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Abstract

This study aims to develop a practical and accessible approach for evaluating the mechanical behavior of Cementitious
Treated Sand (CTS) under passive confinement using Glass Fiber Reinforced Polymer (GFRP) wraps. A method utilizing
three GFRP layer configurations was applied to investigate the confinement effect and assess the role of confining stiffness.
Path-dependency was analyzed through derived confining pressure rates, and Mohr-Coulomb failure analysis was used to
determine shear-strength parameters. Analysis of plastic volumetric behavior revealed that after an initial elastic state, the
material dilates upon yielding—activating the confinement mechanism—before recompacting under sufficient confining
pressure due to pore structure collapse. Results indicate that the proposed novel constitutive model successfully predicts
both axial and lateral stress-strain responses. It accurately represents the nonlinear stress-strain relationship, the transition
in volumetric behavior, and the interaction between axial and lateral strains through the proposed dilation formulation. The
model incorporates a plastic dilation rate model to capture the dilation-to-compaction transition and demonstrates excellent
agreement with experimental results across all confinement levels. This framework provides a reliable analytical tool for
designing soil stabilization schemes using passive confinement, offering engineers a practical alternative to conventional
geotechnical analysis while enhancing reproducibility, sustainability, and applicability across diverse construction projects.

Keywords: Passive Confinement; GFRP; Cementitious Treated Sand; Constitutive Model; Dilation; Confining Pressure; Path-Dependency.

1. Introduction

Granular soils, particularly poorly graded sands, are known for their susceptibility to significant deformation under
load, presenting challenges in geotechnical applications. To enhance their mechanical performance, cementitious
stabilization—using cement or lime additives—has been widely adopted [1, 2]. Cement-treated sands (CTS) are
commonly used as fill material in embankments and as base or subbase layers in pavements [3-6]. Previous research has
established that cementation increases brittleness [7, 8], shear strength [9, 10], and dilative tendency in sands [11].
However, much of this work has focused on cemented fine sands, leaving the mechanical behavior of poorly graded fine
sands less explored.

Studies on cement-treated sands have emphasized the importance of density and curing conditions in governing
mechanical response [12-15]. Loose, poorly graded sands represent the most critical scenario for strength and stability,
as naturally deposited or uncompacted layers are frequently encountered in practice and exhibit the lowest resistance to
deformation [16]. While medium and dense sands typically show higher compressive strength and stiffness under cement
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stabilization, evaluating performance in extremely loose states provides a conservative benchmark that reflects worst-
case field conditions. Another key factor is curing time, since cement-treated soils are inherently time-dependent
materials [16, 17]. Strength and stiffness continue to evolve beyond the conventional 7-day curing period, with longer
durations enhancing compressive strength through ongoing hydration, reducing dilation tendencies, and shifting
constitutive parameters such as cohesion and modulus [18]. Despite this, much of the existing literature has focused on
later-age properties [19, 20], leaving early-age performance under conservative very loose sand relatively
underexplored. Addressing this gap is essential for design scenarios where rapid stabilization is required, and where the
effectiveness of cement treatment must be demonstrated under the most challenging soil states.

Studies on coarser cemented materials, such as sandy gravels, have relied predominantly on triaxial compression
tests to characterize stress-strain behavior [21, 22], revealing that increased cementation reduces strain at peak stress
while promoting dilation and negative pore pressure after shearing [23]. Although triaxial testing remains the standard
for evaluating confinement effects, there is a recognized need for complementary methods that can be employed in
settings where such specialized equipment is not available [24, 25].

A promising alternative is the use of passive confinement through externally wrapped Glass Fiber Reinforced
Polymer (GFRP). This approach simulates lateral pressure, effectively converting a uniaxial stress state into a triaxial
one, and allows for detailed study of volumetric strain and dilation under varying stress levels without requiring a triaxial
cell [26-29]. Understanding the behavior of CTS under low confining pressures is especially important for shallow
geotechnical systems, where stability is influenced by surcharge loads, water table fluctuations, and adjacent
constructions [30]. It should be noted, however, that GFRP confinement provides only an approximation of true triaxial
conditions: lateral stresses are passively induced by the jacket rather than actively controlled, limiting stress path
flexibility. Despite this limitation, the method remains practical and reproducible, offering a conservative benchmark
for cement-treated sand behavior under confinement. Research on the passive confinement of CTS using GFRP—
particularly on the development of constitutive models that capture its path-dependent, pressure-sensitive behavior—
remains limited. Although recent studies have begun to address these issues, they focus on the use of GFRP as a soil
strengthener, which is not directly relevant to the present research [31].

Hence, to address this gap, the present study investigates the mechanical behavior of CTS under passive GFRP
confinement. The research examines how confinement enhances strength and modifies volumetric strain and plastic
dilation rate, with the overarching aim of developing a reliable stress-strain model for design applications. Specifically,
the study pursues four objectives: (1) to characterize the mechanical response of CTS confined by GFRP wraps with
varying stiffness; (2) to analyze deformation behavior through the relationship between volumetric strain and plastic
dilation rate; (3) to formulate a constitutive model for passively confined CTS; and (4) to validate the model by applying
a variably confined concrete modeling framework to CTS under different stress conditions. Through this systematic
investigation, the study aims to advance the practical understanding of CTS stabilization and contribute to more efficient
geotechnical design practices.

To discuss this matter, the article is structured as follows: the research significance and contextual relevance of the
study are highlighted first; the materials used and the methodology are then described; the mechanical behavior results
are presented and discussed; the proposed stress—strain model based on the experimental findings is introduced; and
finally, the study concludes with key insights and recommendations.

This research is significant as it addresses a critical gap in understanding the mechanical behavior of cement-treated
sands (CTS) under passive confinement, particularly using Glass Fiber Reinforced Polymer (GFRP) wraps. By offering
an alternative to triaxial testing, this study provides a practical and cost-effective method for evaluating the stress-strain
behavior of CTS in laboratories with limited access to specialized equipment. Understanding how passive confinement
influences strength, volumetric strain, and plastic dilation rate is crucial for improving stabilization techniques used in
road construction, embankments, and foundation engineering. Moreover, examining CTS under low confining pressures
will offer valuable insights into soil behavior in shallow-depth applications, where external factors like surcharge loads
and fluctuating water tables play a vital role in stability. The findings of this research have the potential to contribute to
more efficient geotechnical designs, enhancing the durability and reliability of infrastructure projects.

2. Material and Methods

The methodology employed in this study as seen in Figure 1. integrates experimental testing and constitutive
modeling to evaluate the mechanical behavior of a composite material composed of loose sand, 12% cement, water, and
Glass Fiber Reinforced Polymer (GFRP). Cylindrical specimens (10 x 20 cm) were prepared and wrapped with GFRP
for confined triaxial strength (CTS) testing under uniaxial compression. Tensile tests were conducted to determine the
GFRP’s strength and Young’s modulus. Experimental data—including stress-strain curves, volumetric strain behavior,
and plastic dilation rates—were used to calibrate a modified Mohr-Coulomb (MC) model incorporating hardening and
softening functions. The plastic potential and dilation functions were derived to refine the model, and its predictive
accuracy was evaluated against experimental results to validate the proposed constitutive framework.
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Figure 1. Research methodology

2.1. Soil and Cementing Agent Properties

The soil materials used in this research were obtained from the surface layer of soil, approximately one meter below
the original ground level. These materials consist of loose sand collected from Delegan Beach, Gresik, East Java,
Indonesia, including both undisturbed and disturbed samples. Sieve analysis is carried out to classify the soil sample.
Figure 2 presents the gradation curves of sand material. First, the sand is sieved using No. 200 to obtain fine material,
resulting in 1.56%. The remaining sand is dried and sieved with No. 4 to separate larger objects like shells, coral, and
roots. All sand passes the No. 4 sieve. With fines less than five percent, the soil is classified as clean sand. The test
shows a uniformity coefficient greater than four and a curvature coefficient between one and three, classifying the soil
as poorly graded sand (SP). The relative density of 12.195% indicates that the sand density is extremely low, suggesting
it is very loose density. Table 1 shows the sand material properties which include physical, shear strength parameter,
classification, granulometry, and compaction characteristics.
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Figure 2. Gradation curve of tested sand mixture
Table 1. Sand properties
Soil Properties Result Test
Physical Properties
Water Content,w (%) 7.143 ASTM D 1556
Unit Weight, y (gr/cm?) 1.456 ASTM D 1556
Specific Gravity, Gs 2.65 ASTM D 854-58
Relative Density, Dr (%) 12.195 ASTM D 1556
Maximum, minimum void ratios  0.92, 0.72 ASTM D4253, D4254
Shear Strength Parameter
Internal angle friction, ¢ (°) 23.17 ASTM D 3080
Classification
Dgo (Mm) 0.25 ASTM D 422-90
D3 (mm) 0.15 ASTM D 422-90
Dy (mm) 0.11 ASTM D 422-90
Coefficient of uniformity 227 ASTM D 2487
Coefficient of gradation 0.82 ASTM D 2487
Unified Classification (USCS) SP ASTM D 2487
AASHTO Classification A-3 ASTM D 3283/AASHTO M145
Granulometry
Clay (%) 0 ASTM D 422-90
Silt (%) 1.56 ASTM D 422-90
Sand (%) 98.44 ASTM D 422-90
Gravel (%) 0 ASTM D 422-90
Compaction Characteristics
OMC, Wy (%) 7.150 ASTM D 698-12
MDD, yamax (gr/cm?) 1.352 ASTM D 698-12
CBR (%) 7.607 ASTM D 1883

Note: MDD is the maximum dry density, and OMC is the optimum moisture content
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Type | Portland cement, featuring a setting time of approximately 135 minutes, was employed as the cementing
agent. The Portland cement is obtained from PT. Semen Indonesia Tbk located in Gresik, East Java, Indonesia. In this
study, the cement content was fixed at 12% by weight of sand. This proportion was determined through preliminary
testing in which cement contents of 6%, 8%, 10%, and 12% were evaluated. The results indicated that a cement content
of 12% produced a 7-day compressive strength of 3.82 MPa, which falls within the ACI recommended strength range
(2.1-4.3 MPa) for cement-treated SP-type soils [32]. Although typical field practice for SP soil-cement mixtures
generally employs 7-11% cement [32], the slightly higher percentage was adopted here because it consistently satisfied
the strength requirement and provided a reliable margin of safety. The choice of 12% is therefore not arbitrary but
represents an optimization based on preliminary testing outcomes.

2.2. Glass-fiber Reinforced Polymer (GFRP) Properties

The glass-fiber reinforced polymer (GFRP) is fabricated by MapeWrap G Uni-Ax which featured high-strength,
Uni-Directional E-Glass, Fiber Fabric. Table 2 shows the GFRP properties provided by the manufacturer. As shown in
table, the design tensile strength, modulus elasticity, elongation at break and ply thickness are 297 MPa, 22,703 MPa,
1.4%, and 0.0517, respectively. The test method is based on ASTM D3039. The resin material was manufactured by
CONSOL and has a type of CONSOL 88 LP. CONSOL 88 LP is a solvent-free, thixotropic, 2 component structural
epoxy resin adhesive. Perfect bond for new concrete surface to old concrete.

Table 2. Glass-fiber reinforced polymer (GFRP) properties (MapeWrap G Uni-Ax0)

Properties Average Value Design Value! ASTM Test Method
Tensile strength* 476 MPa 297 MPa D3039
Tensile modulus™ 22703 MPa 22,703 MPa D3039

Elongation at break* 2.10% 1.40% D3039
Ply thickness (mm)* 1.313 1.313

Note: * 24 sample coupons per test series according to ACI 440. Testing is in accordance with ASTM D3039.
! Average value minus 3 standard deviations.

2.3. Samples Preparation
2.3.1. GFRP Composite Coupon

The configuration for the GFRP laminates, which consist of the fiber and matrix, should be evaluated to obtain the
correct composite properties. To produce composite materials, the volume fraction and mass fraction need to be
calculated to derive the mechanical properties. Initially, the procedure involves preparing the pan and mold to the desired
dimensions for the tensile test of the FRP composite. According to ASTM D3039, the dimensions for the FRP laminates
are set at 25 mm x 175 mm. Subsequently, each step includes the preparation and weighing of the pan, mold, fiber, and
matrix to obtain the values required for individual calculations. Illustrated in Figure 3-a are the geometric details of the
tensile coupon specimen, with Figures 3-b and 3-c providing the top and side views of the specimen prepared using hand
layup techniques. The technique may introduce variability due to resin accumulation and fiber distribution across plies.
Although this can reduce the measured modulus in tensile coupons, the overall confinement effect is primarily governed
by the jacket’s tensile stiffness. To minimize inconsistencies, care was taken to maintain uniform resin application and
fiber alignment during fabrication, ensuring that the jackets provided consistent passive restraint across specimens. From
the sample preparation for the tensile coupon test, the thicknesses for 1, 2, and 3 plies are 1.57, 2.70, and 4.38 mm,
respectively.
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Figure 3. GFRP tensile coupon specimen
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2.3.2. GFRP Confined CTS Cylinder

The specimens are prepared sand mixed with Ordinary Portland Cement (OPC) Type I per 12% weight of sand itself
and remolded into the cylindrical mold of 10 x 20 cm. The specimen is cured moist, fully wrapped in plastic for 7 days
at a temperature of 23+2°C. Figure 4-a and Figure 4-b show the prepared CTS specimen and fully wrapped CTS
specimen under moist cured condition. The GFRP material is applied to the CTS specimen using the hand lay-up method.
The epoxy adhesive is first applied to the side surface of the CTS specimen followed by wrapping the CTS specimen
with GFRP sheet. Figure 4-c shows the CTS specimen wrapped with the GFRP composites. A minimum overlap with a
length of Y% x = x D, or one-fourth of the cylinder's circumference, is provided in each layer has been specified in
accordance with [33]. Figure 5 shows the GFRP wrap installation and prepared overlap for each configuration.

Figure 4. Cement treated sand concrete cylinder: (a) CTS specimen, (b) Fully plastic wrapped CTS specimen, (c) GFRP
confined CTS specimen

L TSy

overlap

Hn D

Figure 5. GFRP wrap installation and prepared overlap for each configuration

2.4. Test Set-up and Procedure
2.4.1. Tensile Coupon Test

The testing procedure for the tensile coupon specimen of the GFRP composites works by applying force applied
parallel to the longitudinal direction of the fibers with dimension based on ASTM D3039 [34] and ACI, 440.2R-17 [33].
The test was performed with GFRP wraps in 1, 2, and 3 plies of laminates, which resulted in different values of tensile
strength and stiffness modulus. It should be noted that the applied force and displacement was measured using the data
from the testing machine (Shimadzu AGX 5kN).

2.4.2. Compression Test

Figure 6 shows the test set-up prior to compression test and positioning of the instrument to record the displacements
in all directions. The applied load is measured using TML Load Cell 1 MN. Four LVDT were placed in the horizontal
direction to record the lateral displacement of the samples. One LVDT in the axial direction was placed in the top loading
plate. The load is applied using displacement control using the Shimadzu 500 kN universal testing machine. The
instrument is attached with TDS 630 high-performance data logger. A small axial load of about 1 kN is applied as the
axial seating load. The axial displacement control is applied at the rate of 1 mm/minute.
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Figure 6. Loading test set-up

3. Results and Discussion
3.1. Tensile Coupon Test of the GFRP Material (ASTM D3039)

The tensile stress (st) and tensile strain (e;) from the tested sample can be calculated as follows:

AL P
S—Eandd—z (1)

where, P is the applied load, A is the coupon cross-sectional area, Dy is the extension of the coupon, and Lg is the gauge
length.

Figure 7 shows the tensile stress-strain behavior for different GFRP ply numbers. Composite GFRP coupons fail
suddenly and in a brittle manner [35, 36]. For one and two plies, the behavior is nearly linear, while three plies display
a bilinear curve with a lower modulus until a strain of 0.022, after which it increases. Table 3 presents tensile test results:
tensile strength, deformation, ultimate strain, and modulus of elasticity. Increasing plies boosts tensile strength and strain
at break but reduces the elastic modulus, making the composite softer due to resin accumulation in the hand-layup
process. Tensile strength rises from 125.04 MPa (1-ply) to 261.48 MPa (3-ply). Young's modulus (E;) drops with more
layers (5,136.8 MPa for 1-ply versus 2,819.4 MPa for 3-ply), indicating reduced stiffness. Deformation and strain
increase, showing greater elongation before failure. The stress-strain curve likely shows a steep slope for 1-ply (higher
stiffness) and a gradual slope for 3-ply (lower stiffness, higher strength, and strain). Adding GFRP layers enhances
strength but reduces stiffness and increases deformability, crucial for structural applications.
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Figure 7. Tensile coupon test results in term of tensile stress and tensile strain
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Table 3. Tensile coupon test results

GFRP Layer Thickness (mm)  Tensile Strength, 6t (MPa)  Deformation (mm)  Strain, & Ej (MPa)

1-PLY 1.57 125.04 4.26 0.024 5136.8
2-PLY 2.70 189.07 9.49 0.054 3486.6
3-PLY 4.38 261.48 16.2 0.093 2819.4

3.2. GFRP Jacket Failure Patterns

Figure 8 illustrates the deformed shape of the specimen under different phase. The phase is categorized as pre-peak,
peak, post-peak, and residual stress. In the pre-peak phase, the CTS material is in an elastic condition; therefore, as the
number of plies increases, the stiffness of the confined CTS also increases. Since the tensile stress of the GFRP
composites with a higher number of plies is increasing, it is also expected that the peak stress prior to failure is higher
as well. The post-peak phase reveals the material's ductility, with thicker laminates undergoing gradual softening due to
fiber pull-out and delamination, whereas thinner laminates experience a sharper drop in stress. Residual stress highlights
the remaining load-bearing capacity after failure, likely more pronounced in multi-layered specimens due to fiber
bridging. This visualization underscores the trade-off between strength and ductility as the number of GFRP layers
increases, providing critical insights for structural applications where damage tolerance and failure modes are key
considerations. It should be noted that the point where the LVDT instrument is placed to monitor lateral deformation is
not always at the location where an abrupt failure occurs. Therefore, the reading from the LVDT is limited prior to the
failure of the GFRP sheets.

Layer Pre-peak Post peak Residual stress

2-ply

3-ply

Figure 8. Deformed pattern of the specimen for each condition

3.3. Macro-Mechanical Response of Confined CTS

The axial stress and strain curves for the CTS specimen—comprising one unconfined CTS specimen and three GFRP
confined CTS specimens—are presented in Figure 9. Axial stress is calculated by dividing the applied axial load by the
cross-sectional area of the concrete cylinder. Axial strain is determined by dividing the axial shortening, measured using
the LVDT, by the total length of the undeformed specimen. From the test, it can be observed that the unconfined CTS
compressive strength (ss) is 3.602 MPa. The pre-peak behavior of all specimens is nearly linear, reflecting elastic
deformation; however, the slopes vary, indicating differences in stiffness. A typical and almost linear hardening axial
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stress-strain behavior was observed for GFRP confined CTS specimens. Table 4 shows the maximum value of the
confining pressure prior to failure (f;), axial stress at peak (scc), axial strain at peak stress (ecc), and lateral strain at peak
stress (eiar). The confining pressure (f;) is estimated using the compatibility equation between the concrete core and the
confining devices which is [37]:

2ntEj]

fr = €acEL = €ar [ D

@

where n is the number of piles, t is the thickness of one ply FRP, E; is the elastic modulus of the jacket, E. is the lateral
modulus of the confining device, and D is the diameter of the confined concrete core. From the Table 4, the lateral strain
(erar) in concrete prior to failure is significantly lower than the rupturing strain (en) of the FRP material obtained from
the tensile coupon test. The hoop stress (sq) acting on the FRP material is also less than the tensile strength (s;) derived
from the tensile coupon test. Furthermore, as the thickness increases from one to two plies of GFRP wrap, the hoop
stress on the sheet decreases due to the reduced jacket modulus. However, the confining pressure (fr) calculated using
Equation 2 increases with the number of plies.
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Figure 9. Axial and lateral stress-strain curves for GFRP confined CTS specimens

Table 4. Maximum values for the confining pressure, axial stress, axial strain, and lateral strain

Nply 6cc (MPa) EL(MPa) fr(MPa) og(MPa) ot(MPa)  sccaxial Elat Erup

1 12.65 161.29 2.58 82.18 125.04 -0.049 0.016 0.024
2 22.25 188.24 4.14 76.69 189.07 -0.069 0.022 0.054
3 29.05 246.94 8.89 101.48 261.48 -0.086 0.036 0.093

The volumetric strain shows the measurement of change in volume relative to the original volume of material
(DV/Vy) [38]. The volumetric strain of the tested specimen holds an important meaning where in the case of CTS
material, once the material is no longer elastic, the volume would expand and when the confining pressure is sufficiently
large, the material would compress leading to a negative rate of the volumetric strain. The total volumetric strain (ev)
can be computed by summing all the normal strain in the principal direction (e1, €2, = elar and 3 = eay) and is:

&y =& t &+ &3 =284 + €304 (3)

The elastic volumetric strain (eve) can be easily calculated by using the Hook’s law and therefore the plastic
volumetric strain can be obtained by subtracting the elastic volumetric strain from the total volumetric strain (ep).
Elastic volumetric strain refers to the temporary change in volume that occurs when a material is subjected to a load
within its elastic limit, enabling it to return to its original shape once the load is removed. In contrast, plastic volumetric
strain indicates the permanent change in volume that occurs when a material is subjected to a load exceeding its elastic
limit, leading to irreversible deformation even after the load is removed [39]. Figure 10 shows the volumetric strain
behavior of the tested GFRP confined CTS material. The figures show total volumetric strain as a solid line and elastic
volumetric strain as a long-dashed line. Elastic strain is the sum of its principal components, derived via Hooke’s law
for specific stresses over time. For the GFRP confined specimen with linear hardening, the elastic volumetric strain
continuously increases until the confining material fails. Initially, the volumetric strain compacts due to the material's
elastic behavior, then begins to dilate when transitioning out of the elastic range or upon damage. The volumetric
strain reaches zero when the elastic volumetric strain equals the plastic volumetric strain. These zero volumetric strains
signify the peak condition for actively confined concrete [37, 40]. Below zero volumetric strain, the material starts to
soften. In the figure, the plastic volumetric strain at peak, when the volumetric strain is zero, equals the negative of
the elastic volumetric strain at peak.
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Figure 10. Volumetric strain behavior of the GFRP wrapped CTS specimen

The axial stress associated with each axial strain provides a comprehensive history of the evolution of the loading
surface. At the onset of localized cracking or damage, the loading surface transitions from the initial state to the failure
surface (peak loading surface) as the loading and damage progress. The parameter that governs the loading surface is
often expressed in terms of irreversible strain, referred to here as plastic strain. For a quasi-brittle, pressure-sensitive,
and path-dependent material, plastic volumetric strain is preferred as the driving parameter for the evolution of the
loading surface. As discussed previously, it is established that when the volumetric strain is zero, the corresponding
axial stress is at peak stress, as seen in the active confinement scheme. Thus, the condition of zero volumetric strain
signifies that the stresses are positioned on the failure surface (peak loading surface), allowing for the back calculation
of the relevant confining pressure using the compatibility equation.

From the tests carried out in this paper, three confinement levels correspond to different numbers of plies of the
GFRP wrap. For each confinement level, there exists a point where the volumetric strain is zero. These points are used
to determine the angle of inclination of the failure surface, as well as the initial cohesive value of the CTS material.
Figure 11 illustrates how to obtain the axial stress corresponding to the zero volumetric strain conditions. The
corresponding axial stress is identified by locating the axial strain at which the volumetric strain is zero in the axial
stress-strain curves. Once the axial stress point is identified, the corresponding lateral strain is obtained by examining
the same axial stress in the axial stress versus lateral strain curves. Lateral strains obtained have smaller values than
axial strain and are thus more prone to noise, but averaging multiple LVDTs with filtering and calibration minimized
this effect.

Consequently, the zero volumetric strain point was determined from smoothed data, ensuring reliable
identification of peak stress. The confining pressure can then be calculated using Equation 2 with the lateral strain
input obtained from this procedure. In the figure, the transitions from compaction to dilation are captured. The
volumetric strain curves show that the onset of dilation (zero volumetric strain) occurs progressively later with
increasing ply number, at axial strains of approximately —0.017, —0.025, and —0.036 for 1-, 2-, and 3-ply specimens,
respectively. Corresponding axial stresses and lateral strains at this state are 7.4 MPa/0.009, 16.6 MPa/0.013, and 23.7
MPa/0.018, all occurring before peak strength. This comparison demonstrates that confined CTS continues to
accumulate substantial deformation and dilatancy beyond the critical state, with higher confinement narrowing the
stress gap between zero volumetric strain and peak strength while amplifying strain development, thereby enhancing
ductility and volumetric expansion prior to failure.
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Figure 11. Relationship between the volumetric strain and axial stress versus axial strain for different ply configurations to
determine the axial stress, axial strain, and lateral strain which correspond to zero volumetric strain

The extracted data of axial stress, axial strain, and confining pressure at zero volumetric strain is shown in Table 5.
Figure 12-a and Figure 12-b displays the response of axial stress and strain as functions of confining pressure ratio
corresponding to zero volumetric strain. In Figure 12-a, the axial strain increases with increasing confining pressure,
indicating enhanced material ductility. Similarly, Figure 12-b illustrates that axial stress increases with confining
pressure, which is an expected behavior. The formula to forecast the axial strain and axial stress are prepared using
linear forecasting method and are:

€30 = 0.005 + 0.02670’;—Tu ()
Tscc = (03 + 16.66 Uf3—u) MPa (5)

where esc and o are the forecast of axial strain and stress respectively, f. is confining pressure, osy is the uniaxial
compressive strength of the CTS material.

Table 5. Axial stress, axial strain, and confining pressure at zero volumetric strain

Ny  oc(MPa)  E. (MPa) f,(MPa) g (MPa) Ecc axial Elat

1 7.43 161.29 1.45 46.32 -0.0173  0.009
2 16.58 188.24 2.45 45.32 -0.0253  0.013
3 23.74 246.94 4.45 50.72 -0.0357 0.018
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Figure 12. Confining Pressure Relationship (a) Confining pressure vs Axial strain (b) Peak stress vs confining pressure

3.4. Shear Strength and Pressure-Dependent Friction

The shear strength of the CTS specimen can be predicted using at least three triaxial test of the CTS specimen with
varying confining pressure. Figure 13 presents the graphical representation of the Mohr-Coulomb circles derived from
the data in Tables 4 and 5. The data in Table 4 pertains to the ultimate condition of the GFRP confined CTS specimen,
where the loading surface has experienced softening in comparison to the peak loading or failure surface. In contrast,
Table 5 contains data corresponding to the peak loading surface, described under conditions of zero volumetric strain.
The peak shear stress for each circle can be determined to evaluate the material's shear strength through the application
of linear curve fitting. It is well-established that the intersection of Mohr's circles with the failure envelope signifies the
stress conditions leading to material failure [38, 41-43]. From the linear forecasting, the friction angle (23.9 degrees) of
the failure surface (from the data corresponding to the zero volumetric strain) was higher compared to the friction angle
(23.9 degrees) of the softened loading surface (from the final data at the onset of GFRP wrap failure). This means that
the friction angle was reduced as the material become more damaged. From the linear forecasting, it was found that the
shear stress of the CTS material with zero normal stress is 2.1 MPa and the internal friction angle is 23.9 degrees (using
the peak recorded data). On the other hand, by using the data which related to the zero-volumetric strain, the shear stress
is 0.2 MPa with the internal friction angle of 34 degrees.
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Figure 13. Mohr-Coulomb circle of the GFRP confined CTS specimen

3.5. Evolution of the Plastic Dilation Rate

Under passive confinement, the plastic dilation rate response should exhibit plastic volumetric compaction when the
elastic confining device generates very high confining pressure. This phenomenon is observed in concrete confined with
FRP of very high stiffness. A critical benchmark for the plastic dilation rate is that it should remain below the
incompressible limit, specifically |8| < 0.5, when elastic confining devices produce very high confining pressure [44].

Figure 14 illustrates the predicted plastic dilation rate based on Equation 8. At the initiation of plastic flow, the
plastic dilation rate begins at zero and subsequently reaches the minimum plastic dilation rate. The initial plastic
compaction, indicated by the shaded region in Figure 14, occurs when the value of plastic dilation rate is less than 0.5.
The area below -0.5 shows as a plastic volumetric compaction. The behavior of the 1-ply specimen exhibits initial plastic
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compaction, followed by dilation, and subsequent compaction. The 2-ply specimen demonstrates a similar pattern;
however, it transitions to dilation earlier due to a higher ratio of confining pressure to the strength of CTS. The 3-ply
GFRP specimen displays a distinct behavior, characterized by a larger ratio of confining pressure to the strength of CTS
and the highest lateral modulus. It exhibits a leaner structure, and its position is very close to 0.5, indicating minimal
dilation and a dominance in plastic volumetric compaction. This observation is consistent with [44], which states that if
the confining pressure is sufficiently high, plastic volumetric compaction will occur under the same conditions as initial
plastic compaction. Furthermore, for very stiff confining devices, compaction can occur from the beginning of plastic
flow.

Region of
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Compaction

Compaction
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Plastic Dilation Rate,
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Figure 14. Plastic Dilation Rate Characteristic for Confined CTS

4. Proposed Stress-Strain Model
4.1. Failure Surface and the Hardening Functions

The constitutive model for passively confined CTS is formulated within a plasticity framework. The yield and failure
behavior is governed by a pressure-sensitive loading surface based on the Mohr-Coulomb criterion, expressed in terms
of stress invariants to facilitate numerical implementation. This surface evolves through hardening and softening
functions, allowing the model to capture the progressive development of strength up to a peak and the subsequent post-
peak degradation. Figure 15 shows the Mohr-Coulomb failure surface in both the meridian plane (g-0°) and p-Plane. In
the meridian plane, there exist compressive and tensile meridian. In many cases, for quasi-brittle material (concrete,
rocks, hardened-soil), the tensile meridian has lower friction angle compared to the compressive meridian. Therefore,
the deviatoric trace for uniaxial case in tensile meridian is smaller and therefore the tensile friction angle (f;) is smaller
than the compressive friction angle (f¢). In the case of uniform confinement, the lode angle () is equal to sixty-degree
and therefore only the compressive meridian is active.

P
\ \3ccot ¢

Pro
¢
¢ >
p co
(@)

Figure 15. . Mohr-Coulomb failure surface: (a) Meridian Plane g-0° and (b) p-Plane
The loading surface for the confined CTS is using the Mohr-Coulomb failure surface with hardening (gqn) and

softening functions (gs). The peak loading surface occurred when the value for the hardening and softening functions
equal to unity. The Mohr-Coulomb criterion in terms of variable & p, 8 can be written as:
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f(& p,0) =2Esing, +/3psin (9 + g) + p cos (9 + g) sin ¢, —V6c cos ¢, qpqs = 0 (6)

here variable £is hydrostatic axis, pis deviatoric radius, and €is lode angle in the terms of invariants (1, J2, and Js).
The material strength parameters are the cohesion ¢ and the compressive friction angle fi. The terms gn and gs are the
hardening and softening functions, respectively, which modulate the size of the loading surface.

In Equation 6, f1 is the friction angle in compressive cases where as previously discussed in Section 4.4, it was
observed that the friction angle was reduced as the confining pressure and damage in the material increases. The friction
angle of the failure surface was governed by the confining pressure (f;), the cohesive (c), the confining device stiffness
in terms of the lateral modulus (EL) of the confining device, and the uniaxial compressive strength of the material (oay).
The proposed expression for the friction angle is as follows:

¢, =17 + 17(1 — exp(—0.0536 x max(E, — 161,0))) @)
[ ], sin (9 +§) +%cos (9 +§) sin¢] ~ A\/]_Z(B —sin¢) (8)
Og = 20 ©
o - @

As shown in Equation 7, the initial friction angle was reduced as the confining pressure increases. This phenomenon
is caused by the reduced confining effect to the material strength enhancement. Furthermore, in Equation 8, it is clear
that any confining device with the lateral modulus value less than 161 MPa is considered to have no effects on the initial
friction angle value for the cementitious treated sand.

In Equation 6, the hardening functions are expressed in terms of the hardening function (qgs) and softening function
(gs). The hardening function (qgn) is adopted from [45] and is:

qr(k) = ko + (1 = ko)y1 = (1 —k)? (1)

where ko is the base hardening parameter, k is the hardening parameter which is a function of the accumulated axial
plastic strain (7 ) divided with the axial plastic strain at peak (&3 04 )- In Equation 11, ko is set to 0.4. The expression
for the hardening parameter is:

p
&3

k= (12)

g3.peak

In Equation 12, the axial plastic strain at peak (eg’ipeak) can be calculated by subtracting the axial strain at peak
(£5¢¢) in Equation 4 with the elastic axial strain at peak (€§,peak = 03,/Ects)- On the other hand, the softening function
is adopted from [37, 46] and is:

Qs = qst; @ = (k;l)2 (13)

ki—1

where k; is the hardening parameter at the inflection point of the softening curve and is:

ki =22 (14)
3,peak
where, (sfj) is the axial strain at the inflection point of the softening curve and is taken as two times &5... Furthermore,

in Equation 13, gsi is the hardening value at the inflection point when the CTS material softens and the value is set to
0.8.

The numerical incremental method is driven by the axial strain (es.c). However, the hardening parameter is defined
in terms of the plastic axial strain. Therefore, evaluation of the trial stress should be done incrementally. The trial stress
is evaluated using the failure surface as shown in Equation 6. If the trial stress lies outside the surface of failure, the trial
stress must be corrected. Please refer to Piscesa et al. [29] for the return mapping algorithm. In Piscesa et al. [29], the
return mapping algorithm is using the secant-method and regula-false method.

4.2. Plastic Potential Function

The plastic potential function of the proposed model is taken to have similar form with the failure surface, however,
the internal friction angle (f,) is not similar and also degraded to simulate the reduction in the dilatant behavior once the
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CTS is damaged and finally compacted which shows a value of the internal friction angle less than zero (negative). The
expression of the plastic potential function is done by rewriting Equation 6, substituting f; with f>, and eliminating the
hardening functions (gn and ¢s), becomes:

g(&,p,0) =V2Esing, +\3psin (9 +§) + p cos (9 +§) sin ¢, —V6c cos p, =0 (15)

The internal friction angle for the plastic potential function which considers the evolution of the plastic dilation rate
of the CTS material from dilation when the confining pressure is low and compaction when the confining pressure is
high can be written as:

¢, = max (60 — (60 + 40) tanh (a (Uf—r), E—L) L) (16)

3u 36/ 180

4.3. Plastic-Dilation Rate ()

The plastic dilation rate of the model can be derived by taking the ratio of the plastic strain in the lateral direction
with respect to the plastic strain in the axial direction. Since the plastic multiplier (1) is present in both directions, the
plastic dilation rate formulation can be simplified by only consider the differentiation of the plastic potential function
with is respected stresses and therefore:

22— 2 o)+ 2 (om0 +8) + 2 (Bes 0+ ng) - Zicoosga =0 1)
g1 = %sin ¢, + (ij_g:)sin (9 + g) + 2:7/%;;)32 cos (9 + g) sin ¢, (18)
gs = %sin ¢, + (ij_(frsl) sin (9 + g) + ;335;;12 cos (9 + g) sin ¢, (19)
B = z_; (20)

The performance of the proposed plastic dilation rate formulation is evaluated by inputting the confining pressure
ratio (fi/ssy) and f. into Equation 20. Since in Equation 16, the internal friction angle is function of both the normalized
confining pressure and the lateral modulus of the confining device, the plastic dilation rate curves for each different of
ply is also not similar. Figure 16 illustrates the prediction of the plastic dilation rate () as a function of the confining
pressure ratio (fi/ssy), incorporating both experimental data and the proposed model. The model prediction, shown as a
red dashed curve, is derived from the ratio of uniaxial and triaxial flow rule formulation. The CTS specimen of 1-PLY
and 2-PLY, showing a gradual approach to compaction and clearer separation between the initial dilation regime and
the compaction regime. However, for the 3-PLY configuration, which exhibits higher stiffness, the compaction behavior
emerges earlier. The agreement between the experimental data and the model across all ply configurations reinforces
the validity of the proposed dilation formulation and its sensitivity to confinement effects.

Region of
Initial Plastic
Compaction

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

Region of Plastic Volumetric Compaction

05 §

Plastic Dilation Rate,
e .
3,1 =

' !
N
P TR R S

A Exp.Result_CTS-1-PLY
O Exp.Result_ CTS-2-PLY
O Exp.Result_CTS - 3-PLY
—+— Model_Prediction - 1-PLY
—%— Model_Prediction - 2-PLY
*— Model_Prediction - 3-PLY

25 ]

Ratio f/oy,

Figure 16. Plastic dilation rate prediction compared with the test results
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4.4. Performance Evaluation of the Proposed Constitutive Model

The predictive capability of the proposed stress-strain model was assessed by comparing its simulations with
experimental results for CTS specimens confined with varying numbers of GFRP layers (1-ply, 2-ply, and 3-ply). Figure
17 presents the comparative axial stress—strain and lateral strain responses.

% 1 45

140 2= 0y

Axial Stress, o3 (MPa)

Exp.Result_CTS
—a— Proposed_Model
fffff Mohr-Coloumb_Model

Lateral Strain, & Axial Strain, &

0.06 0.2)4 0.62 -O.'02 -0.'04 -O.'OG -0.'08 -0.1
Figure 17. Proposed Model Comparison with Experimental Results (Axial Stress vs Axial Strain and Lateral Strain)

4.4.1. Axial Stress-Strain Response

The experimental data demonstrates a clear confinement effect: peak axial stress increases progressively with
additional GFRP layers. The 3-ply configuration achieved the highest peak stress (29.055 MPa), followed by the 2-ply
(22.25 MPa) and 1-ply (12.65 MPa) specimens. The proposed model exhibits excellent agreement with experimental
curves across all configurations, accurately capturing the initial linear elastic response, the nonlinear hardening phase
leading to peak stress, the increased ductility with higher confinement levels. Notably, the model successfully replicates
the increased stiffness and peak stress enhancement observed in multi-ply specimens, confirming its ability to
incorporate confinement-induced anisotropy and strain-dependent stiffness degradation.

However, comparison with the basic Mohr—Coulomb model (represented by the dashed curves) shows an increase
in peak stress with added confinement. Nevertheless, the model substantially overestimates the experimental results for
the 1- ply, 2- ply, and 3- ply cases by 181.7%, 75.5%, and 58.2%, respectively. It indicates that the basic Mohr—
Coulomb model substantially overpredicts peak strength and does not provide a realistic prediction of behavior. The
basic Mohr—Coulomb model treats post- yield behavior as perfectly plastic, so once the yield surface is reached the
material is assumed to deform at a constant stress; this idealization neglects common responses such as strain hardening
or strain softening. Additionally, the basic Mohr—Coulomb model does not explicitly include plastic dilatancy—the
volumetric expansion that can accompany shear—which alters the stress path and can affect failure mechanism [47].

4.4.2. Lateral Strain Prediction

The model's prediction of lateral strain evolution shows generally good correlation with experimental measurements,
though subtle deviations exist. For the 1-ply configuration, the model slightly overestimates lateral expansion at higher
axial strains. Nevertheless, the overall trends remain well-captured, particularly for 2-ply and 3-ply specimens where
confinement is more substantial. The model's formulation of lateral strain evolution—governed by the variable plastic
dilation rate described in Equation 23—effectively represents the transition from dilative to compressive volumetric
behavior as confining pressure increases. While the proposed model provides values closer to the experimental results,
the basic Mohr—Coulomb model overestimates lateral strain by 97.5% for the 1- ply case—the largest error observed—
and by 38.1% for the 2- ply case but underestimates it by 17.4% for the 3- ply case. These discrepancies indicate that
the basic Mohr—Coulomb formulation lacks mechanisms to account for volumetric response (dilatancy), anisotropy, and
damage evolution; as a result, it tends to predict excessive lateral expansion at low confinement and fails to capture the
excessive lateral response of the 3- ply specimen.

1311



Civil Engineering Journal Vol. 12, No. 04, April, 2026

Based on that comparison, the proposed model—an extension of the Mohr—Coulomb criterion incorporating
hardening and softening functions—can satisfactorily capture the nonlinear behavior of confined CTS. It also accounts
for the evolving values of cohesion and friction with plastic strain, which reduce stiffness and provide
strain- localization control, thereby allowing the model to reproduce both pre- peak and post- peak hardening while
emphasizing the influence of plastic dilatancy, and thus achieving a closer match to the experimental results.

5. Conclusion

This study has demonstrated that passive confinement using Glass Fiber Reinforced Polymer (GFRP) wraps
significantly enhances the mechanical performance of cement-treated sand (CTS). Experimental results revealed clear
improvements in strength and ductility, with peak axial stress increasing as the number and stiffness of GFRP layers
rises. The confinement mechanism was observed to activate after initial dilation, supplying lateral restraint that restricted
volumetric expansion and induced re-compaction. This transition underscores the pressure-dependent response of CTS,
where sufficient confinement can shift the material from a dilative to a compactant state. The developed constitutive
model successfully captured these essential features, reproducing the nonlinear stress—strain relationship, the volumetric
transition, and the coupling between axial and lateral strains through the proposed dilation formulation. Validation was
achieved by applying a variably confined concrete modeling framework to CTS under different stress conditions, with
predictions aligning closely to experimental data, particularly at higher confinement levels. This confirms the model’s
reliability as an analytical tool and highlights its potential as a practical alternative to conventional triaxial testing in
contexts where specialized equipment is unavailable.

From a practical standpoint, this study offers valuable insights into geotechnical soil stabilization. GFRP-wrapped
cement-treated sand (CTS) emerges as a viable and accessible technique for enhancing the performance of road bases,
embankment fills, and shallow foundations, particularly under low confining pressures typical of near-surface systems.
The findings contribute to more economical and sustainable design approaches, enabling engineers to better predict and
improve the behavior of cemented soils in both new construction and rehabilitation projects. Future research should
explore diverse soil types, cement contents, and curing durations, while also assessing long-term durability under cyclic
or dynamic loading. Refining the constitutive model to incorporate interface effects and complex loading paths will
further strengthen its predictive capability.
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