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Abstract

Soil mechanics provides a theoretical framework for understanding the behaviour of soil in relation to
structures and the extent to which it is influenced by various natural and unnatural factors. A series of
laboratory experiments on soil are conducted in its current condition, without consideration of potential
long-term changes to its specifications and behaviour. Furthermore, the implications of these changes
on the most crucial soil calculations, namely bearing capacity and safety factors, are not addressed.
This prompted us to emphasise the potential risks associated with the failure to consider the changes
that occur in clay soils. In this research, the findings of prior experiments on expansive soils subjected
to cycles of complete wetting and partial drying were used as a basis for numerical modelling using the
MATLAB program. This resulted in the derivation of mathematical equations that express the changes
with the number of cycles. The Hansen relationship was employed for the calculation of the bearing
capacity of the soil, as well as for the determination of the safety factors. A clear decline was observed
in the bearing capacity values for the various soil types under investigation. Additionally, a notable
reduction in safety factor values was identified, with some soils exhibiting a decrease exceeding 40%.
This is a significant concern due to the potential for substantial material and human losses. It was thus
imperative to consider the impact of wetting and drying cycles when conducting laboratory experiments
to ascertain the actual safety factors in structures.
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Introduction

The term 'soil bearing capacity' is of paramount
importance in the field of structural soil mechanics. Any
miscalculation of this parameter will inevitably result in
structural damage to the edifice constructed upon it.
The application of pressure in excess of the soil’s
bearing capacity results in the formation of cracks in the
structure built upon it, which may ultimately lead to its
collapse. This, in turn, gives rise to significant financial
and human losses (Yeni, 1988). It is the responsibility
of the civil engineer to conduct accurate field and
laboratory investigations into the soil in question, to
analyse the results of said investigations, and to
determine the characteristics of the soil and its
components. The presence of clay minerals, for
instance, has a significant impact on the geometric
behaviour of the soil. (Das, 2010). This is what
prompted geotechnical engineers to pursue further
research into clay soils. The objective of the research
was to gain insight into the behaviour of these soils in
general and in the context of immersion in water in
particular. Researchers began to investigate the
behaviour of these soils and the changes that occur
during the wetting and drying cycle. Expansive soils
were the focus of research attention due to the
significant ~ deformations they exhibit. These
deformations manifest as settlement, caused by the
shrinkage of the soil as it dries out, or as swelling,
caused by the soil's absorption of water. This can result
in the formation of cracks and, in extreme cases,
structural collapse. Such phenomena manifest as
swelling in pavements and deformation of floor slabs.
The extent of these deformations may vary
considerably, depending on the degree of swelling (Al-
Muhaidib, 2002). The "Electrical double layer"
phenomenon posits that the swelling of clay soil is
attributable to the presence of negative charges on the
surface of clay grains. These negative charges attract
cations (positive ions) existing in water solutions,
concentrating them and positioning them on the surface
of the clay granules. In other words, negatively charged
clay metals will attract positive ions. This process of
sharing positive and negative ions is referred to as the
"electrical double layer" phenomenon. The electrolytes
present in the electrolyte layer possess the capacity to
absorb water (hydrone) energy. This is arranged in a
specific direction under the influence of a field of
electrical forces, and the water bound on the surface
forms a water membrane. The formation of the water
membrane results in an increase in the distance between
soil particles, leading to soil swelling (Liang et al.,
2010). The theory of microstructure posits that
expansive soils exhibit deformation (swelling and
shrinkage) that is not solely determined by the intrinsic
composition of the material, but also by the specific
arrangement and spatial distribution of its components
within the material's precise structure. It is postulated
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that the constituents of the expansive soil material are
the foundation for deformation, while the attributes of
the microstructure establish the spatial configuration
that gives rise to swelling and contraction. When the
aforementioned fundamental conditions are satisfied,
expansive soil will undergo expansion when it gains
water and contraction when it loses water (Liang et al.,
2010).

A substantial body of reference studies has
demonstrated the adverse effects of expansive soils on
engineering facilities. Furthermore, the methods
employed to implement wetting and drying cycles on
the soils in question, along with the resulting
experimental outcomes, have been elucidated. One of
the most significant references, namely that of Laura
and Stephen (1986), demonstrates the outcomes of a
series of laboratory experiments conducted with the
objective of attaining a more profound comprehension
of the resistance characteristics of highly plastic clay
soils employed in the construction of dams. It was
discovered that the long-term shear resistance in the
field was significantly lower than that observed in
laboratory experiments on compacted samples.
Furthermore, the application of safety factors based on
reduced laboratory resistances for dams that collapsed.

It was established that a significant reduction in
safety factors occurs as a consequence of wetting and
drying cycles. Nevertheless, the calculated factors of
safety remain marginally above one, even when the
reduced shear strength due to wetting and drying is
taken into account. Consequently, further laboratory
experiments are required to elucidate the impact of
wetting and drying on the long-term resistance
properties of highly plastic clay. While laboratory
experiments to determine soil resistance to shear are
reliable, they do not yet enable us to rely on them for
predicting the long-term stability of dams constructed
of highly plastic clay. It is evident that these cohesion
values should not be relied upon for the design of highly
plastic clay soils when they are subjected to repeated
wetting and drying (Laura & Stephen, 1986).
Furthermore, the researchers investigated the impact of
wetting and drying cycles on the durability
characteristics of soil. Their findings indicated that the
internal friction angle and cohesion of clay soils
exhibited a decline with an increase in the number of
cycles to which these soils were subjected. This
conclusion was corroborated by Hossain et al. (2016).

A further study demonstrated a reduction in the
values of both cohesion and the angle of internal friction
(Hossain et al., 2016). This was observed with cycles in
accordance with the equations derived for both cohesion
and angle of friction with the number of cycles, as
illustrated in Figure 1.
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Another study demonstrated that climate changes,
such as repeated wetting and drying over geological
time, result in the breakdown of parent rocks and the
formation of soil. Concurrently, these actions can also
result in the aggregation of soil particles and the
formation of bonds, designated as "drought bonds,"
which transfer effective stress to the soil. The effective
stress can influence the shear strength behaviour of soils
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that are subjected to such climatic actions. The
application of effective stress to soil in a laboratory
setting, through repeated wetting and drying, has been
observed to result in increased shear strength and a more
robust response to stress and deformation. This
effective stress can be attributed to the presence of
chemical bonds within the soil matrix (Allam &
Sridharan, 1981).
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Figure 1. Changes in Both Cohesion and The Angle of Internal Friction with Cycle Number (Hossain et. al, 2016).

Research Objective

The objective of the research is to analyse the
results of laboratory experiments conducted on samples
of expansive soil, which were exposed to cycles of full
wetting and partial drying. The aim is to identify the
durability factors at each of the cycles which they were
exposed to, with the objective of establishing
appropriate relationships that express the changes that
may occur in these factors. This will be achieved by
modelling the results using a specialized program
(MATLAB). Furthermore, the aim is to ascertain the
impact of wetting and drying cycles on the safety factors
for the bearing capacity of expansive soils.

Materials and Methods

The research presented was based on laboratory
experiments conducted in the soil mechanics laboratory
at the University of Damascus. The experimental data
for this study were obtained from a previous paper
published in the Damascus University Journal of
Engineering Sciences (Abboud et al., 2023). A large
number of soil samples from across the Syrian Arab
Republic were tested to determine their physical
properties, with the aim of identifying the type and
classification of these soils based on a set of

international classifications. The objective was to
identify expansive soils. For soils identified as
expansive, undisturbed samples were obtained and
subjected to cycles of full wetting and partial drying.
This entailed wetting the samples until they reached
their maximum free swelling value and then drying
them until they returned to their natural moisture
content. Furthermore, the time required for each sample
to reach its maximum swelling value and subsequently
undergo partial shrinkage was determined. The results
were validated through the application of the
aforementioned  cycles. Subsequently, shear
experiments were conducted in the direct shear device
for each of the ten soils following each cycle. The
resulting shear specifications and observed changes
were then determined.

Initial direct shear experiments were conducted on
three undisturbed samples with a shear speed of 0.5
mm/min. This speed was selected based on the soil type
and the shape and type of loads that will be applied at
the site. It should be noted that increasing the speed can
result in lower values of cohesion and angle of friction.
Prior to applying cycles, the Mohr-Coulomb envelope
was drawn, and the cohesion values and initial angle of
internal friction were determined. Subsequently, three
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additional shear samples of the same soil were subjected
to a single cycle of full wetting and partial drying, after
which the shear specifications were determined.
Subsequently, three additional shear samples from the
same soil were subjected to two cycles of full wetting
and partial drying, after which the shear specifications
were determined. Consequently, the aforementioned
cycles were repeated on new samples until equilibrium
was reached, which occurred at the fifth cycle.

As a result, a minimum of 60 direct shear
experiments were performed on specimens extracted
from the ten approved expansive soils. The direct shear
tests were conducted in accordance with the procedure
outlined in ASTM D3080. In light of the findings that
multiple cycles exert a discernible influence on the
characteristics of expansive soils, it proved beneficial
and crucial to commence processing the existing data
with the objective of conducting numerical modelling
and identifying mathematical equations that correlate
the soil's cohesion and angle of internal friction with the
number of wetting and drying cycles applied. The
MATLAB program was selected for this purpose, as it
is regarded as a sophisticated programming language
for digital and graphical calculations and the
development of numerous applications. This system
was developed with the objective of assisting engineers
and other professionals engaged in scientific fields to
complete tasks that require extensive digital processing
in a more expeditious and precise manner.

Results and Discussion
Results of Soil Classification and Cycles Study

A comprehensive geotechnical study was
conducted on a substantial number of soil samples. The
objective was to ascertain the possibility of deducing
mathematical relationships based on statistically sound
foundations. In the initial phase of the investigation,
particle size analysis (sieves and hydrometer) (ASTM
D422) and Atterberg limit tests (ASTM D4318) were
conducted and compared with the approved
classifications. This was done to ascertain whether the
soil in question was expansive clay (Table 1). In the
second stage of the study, undisturbed samples of the
expansive soil were taken and subjected to a series of
experiments designed to ascertain their physical and
mechanical properties. This was done prior to initiating
the application of the specified cycles.

In light of the aforementioned results, and in
accordance with the classification of soil in terms of
swelling potential as outlined by Kay (1990) (Brigatti et
al., 2006), the classification of soil in terms of swelling
potential as proposed by Terzaghi and Peck (1967)
(Brigatti et al.) was also considered. The classification
of soil in terms of swelling potential according to
Skempton (1953) (Brigatti et al., 2006) and the
classification of Casagrande (1932) (Al-Homoud et al.,
1995) both categorize the soils as expansive. This is
demonstrated in Table 2.

Table 1. Results Used to Classify Soils.

Sample AB1 AB2 AB3 AB4 ABS ABG6 AB7 ABS8 AB9 AB10
Sand% 20 1.76 30 4.5 5 5 5 19 7 12
Silt% 30 35.7 30 38.9 36.4 36 36 10 25 23
Clay% 50 62.55 40 55.4 58.6 59 59 71 68 65
Liquid Limit% 60 70.2 55 72.5 62 62 62 80 59 72
Plastic Limit% 21 35 27 36.9 29 29 29 34 25 30
Plasticity Index 38 352 28 35.2 33 33 33 46 34 42
Table 2. Classification of the Ten Soils Studied.
Soil Classification Kay Terzaghi and Peck Skempton Casagrande

ABI1 H H VH CH

AB2 E H VH CH

AB3 H H H CH

AB4 E H VH MH

ABS H H VH CH

ABG6 H H VH CH

AB7 H H VH CH

ABS8 E H VH CH

AB9 H H VH CH

AB10 E H VH CH

E :(extremely expansive), H :(highly expansive), VH .(very high), MH: High plasticity silt., CH: High plasticity clay.
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Results of Direct Shear Tests

Approximately 60 direct shear experiments were
conducted on undisturbed samples of soil that were
described as expansive soils. The objective was to
determine the changes in soil cohesion values (Figure
2) and the angle of its internal friction (Figure 3) as a
result of exposure to repeated cycles. Prior to the
application of the aforementioned cycles to the soil, a
series of shear experiments were conducted.
Subsequently, the test was repeated on samples that had
been subjected to repeated cycles. The cycle comprised
a phase of wetting that lasted for three days, followed
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by a phase of partial drying that continued for a period
of time that varied according to the specific
characteristics of the soil in question. In a previous
study, we outlined the methodology for determining this
period for each of the ten soil types under investigation
(Abboud et al., 2023).

Table 3 illustrates the impact of wetting and drying
cycles on soil cohesion (Abboud et al., 2023). Table 4
illustrates the impact of wetting and drying cycles on
the angle of internal friction of soil, as demonstrated by
Abboud et al. (2023).
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Figure 2. Changes in Cohesion Values Under the Influence of Cycles (kN/m?).
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Figure 3. Changes in The Angle of Internal Friction Under the Influence of Cycles (¢°).
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Table 3. Changes in Cohesion Values Under the Influence of Cycles C (kN/m?).

Soil
AB1 AB2 AB3 AB4 ABS AB6 AB7 ABS8 AB9 AB10
Cycle
Cycle 0 333 20 20 48.2 33.1 32.85 34.6 25.2 60 49.2
Cycle 1 29.6 18.5 16.48 40.3 254 27.42 29.6 21.24 48.17 36.5
Cycle 2 28.16 16 15.3 34.6 22.23 26.9 28.1 18.28 40.7 31.9
Cycle 3 27.42 15.81 14.82 284 20.5 254 26.9 17.3 36.6 27.2
Cycle 4 26.18 15.56 14.57 25 19.7 242 26.68 17.3 355 232
Cycle 5 25.94 15.56 14.57 25 19.7 24.2 26.68 17.3 355 22.7
Table 4. Changes in the Angle of Internal Friction Under the Influence Cycles (¢°).
Soil
AB1 AB2 AB3 AB4 ABS AB6 AB7 ABS8 AB9 AB10
Cycle

Cycle 0 26.8 10 25 16 18.8 18.77 19.6 15 19.4 10.3
Cycle 1 26 9.9 24.23 14.8 18.2 18.38 18.6 13.9 17 9.8
Cycle 2 25.23 9.9 24 14.25 17.9 17.9 18.28 13.5 14.7 8.5
Cycle 3 25 9.8 23.94 14 16.8 17.7 17.85 13.4 13.1 83
Cycle 4 25 9.6 23.75 13.8 16.3 17.63 17.7 13.2 12.9 7.95
Cycle 5 25 9.4 23.75 13.7 16.1 17.6 17.68 13.3 12.5 7.9

Numerical Modelling of The Results Using
MATLAB

In order to achieve the research objectives of
identifying mathematical equations that link the
cohesion and angle of internal friction of expansive
soils across a range of wetting and drying cycles,
MATLAB program was employed. This entailed a
series of steps, beginning with the restructuring of the
data to align with the work plan and then examining the
relationship between each of the nineteen inputs. The
variables included in the study were as follows: water
content (x1), unit weight (x»), specific gravity (x3), sand
content (x4), silt content (xs), clay content (Xe), liquid
limit (x7), plastic limit (xs), shrinkage limit (xo),
plasticity index (xi0), swelling index (xi1), cohesion
(x12), internal friction angle (xi3), shrinkage ratio (x4),
void ratio (X1s), dry unit weight (xs), free swelling (x17),
linear shrinkage (xis), shrinkage index (xi9) were
correlated with the outputs (cohesion, angle of internal
friction), Subsequently, an attempt was made to
ascertain the form of the relationship between the
variables (inputs) and the results (outputs). Finally,
using MATLAB instructions, a final relationship was
established between the cohesion and the angle of
internal friction with the selected variables. The validity
of the relationship was verified by comparing its results
with the results of laboratory tests.

Data Restructuring

The results of the specific laboratory tests on the
physical and mechanical properties of the studied soils

are presented in Table 5, which was compiled in the
form of an input matrix.

A new matrix, designated XX, was constructed as
the input matrix and replicated six times for each cycle.
The sequence of instructions was devised to restructure
the data in a manner that would allow for each
experiment to be repeated six times with identical
inputs, with only the cycle number varying.

Study of the Correlation of Inputs with Outputs

The correlation between each of the nineteen
variables and the values of cohesion and the angle of
internal friction is investigated using the MATLAB
program.

For Cohesion (c)

The following series of instructions was employed
to ascertain which variables exhibited the highest
correlation with the cohesion values. The correlation
between all 19 variables and the cohesion values was
investigated. The process commences with the
formation of a loop, which is repeated 19 times,
corresponding to the number of variables. In each
repetition, the relationship between one of the variables
and the cohesion values is studied. Subsequently, the
drawing window is divided into several sections, with
points representing the relationship between one of the
19 variables and the values (C) drawn in each section.
The correlation coefficient between the current variable
and the cohesion values (C) is obtained using the (corr)
instruction. Figure 4 illustrates the relationship between
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cohesion and the various specifications, with the
number indicating the specification and the correlation
coefficient displayed below. The correlation between
this specification and cohesion.

For the Angle of Internal Friction (phi)

7

the angle of internal friction, and the diagrams depicted
in Figure 5 were generated.

Table 6 presents a summary of the results of the
correlation study. In accordance with the data presented
in Table 6, the following entries were selected for the
purpose of identifying the requisite equations, given

The preceding series of instructions was employed
to ascertain the variables most closely associated with

that they exhibit the highest correlation coefficients.

Table 5. Properties of the Studied Soils (Matrix x).

AB1 AB2 AB3 AB4 ABS AB6 AB7 ABS AB9 AB10
X1 15 22.6 20 16 27.6 30.2 32.6 31.8 30 31.5
X2 17.5 20 19.7 17 17.8 18.6 19.3 17.3 18.2 18
X3 2.68 2.65 2.65 2.7 2.7 2.7 2.7 2.71 2.69 2.7
X4 20 1.76 30 4.5 5 5 5 19 7 12
X5 30 35.7 30 38.9 36.4 36 36 10 25 23
X6 50 62.55 40 554 58.6 59 59 71 68 65
X7 60 70.2 55 72.5 62 62 62 80 59 72
X8 21 35 27 36.9 29 29 29 34 25 30
X9 7 10 10 12 9 9 9 10 7 8
X10 38 35.2 28 35.2 33 33 33 46 34 42
X11 0.075 0.09 0.067 0.093 0.078 0.08 0.078 0.1 0.073 0.093
X12 33.3 20 20 48.2 33.1 32.85 34.6 25.2 60 49.2
X13 26.8 10 25 16 18.8 18.77 19.6 15 194 10.3
X14 1.98 1.79 1.79 1.72 1.85 1.85 1.85 1.82 2.03 1.89
X15 0.73 0.6 0.62 0.8 0.89 0.85 0.89 0.85 0.89 0.92
X16 15.2 16.3 16 14.65 13.95 14.3 14 14 14 13.8
X17 7.5 19 10.75 6 7 6.5 6.45 10.5 8.75 5.75
X18 22.5 23 22.6 22.7 22.7 22.7 23 25 235 24.8
X19 53 60.2 45 60.5 53 53 53 70 52 64
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Figure 5. Relationship of Each of The Variables with The Angle of Internal Friction.
Table 6. Results of The Study of The Correlation Between Inputs and Outputs.
C phi
Specific Gravity X3
Sand content X4 0.53797
Clay Content X6 -0.68596
Liquid Limit X7 -0.75229
Plastic Limit X8 -0.75165
Swelling Index X11 -0.7614
Cohesion X12 1
Internal Friction Angle X13 1
Void Ratio X15 0.65258
Dry Unit Weight X16 -0.6077
Free Swelling X17 -0.5695
Linear Shrinkage X18 -0.58099
Shrinkage Index X19 0.74523

Find The Form of The Relationship Between
Variables and Results (Inputs and Outputs)

A series of instructions were employed to extract
the requisite data from the Excel file, and the (cftool)
tool was used to plot the potential for a dependent
relationship between each selected variable and both the
cohesion and the angle of internal friction.

Cn=1(C,*

Pn=f(LL> PL? @, 2 SI?)
Find Mathematical Relations

The (fitlm) instruction was employed to ascertain
the mathematical relationships between cohesion and
the angle of internal friction, as well as the variables
selected for each of these variables. This instruction
requires the input of the variables associated with the
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aforementioned relationships, as well as the degree to
which these relationships were previously identified.

For Cohesion (c)

A final relationship was identified between the
cohesion observed during the different cycles and the
variable previously adopted, namely the initial cohesion
(before the cycles) (X12), in addition to the number of
wetting and drying cycles. (X20)

In accordance with the instructions provided by
Excel, the variable values are stored within a separate
variable in vector form. This vector is then utilized in
the fitlm tool for the purposes of usability.

A drawing window is opened, and the data is
transformed into a tabular format. Subsequently, the
tabulated data and the requisite relationship form are
transferred to the film function, which generates a
relationship in accordance with the data between the
specified variables and the dependent variable. This is
then stored in a statistical model, designated the
(predict).

MATLAB gives the results as follows:

c~1+x12+x20+x12% +x12% +x12*

Estimated coefficients of the regression model for
cohesion variation with cycles are shown in Table 7.

The final relationship that expresses the changes in
cohesion values of expansive soils with the change in
the number of cycles is as follows:

Cn=123.38 — 14.75(C_ + 34.738e " + 0.68141( >
—0.0126C,° +8.3+105¢C*

C » : cohesion over different cycles (kN/m?).
C, :initial cohesion (kN/m?).
cn : cycle number.

The veracity of the relationship was corroborated
through the construction of a diagrammatic
representation, wherein the laboratory cohesion values
were shown to converge with the cohesion values
calculated mathematically using the statistical model.
This convergence was demonstrated by the bisector of
the first quadrant, which was drawn and given a title on
both the horizontal and vertical axes. The resulting
diagrammatic representation took the form in Figure 6.

For The Angle of Internal Friction (phi)

A final relationship was identified that elucidates
the alterations in the values of the angle of internal
friction throughout the various cycles and the variables

9

that were previously adopted, namely: the initial angle
of internal friction (prior to the cycles) (X13), the liquid
limit of the soil (X7), the plastic limit (X8), and the
shrinkage index (X19). Furthermore, the wetting and
drying cycle number (X20) was also considered.

A series of instructions analogous to those
employed for cohesion were implemented, yielding the
following outcome:

Linear regression model:
phi~ 1 +x7 +x8 +x13 +x19 +x20 + x7% + x82 + x132 +

x19%2 +x193

Estimated coefficients of the regression model for
internal friction angle variation with cycles are shown
in Table 8

The final relationship, which expresses the
changes in the values of the internal friction angle for
expansive soils with the change in the number of cycles,
is as follows:

@n = 1.1667 * 10° — 10050 LL + 3384.9PL
—1050.2 9, + 4468.5S1
+ 6.0272e™" + 86.253LL2
— 66.117PL* + 27.379 @, *
—7.0157 S1? —0.50192 SI

@n: the angle of internal friction during different cycles (°)
@, :the initial angle of internal friction (°).

LL : Liquidity limit (%)

PL, :Plastic limit (%)

cn : Cycle number

SI : shrinkage index.

In order to verify the validity of the relationship, a
diagram was constructed which demonstrated the
convergence of laboratory internal friction angle values
towards the mathematically calculated internal friction
angle values utilising the statistical model. The bisector
of the first quadrant was drawn, and a title was assigned
to both the horizontal and vertical axes. This resulted in
Figure 7.

It can thus be stated that the values of cohesion and
the angle of internal friction of the soil can be
determined after a specific number of complete wetting-
partial drying cycles for soils that meet the specified
limit conditions. Table 9 presents the boundary
conditions applicable to the soils under consideration in
this study.
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Table 7. Estimated Coefficients of the Regression Model for Cohesion Variation with Cycles.

Estimate SE t Stat p Value
(Intercept) 123.38 86.636 1.4242 0.16015
x12 -14.754 10.121 -1.4577 0.15071
x20 34.738 3.493 9.945 8.3097e-14
x122 0.68141 0.41762 1.6317 0.10857
x123 -0.012628 0.0072616 -1.7391 0.087718
x124 8.3014e-05 4.5221e-05 1.8357 0.071904

Number of observations: 60, Error degrees of freedom: 54, Root Mean Squared Error: 3.5, R-squared: 0.879,
Adjusted R-Squared: 0.867

c~x12,x20
60 r

50
40 F Cﬁ;xff;

30

predicted ¢

20

O "'/J 1 1 1 1 1 |
0 10 20 30 40 50 60

C

Figure 6. Convergence of Laboratory and Computational Cohesion Values.

Table 8. Estimated Coefficients of the Regression Model for Internal Friction Angle Variation with Cycles.

Estimate SE t Stat p Value
(Intercept) 1.1667e+05 74520 1.5656 0.12388
x7 -10050 6387.7 -1.5733 0.12208
x8 3384.9 2150.1 1.5743 0.12185
x13 -1050.2 666.59 -1.5755 0.12159
x19 44468.5 2821.2 1.5839 0.11965
x20 6.0272 0.7335 8.2165 8.9328e-11
x7? 86.253 54.804 1.5739 0.12196
x8? -66.117 41.988 -1.5747 0.12177
x132 27.379 17.366 1.5765 0.12134
x19? -7.0157 4.1143 -1.7052 0.094486
x19? -0.50192 0.32089 -1.5641 0.12422

Number of observations: 60, Error degrees of freedom: 49, Root Mean Squared Error: 0.735

R-squared: 0.984, Adjusted R-Squared: 0.981
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Figure 7. Convergence of Laboratory and Calculated Internal Friction Angle Values.

Table 9. Boundary Conditions of Expansive Soils Used for Model Applicability.

Condition Limits
Water Content 15 -32.6%
Unit Weight 17 -20 kN/m?
Specific Gravity 2.65-2.71
Sand 1.76 -20 %
Silt 10 -38.9 %
Clay 40 -71 %
Liquid limit 55 -80 %
Plastic limit 21-36.9 %
Shrinkage limit 7-12%
Plastic index 28 -46
Swelling index 0.067 -0.1
Cohesion 20 -60 kN/m?
Angle of internal friction 10 -26.8°
Shrinkage ratio 1.72 -2.03
Void ratio 0.6 -0.92
Dry unit weight 13.8-16.3
Free swelling 6-19%
Linear shrinkage 22.5-25
Shrinkage index 45-70

Soil Bearing Capacity and Safety Factors

The loads borne by the structures are conveyed to

the surrounding soil

foundation is the component of the structure that is in

direct contact with the soil and serves to transfer the
loads from the structure to the soil. The selection of an

appropriate foundation type is primarily dependent

through the foundations. The upon the value of the soil bearing capacity. The term
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"soil bearing capacity" is defined as the maximum
pressure that can be applied to the soil base underlying
the foundation (Yeni, 1988). A plethora of theoretical
frameworks and analytical techniques exist that
facilitate the calculation of soil bearing capacity.
Among these is Prandtl analysis, which represents one
of the earliest solutions to the problem of determining
soil bearing capacity. Another is Terzaghi's analysis,
which built upon Prandtl's work and provided insights
into the bearing capacity of soil beneath surface
foundations. He failed to take into account the strength
of the soil located within the foundation depth D,
assuming that it was solely influenced by its weight.
Furthermore, he regarded the foundation as being of a
rough nature. In addition to the Meyerhof, Vesic and
Hansen relationships, which introduced modifications
to Terzaghi's equation regarding foundation shape and
load placement, the J. Hansen relationship is
recommended for calculating the bearing capacity of
fine-grained soil (Yeni, 1988). This is consistent with
the soil types under consideration in this study, which
are clay soils.

The bearing capacity of soil according to Hansen
is given by:

12

Quit = CNCScdcic + quSqdqiq + O'SYBNVSYinV

2)

N, =1.8(N, —1)tan¢

N, = e tan® a2 (45 +

N, = (N, — 1) cot¢

S¢:Sq, Sy : Shape Factors.

The corresponding shape and inclination factors
used in Hansen’s method are summarized in Tables 10
and 11.

H<V.tgd+c.B.L

6 : The factor of friction between the foundation and the
soil .

c: Cohesion between the foundation and the soil.
L: the length of the foundation parallel to H.

H, V: the horizontal and vertical forces applied to the
foundation.

Similarly, the depth correction factors considered
in the calculations are presented in Table 12.

Table 10. Shape Factors Used in Hansen’s Bearing Capacity Method.

Foundation Shape Circular Square Rectangular
S, 1.3 1.3 1+ 0.2B/L
Sq 1.2 1.2 1+0.2B/L
S, 0.6 0.8 1-0.4B/L
Table 11. Inclination Factors Applied in Hansen’s Bearing Capacity Method.
i, Iy iy
-1 1258 ig"
2c.B.L |4
i, iq, i.: Inclination Factors
Table 12. Depth Correction Factors for Hansen’s Bearing Capacity Calculations.
d, d, d,
+0.35D 1_|_0.35D 1
B B

d,, dq, dy : Depth factors

In this context, the term "D" represents the
foundation depth. The present study is applied to a
square foundation with a width of 2 m located at a
foundation depth of 2 m, subject to a central vertical
load. The bearing capacity of each of the ten soils for
this foundation is calculated according to the Hansen

relationship, after each of the wetting and drying cycles
to which it is subjected. Table 13 illustrates the
alterations in safety factors for soil bearing capacity in
response to the application of wetting and drying cycles.
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Table 13. Changes in Safety Factors for The Bearing Capacity of Soils Exposed to Cycles

4] C (4] qu qa with
Soil LL PL @ SI E{fl:;’ ‘c‘;‘g:: € inder ‘c‘;‘c‘:: tan’(45+¢/2) e™™® Nq Ne Ny - F.Sof 3 ?:ffg
(deg) cycles (rad) (kN/m?)
60 21 268 53.0 1 2671 333 37.38 0.466 2.633 4.858 1279 23.43 10.68 2412.1 3.00
60 21 268 53.0 2 2531 333 2931 0442 2.493 4417 11.01 21.18 8.52 18329 2.28
60 21 268 53.0 32479 333 2634 0433 2.444 4267 1043 2042 7.84 1644.8 8040  2.05
: 60 21 268 53.0 4 2460 333 2524 0429 2.426 4214 1023 20.15 7.60 1578.7 1.96
60 21 268 53.0 5 2453 333 24.84 0428 2.420 4.195 10.15 20.05 7.52 1554.8 1.93
60 21 268 53.0 6 2451 333 2469 0428 2.418 4.187 10.12 20.01 7.49 1546.1 1.92
702 35 100 60.2 1 1056 20.0 26.20 0.184 1.449 1.797 2.60 8.60 0.54  550.5 3.00
702 35 10.0 602 2 9.16 20.0 18.13 0.160 1.379 1.660 229 799 037  389.1 2.12
702 35 100 60.2 3 8.65 20.0 15.15 0.151 1.354 1.612 218 778 032 3352 183.5 1.83
? 702 35 10.0 602 4 846 20.0 14.06 0.148 1.345 1.595 215 7.70 031 316.1 1.72
702 35 10.0 60.2 5 839 20.0 13.66 0.146 1.342 1.589 213 7.68 030  309.1 1.68
70.2 35 10.0 602 6 836 20.0 13.51 0.146 1.340 1.587 213 7.67 030 306.6 1.67
55 27 250 450 1 2567 20.0 2620 0.448 2.529 4.527 1145 21.74 9.04 1775.1 3.00
55 27 250 450 2 2427 20.0 18.13 0.424 2.396 4123 988 19.69 720 12872 2.18
55 27 250 450 3 2375 200 15.15 0415 2.349 3985 936 19.00 6.62 11289 1.91
: 55 27 250 450 4 2356 20.0 14.06 0411 2.332 3936 9.18 18.75 642 10732  591.7 1.81
55 27 250 450 5 2350 20.0 13.66 0.410 2.326 3918 9.1 18.67 635 1053.1 1.78
55 27 250 450 6 2347 20.0 13.51 0410 2.324 3912 9.09 18.63 632 10457 1.77
72.5 369 160 60.5 1 1491 482 4533 0.260 1.693 2308 391 1092 139 1109.8 3.00
72.5 369 16.0 60.5 2 1351 482 37.25 0.236 1.610 2.127 342 10.09 1.05 8683 235
725 369 160 60.5 3 1299 482 3428 0.227 1.580 2,065 326 980 094 7879 2.13
! 72.5 369 16.0 60.5 4 1280 482 33.18 0.223 1.569 2.042 321 970 090 7594 3699  2.05
72.5 369 160 60.5 5 1273 482 3278 0.222 1.566 2.034 318 9.66 089 749.0 2.02
72.5 369 16.0 60.5 6 1271 482 32.63 0222 1.564 2.031 3.18 9.65 0.88 7452 2.01
62 29 188 53.0 1 18.58 33.1 37.19 0.324 1.935 2875 556 13.58 276 12403 3.00
62 29 188 53.0 2 17.18 33.1 29.11 0.300 1.838 2,641 486 1247 2.15 9425 2.28
62 29 188 53.0 3 16.66 33.1 26.14 0.291 1.804 2561 4.62 12.09 195 844.1 2.04
: 62 29 188 530 4 1647 33.1 2505 0.288 1.792 2532 454 1196 1.88  809.3 4134 1.96
62 29 188 53.0 5 1640 33.1 24.64 0.286 1.787 2522 451 1191 186  796.6 1.93
62 29 188 53.0 6 1638 33.1 2450 0.286 1.785 2518 450 11.89 1.85  792.0 1.92
62 29 188 53.0 1 19.23 329 36.94 0.336 1.982 2991 593 14.13 3.09 12958 3.00
62 29 188 53.0 2 17.83 329 28.86 0311 1.882 2746 517 1297 241 9837 2.28
62 29 188 53.0 3 17.31 329 2589 0.302 1.847 2,662 492 12.57 220  880.8 2.04
¢ 62 29 188 530 4 17.12 329 2480 0.299 1.834 2,632 483 1243 2.12 8443 431.9 1.95
62 29 188 53.0 5  17.05 329 2440 0.298 1.830 2,621 480 1238 2.10  831.1 1.92
62 29 188 53.0 6 17.03 329 2425 0.297 1.828 2617 478 1236 2.09 8263 1.91
62 29 196 53.0 1 19.50 34.6 38.61 0.340 2.002 3.043  6.09 14.38 325 1365.1 3.00
62 29 196 530 2 18.10 34.6 30.53 0.316 1.902 2793 531 13.19 254 1043.1 2.29
62 29 19.6 53.0 31759 346 27.56 0.307 1.866 2707 5.05 12.78 231 936.8 2.06
7 62 29 196 530 4 1740 34.6 26.46 0.304 1.853 2676 496 12.63 223  899.2 455.0 1.98
62 29 196 53.0 5 1733 34.6 26.06 0.302 1.848 2,665 493 12.58 220  885.6 1.95
62 29 19.6 53.0 6 1730 34.6 2591 0302 1.847 2,661 491 1256 2.19  880.6 1.94

13
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80 34 15.0 700 1 13.55 252 29.02 0.236 1.612 2.132 3.44 10.11 1.06  724.6 3.00
80 34 150 70.0 2 1215 252 2094 0212 1.533 1.967 3.01 936 0.78 5258 2.18
80 34 15.0 700 3 11.63 252 17.97 0.203 1.505 1909 287 9.10 0.69 4597 1.90
’ 80 34 150 70.0 4 1144 252 16.87 0.200 1.495 1.889 282 9.01 0.66 436.2 2415 1.81
80 34 15.0 700 5 11.37 252 1647 0.199 1.491 1.881 2.81 898 0.65 4277 1.77
80 34 150 70.0 6 1135 252 1632 0.198 1.490 1.879 280 896 0.65 4246 1.76
59 25 194 520 1 16.35 60.0 58.32 0.285 1.783 2513 448 11.87 1.84 14945 3.00
59 25 194 520 2 1494 60.0 50.24 0.261 1.695 2313 392 1094 140 1206.6 242
59 25 194 520 3 1443 60.0 47.27 0.252 1.664 2244 373 1062 127 1110.7 2.23
’ 59 25 194 520 4 1424 60.0 46.17 0.249 1.652 2219 3.67 1051 122 10767 4982  2.16
59 25 194 520 5 1417 60.0 45.77 0.247 1.648 2210 3.64 1047 120 1064.4 2.14
59 25 194 520 6 1414 60.0 45.62 0.247 1.647 2207 3.63 1045 1.19 1059.8 2.13
72 30 103 64.0 1 942 492 4564 0.164 1.392 1.684 234 810 040 7872 3.00
72 30 103 64.0 2 8.02 49.2 37.56 0.140 1.324 1.557 206 7.54 027 6175 235
72 30 103 64.0 3 7.51 49.2 3459 0.131 1.301 1513 197 734 023 5605 2.14
10 72 30 103 64.0 4 732 49.2 3350 0.128 1.292 1.497 193 727 022 5402 2624 2.06
72 30 103 64.0 5 725 492 33.10 0.126 1.289 1491 192 725 021 532.9 2.03
72 30 103 64.0 6 722 492 3295 0.126 1.288 1489 192 724 0.21 530.2 2.02

LL: Liquid Limit, PL: Plastic Limit, SI: Shrinkage Index, @: Angle of Internal friction, qu: ultimate bearing capacity, qa:

allowable bearing capacity

The internal friction angles and cohesion values for
diverse soil types across multiple cycles were calculated
using the equations derived from the MATLAB

program, which are:

@n = 1.1667 * 10° — 10050 LL + 3384.9PL
—1050.2 @, + 4468.5S1
+ 6.0272e~" + 86.253LL?
— 66.117PL? + 27.379 ¢, 2
—7.0157 SI% —0.50192 SI 3

Cn=123.38 — 14.75C_ + 34.738e ™" + 0.68141C >
—0.0126C° +8.3%1075C.*

SAFETY FACTOR

2

Figure 8. Decrease in Factor of Safety with Cycles.

3

——4
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Based on this data, the ultimate bearing capacity of
each soil was calculated at a different number of cycles,
and subsequently, the safety factor for the bearing
capacity of the soil in each case was calculated. It was
demonstrated that the value of the safety factor
decreased markedly with the number of wetting and
drying cycles to which the soil was subjected. The
reduction in some soil samples reached 40%, and in
some cases, the resulting safety factor values were
below the acceptable threshold of 2. Figure 8 and
Table 14 illustrate the observed decline in the safety

factor.
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Table 14. Relative Change in Safety Factors for Bearing Capacity.

Soil 1 2

3

4 5 6 7 8 9 10

Relative Change in Safety Factors% 36 44

41

33 36 36 35 41 29 33

Conclusion

The research findings demonstrate the influence of
repeated soil wetting and drying cycles on the
sustainability of engineering facilities. The clear change
in the values of the soil’s bearing capacity and its safety
factors can be observed. Furthermore, the findings of
the tests indicated a reduction in the shear resistance of
the soils subjected to repeated cycles of complete
wetting and partial drying. It is evident that each of the
shear coefficients diminishes with the increase in the
number of cycles. While the decrease was not
statistically significant for the internal friction angle, it
was evident for the cohesion value. This illustrates the
necessity of taking into account the impact of multiple
cycles when establishing the mechanical properties of
expansive soils. A summary of the results is presented
below.

e The values of cohesion and angle of internal friction
determined by direct shear tests for specimens exposed
to full wetting and partial drying cycles are observed to
be lower than those for specimens not exposed to the
cycles. It is notable that the changes in the angle of
internal friction ranged between 6 and 36%, while the
changes in the cohesion values ranged between 22 and
54%. This evidence leads to the conclusion that fatigue
has affected the bond between the molecules.

e The alterations in cohesion values are considerably
more pronounced than those observed in the internal
friction angle values. This can be attributed to the
relatively low percentage of sand present in the samples
and the high proportion of fine materials. Furthermore,
repeated drying has been observed to result in a notable
reduction in cohesion values.

e The soil with the highest percentage of sand
exhibited the smallest change in angle of internal
friction, while the soil with the highest percentage of silt
and clay demonstrated the least change in cohesion
values.

e The most significant alterations in cohesion values
and internal friction angle values for soils were
observed during the initial cycle.

e The majority of soils reach equilibrium in terms of
cohesion after the fourth cycle. Similarly, the angle of
internal friction reaches equilibrium after the fourth
cycle. However, soils containing between 60 and 70%
clay require an additional cycle to reach equilibrium.

o The MATLAB program, with its extensive libraries
and sophisticated high-level programming language,

enabled us to define mathematical equations within the
previously specified boundary conditions. By
employing these equations and conducting
straightforward laboratory experiments, it is possible to
ascertain the values of cohesion and the angle of internal
friction for soils that satisfy the specified boundary
conditions when subjected to repeated cycles of
complete wetting and partial drying.

e A notable decline in the safety factor value was
observed with an increase in the number of wetting and
drying cycles to which the soil was subjected. In some
cases, the reduction in cohesion reached 40%, which is
below the acceptable threshold for the safety factor,
which must be greater than or equal to 2.

Recommendations

e It is recommended that the scope of the boundary
conditions be extended to include other soil types, thus
enabling the application to be widely used.

e [t is recommended that the changes that occur in the
swelling pressure of expansive clay soils as a result of
exposure to expansion be studied. This may be achieved
by relying on a triaxial test device to study the changes
in shear parameters.

e It is recommended that finite element theory be
employed in the analysis of the changes occurring in
expansive soils under the influence of wetting and
drying cycles, and that programs other than MATLAB
be utilized for modeling those soil changes.
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