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Abstract: This study investigates the probabilistic bearing capacity of soft clay stabilized with nanoclay, nano MgO, and nano SiO,
using Monte Carlo Simulation (MCS). A combination of triaxial and model footing tests provided the input parameters for the stochastic
analysis. MCS was applied to quantify failure probability (Py) and reliability index (B), integrating corrected Terzaghi bearing capacity
predictions through regression with experimental data. The results revealed that Nano MgO achieved the lowest Py (4.5%) and highest
B values, indicating superior strength and consistency. In contrast, Nano SiO,, despite its high deterministic performance, showed
increased uncertainty with depth, while Nano Clay exhibited poor reliability (P; > 59%). This study demonstrates that MCS provides
critical insights into the variability and reliability of nano-treated soils, supporting performance-based geotechnical design under

uncertainty.
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1 Introduction

Ensuring the stability and performance of geotechnical
systems under uncertain conditions remains a pressing
challenge in civil engineering. Malaysia, as a developing
country, is no exception; the presence of soft soil and
deep strata on the western side of the Malaysian
Peninsula poses significant geotechnical challenges in the
construction industry. Soil properties, environmental
loads, and construction processes are inherently variable,
making deterministic analysis insufficient for capturing
the breadth of real-world behavior. As a result,
reliability-based design (RBD) has emerged as an
essential paradigm for quantifying the probability of
failure (Pr) and reliability index (f), thereby enabling

risk-informed decision-making in geotechnical design [1,
2,3,4].

Among RBD techniques, Monte Carlo Simulation
(MCS) is widely recognized for its versatility in handling
non-linear and spatially variable systems. It enables
robust  probabilistic  estimates, albeit often at
computational expense. Studies have shown that while a
few hundred to a thousand samples may suffice for
second-moment statistics, up to 25,000 runs may be
necessary for the accurate assessment of higher-order
moments [5,6,7,8]. Thus, MCS has become a benchmark
method in the probabilistic evaluation of geotechnical
systems, including slope stability under spatially variable
conditions [9,10,11]. In parallel, nanomaterial-enhanced
soil stabilization has sparked significant interest owing to
its transformative impact on critical geotechnical
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properties. Since Feynman’s pioneering vision in 1959,
nanotechnology has permeated soil mechanics, enabling
enhancements in strength, stiffness, permeability, and
Atterberg limits through mechanisms such as pozzolanic
reactions, matrix densification, and interparticle bonding
[12,13,14,15,16,17]. Nanomaterials such as nano silica
(§8i03), nano MgO, and nano clay have shown impressive
improvements—up to 72% gains in unconfined
compressive strength with 2% nano-MgO addition after
curing [18,19,20,21]. Additionally, advances in
nanocomposites, which are hybrid materials composed of
two or more types of nanomaterials that exhibit
synergistic properties, make them ideal for biosensing
applications [40].

Despite these advancements in deterministic
performance, the probabilistic implications of
nanostabilization remain underinvestigated. Only limited
studies—such as probabilistic assessments of nano-silica
treated slopes with a Py around 29.7% and B ~ 1.64 via
machine-learning-enhanced MCS—have started to
explore this gap [22,23,24,25]. The probabilistic
reliability of soils treated with nano MgO and nano clay
has yet to be thoroughly analyzed, leaving a critical void
in current research. Integrating deterministic nanomaterial
improvements with probabilistic frameworks is essential
for understanding whether these performance gains hold
under uncertainty and to what extent. Evaluating
reliability in this context supports the prudent
development of design recommendations and calibration
of safety factors in practice [26] [27]. Therefore, the
objective of this study is to perform a comprehensive
reliability assessment using MCS on soft clay treated with
three nanomaterials: nano-silica, nano-MgO, and
nano-clay. This investigation will quantify (P and ),
and the statistical distribution of bearing capacity across
varying scenarios, leveraging both experimental inputs
and stochastic modeling to construct a robust
reliability-based design framework for nano-modified
soils.

2 Material Preparation and Nanomaterial
Integration Procedures

Undisturbed clay samples were collected from subsurface
depths ranging between 0.5 and 1.5 meters at the Grand
Al-Faw Port site in Basra, Iraq. To maintain the natural
structure of the soil, auger drilling was employed during
sampling, as illustrated in Figure 1. The collected
specimens were subsequently oven-dried at a controlled
temperature of 110(5) °C. Following drying, the soil was
treated with three types of nanomaterials: nanoclay,
nano-magnesium oxide (MgO), and nano-silicon dioxide
(8i03). These materials were incorporated at
concentrations between 1% and 5% of the dry weight of
the soil. Each mixture underwent mechanical blending for
10min to ensure homogeneous dispersion of the

nanomaterials. The blended samples were then allowed to
conditions

equilibrate for 24h at ambient before

proceeding with laboratory testing.

Fig. 1: Service Quay Project Site - Grand Al-Faw Port,
South of Basra, Iraq, with Soil Sampling in Progress Using
Rotary Drilling Technique.

2.1 Baseline Properties of Untreated Clayey
Soil

The clay soil sample underwent comprehensive physical
and chemical testing to evaluate its properties for
potential stabilization applications. The grain size
distribution, illustrated in Figure 2 and summarized in
Table 1, indicates a composition of 60% silt and 40%
clay. This composition is associated with the high
plasticity and expansive behavior of the soil. Based on the
Atterberg limits—liquid limit (47%), plastic limit
(20.5%), and plasticity index (26.5%)—the soil was
classified as high-plasticity clay (CH) according to the
Unified Soil Classification System (USCS) in compliance
with ASTM D2487. Additionally, a shrinkage limit of
10.8% indicated moderate dimensional stability during
drying.

Compaction characteristics, derived from the
compaction curve in Figure 3, reveal an optimum
moisture content (OMC) of 20.2% and a maximum dry
density (MDD) of 15.6kNm~3, determined according to
ASTM D698. These values represent the moisture content
at which the soil achieves its highest compaction, which
is a critical parameter for assessing its suitability for
construction applications.

The chemical properties, summarized in Table 2,
provide additional insights into the soil’s behavior and
potential challenges for structural applications. Key
findings include a sulfate content of 0.94% (ASTM
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Fig. 2: Grain size distribution for the clay soil sample.

Table 1: Index Properties and Classification of Clay Soil
Sample

Index Property Index Value Standard
Specification

Specific gravity (Gs) 2.661 [28]
Silt (0.005 to 0.075 mm) (M) % 60 [29]
Clay (less than 0.005 mm) (C) % 40 [29]
Liquid limit (%) 47 [30]
Plastic limit (%) 20.5 [30]
Plasticity index (%) 26.5 -
Shrinkage limit (L.Sh.) % 10.8 [31]
Optimum Moisture Content (O.M.C) (%) 20.2 [32]
Maximum Dry Density (MDD) kN/m? 15.6 [32]
Classification according to the (USCS) CH [33]
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Fig. 3: Compaction curve for the clay soil sample.

D516), gypsum content of 2.72% (BS 1377-1990), total
suspended solids (TSS) of 7.62% (ASTM DI1888),
chloride content of 2.4% (ASTM D4327), and organic
matter content of 3.9% (ASTM D2974). These values are
significant for evaluating potential risks, such as soil
corrosion and compatibility with stabilization additives.

Table 2: Chemical Properties of Clay Soil Samples

Chemical Properties Test Results | Standard Specification
Sulphate Content (SOy4) % 0.94 [34]
Gypsum Content (Gyp) % 272 [35]
Total Suspended Solids (T.S.S.) % 7.62 [36]
Chloride Content (Cl) % 2.4 [37]
Organic Matter (Org) % 39 [38]

3 Experimental Program Overview

To thoroughly assess the geotechnical behavior of clay
soils enhanced with nanomaterials, the experimental
program was structured into two main phases: (i)
advanced laboratory testing using consolidated drained
triaxial compression and (ii) scaled model testing of
shallow foundations under controlled conditions. A total
of 45 triaxial specimens were prepared to investigate the
influence of nanomaterial content, ranging from 1% to
5% by dry weight, on the shear strength characteristics of
the soil, particularly cohesion (c¢) and internal friction
angle (¢). The nanomaterials employed in this phase
include nanoclay, nano-magnesium oxide (MgO), and
nano-silicon dioxide (Si0O;). The data obtained from these
tests facilitated the identification of strength enhancement
trends and guided the selection of the most effective
dosage. Based on the observed improvements, a 3%
content was deemed optimal and subsequently adopted
for the model footing tests, offering a balance between
mechanical enhancement, economic viability, and
material efficiency.

Subsequently, 13 physical model tests were conducted
using shallow foundation prototypes to simulate the
bearing behavior over soils treated with the selected
nanomaterials. These tests aimed to evaluate the effects of
both nanomaterial type and geometry of the treated zone
on the ultimate bearing capacity and load-settlement
response. In addition to mechanical testing, a suite of
classification  tests, including Atterberg limits,
compaction characteristics, specific gravity, and particle
size analysis, was conducted on all treated soil samples to
ensure consistency and facilitate comparative analysis.

3.1 Foundation Model for Nano-Improved Soils

Undisturbed clay samples were extracted from boreholes
at the Grand Al-Faw Port site (Basra, Iraq) at depths of
0.5-1.5 m to capture key geotechnical layers. Auger
drilling was employed to minimize disturbances and
preserve the natural structure. The soil was oven-dried at
110(5) °C, pulverized, and characterized in accordance
with ASTM standards.
Three nanomaterials were used as stabilizers:

—Montmorillonite-based Nano Clay
—Nano Magnesium Oxide (Nano-MgO)
—Nano Silicon Dioxide (Nano-SiO;)
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A fixed dosage of 3% by dry weight selected based on
triaxial test performance and economic viability was
thoroughly blended with designated soil portions using a
mechanical mixer for 10min, followed by a 24 hour
equilibration period under ambient conditions.

3.1.1 Physical Model Configuration

A rigid steel test box (90cm x 45cm x 30 cm) was used
to simulate the shallow foundation behavior under
controlled conditions. A 4cm X 4 cm square footing was
centrally placed at the soil surface, as shown in Figure 4.
Four improved geometries were tested (Table 3), each
representing varying reinforcement zones beneath the
footing.

Table 3: Geometric Configurations of Improved Soil
Zones Beneath the Footing.

Case | Improved Zone Improved Zone Geometric Representation
Width (cm) Depth (cm) (relative to B)
1 4 2 B x B2
2 4 4 BxB
3 8 2 2B x B/2
4 8 4 2B x B

3.1.2 Compaction and Layering

Each test box was filled with five Scm layers and
compacted to reach the optimum dry density (ODD) and
optimum moisture content (OMC) determined from
Proctor tests. The dry mass was calculated volumetrically,
and the moisture content was adjusted accordingly. Each
layer was compacted and leveled before the next layer
was placed, with random density verification samples
taken to ensure uniformity.

3.1.3 Footing Installation and Instrumentation

The model footing was placed centrally on the prepared
soil surface. Dial gauges were mounted on both sides to
measure settlements, with a seating load of 5kNm2
applied for 24 h to stabilize the setup before testing, as
shown in Figure 4.

3.1.4 Loading Procedure

Vertical loads were applied incrementally using a
calibrated hydraulic system, as follows:

—Initial Stage: 10% of estimated ultimate capacity
—Intermediate Stage: Increased to 20% if response was
linear

—Final Stage: Reverted to 10% if nonlinear behavior was
observed

—Each load increment was maintained for 18 min, and
settlement readings were recorded at each stage in
compliance with ASTM D1194-94.

3.1.5 Failure and Data Interpretation

Failure was defined as settlement equal to 10% of the
footing width (4 mm). The load corresponding to this
settlement was recorded as the ultimate bearing capacity.
Load-settlement curves were plotted for all test cases to
assess the impact of nanomaterials on both capacity and
stiffness.

3.1.6 Quality Assurance

All the procedures adhered to ASTM standards [39]. The
equipment was calibrated before use, and all experiments
were documented through photographs and digital logs.
The selected tests were repeated to ensure reproducibility
and data integrity.

Fig. 4: Experimental Setup of Model Footing Load Test
Apparatus. 1. Hydraulic Press, 2. Dial Gauge, 3. Loading
Plate Connection, 4. Load Cell, 5. Model Footing, 6.
Manual Jack Handle, 7. Uninterruptible Power Supply, 8.
Load indicator.
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Fig. 5: A. Placing the initial soil layer and marking
compaction levels. B. Leveling the compacted soil surface,
C. Marking the improved zone boundaries for Case 1;
D. Marking the improved zone boundaries for Case 2;
E. Marking the improved zone boundaries for Case 3; F.
Marking the improved zone boundaries for Case 4.

3.2 Triaxial Testing (UU Method)

To assess the short-term shear strength behavior of
nano-treated clays under wundrained conditions,
Unconsolidated Undrained (UU) triaxial compression
tests were performed in accordance with ASTM
D2850-07. Specimens prepared at the optimum moisture
content and maximum dry density were subjected to
confining pressures of 200kPa, 300kPa, and 400kPa,
followed by axial loading at a constant strain rate until
failure. The resulting data enabled the determination of
the cohesion (c¢) and internal friction angle (¢).

Nanomaterials (nanoclay, nano MgO, and nano SiO,)
were introduced to improve interparticle bonding and
structural integrity. The testing simulated rapid loading
scenarios, where no drainage occurred, reflecting
conditions typical of sudden load applications in the field.
Uniform sample preparation was ensured by controlled
tamping, dimensional checks, and membrane sealing.
These findings provide critical insights into the undrained
shear  strength  enhancement achieved through
nanomodification, offering guidance for improving the
immediate load-bearing performance of soft clay soils.

4 Influence of Nanomaterials on Shear
Strength Parameters of Soft Clay

Table 4 illustrates that incorporating nano-silica (SiO;)
into soft clay significantly improved the soil cohesion and
internal friction angle. At a 5% dosage, the cohesion
value increased from 42kPa (untreated) to 195kPa,
representing an approximate 364% improvement. The
friction angle also showed significant growth, increasing
from 6.3° to 10.2°. These improvements are primarily
attributed to the high pozzolanic reactivity of nano-silica,
which facilitates the formation of calcium silicate hydrate
(C-S-H) compounds that strengthen interparticle bonds
and fill voids within the soil matrix.

Additionally, the maximum dry unit weight (yy,,..)
increased to 18.5kNm™3 at 4% dosage, reflecting
improved soil densification. However, at 5%, a reduction
to 16.8kNm~—>3 was observed, which may indicate
particle agglomeration or over-saturation, both of which
reduce compaction efficiency. Overall, nano-silica
demonstrated effective improvements in strength
characteristics, particularly up to the 4% dosage level,
making it ideal for applications requiring enhanced shear
resistance and moderate stiffness.

Among all the tested nanomaterials, nano-magnesium
oxide (MgO) yielded the most significant enhancement in
shear strength. At 5% inclusion, the cohesion increased to
220 kPa, an improvement of over 423%, while the internal
friction angle increased to 8.5°. These values indicate a
strong chemical interaction between MgO and clay
minerals, resulting in the formation of magnesium silicate
hydrate (M—S-H) and brucite (Mg(OH);) compounds that
chemically bind soil particles and improve load transfer.

Furthermore, the maximum dry unit weight reached
18.8kNm3, the highest among all additives, while the
optimum moisture content (OMC) peaked at 26.4%.
These enhancements indicate an improved matrix density
and water retention capacity. The linear increase in Y.
with dosage suggests uniform dispersion and efficient
chemical bonding throughout the soil mass. Therefore,
nano-MgO presents an optimal solution for geotechnical
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applications that demand high strength, stiffness, and
long-term reliability.

The nanoclay exhibited moderate improvements in
shear strength, primarily through physical mechanisms.
The cohesion values increased from 42 kPa (untreated) to
150kPa at 5% dosage, while the friction angle improved
from 6.3° to 7.5°. These gains are largely the result of
enhanced interparticle interactions, surface area effects,
and void-filling capabilities rather than chemical
cementation. The plate-like structure of montmorillonite
in nanoclay allows for better compaction and water
absorption, yet does not promote the formation of strong
cementitious bonds.

The v,,,,. improved to 18.5kNm™ at 4% dosage, but
decreased slightly to 18.1kNm™> at 5%, reflecting
potential limits in compaction behavior at higher dosages.
The OMC increased progressively with dosage, peaking
at 26.2%, indicating increased water demand for
compaction. Although the performance of nanoclay does
not match that of chemically reactive nanomaterials, its
cost-effectiveness and environmental friendliness make it
a viable alternative for projects with moderate strength
requirements and less critical loading conditions.

Table 4: Influence of Nanomaterials on Shear Strength

Material Percentage Yemax OMC Coherence Friction
(%) (kN/m?) (%) (kPa) Angle(¢°)
Soft Clay 0 16.8 225 42 6.3
Nano SiO, 1 17.6 23.8 110 7.4
Nano SiO, 2 18.2 24.5 125 8.0
Nano SiO, 3 18.4 25.0 140 8.7
Nano SiO, 4 18.5 25.5 170 9.5
Nano SiO, 5 16.8 225 195 10.2
Nano MgO 1 17.2 233 125 72
Nano MgO 2 17.9 24.5 150 7.6
Nano MgO 3 18.5 25.1 180 7.9
Nano MgO 4 18.7 25.5 200 8.3
Nano MgO 5 18.8 26.4 220 8.5
Nano Clay 1 16.5 223 52 6.5
Nano Clay 2 17.2 23.5 81 6.7
Nano Clay 3 17.9 25.1 105 7.0
Nano Clay 4 18.5 25.5 130 7.3
Nano Clay 5 18.1 26.2 150 1.5

5 Effect of Nanomaterials on ¢,

Table 5 shows that the incorporation of 3% nano-clay into
soft clay resulted in a gradual but consistent increase in
the ultimate bearing capacity across all improvement
cases. Starting from 160kPa in Case 1 and reaching
197 kPa in Case 4, the enhancement reflected a 64.2%
gain over the untreated natural soil (120kPa). This
performance is largely attributed to physical stabilization

mechanisms, including void filling, improved particle
arrangement, and moisture retention.

Nano-clay’s effects are mainly mechanical in nature,
without significant chemical bonding. The limited
increase in cohesion and internal friction angle suggests
that the improvements are governed by enhanced
compaction and better stress distribution owing to the
improved soil texture. Although its bearing capacity
improvement is lower than that of chemically active
nanomaterials, nanoclay remains an economically viable
option for light to moderate loading applications.

Among all tested materials, nano-MgO at 3%
exhibited the highest improvement in ultimate bearing
capacity, rising from 218 kPa (Case 1) to 275kPa (Case
4). This corresponds to an impressive 129.2% increase
compared to natural soil. The enhanced performance is
directly related to chemical reactions that occur between
MgO and soil constituents, leading to the formation of
magnesium silicate hydrate (MSH) and brucite, which
contribute to a denser, chemically bonded soil structure.
The consistent trend of capacity increase across the four
cases suggests high compatibility and uniform dispersion
of nano-MgO in the soil matrix. Its performance confirms
its suitability for critical structural applications that
require a maximum load capacity and long-term stability.
The results validate nano-MgO as the most efficient
nano-additive for increasing the bearing strength.

Nano-silica (SiO;) also showed a significant
enhancement in bearing capacity, increasing from 196 kPa
in Case 1 to 248kPa in Case 4, equivalent to a 106.7%
improvement over the untreated soil. These improvements
stem from the pozzolanic activity of nano-silica, which
generates calcium silicate hydrate (C-S-H) gels that
strengthen interparticle bonds, reduce porosity, and
improve the load-bearing framework of the soil.
Compared to Nano-MgO, Nano-SiO, offers a slightly
lower peak capacity but potentially better control over
settlement owing to its finer particle size and higher
surface area, which enhances soil densification. As such,
nano-SiO; is particularly advantageous for
serviceability-sensitive structures, such as pavements or
lightly loaded foundations, where minimizing
deformation is critical.

6 Reliability Analysis of Bearing Capacity for
Nano-Treated Soils

To assess the probability of failure (Pr) and quantify the
reliability of nano-treated foundation soils, a Monte Carlo
simulation framework was adopted, integrating
experimental data with the classical Terzaghi bearing
capacity model. The workflow depicted in Figure 6,
comprises the following steps:
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Table 5: Mechanical performance of nano-treated soils
under various foundation cases

Nanomaterial Case | q,, (kPa)
Natural Soil All 120
Case 1 160
Case 2 170
Nano Clay 3% Case 3 188
Case 4 197
Case 1 218
Case 2 240
Nano MgO 3% Case 3 755
Case 4 275
Case 1 196
. Case 2 220
Nano SiO; 3% Case 3 231
Case 4 248

6.1 Statistical Modeling of Shear Strength
Parameters

The input parameters Cohesion (c) and internal friction
angle (¢) were obtained from UU triaxial tests and
modeled as normally distributed random variables:

c~N(le,07), ¢ ~N(lp,05) (1)

where the coefficient of variation (COV) was assumed to
be 10% for both parameters, capturing moderate
experimental uncertainty.

6.2 Monte Carlo Sampling and Capacity
Calculation

Using N = 10,000 samples per case, random values of
(ci, ¢;) were generated and used to compute Terzaghi’s
bearing capacity:

Gu; = CiNe + YaN,y +0.5YBN, )

with bearing capacity factors calculated from ¢ using:

) 2
N, = emnd [tan(Z—i—q;)] , 3)
NNy 2(N,+1)tan¢ )
c = ) - an @;
tan ¢; 4 K

and R?> = 0.660 (see Figure 13), leading to the adjusted
capacity:

qiorr = - q'{erzaghi (5)
The limit state function is defined as:
Gi=q," —q;" (6)

and Failure is declared whenever G; < 0, i.e., gy, < g -

6.4 Reliability Metrics

Probability of Failure (Pr):

count(q,. < g5")
pp= 2w ) )
f Ns‘im
Reliability Index (3):
p=—-o'(p) ®)

6.5 Sensitivity Analysis of Shear Strength
Parameters

To further investigate the influence of input uncertainties
on the bearing capacity and reliability estimates, a
sensitivity analysis was conducted based on Monte Carlo
simulation data. The aim was to identify which shear
strength parameter cohesion (c) or friction angle (¢) has a
greater effect on the computed bearing capacity g, and,
consequently, on the probability of failure Py.

Using the generated sample sets of ¢; and ¢;, the
Pearson correlation coefficient between each input and
the corresponding output g,, was calculated:

R, = COIT(Cian)v R(I) = Corr(¢ivqu,-) 9)

Results revealed that although cohesion values were
numerically larger, the friction angle ¢ exhibited a strong
nonlinear influence due to its exponential contribution to
the bearing capacity factors Ny, N¢, and Ny as shown in
Equation (3). In particular, materials with higher ¢ (e.g.,
Nano SiO;) demonstrated greater sensitivity to ¢
fluctuations. This finding underscores the importance of
the accurate characterization and control of ¢ in

6.3 Correction Factor and Limit State Function reliability-based ~ foundation  designs  involving
nanomaterial treatments.
A regression analysis between the calculated gL **" and
measured ¢;;” values yielded a correction factor A = 0.175
© 2025 NSP
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Input Data
Shear strength parameters (c, ) and dry unit
weight (yd,,ax) from UU tests
Experimental bearing capacity (qu_exp)

l

Statistical Model
C,p=~N(1,(0.140)2)

Monte Carlo Simulation (N = 10,000)

Generate samples (ci, i), compute bearing capacity:
via Terzaghi's equationgui

l

Regression Correction
Apply correction:
qui,corr =A*qu,i

I

Limit State
qu exp - qu,i corr = Gi

|

Reliability
P f=failures\ v,
B=—®=1(Pf)

!

Sensitivity
Correlate qgu with ¢, ¢p— identify dominant factor

Fig. 6: Reliability Assessment of Foundations Using
Monte Carlo Simulation

6.6 Stochastic Evaluation of Ultimate Bearing
Capacity

The application of Monte Carlo simulation (MCS) to
evaluate the ultimate bearing capacity (g,) of nano-treated
soft clay reveals valuable probabilistic insights beyond
traditional deterministic analysis. For each nanomaterial,
Nano Clay, Nano MgO, and Nano SiO,—MCS generated
probability density functions (PDFs) and cumulative
distribution functions (CDFs) based on thousands of
randomized input parameters, followed by correction
using experimental data.

6.6.1 Nano Clay: High Variability and Moderate Strength
Gains

The uncorrected PDF for nanoclay showed a
right-skewed distribution centered around ~1300kPa,
indicating an overestimated bearing capacity (Figure 7).
The wide spread and skewness reflect substantial input
variability in parameters such as cohesion and internal
friction angle, combined with the relatively lower
reactivity of the nanoclay.

After correction, the peak shifted to approximately
170kPa, with a significantly narrower and symmetric
distribution. The associated CDF (Figure 8) exhibited a
steeper slope, indicating improved reliability and reduced
uncertainty. These results highlight the necessity of
calibration in probabilistic ~modeling—uncorrected

simulations tend to produce optimistic estimates,
especially for materials such as nano clay that primarily
act through physical rather than chemical mechanisms.

6.6.2 Nano MgO: Highest Strength and Statistical
Stability

Nano MgO demonstrated the highest bearing capacity
and the most reliable probabilistic behavior. The
pre-correction PDF (Figure 9) was centered around
2000kPa, with a relatively balanced distribution,
indicating robust chemical enhancement through
pozzolanic reactions forming magnesium silicate hydrate
(M-S-H). Post-correction (Figure 10) brought the
distribution peak to ~260kPa, tightly clustered, and
nearly symmetric, indicating both high strength and low
uncertainty. The corrected CDF displayed a steep rise,
showing that most values were concentrated within a
narrow range, which is an ideal condition for geotechnical
design. These results suggest that nano-MgO is optimal
for projects requiring both high load-bearing performance
and statistical predictability.

6.6.3 Nano SiO,: Balanced Behavior with Slight
Variability

Nano-SiO, exhibited high initial bearing capacity
predictions (~2000 kPa), similar to those of nano-MgO,
as shown in its pre-correction PDF (Figure 11). However,
the distribution was more right-skewed, suggesting some
overestimation owing to the complex interaction between
silica particles and clay minerals. The corrected
distribution (Figure 12) showed a well-centered peak at
~250kPa with reduced spread, although slightly broader
than that of Nano MgO. Its CDF confirmed moderate
variability but remained within acceptable design limits.
These findings position Nano SiO, as a balanced
alternative, offering high strength and decent reliability,
which is particularly valuable in applications sensitive to
both bearing capacity and settlement behavior.

6.6.4 Regression Analysis: Experimental vs. Theoretical
Prediction

To further support and validate the findings, a regression
analysis was conducted between the theoretical Terzaghi
bearing capacity values (¢7¢"%“¢") and the experimental
bearing capacities (¢**7) across all nanomaterial cases. As
shown in Figure 13, the regression line exhibits the
following:

~Slope (1) =0.130

© 2025 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci. 19, No. 6, 1319-1333 (2025) / www.naturalspublishing.com/Journals.asp

F D\ 13

—Coefficient of determination (R?) = 0.806

These results indicate a strong positive correlation
between the classical theoretical estimations and
experimental outcomes. However, the relatively low slope
reflects a consistent overestimation using Terzaghi’s
method, particularly in soils treated with nanomaterials.
This discrepancy arises because the traditional methods
do not account for:

—Nano-scale chemical interactions,

—Improved microstructural bonding,

—Changes in stiffness and modulus introduced by nano-
additives.

This highlights the importance of integrating
empirical correction and probabilistic models to ensure
safe and realistic predictions in advanced soil
improvement scenarios.
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Combining Monte Carlo simulations, correction
based on experimental data, and regression validation
creates a robust, multilayered framework for analyzing
and predicting the bearing capacity of nano-treated soils.
Among the materials:

—Nano MgO stands out for its high strength and low
uncertainty,

—Nano SiO, balances performance and reliability
effectively,

—Nano Clay, while less powerful, still contributes to
moderate improvements where cost or environmental
factors are prioritized.

This study confirms that probabilistic approaches, when
calibrated and validated, provide superior insights over
deterministic methods alone, enabling a more informed
and safer geotechnical design frameworks.

6.7 Probabilistic Sensitivity Mapping

Figure 14 presents a Monte Carlo-based probabilistic
sensitivity analysis of the influence of cohesion (c¢) and
internal friction angle (¢) on the ultimate bearing capacity
(gu) for three different nano-treated clay systems: Nano
SiO,, Nano MgO, and Nano Clay.
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The bearing capacity increases significantly with both
the cohesion and friction angle. The color gradient (from
blue to red) indicates strong sensitivity, especially at
higher values of both parameters. Nano-SiO, exhibits a
pronounced exponential sensitivity to ¢ owing to its
strong pozzolanic reactions and nano-level bonding,
which enhances both interparticle friction and matrix
strength. Small variations in ¢ or ¢ can result in
substantial changes in ¢,, indicating the need for precise
control during field applications. This sensitivity also
explains the relatively higher probability of failure despite
the high strength gains.

The response surface is tightly clustered, suggesting
high consistency in the bearing capacity with increasing ¢
and ¢. The distribution was dense and linear. Nano
MgO-treated soils display robust mechanical behavior
due to the formation of magnesium silicate hydrate
(M-S-H) compounds, which chemically stabilize the soil.
While sensitivity exists, it is more predictable and less
variable. The uniform response confirms the statistical
stability of Nano MgO, aligning with the lowest
probability of failure and the highest reliability index
among the nanomaterials tested.

The response surface showed a more moderate
gradient with less curvature. The bearing capacity
improved steadily with the cohesion and friction angle,
but the rate of change was lower. This behavior reflects

the physical stabilization mechanism of nanoclay, which
primarily enhances the soil structure via void filling and
texture improvement, rather than chemical bonding.
Although the improvements are consistent, they are not
dramatic. The sensitivity is moderate, indicating that
nanoclay is less reactive to input variability, but also
yields lower gains in bearing performance.

This analysis demonstrates how Monte Carlo
simulation not only quantifies uncertainty but also maps
out the interaction effects between input variables and
structural performance, offering a powerful tool for
probabilistic design in soil stabilization.
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6.8 Evaluation of Failure Probability and
Reliability Index

Table 6 and Figure 15 illustrate a comparative overview
of the probability of failure (Py) and the corresponding
reliability index (B) for all stabilization scenarios. As
anticipated, the untreated (natural) soil exhibits a failure
probability of Py = 1.0, indicating a complete likelihood
of failure under the considered loading conditions.

Among the treated samples, nano-MgO consistently
demonstrated the most favorable reliability performance.
Failure probabilities range from approximately 4.5% in
Case 1 to 44.8% in Case 4, while the associated reliability
indices (B) vary from +1.70 to +0.13. This trend
highlights the combined effects of strength enhancement
and statistical stability, likely stemming from the
homogeneous dispersion of MgO particles and their
controlled pozzolanic interactions with the clay minerals.
The development of magnesium silicate hydrate (M—S—-H)
compounds plays a key role in strengthening the soil
matrix and mitigating the variability in input parameters.

In contrast, nano-SiO,, despite exhibiting high
deterministic strength values, shows relatively high
failure probabilities, increasing from 28.2% in Case 1 to
81.9% in Case 4. The corresponding reliability indices
decline from +0.57 to —0.91, indicating reduced structural
dependability with increasing treatment depth. This
deterioration in reliability may be attributed to the
ultrafine particle size and high pozzolanic activity of
Si0;, which may introduce greater sensitivity to changes
in field conditions, such as moisture content or mixing
uniformity — variables often controlled in laboratory
setups but more erratic in actual site environments.

For Nano Clay, the results revealed poor reliability
metrics across all test cases, with failure probabilities
consistently above 59% and negative reliability indices
(B < 0). This can be linked to the limited chemical
reactivity of montmorillonite and its predominant
physical bonding mechanism, which leads to modest
improvements in shear strength. The lack of chemical
binding and susceptibility to input variability significantly
reduces its effectiveness in designs requiring high
reliability, such as deep foundations or marine
infrastructure.

6.9 Design Insights from Probabilistic
Evaluation of Nano-Stabilized Soils

6.9.1 Material Selection for Reliability-Critical
Applications

Among the three nanomaterials investigated, Nano MgO
emerged as the most favorable additive, delivering high
ultimate bearing capacities (up to 275 kPa) alongside low
probabilities of failure (Pr as low as 4.5%) and high
reliability indices (8 > 1.6). These results underscore the

Table 6: Reliability analysis results for various
improvement cases
Nanomaterial Case Probability of | Reliability Index
Failure (Pf) ®B)
Natural Soil All 1 0
Case [ 0.5936 0.2368
Nano Cla Case 2 0.6154 0.2934
Y Case 3 0.9554 -1.6996
Case 4 0.9517 -1.6616
Case 1 0.0448 1.6975
Case 2 0.1428 1.0678
Nano MgO Case 3 03411 0.4095
Case 4 0.4483 0.1300
Case [ 0.2316 0.5781
. Case 2 0.4361 0.1609
Nano $i0, Case 3 0.7333 -0.6228
Case 4 0.8189 09112
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Fig. 15: Failure Probability (Py) for All Treated and
Untreated Soil Cases

consistency, chemical bonding strength via M-S-H
formation, and statistical stability of nano-MgO, making
it especially suitable for infrastructure projects that
demand strict reliability, such as port structures,
embankments, or seismic-prone zones.

In contrast, nano-SiO,, although demonstrating
significant improvements in strength and settlement
behavior, revealed moderate to high failure probabilities
(up to 81.9% in deeper cases) and declining reliability
indices (B < 0). This suggests that while nano-silica is
effective in enhancing performance, its fine particle size
and high pozzolanic reactivity may lead to increased
sensitivity to field variations, such as mixing quality,
moisture content, and curing uniformity. Therefore, its
application is better suited to serviceability-driven
designs (e.g., pavements and shallow footings), where
moderate failure probabilities are acceptable, but
controlling deformation is critical.
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Nano Clay, by comparison, showed the least favorable
probabilistic performance, with all cases exhibiting
Py > 59% and B < 0. This indicates a high risk of failure
under variable conditions, likely owing to its predominant
physical stabilization mechanism (void-filling and texture
enhancement) rather than chemical bonding. Although
cost-effective and environmentally benign, its use should
be limited to non-critical or temporary structures or
projects with supplementary support mechanisms.

6.9.2 Influence of Improvement Geometry and Depth

The results also reveal a nuanced interaction between the
geometry of the treated zone and statistical reliability. For
all nanomaterials, deeper and wider improvement cases
(e.g., Case 4) delivered higher deterministic bearing
capacities but were more susceptible to variability, as
reflected in increasing Py values. This trend emphasizes
the nonlinear relationship between treatment volume and
design safety, suggesting that larger treatment zones may
not always yield more reliable performance owing to
scale effects, mixing heterogeneity, or moisture variation
during installation. Therefore, the optimization of the
improved geometry should consider not only the expected
strength gain but also the resulting reliability. In high-risk
scenarios, a smaller but well-controlled improvement
zone may provide better overall performance than an
expansive but variable one.

6.9.3 Calibration and Correction in Design Frameworks

The discrepancy between Terzaghi’s theoretical bearing
capacity predictions and experimental results, highlighted
by a regression slope of A = 0.130 and R?> = 0.806,
underscores the necessity of calibration and correction
when using classical analytical models for nanomodified
soils. Traditional formulas, which do not account for
nanoscale interactions, microstructural changes, or
modulus enhancement, tend to overestimate performance
if uncorrected.

By incorporating a correction factor and utilizing
Monte Carlo simulations, this study demonstrates a
practical framework that can be integrated into
geotechnical design codes. This approach facilitates
realistic capacity estimates, supports risk quantification,
and helps select safety factors based on probabilistic
thresholds rather than conservative assumptions alone.

6.9.4 Towards Probabilistic Performance-Based Design
(PPBD)

Ultimately, the findings advocate for a shift from

traditional deterministic safety factors to
performance-based design (PBD) underpinned by
probabilistic tools. This methodology aligns with

emerging trends in infrastructure resilience, sustainability,
and cost optimization. As nanomaterials continue to
evolve and become more accessible, their integration into
PPBD frameworks will enable engineers to design lighter,
safer, and more efficient foundations, particularly in
problematic soils such as soft clays.

7 Conclusions

This research integrates experimental testing with Monte
Carlo Simulation (MCS) to assess the probabilistic
performance of nano-treated soft clays under shallow
foundation loading. By combining the deterministic
results from triaxial and model footing tests with
stochastic modeling, the following conclusions were
drawn:

—Probabilistic Modeling Enhances Design Insight:
The use of MCS reveals a significant variability in
bearing capacity predictions, underscoring the
limitations of deterministic design alone. Calibration
using experimental data is essential for realistic
failure probability estimation.

—Nano MgO Offers Superior Reliability: Among the
tested nanomaterials, Nano MgO consistently yielded
the lowest probability of failure and highest reliability
index (B), confirming its effectiveness in reducing
design uncertainty and improving long-term
performance.

—Nano SiO; Requires Sensitivity Control: Despite its
high strength improvements, Nano SiO, showed
increasing failure probabilities with treatment depth,
reflecting its sensitivity to mixing uniformity and field
variability. Probabilistic assessment proved vital for
identifying this hidden risk.

—Nano Clay Shows Limited Statistical Stability:
While Nano Clay improved mechanical properties
moderately, it exhibited high uncertainty and failure
risk across all cases, limiting its suitability for
reliability-critical applications.

-MCS as a Design Tool: This study validates the
integration of MCS into geotechnical practice as a
tool for quantifying safety margins and optimizing
nanomaterial selection based on both performance
and probabilistic reliability.
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