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The geotechnical properties of soil are crucial in determining the stability of
foundations and construction safety in regions with high groundwater levels,
such as Warsak Road in Peshawar, Pakistan. Due to its proximity to the Warsak
Dam and intersecting irrigation canals, the area experiences a consistently
high water table, which significantly impacts soil stability, leading to potential
issues such as excessive settlement, reduced shear strength, and increased
structural instability. These groundwater conditions pose unique challenges
for foundation stability, making it essential to develop a comprehensive
understanding of the soil’s consolidation behavior and shear strength properties.
To address these concerns, this study employs a combined experimental
and numerical approach, aiming to evaluate these critical soil properties
in detail. The experimental phase involved collecting three undisturbed soil
samples from each of the five distinct sites along Warsak Road, spaced
approximately 5 km apart. These samples were subjected to standardized
laboratory tests, including grain size distribution, specific gravity, Atterberg
Limits, direct shear, unconfined compression, and oedometer tests, per ASTM
standards. To further validate the laboratory findings, numerical analysis using
PLAXIS software was conducted, along with analytical evaluations using the
Meyerhof and Vesic bearing capacity equations. This integrated methodology
provided a comprehensive understanding of the soil’s behavior under varying
conditions, revealing distinct variations in the average values of the three
samples from each site. Specifically, Site 1 exhibited an average cohesion
of 18.22 kN/m2, making it suitable for low-rise structures, whereas Site 2,
with an average cohesion of 15.23 kN/m2, indicated the need for stabilization
due to its high consolidation potential. Site 3, averaging 13.3 kN/m2, showed
higher settlement risk, necessitating deep foundations, while Site 4, with the
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lowest average cohesion of 9.94 kN/m2, was deemed unsuitable for heavy
loads without reinforcement. In contrast, Site 5, having the highest average
cohesion of 20.2 kN/m2, demonstrated excellent stability, ideal for multi-story
buildings and other heavy structures. The numerical results from PLAXIS offered
a more accurate understanding of soil behavior compared to the traditional
Meyerhof and Vesic methods, highlighting the necessity of integrating advanced
numerical techniques with conventional approaches. Accordingly, targeted soil
improvement measures are recommended for weak and highly compressible
soils to ensure the long-term stability and safety of structures in the region.

KEYWORDS

warsak road peshawar, consolidation behavior, shear strength behavior, PLAXIS,
meyerhof and vesic bearing capacity

1 Introduction

Geotechnical engineering has advanced significantly since the
mid-18th century, driven by early structural failures that emphasized
the importance of understanding soil properties in foundation
design. Modern geotechnical practices have since focused on
addressing complex soil behaviors, particularly in regions with high
water tables and proximity to water bodies. Such regions, often
characterized by clayey soils, present unique challenges due to low
shear strength and high consolidation potential, making them prone
to settlement and structural instability (Onyelowe et al., 2023). In
these conditions, water-saturated soils become highly compressible,
requiring detailed geotechnical assessments and potentially the use
of deep foundations or soil improvement techniques to ensure
structural integrity (Onyelowe et al., 2023; Bian et al., 2024; Otake
and Honjo, 2022).

Research on the consolidation and shear strength of clayey soils
has been a cornerstone in geotechnical engineering for centuries
(Yin et al., 2021; Suzuki andYasuhara, 2007; Krishna MuRTHYet al.,
1981; Roy, 2022; Islam et al., 2022). Early soil mechanics principles
were first explored by pioneers like Coulomb and Terzaghi, who
emphasized the importance of these properties for foundation
stability (Shulyatyev and Mozgacheva, 2024; Lokkas et al., 2021;
Aziz et al., 2024; Hua et al., 2024; Su et al., 2022). Theories such as
Terzaghi’s consolidation hypothesis and subsequent advancements
by Ladd, Casagrande, and Skempton established a robust framework
for understanding soil behavior under structural loads (Lokkas et al.,
2021; Liu et al., 2024). Consolidation, defined as the reduction
in soil volume due to water expulsion under load, is critical
in evaluating settlement potential (Mohammed, 2015; Xu et al.,
2021). Similarly, shear strength, which determines soil resistance
to failure under stress, is essential for foundation design. Recent
studies have emphasized that soil mineral composition, moisture
content, and natural structures such as layering and bonding
significantly influence the complexities of consolidation and shear
strength variability in clayey soils, underscoring the need for
localized studies to address site-specific geotechnical challenges
effectively.

Clayey soils exhibit significant plasticity when exposed to water
due to their unique mineral characteristics, influenced by factors
such as surface area, cation exchange capacity, and iron oxide
content (Boumehraz et al., 2024; Zi et al., 2024; Wang J. et al.,

2024; Niu et al., 2024). Mineral composition, such as kaolinite or
smectite dominance, greatly impacts soil behavior, with kaolinite-
rich clays having lower organic carbon content (Nguyen, 2014;
Hu et al., 2024; Zhou H. et al., 2022; Wang H. et al., 2024; Yin et al.,
2024). Additionally, the presence of salts, particularly sulfates, can
adversely impact the stability andmechanical properties of stabilized
clay soils, while variations in pore fluid chemistry can further
alter soil behavior (Bakr, 2024; Liang et al., 2025; Zhou et al.,
2022b; Zhou and Liu, 2022; Zhou et al., 2022c). Standard laboratory
tests using distilled water may not accurately represent in-situ
conditions, leading to potential misinterpretations, as parameters
such as the liquid limit and plasticity index are sensitive to
clay-water interactions and have a direct influence on hydraulic
conductivity (Elmashad and Ata, 2016; Bilgen and Kavak, 2010;
Shan et al., 2024).

A prime example of these challenges is evident along Warsak
Road in Peshawar, Pakistan, where the geotechnical complexities
of clayey soils pose significant issues for foundation design and
structural stability due to their low shear strength and high
consolidation potential. The area’s proximity to Warsak Dam
and intersecting irrigation canals, coupled with high water tables
and seasonal moisture variations, further exacerbate these issues,
making the soil highly susceptible to excessive settlement and
instability. Given the region’s rapid urbanization and infrastructural
expansion, there is a critical need for comprehensive geotechnical
studies to ensure safe and sustainable development. The lack of
detailed, site-specific data complicates foundation design, especially
for multi-story structures subjected to complex loading.

To address these complexities, soil stabilization techniques are
widely used in geotechnical engineering to enhance soil properties
such as strength, durability, and plasticity (Salim et al., 2018; Li et al.,
2024; Zhao et al., 2025; Runsheng et al., 2023; Wang et al., 2023).
Stabilization methods often involve mixing different soils or adding
chemical additives based on site-specific requirements (Freitag,
1986; Wang et al., 2024c; Wang et al., 2024d). The selection of
appropriate stabilization techniques depends on various factors,
including soil type, economic considerations, project duration, and
availability of materials (Sujatha et al., 2018). Common methods
include stone columns, root piles, and reinforced earth using
geosynthetics and randomly distributed fibers (Salim et al., 2018).
The concept of reinforced soil, introduced by Henri Vidal in
the 1960s, offers an environmentally friendly and cost-effective
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solution due to the local availability and biodegradability of
the materials used (Wu et al., 2014; Al Adili et al., 2012).
Consequently, understanding the complex behavior of clayey soils
and implementing appropriate stabilization measures is essential
for ensuring structural stability and minimizing settlement risks in
construction projects.

Despite extensive research on soil stabilization and improvement
techniques, there is a noticeable gap in localized geotechnical studies
specific to this region, particularly regarding the consolidation
potential and shear strength of clayey soils. This lack of reliable
data presents a challenge in designing effective foundation
strategies tailored to the unique soil conditions of Warsak Road.
Addressing these gaps through advanced soil analysis and validated
modeling techniques is essential for ensuring safe and sustainable
development. Thus, this study aims to comprehensively assess
the geotechnical properties of clayey soils along Warsak Road
by a) characterizing the soil in terms of grain size distribution
and plasticity parameters using ASTM standards, b) evaluating its
shear strength and bearing capacity through laboratory tests, and c)
analyzing the soil behavior using PLAXIS software (Brinkgreve and
PLAXIS Version 8 Reference Manual STATIK, 2016). The results
will be validated against established standards and equations, such
as Meyerhof (Das, 2009) and Vesic (Sedmak Vesić, 1973), to ensure
accuracy and provide valuable insights for the region’s ongoing and
future construction projects.

2 Experimental design and material
specifications

The experimental phase involved a comprehensive geotechnical
evaluation of the soil samples collected from five strategically
selected locations along Warsak Road, spaced approximately 5 km
apart to account for any variations in soil type, as shown in Figure 1.
The sampling sites were strategically selected to achieve the research
objectives. To ensure reliable data, three undisturbed samples were
collected from each location, adhering to ASTM standards. The
locations included Site 1 (S1) at Irrigation Colony, Site 2 (S2) at
Sabz Ali Town, Site 3 (S3) at Almassa Model Town, Site 4 (S4)
at Garhi Sherdad, and Site 5 (S5) at Kochyan Payan. The samples
were extracted from a depth of 2 m, ensuring proximity to the
water table for a more accurate representation of the subsurface
conditions. Undisturbed soil samples were extracted using shelby
tubes and block samplers, ensuring the preservation of natural
moisture content by sealing the ends with wax and polythene.
The samples were immediately transported to the laboratory for
testing. Various tests, including particle size distribution, specific
gravity, plasticity, shear strength, and consolidation potential, were
conducted to comprehensively assess the soil properties. The data
obtained were analyzed using geotechnical methods to evaluate the
soil’s behavior under different loading conditions.

2.1 Particle size analysis

The particle size distribution was evaluated using ASTM
D422 standards (ASTM D422, 2018). Coarse particles were
analyzed through sieve analysis, which involved stacking sieves

of progressively smaller apertures and using a mechanical shaker to
separate and classify the soil particles by size. Similarly, hydrometer
analysis was performed for finer particles smaller than 0.075 mm
by mixing the soil with a dispersing agent and creating a soil-
water suspension. The mixture was then homogenized using a
mechanical stirrer (Figure 2A) and placed in hydrometer cylinders
within a water bath (Figure 2B) to measure the relative density of
the suspension at specified time intervals. This provided a detailed
understanding of the distribution of both coarse and fine particles
within the soil samples.

2.2 Index properties and soil consistency
evaluation

The index properties of the soil were assessed through Specific
Gravity Test (SGT) and Atterberg Limits Test (ALT). The SGT,
conducted according toASTMD854 standards (ASTM D854, 2023),
determined the ratio of the mass of the soil to the mass of an
equivalent volume of water, indicating the soil’s density relative
to water. The test began with the preparation of the soil sample
and water. The specific gravity flask was then filled and weighed
to determine the mass of the soil relative to water for accurate
density calculation. Additionally, the ALT (ASTM D4318, 2017),
which included the determination of liquid limit and plastic limit,
was carried out to assess the plasticity characteristics of the soil.
Figure 3A shows that the initial soil sample was weighed before
testing.The liquid limitwas determined using theCasagrande device
(Figure 3B), while the plastic limit was evaluated by rolling soil
threads into uniform sizes (Figure 3D). After achieving a plastic
state, the sample was weighed again to measure the plastic limit, as
illustrated in Figure 3C.These tests help classify the soil’s consistency
and establish its plasticity index, a key factor in understanding its
behavior under various moisture conditions.

2.3 Strength tests

The strength characteristics of the soil were determined through
a series of standardized tests. The Direct Shear Test (DST),
conducted according to ASTM D3080 (ASTM D3080-04, 2012),
was used to evaluate the shear strength parameters, including
ultimate and residual shear stresses, which are essential for
assessing soil stability and designing retaining structures. The soil
specimen was carefully placed in the direct shear box, and the
load application device was set up for testing. Additionally, the
Unconfined Compression Test (UCT) was performed following
ASTM D2166 to measure the undrained shear strength of cohesive
soils without lateral confinement (ASTM D2166 − 06, 2007). As
illustrated in Figure 4A, the soil specimen was trimmed to the
required dimensions before testing. The final prepared specimen
is shown in Figure 4B, while Figure 4C depicts the weighing
of the trimmed sample to record its initial mass prior to the
compression test. In the field, the Standard Penetration Test (SPT)
was employed to determine the relative density and bearing capacity
of the soil, where the number of hammer blows required to
drive a standard sampler into the soil served as an index for
soil strength (ASTM D1586-18, 2018).
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FIGURE 1
Map showing the sample collection sites along Warsak Road, Peshawar (Wikipedia and Khyber Pakhtunkhwa, 2024; Ahmad et al., 2013).

FIGURE 2
Procedure for hydrometer analysis, including (A) suspension mixing,
and (B) Hydrometer cylinders in a water bath for
sedimentation analysis.

2.4 Consolidation analysis

The consolidation characteristics of the soil were analyzed
using the Oedometer Test (OT) in accordance with ASTM
D2435 standards (ASTM D2435/D2435M − 11, 2011). As shown
in Figure 5A, the soil specimen was carefully placed in the
consolidation ring before testing. Incremental loads were then
systematically applied using the oedometer apparatus, illustrated
in Figure 5B, to measure settlement over time. The detailed
configuration of the consolidation cell is depicted in Figure 5C,
allowing for accurate determination of key consolidation properties
such as compression and swelling indices. Incremental loads were
applied systematically to measure settlement over time, allowing
for the determination of key consolidation properties such as
compression and swelling indices.This data was used to evaluate the
potential for long-term settlement and to predict the soil’s behavior
under varying loading conditions, ensuring accurate foundation
design and stability assessments.

3 Numerical and analytical evaluation

In this section, the numerical modeling of the geotechnical
properties of clayey soils along Warsak Road was carried out
using PLAXIS software. The purpose of this modeling was to
simulate soil behavior under various loading conditions and validate
the laboratory findings. Parameters such as cohesion, angle of
internal friction, Poisson’s ratio, and Young’s modulus, derived
from laboratory tests (e.g., DST and UCT), were incorporated
into the PLAXIS model to represent the soil accurately. The
soil layers were defined using the measured properties from
each sample location, and appropriate boundary conditions were
applied to simulate the real-world field conditions. A standard
downward displacement was applied to evaluate the deformation
response and bearing capacity of the soil, enabling a comparison
with empirical methods such as Meyerhof and Vesic bearing
capacity equations (Das, 2009; Sedmak Vesić, 1973). The numerical
results were analyzed to assess key factors such as settlement,
stress distribution, and shear strain within the soil matrix. These
outputs were then cross-validated with the results obtained from
traditional analytical methods and laboratory experiments to ensure
consistency and reliability.

3.1 Meyerhof bearing capacity equation

The Meyerhof bearing capacity equation for calculating
the ultimate bearing capacity of a shallow foundation is
expressed in Equation 1 as follows:

Qultimate = cNcScDcIc + γDNqSqDqIq + 0.5γBNγSγDγIγ (1)

where:
c = Soil cohesion (kN/m2)
γ = Unit weight of the soil (kN/m³)
D = Depth of foundation (m)
B =Width of foundation (m)
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FIGURE 3
Various stages of the Atterberg Limits tests, including (A) sample weighing, (B) determination of Liquid Limit using the Casagrande device, (C)
measuring the Plastic Limit, and (D) rolled soil threads to assess soil plasticity.

FIGURE 4
Sequence of specimen preparation and measurement for the Unconfined Compression Test (A) trimming the soil sample to required dimensions, (B)
final prepared specimen, and (C) weighing the specimen for initial mass determination.

FIGURE 5
Setup and procedure for the OT, including; (A) placement of the soil specimen in the consolidation ring, (B) Oedometer apparatus for applying
incremental loads and recording settlement, and (C) consolidation cell setup used for detailed measurement of soil compression and swelling
properties.
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Nc, Nq, Nγ = Meyerhof bearing capacity factors (dependent on
soil friction angle ϕ)

Sc, Sq, Sγ = Shape factors
Dc, Dq, Dγ = Depth factors
Ic, Iq, Iγ = Inclination factors
The Meyerhof equation expands upon the classic Terzaghi

bearing capacity equation by incorporating shape, depth, and
inclination factors. However, for cases where the applied load is
perpendicular (no inclination), the inclination factors Ic, Iq, Iγ are
considered equal to 1, simplifying the Equation 1 to Equation 2:

Qultimate = cNcScDc + γDNqSqDq + 0.5γBNγSγDγ (2)

For cohesive soils (ϕ = 0), the third term becomes zero (Nγ =
0), and for clays where Nq = 1, the second term also becomes zero,
reducing the Equation 2 to Equation 3:

Qnet = cNcScDc (3)

The bearing capacity factors, which are essential for evaluating
soil strength parameters, can be calculated using Equations 4–6:

Nq = eπ tanϕ tan2 (45+ϕ/2) (4)

Nc = cot ϕ(Nq − 1) (5)

Nγ = (Nq − 1) tan (1.4ϕ) (6)

These equations enable a more refined calculation of bearing
capacity, accommodating variations in soil cohesion and internal
friction angle (ϕ\phiϕ) for accurate structural design.

3.2 Vesic bearing capacity equation

The Vesic bearing capacity equation further extends the
Meyerhof approach by incorporating additional factors for more
complex loading conditions. It is represented as Equation 7:

Qultimate = cNcScDcIcbc+ qNqSqDqIqbq+ 0.5γBNγSγDγIγbγ (7)

where bc, bq, bγ are modification factors that account for footing
inclination relative to the horizontal.The bearing capacity factors are
given by Equations 8–10:

Nq = eπ tanϕ tan2 (45+ϕ/2) (8)

Nc = cot ϕ(Nq − 1) (9)

Nγ = 2(Nq+1) tan ϕ (10)

These additional factors enable Vesic’s equation to provide a
more comprehensive evaluation of bearing capacity, accounting
for variations in footing inclination, shape, and depth, thereby
making it suitable for scenarios involving complex soil-structure
interactions.

The methodology detailed in the preceding sections provides
a comprehensive framework for evaluating the geotechnical
properties of cohesive soils along Warsak Road. By combining

laboratory experiments, numerical modeling, and analytical
methods, this study aims to present a multi-faceted understanding
of soil behavior under varying conditions. The experimental
tests yielded critical data on soil consolidation, shear strength,
and other key properties, while numerical simulations using
PLAXIS offered insights into stress distribution and load-
bearing capacities. The results derived from these approaches are
systematically analyzed and discussed, with a focus on how the
findings address the research objectives and contribute to existing
geotechnical knowledge.

4 Experimental results and discussion

This chapter presents the results obtained from various
geotechnical tests conducted on the soil specimens, including
Sieve Analysis, Hydrometer Test, Pycnometer Test, ALT, SPT, UCT,
DST, and OT. The findings provide a detailed evaluation of the
soil’s physical and mechanical properties, offering insights into its
suitability for construction and foundation stability. Each test result
is discussed in relation to its relevance for the soil’s structural
behavior and engineering characteristics.

4.1 Particle size distribution

To evaluate the soil gradation for all five sites, the collected soil
samples from each site were grouped and averaged based on the
three samples taken per location, following ASTM D422 standards.
Each grouped sample was analyzed using a standard set of sieves
to classify the soil into distinct particle size fractions, ranging
from gravel-sized particles to fine sand and silt. The proportion
of soil retained on each sieve was recorded to determine the
average percentage for each size fraction per site. For finer particles
passing through sieve No. 200, hydrometer analysis was performed
according to ASTMD422 standards to classify particles smaller than
0.075 mm (ASTM D422, 2018). The results were then plotted as
semi-log particle size distribution curves, representing the average
gradation profile for each site, as shown in Figure 6. This approach
provided a comprehensive view of soil gradation characteristics,
clearly comparing soil properties across the five distinct sampling
locations.

Theparticle size distribution curves for the soil samples collected
from all five sites (S1 to S5) provide a comprehensive analysis of
soil gradation along Warsak Road, highlighting variations in soil
composition and behavior. Samples from S1 and S5 show well-
graded characteristics with balanced proportions of coarse and fine
particles, making them suitable for construction applications due
to better compaction and stability. In contrast, samples from S4,
dominated by a high percentage of fine particles, indicate poor shear
strength and high compressibility, necessitating soil stabilization
before structural use. Samples from S2 and S3 fall between these
extremes. S2 samples have a higher proportion of fine particles,
resulting in lower permeability and higher consolidation potential,
while S3 samples offer a relatively uniform distribution, making
them a viable option for sub-base materials.
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FIGURE 6
Particle size distribution curves for the average values of soil samples from each of the five sites: (A) S1, (B) S2, (C) S3, (D) S4, and (E) S5.

4.2 Atterberg limits and specific gravity test

The ALT and SGT were performed on the averaged soil
samples from each of the five sites to evaluate their physical
and plastic characteristics. The ALT, conducted according to
ASTM D4318 standards, classified the samples based on their
plasticity properties, distinguishing between high, intermediate,
and low plasticity clays and silts for each site (ASTM D4318,
2017). The results are illustrated in Figure 7, which shows
the relationship between water content and number of blows
(Figures 7A, C, E, G, I) and the corresponding Plasticity Index vs
Liquid Limit classifications (Figures 7B, D, F, H, J) for the samples
from each site. The classification of the soil samples is represented
using standard symbols to identify the type and plasticity of
each soil. The symbols include CH for high plasticity clay, CI for

intermediate plasticity clay, CL for low plasticity clay, MH for high
plasticity silt,ML for lowplasticity silt, OH for high plasticity organic
soil, and OL for organic low plasticity silt. These classifications
provided clear distinctions among the soil samples from the five
sites, aiding in understanding their behavior and suitability for
different engineering applications. The classification symbols were
utilized consistently across all graphical representations to facilitate
easy comparison and interpretation of the test results.

The Atterberg Limits focus on the soil’s plastic and liquid limits,
which are more directly related to clay content and behavior under
varying moisture conditions. Even though soil from S1 and S5
is well-graded, its classification as CL based on Atterberg results
suggests that the fines present in these samples are predominantly
clay particles, which can influence their plastic behavior under
certain conditions. In contrast, soil samples from S2, S3, and S4,
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FIGURE 7
(Continued).

despite being classified as OL/ML, show distinct characteristics due
to the nature and proportion of their fine content. Soil from S2,
with a relatively low R2 value of 0.8797, indicates erratic behavior
and greater variability in response to moisture changes, suggesting
a mixture of organic matter or variable fine materials, making it
less predictable and less suitable for foundation purposes without
stabilization. The sample from S3, on the other hand, has a higher
R2 value of 0.951, implying more uniformity in particle distribution
and a stable behavior under varying moisture conditions, making
it a better candidate for construction applications than S2, despite
both being in the same classification range. S4 soil, with an R2

value of 0.9086, falls between S2 and S3 in terms of stability and

predictability. Its classification as OL/ML suggests that while it is
low in plasticity, it may also include organic content, contributing to
its moderate compressibility and inconsistent behavior. Therefore,
like S2 soil, it would require stabilization before being considered
for structural applications, especially in load-bearing scenarios.
Overall, soil from S1 and S5 is better suited for foundational
support due to their classification as CL, whereas soil from S2, S3,
and S4 exhibit higher compressibility and variability, necessitating
careful consideration and potential stabilization measures to ensure
structural integrity in engineering applications.

Similarly, the SGT, performed according to ASTM D854
standards, was used to determine the relative density of the soil
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FIGURE 7
(Continued). Summary of Atterberg Limits test results for the averaged soil samples from each of the five sites, with (A, C, E, G and I) showing water
content vs number of blows for each site and (B, D, F, H and J) corresponding Plasticity Index vs Liquid Limit classification plots.

samples collected from the five sites, averaged from three samples
per site, compared to water (ASTM D854, 2023). This test is
critical in understanding the soil’s mineral composition and particle
density, which directly influences its compaction and stability
under load-bearing conditions.The specific gravity values, averaged
for each site, help in evaluating the suitability of the soil for
construction applications, as higher values typically indicate denser
and more stable soil materials that are better suited for supporting
structural loads.

Table 1 summarizes the specific gravity results of the average
soil samples collected from five distinct sites along Warsak Road,
with three soil samples taken from each site. The specific gravity
values for these grouped samples range from 2.58 to 2.72,
indicating varying mineral compositions and potential organic
content across the locations.The soil from S1 and S5 have the highest
specific gravity values (2.71 and 2.72, respectively), suggesting a
predominance of inorganic and denser mineral particles, making
them more suitable for construction applications. In contrast,
the soil from S2, with a specific gravity of 2.58, reflects lower
density, potentially due to a higher proportion of organic matter
or lightweight minerals, making it less stable without treatment.
Soil from S3 (2.64) and S4 (2.62) show intermediate characteristics,
indicating a mix of silty or organic materials, aligning with earlier
classifications of low plasticity. Overall, these variations highlight
the need for tailored stabilization measures for soil from Sites
2, 3, and 4 to ensure structural integrity, while the soil from

Sites 1 and 5 demonstrates better suitability for direct use in
foundational support.

4.3 Direct shear test

The Direct Shear Test (DST) was conducted on the averaged
soil samples from each of the five sites according to ASTM D3080
standards, and the shear strength parameters (cohesion and angle
of internal friction) were determined for each site (ASTM D3080-
04, 2012). Figure 8A represents the results for the soil from Site 1,
which exhibited a cohesion of 18.22 kN/m2 and an internal friction
angle of 1.05°, indicating moderate shear strength and good stability
under applied loads. Figure 8B illustrates the results for the soil
from Site 2, displaying slightly lower cohesion at 15.23 kN/m2 but
a comparable friction angle of 1.1°, signifying reasonable shear
resistance. Figure 8C corresponds to the soil from Site 3, showing a
cohesion value of 13.3 kN/m2 and a friction angle of 1.04°, reflecting
a further decrease in shear strength and making it less ideal for
supporting heavy loads. Figure 8D represents the soil from Site 4,
which had the lowest cohesion value of 9.94 kN/m2 and a similar
friction angle of 1.1°, classifying it as the weakest in terms of
shear strength, suggesting a need for reinforcement in high-stress
applications. In contrast, Figure 8E shows the soil from Site 5 with
the highest cohesion at 20.2 kN/m2 and the steepest friction angle of
1.24°, indicating superior shear strength and stability.
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TABLE 1 Specific gravity values of average soil samples from five different sites along Warsak Road.

Sample no. 1 2 3 4 5

Mass of Oven dried Soil (gm) = Wo 16.58 20.80 27.05 22.56 19.56

Mass of empty Pycnometer (gm) = WP 54.5 54.3 53.2 54.64 54.1

Mass of Pycnometer + Soil (gm) = WPS 71.08 75.10 80.25 77.2 73.66

Mass of Pycnometer + Water (gm) = WA 140.02 137.80 137.36 142.76 144.73

Mass of Pycno + Soil + Water (gm) = WB 150.50 150.54 154.21 156.72 157.11

Specific Gravity= GS =WO/WO+(WA-WB) 2.71 2.58 2.64 2.62 2.72

FIGURE 8
Shear stress vs. normal stress graphs derived from the Direct Shear Test for soil samples collected from five sites: (A) S1, (B) S2, (C) S3, (D) S4, and (E) S5.
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Based on these results, the soils can be categorized as follows:
Soils from S1, S2, and S3 fall into the category of medium-strength
clayey soils with varying degrees of shear resistance. In contrast, the
soil from Site 4, with its low cohesion and minimal friction angle,
represents a weak soil type, indicating limited stability under applied
loads.The soil from Site 5, on the other hand, is classified as a strong,
cohesive soil with high shear resistance, making it more suitable for
supporting heavier structural loads. These variations are critical for
determining the appropriate foundation strategies for construction
projects across different locations along Warsak Road.

4.4 Unconfined compression test

The UCT was conducted on three soil samples from each of the
five sites along Warsak Road, following ASTM D2166 standards,
to evaluate the average compressive strength and behavior under
axial loading (ASTM D2166 − 06, 2007).The prepared samples were
uniform with a diameter of 5.00 cm and a length of 10.00 cm,
giving a consistent length-to-diameter (L/D) ratio of 2.00 for each
specimen. Each sample had a cross-sectional area of 19.63 cm2 and a
volume of 196.25 cm³. After averaging the results from each group of
three samples, S1 showed an average bulk unit weight of 1.76 g/cm³
and moisture content of 18.90%, reflecting moderate compressive
strength characteristics. S2 had a slightly lower average bulk unit
weight of 1.73 g/cm³ and a moisture content of 17.30%, indicating
lower stability. S3 with an average bulk unit weight of 1.74 g/cm³
and moisture content of 19.10%, displayed moderate compressive
strength. In contrast, S4 exhibited the lowest bulk unit weight at
1.74 g/cm³ and the lowest moisture content at 14.30%, suggesting a
weaker soil structure. S5 showed the highest average bulk unitweight
of 1.80 g/cm³ and a moisture content of 26.60%, indicating strong
water retention and higher stability. These variations in average
values across sites emphasize the need for tailored engineering
solutions based on the specific compressive strength and load-
bearing characteristics of each location.

The compressive strength and axial deformation of soil samples
were analyzed based on the average values obtained from three
samples per site. The results show variations in the unconfined
compression behavior for each location, as illustrated in Figure 9.
The average compressive strength for the soil from S1 (Figure 9A)
was 15.18 kN/m2 at a displacement of 1.3 mm, indicating moderate
stability and suitability for moderate structural loads. For S2
(Figure 9B), the average peak compressive stress was 14.27 kN/m2

at the same displacement, reflecting lower stability and cohesion,
making this site’s soil less ideal for heavy load-bearing without
additional stabilization. The soil from S3 (Figure 9C) averaged
a peak compressive stress of 15.79 kN/m2, suggesting moderate
strength comparable to S1, suitable for medium-load applications.
In contrast, the soil from S4 (Figure 9D) had the lowest average
compressive strength at 11.21 kN/m2, indicating weak compressive
resistance and suggesting the need for reinforcement before being
used in high-load applications. Finally, the soil from S5 (Figure 9E)
exhibited the highest average compressive strength of 17.53 kN/m2

at 1.3 mm displacement, making it the most suitable for supporting
heavier structural loads.

These average values highlight the significant differences in soil
behavior across the sites. Soils from Sites 1, 3, and 5 demonstrate

higher stability and strength, while those from Sites 2 and 4
show greater compressibility and lower cohesion, necessitating
targeted stabilization strategies to ensure safe and stable foundation
conditions.

4.5 Standard penetration test

The SPT was performed at five distinct sites along Warsak Road
to evaluate the soil’s bearing capacity. At each site, three boreholes
were drilled, and N-values were recorded at 2 and 5 m’ depth in
each borehole, providing a more comprehensive assessment of the
soil’s resistance. The N-values obtained from the three boreholes
at each depth were averaged to calculate a representative Nₐᵥₑ
for the site, ensuring reliable data on soil strength and stability.
The Nₐᵥₑ values were then used to calculate the allowable bearing
capacity, highlighting the soil’s suitability for supporting foundations
and construction activities. At S1, an average Nₐᵥₑ value of 7 was
obtained from the boreholes, resulting in an allowable bearing
capacity of 57.45 kN/m2, which indicates that the soil can support
moderate structural loads, making it suitable for standard shallow
foundations. S2 showed a slightly lower Nₐᵥₑ value of 6.5, leading
to an allowable bearing capacity of 47.88 kN/m2, suggesting a less
compact soil profile compared to S1. At S3, the Nₐᵥₑ value was 6.0,
resulting in an allowable bearing capacity of 38.30 kN/m2, reflecting
a weaker soil profile that may require deep foundations or soil
improvement. S4 recorded the lowest Nₐᵥₑ value of 5.0, yielding
an allowable bearing capacity of 19.16 kN/m2, categorizing it as
loose and highly compressible soil that would require significant
stabilization for safe construction. Conversely, S5 exhibited an Nₐᵥₑ
value of 7.0, resulting in the highest allowable bearing capacity
of 57.60 kN/m2, indicating a dense, well-compacted soil capable
of supporting heavier structural loads. These variations highlight
the need for tailored foundation strategies based on specific site
conditions to ensure long-term stability and safety.

4.6 Consolidation analysis

The OT was conducted to evaluate the consolidation potential
of the soil samples, and provided detailed insights into the
consolidation behavior and soil properties at a depth of 1.5 m,
following ASTM D2435 standards (ASTM D2435/D2435M − 11,
2011).The test involved applying incremental loads to the specimens
and recording the resulting displacements at specified time intervals.
The key parameters calculated from these measurements include
void ratios, coefficient of consolidation (Cv), and coefficient of
permeability (K). The samples demonstrated varying levels of over-
consolidation ratios (OCR), indicating their consolidation history
and current stress conditions. The key soil properties measured for
each sample are detailed in Table 2 below.

The results from the OT, as illustrated in Figures 10A–E,
provide a visual representation of the soil behavior discussed in
the earlier analyses for the soil samples collected from S1 through
S5. Each graph shows the deformation of soil under varying
pressure conditions, offering insights into the compressibility and
consolidation potential of each site. For S1 as shown in Figure 10A,
the deformation trend remains low across all loading stages,
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FIGURE 9
Unconfined compressive strength and axial deformation curves for soil samples collected from different sites along Warsak Road, illustrating their
distinct responses under unconfined loading conditions for (A) S1, (B) S2, (C) S3, (D) S4, and (E) S5.

indicating that the soil is relatively resistant to compression. This
behavior is consistent with its classification as a CL and its high
cohesion value of 18.22 kN/m2, making it suitable for moderate
structural loads. The specific gravity value of 2.71 further supports
its stability and low compressibility, making it an ideal candidate for
foundation applications.

In contrast, the deformation pattern for soil from S2 in
Figure 10B reveals a higher degree of compressibility, as evidenced
by the steeper deformation curve under increasing pressures. This
aligns with its classification as OL and its lower specific gravity value
of 2.58, indicating higher water retention and lower shear strength.
The OT results also show that S2 has moderate consolidation
potential, requiring reinforcement for construction use due to

its relatively low cohesion of 15.23 kN/m2. Despite being in the
same OL classification, soil from S3 (Figure 10C) displays a more
predictable and uniform deformation pattern compared to S2,
suggesting better consolidation and load-bearing capacity. This is
reflected in the intermediate specific gravity value of 2.64 and a
slightly higher cohesion of 13.3 kN/m2. The moderate deformation
and higher stability under load make S3 more favorable than
S2, though it remains less ideal than S1 for supporting heavier
structures.

The deformation curve for S4 (Figure 10D) shows a sharp
increase in deformation with higher loads, indicating high
compressibility and low shear strength, making it unsuitable for
load-bearing applications without stabilization. This is consistent
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TABLE 2 Detailed geometric and physical properties of soil specimens for OT.

Soil properties Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Ring wt. (gm) 54.05 53.76 54.12 54 54

Weight of Ring + wet Specimen (gm) 136.77 132.07 133.43 132.41 137.33

Weight of wet Specimen (gm) 81.72 79.31 79.31 78.41 83.33

Diameter of the Ring (cm) 5 5 5 5 5

Height of the Ring (cm) 2 2 2 2 2

X-sectional area of the Specimen (cm2) 19.63 19.63 19.63 19.63 19.63

Volume of the Specimen (cm3) 39.26 39.26 39.26 39.26 39.26

Bulk unit weight of Specimen (gm/cm3) 2.082 2.02 2.02 1.997 2.123

Initial Dry Weight (gm) 69.371816 69.387576 67.041420 68.540209 65.821484

Initial Volume of water (cm3) 12.348183 9.9224234 12.268579 9.8697902 17.508515

Specific Gravity of Specimen 2.71 2.58 2.64 2.62 2.72

Initial Volume of the Solid (cm3) 25.598456 25.699102 25.015455 25.198606 24.652241

Initial Volume of the Voids (cm3) 13.661543 13.560897 14.244544 14.061393 14.607758

Initial Degree of Saturation (%) 90.386442 73.169370 86.128269 70.190697 119.85764

Initial Void Ratio 0.5336862 0.5276798 0.5694297 0.5580226 0.5925529

Height of Solid (cm) 1.3040476 1.3091748 1.2743482 1.2836783 1.2558452

Moisture content at start (%) 20.80 17.30 18.30 14.40 26.60

Moisture content at End (%) 14.80 15.90 15.70 9.70 19.60

with its classification asOL and its low cohesion value of 9.94 kN/m2.
The specific gravity value of 2.62 further reflects its less dense
nature, correlating with its poor consolidation performance in the
Oedometer Test. As such, soil from S4 would require significant
reinforcement before it could be considered for any structural
support. In contrast, S5, depicted in Figure 10E, exhibits minimal
deformation even under high pressure, confirming its suitability
for heavy structural applications. The high specific gravity of 2.72,
coupled with the highest cohesion value of 20.2 kN/m2, indicates
excellent stability and resistance to compressive forces. This is
further supported by its classification as a CL, making Site 5
the strongest and most stable soil among all the tested sites. Its
deformation curve quickly stabilizes at higher pressures, reflecting
its low compressibility and high bearing capacity, making it ideal for
multi-story buildings and heavy structural applications.

Overall, the deformation patterns in Figures 10A–E align
well with the conclusions drawn from the ALT, DST, and UCT
results for the soil samples collected from S1 through S5. Soils
from S1 and S5 are the most suitable for foundational support,
showing the least deformation and highest shear strength,
making them ideal candidates for construction applications.
Conversely, the soils from Sites 2, 3, and 4, despite their similar

OL classification, display distinct differences in compressibility
and stability, necessitating careful engineering interventions,
such as stabilization techniques, to enhance their suitability for
construction purposes.

5 Comparative analysis of numerical
and analytical results

The data analysis was conducted using PLAXIS version 8.6,
a finite element software tailored for deformation and stability
analysis in geotechnical engineering and rock mechanics. The
software operates in three primary stages: input, calculation, and
output. The input stage involves defining the soil model parameters
such as cohesion, angle of internal friction, Poisson’s ratio, angle
of dilation, modulus of compressibility, void ratio, and bulk
unit weight, most of which were obtained from experimental
results as shown in Table 3. The process began by inputting
these parameters, selecting the soil geometry, and defining the
groundwater table position. Boundary conditions were applied,
including fixities and a standard displacement of 0.025 m in the
downward direction to simulate loading.
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FIGURE 10
Time-Deformation Curves for Oedometer Tests on Soil Samples, showing settlement behavior under varying pressures for soil samples from (A) S1, (B)
S2, (C) S3, (D) S4, and (E) S5.

The initial phase of the analysis examined the soil’s response to
the applied displacement, revealing distinct deformation behaviors
for each soil type. In the second phase, the reaction forces generated
within the soils were calculated, representing the stress required
to achieve the specified displacement. This allowed for a detailed
assessment of each soil specimen’s resistance and load-bearing
capacity.Thefinal phase involved generating graphical and tabulated
outputs to illustrate the deformation patterns within the soil
strata. These results were represented as force-displacement curves,
showing the relationship between the applied force and the resulting
soil deformation.

The compiled data sets were then compared to highlight
variations in soil response. To validate the analysis, the results
were compared against theoretical values obtained usingMeyerhof ’s
bearing capacity equations, enabling a comprehensive evaluation of
the soil’s design capacity.

Using the specified inputs in PLAXIS as shown in Table 3
and accurately defining the ground conditions, the resulting soil
behavior and deformation response are illustrated in Figures 11A–E,
which showcases the stress distribution patterns within the soil
profiles under varying conditions of applied displacement. Each
figure represents the unique stress contours and deformation
patterns for all five site samples:

The PLAXIS analysis results indicate that the soil’s load-bearing
capacity ranges from 55.08 kN/m2 to 111.1 kN/m2. The soil of S4
exhibited the lowest bearing capacity due to the presence of a shallow
water table, while S5 demonstrated the highest capacity, attributed to
lower moisture content and higher inter-particle cohesion as shown
in the Figure 12. While Figure 13 illustrates the comparative results
of the ultimate bearing capacity of five site soil samples, evaluated
using three distinctmethodologies: theMeyerhof equation, theVesic
equation, and the PLAXIS finite element analysis.
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TABLE 3 Soil specimen properties for analysis.

Soil properties Sample 01 Sample 02 Sample 03 Sample 04 Sample 05

Moisture content (%) 20.80 17.30 18.30 26.60 14.40

Void ratio 0.5336862 0.5276798 0.5694297 0.5580226 0.5925529

Initial Degree of Saturation (%) 90.386442 73.169370 86.128269 70.190697 89.85764

Coefficient of Uniformity 4.98 5.83 5.41 5.88 4.10

Coefficient of Curvature 0.80 1.07 1.26 0.72 0.84

Specific Gravity 2.71 2.58 2.64 2.62 2.72

Liquid Limit 34.6 37.4 50.4 33.2 23.7

Plastic Limit 15.1 21.7 16.8 18.2 12.4

Plasticity Index 19.5 15.7 33.6 15 11.3

Coefficient of Cohesion (KN/m2) 18.22 15.34 13.30 9.94 20.2

Angle of Internal friction (Degrees) 0.85 1.1 1.03 1.10 1.24

Shear Strength (KN/m2) for Normal load 8.89 kg 25.6 23.8 14.9 13.1 30.1

Shear Strength (KN/m2) for Normal load 13.39 kg 40.1 29 22.8 22.8 38.7

Shear Strength (KN/m2) for Normal load 22.39 kg 44.9 35.3 35.3 27.1 44.6

Shear Strength (KN/m2) for Normal load 40.39 kg 59.4 50.5 46.3 37.7 64.6

Coefficient of Consolidation (in2/m) 0.002164 0.00120 0.00845 0.00793 0.00578

Pre consolidation Stress (KN/m2) 61.90 57.14 59.52 52.35 64.28

Coefficient of permeability K (cm/s) 2.81 × 10−08 9.53 × 10−09 3.97 × 10−08 3.40 × 10−08 5.68 × 10−09

Unconfined Compressive Strength (KN/m2) 15.18 14.26 15.79 11.10 17.52

Average SPT Number 7 6.5 6 5 8.5

Allowable Bearing Capacity (kpa) 57.45 47.88 38.30 19.16 57.60

For S1 sample, the Meyerhof method yielded a bearing capacity
of 93.54 kN/m2, Vesic provided a slightly higher capacity of
98.38 kN/m2, and the PLAXIS analysis reported the highest value
of 103.37 kN/m2. The incremental increase in PLAXIS values
suggests that this method better captures soil deformation and stress
distribution due to its numerical modeling capabilities. S2 sample
exhibited a similar pattern, with Meyerhof at 78.12 kN/m2, Vesic at
82.62 kN/m2, and PLAXIS at 87.76 kN/m2. This trend is consistent
with the increased detail in stress-strain behavior accounted for
by the finite element analysis in PLAXIS. For S3 sample, the
results from all three methods were closer, with Meyerhof at
68.36 kN/m2, Vesic at 71.82 kN/m2, and PLAXIS at 68.01 kN/m2.
The convergence of values suggests that the soil properties in
this sample are relatively insensitive to the additional shape and
depth factors considered in Vesic’s approach, leading to minimal
variation between methods. In the S4 sample, the lowest bearing
capacities were observed due to the presence of a shallow water

table, which significantly weakened the soil’s load-bearing capacity.
Meyerhof recorded 50.88 kN/m2, Vesic 53.67 kN/m2, and PLAXIS
55.08 kN/m2. The slightly higher PLAXIS value may be attributed
to its ability to account for the influence of moisture content more
comprehensively. Finally, S5 sample showed the highest bearing
capacities among all the samples, with Meyerhof at 103.82 kN/m2,
Vesic at 109.08 kN/m2, and PLAXIS at 111.08 kN/m2. This is likely
due to lower moisture content and higher inter-particle cohesion in
the soil, which enhances its stability and resistance to deformation.

Overall, the results indicate that while the Meyerhof and
Vesic methods provide reasonable estimates, the PLAXIS analysis
consistently shows slightly higher bearing capacities for most
samples.This is likely due to the ability of finite element modeling to
incorporate complex soil behavior, deformation patterns, and stress
redistribution more accurately. The Vesic method generally yields
higher values compared to Meyerhof due to its consideration of
additional shape, depth, and inclination factors, making it a more
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FIGURE 11
Stress distribution patterns within the soil profile under varying conditions of applied displacement for sites (A) S1, (B) S2, (C) S3, (D) S4, and (E) S5.

FIGURE 12
Stress versus Deformation curves for sites S1, S2, S3, S4, and S5,
illustrate the variation in load-bearing capacity and stiffness
characteristics for each site soil sample.

comprehensive analytical tool for estimating bearing capacity. This
comparative analysis highlights the influence of analytical versus
numerical modeling techniques in determining the load-bearing

FIGURE 13
Comparison of ultimate bearing capacity results using
different methods.

characteristics of soils. For practical applications, the PLAXIS results
are recommended as they provide a more robust and detailed
assessment of soil behavior under loading conditions.
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6 Limitations of the study

While this study provides significant insights into the
geotechnical properties of cohesive soils in high water table areas
along Warsak Road, several limitations should be acknowledged:

1. The numerical modeling performed using PLAXIS software
relies on several simplifying assumptions, including idealized
boundary conditions and isotropic soil behavior. These
assumptions, while necessary for computational feasibility,
may not fully capture the complexities of real-world soil
conditions.

2. The findings of this study are specific to the soil samples
collected from Warsak Road and may not be directly
applicable to other regions with different soil compositions,
hydrogeological conditions, or loading environments.
Variations in soil mineralogy, moisture content, and
groundwater interactions in other areas could lead to
significantly different outcomes.

3. While standardized laboratory tests provided valuable data,
they may not fully replicate the dynamic and variable
conditions encountered in the field, such as seasonal
fluctuations in groundwater levels or heterogeneous subsurface
conditions.

4. Although the study analyzed soil from five distinct sites,
additional sampling points and a broader geographic coverage
could provide a more comprehensive understanding of soil
behavior in the region.

5. This study primarily focused on short-term soil behavior
under controlled loading conditions. Long-term behavior,
including creep, degradation, and environmental impacts,
remains outside the scope of this research.

7 Conclusion

This study aimed to evaluate the shear strength and
consolidation properties of cohesive soils along Warsak Road,
Peshawar, to address geotechnical challenges posed by high
groundwater levels. Five sites, spaced 5 km apart, were selected
for comprehensive testing using Particle Size Distribution, Specific
Gravity, Atterberg Limits, Unconfined Compression, Direct Shear,
Oedometer, and Standard Penetration Tests, all in compliance with
ASTM standards. Analytical methods, including Meyerhof and
Vesic equations, and numerical simulations using PLAXIS software
were employed for validation. The findings offer valuable insights
into soil behavior under different conditions, forming the basis
for recommendations to ensure safe construction practices in the
region. The main conclusions are as follows:

1) The soil samples collected from the five different sites exhibited
notable variability in shear strength and consolidation
potential. An inverse relationship was observed, with samples
displaying higher shear strength typically showing lower
consolidation potential. This pattern was particularly evident
in S1 and S5, which exhibited high shear strength and
low compressibility, indicating their suitability for stable
foundation support.

2) The highwater table alongWarsak Road significantly impacted
the consolidation potential at several sites, notably in S4,
which exhibited the lowest shear strength and highest
compressibility. This highlights the critical influence of
groundwater conditions on soil stability and underscores the
importance of incorporating local water table variations into
foundation design considerations.

3) Based on the observed shear strength and consolidation
characteristics, shallow foundations are recommended for soil
at S1 and S5, given their stability and low settlement potential.
Conversely, the soils at S2, S3, and S4, which exhibited higher
compressibility and reduced shear strength, require either deep
foundation systems or soil stabilization measures to mitigate
the risks of excessive settlement and potential structural
instability.

4) The results fromPLAXIS numericalmodeling provided amore
detailed understanding of the soil behavior, often yielding
higher bearing capacity values compared to Meyerhof and
Vesic’s analytical methods. This highlights the necessity of
employing advanced numerical modeling in regions with
complex soil conditions to complement traditional analytical
approaches.

5) The study identified site-specific variations in soil properties,
even within a relatively small geographical region along
Warsak Road. This underscores the importance of
conducting localized soil assessments to develop tailored
foundation strategies that ensure structural stability and
long-term safety.

6) By integrating experimental results with numerical and
analytical modeling, the study offers a comprehensive
evaluation of the shear strength and consolidation
characteristics of the cohesive soils in high water table areas,
providing practical guidelines for safe and effective foundation
design in similar geotechnical settings.
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