeoOXigHICTh BpaxyBaHHSI LMX (GaKTOPiB Mif yac MPOeKTYBaHHS, OCKIIbKM iX irHOPYBaHHS
MOKe TIPU3BECTU 10 3HAUHMX BigXuieHb y HaMpykeHO-IedopMoBaHOMY CTaHi KOHCTPYKIii. Po3pobieHa MaTeMaTUIHa
MOZe/b BpaxoBye 11i eeKTM Ta BU3HAYAE KPUTUYHI 06/1aCTi, 1[0 TOTPeOYIOTh KOPUTYBAHHS TIapaMeTpPiB TPOEKTYBaHHSI.
OTtpumaHi gaHi MOXXyTb 6yTM BUKOPUCTaHIi MIPY MPOEKTYBaHHI CTPiuKOBMX GYHIAMEHTIB y CKIaJHUX IPYHTOBUX YMOBAX,
MigBUINYIOUM iX HaZifiHICTh Ta eeKTMBHICTh, a TAKOX MiHIMi3yl0uM PU3UK YTBOPEHHS TPIlIMH Ta HePiBHOMipHUX
ocizaHb. 3aMIpOIIOHOBAaHA METOIOJIOTISI MOKe OYTM BUKOPUCTaHa IJis PO3paxyHKy GyHAaMeHTIB 6yiBesb Ta CIIOPY, L0
eKCIUTyaTyIOThCSl B HEOOHOPIAHUX I'PYHTax

KniouyoBi cnoBa: Monenb IPYHTOBOTO (yHAamMeHTy; (yHKIig Xesicaiima; >KOPCTKICTb Ha 3TMH; y3arajbHeHi
XapaKTepUCTUKA I'PYHTY; KoedilieHT HamapyBaHHS; MOLYJIb MPYKHOCTi; MOMEHT iHepIiii
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