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Abstract

Geosynthetic materials such as geogrids, geotextiles, and geomembranes have transformed geotechnical
engineering by improving the performance of soil structures. Among these, geosynthetic reinforcement has
become a key technique for enhancing the mechanical properties of clay soils, which are often problematic due
to their low shear strength, high compressibility, and sensitivity to moisture changes. These characteristics
frequently cause settlement and reduced load-bearing capacity, creating challenges in construction and long-term
stability. This study investigates the behavior of geosynthetic-reinforced clay soils through a combination of
laboratory testing and numerical modeling. A series of normally consolidated drained triaxial compression tests
were performed on remolded clay specimens (10 cm in diameter and 20 cm in height), both unreinforced and
reinforced, under consolidation pressures ranging from 0.10 to 0.60 MPa using a GDS triaxial testing system.
Finite element analysis (FEA) was then employed to simulate the reinforced soil systems and validate the
experimental results. The results demonstrate that geosynthetic reinforcement markedly improves the strength
and stability of clay soils, leading to reduced deformation and greater load-bearing capacity. Furthermore, the
numerical models closely matched the experimental observations, highlighting their value as predictive tools for
assessing the performance of geosynthetic-reinforced soils under varying conditions.
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1 Introduction

Geosynthetic materials, including geogrids, geotextiles, and geomembranes, have significantly advanced modern
geotechnical engineering by improving the performance and stability of soil structures (Khan et al., 2021; Zhang
& Li, 2022). Among these innovations, geosynthetic reinforcement has become a vital technique for enhancing
the mechanical properties of clay soils, which are inherently challenging due to their low shear strength and high
compressibility (Chen et al., 2023). Clay soils, characterized by their fine-grained texture and pronounced
plasticity, pose construction and stability difficulties primarily due to their volumetric changes with moisture
variations, leading to settlement issues and reduced load-bearing capacity (Rahman et al., 2021). The stability
and long-term performance of geotechnical structures such as embankments, slopes, and retaining walls are
directly influenced by the properties of the soils that support them. Among these, clay soils are often considered
problematic because of their low shear strength, high compressibility, and tendency to undergo significant
deformation under load. These characteristics frequently result in excessive settlement and stability concerns,
making construction on clay deposits particularly challenging. To address such difficulties, engineers have
increasingly turned to geosynthetic materials, including geogrids, geotextiles, and geomembranes, as
reinforcement Almeida & Marques (2018), Shukla & Yin (2006). When integrated into soil systems, these
materials form a composite medium with enhanced strength, stiffness, and resistance to deformation. The
performance of reinforced soils is commonly assessed through triaxial testing, which provides a reliable
simulation of in-situ stress conditions. The Geotechnical Digital Systems (GDS) triaxial testing apparatus is
especially valuable in this context, as it allows precise regulation of axial loading, pore water pressure, and
confining stress conditions that are critical for accurately capturing soil-reinforcement interaction. Alongside
laboratory testing, numerical modeling has become an essential tool for investigating the stress—strain response,
strength characteristics, and deformation behavior of reinforced clay Zhuang & Cai (2021), Guler & Tumay
(2005) and Hossain & Yin (2009). Together, these experimental and analytical approaches offer deeper insight
into how geosynthetics improve soil performance and contribute to safer geotechnical design. The present study
focuses on the behavior of clay soils reinforced with geosynthetics, using drained triaxial compression tests
conducted with the GDS apparatus, supported by numerical response analysis. The aim is to assess the degree to
which reinforcement improves the mechanical response of clay soils and to provide evidence that can inform the
development of more reliable and resilient geotechnical structures.
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2 Soil and Reinforcement Properties

Clayey soils often found in tropical or semi-tropical area in the northern region of Bangladesh. Disturbed soil
was collected from the area of hospital campus of Nachol, Chapai Nawabgonj, Bangladsh. The soil is reddish in
colour and classified as CH in Unified Classification System (USCS). Geogrid was used as the reinforcement
material. The strength properties of geogrid were determined following ASTM D4595 (2023) and Abu-Farsakh,
et. al. (2007). The soil properties and geogrid are presented in Table 1.

TABLE 1 Geotechnical properties of the clayey soil and Geogrid

Soil Parameters Value Geogrid (Miragrid 7T) Value
Specific Gravity, (Gs) 2.62 Grid opening 25x25 mm
Liquid Limit, % wy, 67 Mass 168 g/m?
Plastic Limit, % w, 31 Tensile strength-MD 29.54 kN/m
Plasticity Index, % I, 36 (Machine direction)

Linear Shrinkage, % L 14.18 Tensile strength-CD (Cross 12.22 kN/m
Maximum Dry Density, kN/m?y; 14.22 direction)

Optimum Moisture Content, % w 23.60 Elongation at maximum 20 %
Activity 0.72 load MD

pH pH 4.2 Elongation at maximum 28%
Compression index C. 0.092 load CD

Swelling index C; 0.023

Coefficient of consolidation, m*month ¢, 3.52

Coefficient of permeability, m/sec x10° &k,  2.460

3 Test Procedure

In this study, six consolidated drained triaxial stress path (CTC) tests were conducted on unreinforced soil
specimens. The tests followed a conventional stress path using cylindrical samples with a diameter of 100 mm
and a height of 200 mm. For the reinforced soil, six additional tests were performed under compression stress
paths using specimens reinforced with two layers of geogrid. To prepare the reinforced specimens, the total
weight of soil calculated from the unit weight and mold volume was divided into three equal parts. The soil was
compacted inside the triaxial mold in three layers of equal height, with geogrid reinforcement placed at one-third
of the specimen height from both the top and bottom. Compaction was carried out following the method
proposed by Mofiz et al. (2005), ensuring Proctor maximum density through the use of a double-piston system.
During testing, a compression rate of 0.10 mm/min was applied using the triaxial press. All tests, for both
reinforced and unreinforced specimens, were conducted under consolidation pressures ranging from 100 to 600
kPa. A strain rate of 0.0010%/min was maintained to prevent any change in pore water pressure, as required for
drained conditions. The experiments were performed using a computer-controlled digital triaxial testing system,
which executed the CTC stress path tests. Data from the transducers were automatically recorded at prescribed
intervals using a microprocessor-based acquisition system, as described by Mofiz and Islam (2010).

4 Test Results

The deviatoric stress versus axial strain and volumetric strain versus axial strain curves for unreinforced soil are
shown in Figure 1. The shear stress-axial strain plot indicate that the axial strain corresponding to maximum
shear stress increases with confining pressure. It was observed that there were no distinct peak points in the c-¢
curves and the curves levels off at higher strains until failure. The volume change characteristics exhibits
contraction behaviour at lower stress levels and expansion at higher stress levels. The cohesion intercept and
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angle of internal friction of unreinforced soil under compression loading are ¢’ = 27.42 kPa, ¢' = 28.02°
respectively.
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Figure 1. Stress-strain characteristics of unreinforced soil: (a) shear stress vs. axial strain (b) volumetric strain vs
axial strain

4.1 Stress-Strain Characteristics of Geogrid Reinforced Soil

Drained triaxial tests were carried out on soil specimens reinforced with two layers of geogrid under compression
stress paths (CTC). The results for stress—strain and volume change behavior are presented in Figure 2. The
findings indicate that both shear strength and failure strain increase with higher consolidation pressures. The
volumetric response under CTC stress paths shows an initial contraction at lower stress levels, followed by
dilation at higher stress levels. Failure of the two-layer reinforced specimens was primarily associated with
bulging of the soil mass. Notably, three distinct small bulges were observed along the specimen length, likely
due to the confining effect provided by the geogrid reinforcement. As expected, reinforced samples exhibited
significantly higher shear strength compared with unreinforced samples, with maximum shear resistance
occurring at higher axial strains. This improvement in strength can be attributed to increased confining pressure
within the soil between reinforcement layers, governed by interface friction resistance along the geogrid. At the
initial stages of shearing, both reinforced and unreinforced samples showed similar stress—strain and volumetric
responses, as the reinforcement only becomes active after a finite level of axial strain is reached. At larger
strains, however, reinforced soils displayed distinct dilative behavior. The volumetric strain—axial strain
relationship further revealed that expansion was more pronounced at lower confining pressures, highlighting the
dependence of dilatancy on confinement. Shear strength parameters for the two-layer reinforced soil, determined
using the MIT stress path method, yielded a cohesion intercept of ¢’ = 34.13 kPa and an angle of internal friction
of @'c = 29.94°. The reinforced specimens also demonstrated higher failure strains, approximately 28% greater
than those of unreinforced soils. Furthermore, the failure strain increased with the number of reinforcement
layers, although this increase was not directly proportional to the number of layers.
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Figure 2. Stress-strain curves of a two layered geogrid reinforced soil for CTC path: (a) shear stress vs. axial
strain (b) volumetric strain vs. axial strain

791



S. A. Mofiz & N. Sharmin
ICCEI 2025

4.2 Failure Envelopes

Failure envelopes (s' =(o'; + o'3)/2 and t = (o7 - 03)/2 plots) of the two layered geogrid reinforced soil under
compression are following by MIT stress path. The cohesion intercept and the angle of internal friction of the

reinforced soil composites for compression are 34.13 kPa and 29.94 01respective1y. A comparison of strength
parameters of unreinforced and geogrid reinforced soil is presented in Table 2.

Table 2. Comparison of shear strength parameters for geogrid reinforced soil

Types of Stress path Cohesion, ¢’ Friction angle, Increase of parameters over
specimen (kPa) ¢,° unreinforced soil
Cl ¢’O
Unreinforced  Compression 27.42 28.02 - -
Reinforced Compression 34.13 29.94 6.71 1.92

4.3 Comparison of Reinforced and Unreinforced Test Results

A comparison of the stress—strain and volumetric strain behavior of unreinforced and reinforced soils under CTC
stress paths is shown in Figures 1 and 2. The corresponding failure strains at a consolidation pressure of 200 kPa
are summarized in Table 3. The results demonstrate that reinforced soils exhibit higher failure strains,
approximately 27.18% greater than those of unreinforced soils. Failure strain was also found to increase with the
number of reinforcement layers; however, the increase was not directly proportional to the number of layers
added. The failure shear stresses for both unreinforced and reinforced soils under compression stress paths are
presented in Table 2. Reinforced soils consistently displayed higher shear strength, with the magnitude of
improvement depending on both the number of reinforcement layers and the stress path considered. The
percentage increase in shear strength was observed to be stress-path dependent, with the CTC path showing the
maximum improvement. Furthermore, the relative gain in shear strength was most pronounced at lower
consolidation pressures, gradually diminishing as consolidation pressure increased. In terms of volumetric
response, reinforced soils exhibited greater contraction compared with unreinforced soils. A comparison of the
shear strength parameters, summarized in Table 2, further indicates that reinforced soils develop higher cohesion
intercepts and larger angles of internal friction than their unreinforced counterparts. These enhancements in shear
strength parameters highlight the reinforcing effect of geogrid layers in improving the mechanical performance

of clay soils under compression loading.

Table 3. Comparison of failure strains of unreinforced and reinforced soil at consolidation pressure o, =200 kPa

Stress Failure strain of Failure strains of Increase of failure strains
paths unreinforced soil (%) reinforced soil (%) over unreinforced soil (%)
CTC 7.91 10.1 27.18

5 Model Simulation and Comparison

In this section, model simulation and comparison for unreinforced and reinforced soil were made using test data
and model parameters. The predicted responses of the stress-strain and volume change characteristics are
presented in the following article.

5.1 Unreinforced Soil

Model parameters were applied to back-predict soil behavior at consolidation pressures of 200 kPa and 400 kPa,
with comparisons between predictions and experimental observations presented in Figure 3(a) and 3 (b). For
unreinforced soil, the correlation between predicted and observed responses was generally satisfactory. Using the
hyperbolic model, a series of computations were performed to predict stress—strain and volume change behavior
under shear. While the stress—strain predictions showed good agreement with test results, the model tended to
overestimate volume contraction compared to the experimental observations. Moreover, the hyperbolic
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formulation proved inadequate for capturing strain-softening failure and dilative volume change behavior, as it
assumes shear stresses increase continuously with axial strain. To further evaluate model performance,
predictions were also made using the Cam-Clay model and compared with measured responses. The Cam-Clay
predictions showed satisfactory agreement, particularly in representing stress—strain behavior. Additionally,
finite element simulations were conducted using SIGMA/W with Cam-Clay parameters to replicate the
laboratory tests on unreinforced clay specimens. These numerical simulations provided predictions that were
closer to the observed responses than those obtained from the other models, highlighting the reliability of the
Cam-Clay approach when integrated with finite element analysis.

5.2 Geogrid Reinforced Soil

The stress—strain and volume change behavior of geogrid-reinforced soil was back-predicted using both
hyperbolic and hierarchical model parameters. Compression stress paths (CTC) at consolidation pressures of 200
kPa and 400 kPa were analyzed to compare predicted and measured responses. The predicted stress—strain and
volume change trends for the two-layered geogrid-reinforced soils are presented in Figure 3(c) and 3 (d). Overall,
the model predictions align well with the experimental results, with only minor variations noted in the volume
change predictions. Between the two approaches, the hierarchical model provided a closer match to the observed
behavior than the hyperbolic model. In particular, the hyperbolic model tended to overestimate volume
contraction compared to the measured response and failed to adequately capture volume expansion associated
with shear stress changes. This limitation is consistent with the findings of Duncan et al. (1980), who pointed out
that hyperbolic formulations do not account for volume changes caused by shear dilatancy. As a result, while the
hyperbolic model is useful for general stress—strain predictions, its accuracy may be restricted in capturing
deformation in dilatant soils, such as dense sands under low confining pressures.
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Figure 3. Measured and predicted stress-strain characteristics of an unreinforced soil (a) and (b), a two layered
geogrid reinforced soil for CTC stress path (c) shear stress vs. axial strain; (d) volume change vs. axial strain
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6 Conclusion

This study on the numerical response of geosynthetic-reinforced clay soils using the GDS triaxial testing system
provides important insights into soil behavior under reinforced conditions. The findings clearly show that the
inclusion of geosynthetics enhances the mechanical properties of clay, improving its shear strength, stability, and
overall load-bearing capacity. These results underscore the potential of geosynthetics as an effective means of
soil reinforcement, offering practical benefits for more reliable and sustainable geotechnical design. Moving
forward, further research should explore long-term performance, the influence of varying environmental
conditions, and the development of more advanced numerical models to deepen our understanding and optimize
the use of geosynthetics in soil stabilization and reinforcement.
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