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Abstract

This study systematically evaluates the effectiveness of geosynthetic reinforcement on subgrade soils prevalent in tropical
climates, specifically those involving sandy, lateritic, and layered sand-over-laterite soils, through comprehensive laboratory.
California bearing ratio (CBR) tests conducted under both soaked and unsoaked conditions. Reinforcements using woven
geotextile and biaxial geogrid were installed at varying depths (0.3H, 0.4H, and 0.5H), enabling a detailed analysis of the
placement effects on soil strength. Results indicate that the geotextile consistently outperformed the geogrid across all soil
types, markedly enhancing the soaked bearing capacity, particularly in sandy soils (reinforcement ratio n = 2.02 at 0.3H),
due to its superior confinement and moisture resilience. In cohesive lateritic soils, deeper reinforcement placement (0.5H)
provided maximum efficiency (n = 1.52), effectively controlling plastic deformation from moisture exposure. For layered
configurations, placing reinforcement at the sand—laterite interface notably improved stiffness transitions, maximizing absolute
bearing capacity (CBR = 13.84% at 0.5H). Optimum reinforcement efficiency, however, occurred at shallower depths (0.3H).
A critical trade-off between maximum strength and reinforcement efficiency was identified, emphasizing depth-specific
optimization strategies tailored to individual soil behaviours. These findings significantly advance practical pavement design
guidelines, providing clear, empirically based recommendations for geosynthetic type and optimal placement depth, thereby
supporting the development of sustainable and resilient pavement infrastructures that align with the Sustainable Development
Goals (SDG 9, SDG 11).
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1 Introduction a diverse range of soil types, such as cohesionless sandy

deposits, cohesive lateritic soils, and layered configurations

The mechanical characteristics and integrity of the underly-
ing subgrades have a significant influence on the structural
performance and longevity of pavement systems in tropi-
cal climates. This dependency is particularly critical due
to the dramatic fluctuations in moisture content and the
extensive variations in soil strength and stiffness caused by
seasonal weather patterns. Tropical regions, including South-
east Asia, West Africa, and parts of Latin America, exhibit
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that combine sand and laterite. Each soil type presents distinct
geotechnical challenges that necessitate tailored approaches
to achieve durable pavement foundations [1-5].

Sandy soils in tropical regions are characterized by high
permeability and minimal cohesive strength, which signif-
icantly influence their behaviour and management. These
soils allow rapid water infiltration due to their large pore
spaces, which can be beneficial for drainage but problematic
for water retention. When sandy soils become saturated, the
interparticle friction decreases, leading to a significant reduc-
tion in load-bearing capacity [6, 7]. This can cause substantial
deformation under vehicular loads, compromising pave-
ment performance. Their susceptibility to moisture-induced
degradation necessitates careful engineering interventions to
sustain structural stability.
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In contrast, lateritic soils, prevalent in tropical regions,
exhibit unique mechanical properties due to their miner-
alogical composition and environmental conditions. These
soils are characterized by high fines content, which results
in relatively low permeability and cohesive properties. The
presence of iron and aluminium oxides play a crucial role
in cementing soil particles, contributing to their mechani-
cal stability under dry conditions [8—10]. However, extended
saturation can compromise these bonds, causing moderate
reductions in strength and stiffness [11, 12]. The engineer-
ing complexity of lateritic soils arises not only from their
susceptibility to moisture but also from their inherently
heterogeneous structure, which introduces variability and
uncertainty into pavement foundation design.

Adding further complexity, layered soil systems, such as
sand-over-laterite, are standard in both natural settings and
engineered environments. These systems are characterized
by significant contrasts in stiffness and complex interfacial
behaviours, which influence load transfer and deformation
mechanisms [13, 14]. The interface between sand and lat-
erite in layered soil systems is a critical zone that significantly
influences the performance and durability of pavement struc-
tures. This interface can lead to stress concentration and
differential settlement, which pose risks for pavement dis-
tress and premature structural deterioration [12, 15].

To mitigate these soil-related vulnerabilities, geosyn-
thetics—particularly woven geotextiles (GT) and biax-
ial geogrids (GG)—have been increasingly adopted in
pavement engineering practices worldwide. Geosynthetics
enhance subgrade performance primarily through reinforce-
ment mechanisms, offering confinement, tension membrane
support, and interlocking interactions with adjacent soils
[16—-18]. These mechanisms contribute to increased ser-
vice life, reduced maintenance, and base course reduction,
making geosynthetics a valuable tool in geotechnical engi-
neering. Geotextiles, due to their continuous planar structure,
are particularly advantageous in soils prone to significant
deformation under saturation [19, 20]. In contrast, geogrids
predominantly rely on particle interlocking, making them
suitable for stabilizing granular soils [21, 22]. Despite
extensive use, critical gaps remain in understanding the
comparative performance of geotextiles versus geogrids in
layered tropical soil conditions, particularly under realistic
moisture scenarios encountered in field conditions.

Significantly, the optimal depth placement of geosyn-
thetic reinforcements within the subgrade profile remains
uncertain. Recent literatures [23-28] highlight substantial
variation in reinforcement effectiveness with depth; yet,
comprehensive systematic assessments explicitly targeting
tropical layered soils under varying moisture conditions
are scarce. Past studies on geosynthetic materials and soil
interactions have often focused on homogeneous soil sce-
narios under simplified laboratory conditions, neglecting
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the complex interactions typical of real-world applications
involving stratified soil structures [29-33]. Consequently,
current pavement design practices often lack rigorous experi-
mental evidence to guide effective selection of reinforcement
type and depth for distinct tropical subgrade scenarios.

Addressing these research gaps, the present study sys-
tematically evaluates the comparative reinforcement effec-
tiveness of woven geotextiles and biaxial geogrids in sandy,
lateritic, and layered sand-over-lateritic soils with subgrade
configurations having thickness ratios of 30:70, 40:60, and
50:50 under both soaked and unsoaked conditions, using
standard California bearing ratio (CBR) tests. Reinforcement
layers were strategically positioned at varying depths (0.3H,
0.4H, and 0.5H) to examine the depth-specific effective-
ness critically. The study aims to quantify absolute bearing
capacity improvements, reinforcement efficiency (), and
moisture-related degradation behaviours to provide robust
empirical guidelines for practical pavement design.

Furthermore, this research critically addresses the trade-
offs between maximizing absolute subgrade strength and
achieving optimal reinforcement efficiency. By explaining
how the effectiveness of reinforcement varies across different
soil types, moisture scenarios, and depth placements, the out-
comes of this investigation significantly advance pavement
reinforcement design practices. Importantly, these insights
directly contribute to sustainable infrastructure development,
aligning closely with global sustainability objectives, includ-
ing the United Nations Sustainable Development Goals
(SDGs), particularly SDG 9 (Industry, Innovation, and Infras-
tructure) and SDG 11 (Sustainable Cities and Communities).

Thus, the findings from this study serve not only to bridge
existing knowledge gaps but also to support infrastructure
development strategies by delivering practical, scientifically
rigorous recommendations tailored explicitly for tropical
pavement engineering contexts. This study lays a strong
foundation for subsequent research efforts, encompassing
large-scale cyclic plate load testing, numerical simulations
under field loading scenarios, and the evaluation of long-
term geosynthetic performance under tropical environmental
conditions.

2 Materials and Methods
2.1 Soil Materials

Three distinct subgrade configurations were prepared to rep-
resent typical ground conditions in tropical infrastructure
applications: poorly graded sandy soil (SP), lateritic clayey
sand (SC), and a layered sand-over-laterite system. These
soils were selected to evaluate the impact of gradation, plas-
ticity, and layer interaction on the bearing performance of



Arabian Journal for Science and Engineering

Fig. 1 Particle size distributions 100.00

of lateritic and sandy soils 90.00

80.00

AT
/

70.00
60.00

50.00
40.00

' Lateritic H

30.00

Percentage passing (%)

20.00

10.00 |

0.00

0.0001 0.0010

reinforced and unreinforced subgrades. The particle size dis-
tribution curves of the soils are shown in Fig. 1.

The sandy soil was classified as SP (poorly graded sand,
A-1-b [34], with a sand fraction of 85.63%, gravel content
of 14.11%, and negligible fines. Its effective grain diameter
(D10) was 0.51 mm, and the average particle size (Dsg) was
1.12 mm, indicating a coarse, well-draining texture. The soil
exhibited low plasticity (non-plastic), a coefficient of perme-
ability of 0.427 cm/s, and a maximum dry density (MDD)
of 1.84 Mg/m?, compacted at an optimum moisture content
(OMC) of 10.2% as shown in Fig. 2. This high permeabil-
ity and cohesionless structure suggest high initial bearing
strength under dry conditions but significant susceptibility to
moisture-induced softening [35-37].

In contrast, the lateritic clayey sand was classified as
SC (clayey sand, A-2-6, [34], containing 23.05% clay and
11.28% silt, resulting in a fine-grained matrix with a high
uniformity coefficient (Cy, = 592.59) and low permeabil-
ity (2.83 x 107 cm/s). Its liquid limit was 33.0%, plastic
limit 18.6%, and plasticity index 14.4%, confirming moder-
ate plasticity. The soil compacted to a MDD of 1.78 Mg/m>
at an OMC of 15.2% as shown in Fig. 2. The fine content and
plasticity reflect increased cohesion [12], though these char-
acteristics also suggest reduced permeability and potential
for swelling and softening upon soaking [38, 39]. However,
due to its aggregated structure and iron-alumina cementa-
tion, lateritic soil may retain structural stiffness even when
partially saturated [40, 41].

The layered configuration was constructed by compact-
ing sandy soil over lateritic clayey sand in three distinct
thickness ratios: 30:70, 40:60, and 50:50 (sand: laterite by
height) within the CBR mould to simulate stratified sub-
grades commonly encountered in tropical pavement systems.
The interface behaviour between these contrasting materials
was expected to influence stress transfer and deformation
during penetration.

All soil samples were air-dried, pulverized, and passed
through a 4.75 mm sieve before testing. Standard laboratory
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classification procedures were conducted in accordance with
[42, 43], including grain size analysis, Atterberg limits, and
the Standard Proctor compaction test. The resulting geotech-
nical parameters, such as particle size distributions, plasticity
characteristics, dry densities, and permeability coefficients,
are summarized in Table 1. These parameters were used
to control sample preparation and interpret load-bearing
behaviour during subsequent CBR testing.

2.2 Geosynthetic Reinforcement

Two types of geosynthetic reinforcements were used in this
study: a woven polyester geotextile (GML10) and a biax-
ial polyester geogrid (FG100). The geosynthetic samples
are shown in Fig. 3. These materials were chosen for their
compatibility with the tested subgrade materials and prior
evidence supporting their effectiveness in stabilizing sub-
grades within tropical pavement systems [44—48].

Geosynthetics are available in a wide variety of forms,
materials, and geometries to suit distinct geotechnical
functions, including separation, reinforcement, filtration,
drainage, and protection. The selection of a geosyn-
thetic product for subgrade reinforcement is governed by
application-specific performance criteria, including mate-
rial durability, mechanical strength, environmental stability,
availability, and cost-effectiveness [49-53]. In subgrade
applications, geogrids are primarily chosen for their rein-
forcement function, where their rigidity, junction strength,
and aperture size promote interlock with coarse-grained par-
ticles. These properties contribute to lateral confinement and
shear resistance, which are especially important for perfor-
mance under repeated loading or in weak soils with low
confinement capacity [54-56].

In this study, the geotextile was selected for its broad con-
tact area and tensile membrane effect, making it particularly
effective in fine-grained or layered soil systems where tensile
separation and strain compatibility are critical. The geogrid
was selected for its high interlock efficiency in granular
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Fig.2 Compaction curve of 2
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Fig. 3 Geosynthetics used in the
study: a GT and b GG S

media, where its structural rigidity and open grid config-
uration enhance load transfer and limit deformation. Both
materials were sourced from a single commercial supplier to
ensure consistency in polymer composition and manufactur-
ing quality.

The geotextile (GML10) is a woven fabric composed of
UV-stabilized polyester fibres with a unit weight of 200 g/m?.
It has a tensile strength of 100 kN/m in the machine direction
(MD) and 50 kN/m in the cross-machine direction (CD), with
elongation values of less than 12% (MD) and 15% (CD). Its
high permeability (> 1 x 10"* cm/s) enables dissipation of
pore pressures during loading and saturation, which is critical
in maintaining interface drainage and reducing excess pore
water buildup during soaked CBR testing. The material’s
mechanical stability and controlled deformation profile make
it well-suited for both confinement and tensile membrane
action in low-cohesion soils. The complete set of material
parameters is provided in Table 2.

The geogrid (FG100) is a biaxial reinforcement composed
of polyester yarns, designed to transfer load through aperture
interlocking with adjacent soil particles. Its ultimate ten-
sile strength reaches 100 kN/m (in the machine direction,
MD) and 30 kN/m (in the cross direction, CD), with corre-
sponding elongations of 10% in both directions. At working
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strains of 2% and 5%, the material provides intermediate
stiffness, with tensile resistances of 20-50 kN/m in MD and
18-36 kN/m in CD. The long-term design strength (7') is
rated at 59 kN/m, providing confidence in sustained load
support applications. The geogrid features nominal aperture
sizes of 21 mm (MD) and 25 mm (CD), which are suit-
able for interlocking with coarse-to-medium grained soils.
Additional yarn properties include a carboxyl end group
(CEG) concentration < 30 mmol/kg and a molecular weight
exceeding 25,000 Mn, both indicating chemical resistance
and long-term stability. A summary of geogrid characteris-
tics is given in Table 3.

All geosynthetics were cut to fit the CBR mould dimen-
sions, preconditioned in laboratory environments before test-
ing, and placed without overlap or wrinkling at the designated
reinforcement depths (0.3H, 0.4H, and 0.5H). The selection
of these materials, representing two distinct reinforcement
mechanisms—membrane-based (GT) and interlock-based
(GG)—was made to enable a comparative assessment of their
effectiveness across cohesive, non-cohesive, and layered sub-
grade systems.
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Fig. 4 Orientation of

reinforcement layer positioned at
a specified depth in CBR mould:

a GT and b GG

Table 1 Geotechnical properties of subgrade soils

Properties Sandy Lateritic

Effective diameter, Do 0.51 0.00027
(mm)

Average diameter, D5 1.12 0.12
(mm)

Uniformity coefficient, 2.53 592.59
Cu

Curvature coefficient, C¢ 0.9 62.59

Gravel percentage (> 14.11 7.33
2 mm) (%)

Sand percentage 85.63 53
(0.06 mm-2 mm) (%)

Silt percentage - 11.28
(0.002 mm-0.06 mm)
(%)

Clay percentage (< - 23.05
0.002 mm) (%)

Specific gravity, G 2.61 2.55

Classification (AASHTO)  A-1-b A-2-6

Classification (USCS) SP (poorly graded SC (clayey

sand) sand)

Liquid limit (%) - 33.03

Plastic limit (%) - 18.64

Plasticity Index (%) - 14.38

Optimum moisture 10.2 15.2
content (%)

Maximum dry density 1.84 1.78
(Mg/m?)

Coefficient of 0.427 2.83 x 1077
permeability (cm/s)

Loss on ignition (%) 1.36 5.76

Unsoaked CBR (%) 13.67 322

Soaked CBR (%) 11.53 3.19

Table 2 Mechanical and hydraulic properties of woven geotextile
(GML10)

Properties Unit Geotextile GML10
Weight g/m? 200

Tensile strength, MD kN/m 100

Tensile strength, CD kN/m 50

Elongation MD % <12

Elongation CD % <15

Permeability cm/s >1x10*

Raw material Polyester

UV stability UV stabilized

2.3 Sample Preparation and Testing

The CBR test was conducted for this study to evaluate the
bearing strength of reinforced and unreinforced subgrade
soils under both soaked and unsoaked conditions. All proce-
dures followed the specifications of [57]. The standard CBR
mould used had an internal diameter of 152 mm and a height
of 127 mm. Subgrade materials were prepared by calculat-
ing the required dry weight based on the MDD, and water
corresponding to the OMC was added to achieve uniform
mixing. The soil was compacted in five equal layers using
the Standard Proctor method. The reinforcements were cut
into circular discs slightly smaller than the internal diameter
of the mould, as shown in Fig. 4, to prevent edge contact or
folding during compaction.

To capture the effect of geosynthetic type, placement
depth, and soil profile, 14 main configurations were tested
for each reinforcement material across the three subgrade
conditions: sandy soil, lateritic soil, and layered sand-over-
laterite. Each test was repeated for statistical consistency.

@ Springer



Arabian Journal for Science and Engineering

Lateritic Lateritic —fo 3H
GT/GG -
H
a) b)
Sandy Sandy E43H
GT/GG
H
e) f)
Sandy } 3H Sandy Eg H
GT/GG
Lateritic Lateritic
i) i)}
Sand Sand;
y 0.5H & 0.5H
A GT/GG
Lateritic Lateritic
m) n)

Lateritic E 4l Lateritic 0.5H
GT/GG
GT/GG
c) d)
Sandy I) 4l Sandy 057
GT/GG
GT/GG
g) h)
Sandy —Iio 4H Sandy —fo 4H
- GT/GG —_
Lateritic Lateritic
k) )

Fig.5 Schematic illustration of GT and GG placement depths in
CBR moulds: a unreinforced lateritic, b reinforced lateritic at 0.3H,
¢ reinforced lateritic at 0.4H, d reinforced lateritic at 0.5H, e unrein-
forced sandy, f reinforced sandy at 0.3H, g reinforced sandy at 0.4H,
h reinforced sandy at 0.5H, i unreinforced 30:70 sand-over-laterite,

A detailed visual overview of the test configurations is pre-
sented in Fig. 5, which illustrates the position of geotextile
and geogrid layers for each depth and subgrade system. The
schematic includes unreinforced profiles and each reinforced
variant for both homogeneous and layered samples (sand-
over-laterite in 30:70, 40:60, and 50:50 thickness ratios),
enhancing experimental transparency and replicability.

In reinforced specimens, geosynthetics were placed hor-
izontally at predetermined depths of 0.3H, 0.4H, and 0.5H
from the top of the mould, where H is the mould height. These
depths were selected based on experimental and theoretical
evidence showing that the upper half of a CBR specimen
contains the primary shear zone and the highest stress con-
centration during penetration. Reinforcement positioned in
this region can more effectively mobilize tensile membrane
action and intercept lateral deformation before it propagates
downward. Previous studies on geosynthetic-reinforced CBR
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j reinforced 30:70 sand-over-laterite at interface, k unreinforced 40:60
sand-over-laterite, 1 reinforced 40:60 sand-over-laterite at interface,
m unreinforced 50:50 sand-over-laterite, and n reinforced 50:50 sand-
over-laterite at interface

and subgrade systems have reported that placing reinforce-
ment between approximately 0.25H and 0.50H results in
the greatest improvement in load—penetration response and
bearing capacity [58—61]. This strategy enhances soil stabil-
ity, bearing capacity, and reduces settlements, making it a
cost-effective and efficient solution for various geotechnical
applications. The placement of geosynthetic reinforcement at
the interface between the upper sandy layer and the underly-
ing lateritic soil in a layered sand-over-laterite configuration
is a strategic approach to address stiffness discontinuities
and stress concentrations at material boundaries [25, 33, 62,
63]. This method is particularly relevant in field conditions
where contrasts in shear strength and permeability can lead to
stress concentrations. By reinforcing this transitional zone,
the geosynthetic effectively facilitated stress redistribution,
minimized potential slip or differential settlement across the
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Table 3 Mechanical, structural, and material properties of biaxial
geogrid (FG100)

Properties Unit Geogrid
FG100
Tensile strength (ultimate), MD kN/m 100
Tensile strength (ultimate), CD kN/m 30
Elongation, MD % 10
Elongation, CD % 10
Tensile strength at 2% strain, MD kN/m 20
Tensile strength at 2% strain, CD kN/m 18
Tensile strength at 5% strain, MD kN/m 50
Tensile strength at 5% strain, CD kN/m 36
Long-term design strength, T’y kN/m 59
Yarn properties
Material Polyester
Carboxyl end group (CEG) mmol/kg <30
Molecular weight Mn > 25,000
Physical characteristics
Roll width m 4.0
Roll length m 50/100
Roll area m? 200/400
Aperture size, MD + 20% mm 21
Aperture size, CD £ 20% mm 25

Fig.6 Soaked samples in the immersion tank

interface, and enhanced the overall load-bearing response of
the layered subgrade system.

The unsoaked samples were tested immediately after com-
paction, while soaked specimens were submerged in water
for 96 h. Figure 6 shows the soaked samples in an immer-
sion tank filled with water and under a surcharge. The CBR
test was performed using a TRIPLEX electromechanical

Fig.7 Experimental setup of the CBR test

loading system as shown in Fig. 7, which applied vertical
force through a loading plunger at a standard penetration
rate of 1 mm/min. Load—penetration data were continuously
recorded using a connected load cell and linear variable
displacement transducer (LVDT). The maximum force at
2.5 mm and 5.0 mm penetration was used to calculate the
CBR value. Where both readings were available, the higher
value was reported unless a significant deviation required
comparative discussion. This setup enabled the accurate mea-
surement of strength variation under various reinforcement
and moisture conditions.

2.4 Performance Metrics

The mechanical performance of each subgrade configura-
tion, both reinforced and unreinforced, was evaluated using
two primary metrics derived from the CBR test. First, the
CBR value was determined from the penetration resistance
recorded at two standard depths: 2.5 mm and 5.0 mm, as spec-
ified by [57]. In accordance with international testing norms,
the higher of the two values was reported, except where
material heterogeneity or curve anomalies necessitated dual
reporting for comparative interpretation [64—66]. To assess
the benefit of geosynthetic inclusion, a reinforcement ratio
(n), Eq. (1), was calculated for each configuration. This

@ Springer



Arabian Journal for Science and Engineering

Table 4 Unreinforced CBR performance of subgrade soils

Soil type Unsoaked Soaked CBR (%) CBR
CBR (%) reduction
(%)

Sandy 13.67 11.53 15.65

Lateritic 3.22 3.19 0.93

Layered 5.28 4.70 10.98
30:70

Layered 6.96 6.28 9.71
40:60

Layered 11.80 10.94 7.29
50:50

dimensionless metric normalizes reinforced performance rel-
ative to an unreinforced control and is defined as:

. CBRreinforced
CBRunreinforced

n ey

This ratio provides a direct measure of reinforcement
efficiency and allows for meaningful comparisons across dif-
ferent soil types, moisture conditions, and placement depths.
As reinforced and unreinforced tests were conducted under
identical preparation and loading conditions, the 1 metric
isolates the contribution of geosynthetics to load-bearing
enhancement.

Optimality criteria were assessed using a dual-benchmark
approach. For each test condition, the configuration yield-
ing the highest absolute CBR value and the highest n value
was identified. These two indicators, absolute strength and
normalized improvement, were interpreted in conjunction
to recommend practical reinforcement depths and material
choices customized to each subgrade type. This dual-metric
framework reflects current best practices in geotechnical
reinforcement research and has been widely adopted in the
evaluation of geosynthetic-stabilized soils under both labo-
ratory and field conditions [67, 68].

3 Results and Discussion

3.1 Effect of Subgrade Soil Type on Unreinforced
CBR Strength

The mechanical response of unreinforced subgrades varies
primarily with soil type, particularly under variable moisture
conditions. Figure 8 and Table 4 summarize the unsoaked and
soaked CBR values for five configurations: homogeneous
sandy soil, homogeneous lateritic soil, and three layered
sand-over-laterite profiles (with thickness ratios of 30:70,
40:60, and 50:50). The CBR values measured at 2.5 mm and
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5.0 mm penetration depths provide a quantitative assessment
of baseline strength and moisture sensitivity in each case.

Among the tested soil types, sandy soil recorded the high-
est CBR in the unsoaked condition (13.67%), consistent
with its coarse-grained, non-cohesive structure that supports
dense particle packing and high frictional resistance. How-
ever, upon soaking for 96 h, its strength declined sharply to
11.53%, representing a 15.65% reduction, the highest among
all specimens. This behaviour is attributed to rapid saturation,
loss of suction, and collapse of particle interlock due to the
high permeability and lack of fines in poorly graded sands.
Similar trends have been reported by [69-72], emphasizing
the moisture susceptibility of unbound granular subgrades in
tropical climates.

In contrast, despite showing a lower unsoaked CBR
(3.22%), lateritic soil demonstrated minimal strength loss
upon soaking (3.19%), with a reduction of only 0.93%. This
reflects the stabilizing influence of the soil’s high fines con-
tent, reduced permeability, and the presence of cementing
oxides such as iron and aluminium, which enhance aggrega-
tion and moisture resistance. This stability under soaking is
supported by the findings of [12, 62, 73-75], who attribute
the durability of lateritic soils to their internal aggregation,
electrochemical bonding, and reduced saturation kinetics.

Layered subgrades exhibited intermediate behaviour
between the two homogeneous soils. For instance, the 50:50
sand-over-laterite configuration displayed an unsoaked CBR
of 11.80%, dropping moderately to 10.94% after soaking,
representing a 7.29% reduction. The layered systems bene-
fited from the surface stiffness of sand and the underlying
moisture resistance of laterite. In particular, the modest
CBR reduction in the 50:50 sample can be attributed to
the composite effect of the layered subgrade system. This
effect is characterized by the upper sand layer absorbing the
initial load and partial moisture, while the underlying lat-
erite layer delays saturation and reinforces the composite
system. Similar strength retention trends were observed in
the 40:60 and 30:70 configurations, with CBR reductions
of 9.77% and 10.98%, respectively, indicating that transi-
tional performance is governed by interface behaviour. These
observations support the conclusions of [76-80], which have
demonstrated that layered subgrades benefit from stiffness
contrasts and staged saturation, jointly stabilizing the soil-
reinforcement interface during wetting.

Overall, the data indicate that CBR performance in unrein-
forced subgrades is not solely dependent on dry-state strength
but is also significantly affected by soil gradation, permeabil-
ity, and the capacity to retain suction under saturation. The
findings emphasize the need for subgrade-specific reinforce-
ment strategies, particularly in tropical pavement design,
where moisture ingress is common and soil response is var-
ied.
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Fig. 8 Comparison of soaked and 16.00
unsoaked CBR values for
unreinforced sandy, lateritic, and
layered sand-over-laterite
subgrades
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3.2 Optimization of Reinforcement Depth

The effectiveness of geosynthetic reinforcement in improv-
ing subgrade performance is strongly influenced by its place-
ment depth, particularly in relation to the location of active
shear zones and the nature of the soil strata. This section
investigates the effect of varying reinforcement depths: 0.3H,
0.4H,and 0.5H, where H is the total height of the CBR mould
across three subgrade systems (sandy, lateritic, and layered)
using both GT and GG reinforcement.

3.2.1 CBR Performance Trends by Depth and Reinforcement
Type

As illustrated in Fig. 9, GT-reinforced sandy soils achieved
the highest CBR at 0.3H (23.24%), with values decreasing
to 18.34% and 14.45% at 0.4H and 0.5H, respectively. This
trend is consistent with the well-established understanding
that in cohesionless soils, the majority of shear deformation
occurs near the surface. Reinforcement placed at shallow
depths effectively confines lateral expansion and intercepts
shear planes early [81-83]. Similar behaviour was observed
for GG-reinforced sandy soil. However, absolute CBR values
were lower, at 18.80% at0.3H, likely due to reduced interlock
efficiency between the grid structure and granular particles.

In lateritic soils, which are cohesive and moisture-
sensitive, both GT and GG exhibited an increasing CBR
with increasing reinforcement depth. Peak strength occurred
at 0.5H (4.84% for GT and 4.30% for GG), reflecting the
location of the failure plane and the importance of tensile
membrane effects at greater depths. Deeper placement also
delays the mobilization of plastic deformation under pene-
tration loading, especially critical in soaked lateritic profiles
[46, 60, 84, 85]. The superiority of geotextile in this context

10.00
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) I I
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is likely due to its higher contact area and better interface
bonding with cohesive soils.

For layered sand-over-laterite subgrades (50:50 thickness
ratio), both GT and GG produced the highest CBR values
when reinforcement was placed at 0.5H (13.84% for GT and
11.92% for GG). In this configuration, 0.5H corresponds
to the sand-laterite interface, making it the most strategic
location to bridge the stiffness transition between layers.
Reinforcement at this interface effectively controls interfa-
cial shear, mitigates slippage, and facilitates composite action
by anchoring load transfer from the upper sand to the lower
lateritic layer. Similar interfacial mechanics were reported
by [46, 86—89], where subgrade performance was enhanced
when reinforcement aligned with vertical stiffness contrasts.

3.2.2 Reinforcement Efficiency Based on 1 Trends

Figure 10 presents the reinforcement ratio across reinforce-
ment depths for all subgrade types under soaked conditions.
In sandy soils, n peaked at 0.3H for both materials, with
GT achieving 2.02 and GG 1.63, affirming the advantage
of shallow placement in cohesionless soils where vertical
stresses are concentrated near the surface. As the placement
depth increased, n values declined, demonstrating reduced
confinement and tensile mobilization farther from the active
shear zone [90-92].

In contrast, lateritic soils exhibited increasing n values
with depth. GT recorded a maximum »n of 1.52 and GG 1.35 at
0.5H, corresponding to improved interaction with the deeper-
seated failure plane common in cohesive, moisture-sensitive
soils. This is consistent with the literature, which suggests
that reinforcement in such materials should be placed closer
to the critical shear zone to maximize tensile engagement and
reduce moisture-related plastic deformation [12, 93-96].

@ Springer
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Fig.9 Variation of CBR values 25.00
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For layered sand-over-laterite subgrades, n was high-
est at 0.3H with GT (1.32) and GG (1.21). This suggests
that the primary shear zone in the layered configuration
remains concentrated near the sand-laterite interface under
soaked conditions. In this study, both geotextile and geogrid
were consistently placed at this interface across all layered
configurations (30:70, 40:60, and 50:50), enabling direct
interaction with the transitional stress region. The highest
reinforcement efficiency observed at 0.3H confirms that this
placement successfully mobilized the membrane effectin GT
and the interlocking mechanism in GG. As the sand thick-
ness increased, 1 values declined, likely due to reduced shear
stress transmission reaching the reinforcement plane. These
findings underscore the effectiveness of interface-level rein-
forcement. Still, its efficiency depends not only on placement
but also on the relative contribution of the overlying material
to the stress path and failure envelope [84, 97, 98].
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Thus, the design implications are summarized as follows:

e Sandy soils benefit most from shallow reinforcement
(0.3H) due to near-surface shear concentration.

e Lateritic soils require deep reinforcement (0.5H) to control
moisture-softening and plastic deformation.

e Layered systems show best CBR strength when reinforced
at the sand-laterite interface (0.5H), although 5 opti-
mization may favour slightly shallower placement (0.3H)
depending on the loading regime.

These results validate that reinforcement depth should not
be uniformly assigned across soil systems. Instead, design
decisions must reflect soil type, expected failure mechanism,
and geometric stratigraphy to maximize reinforcement effi-
ciency and long-term performance.
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Table 5 CBR performance and

reinforcement efficiency of GG Soil type Unreinforced GT-reinforced GG-reinforced n (GT) n (GG) Optimum
and GT reinforcements for each CBR (%) CBR (%) CBR (%) depth
soil type at their optimal depths
Sandy 11.53 23.24 18.80 2.02 1.63 0.3H
Lateritic 3.19 4.84 4.30 1.52 1.35 0.5H
Layered 10.94 13.84 11.92 1.27 1.09 0.5H
50:50

3.3 Influence of Reinforcement Type on CBR
Enhancement

The type of geosynthetic reinforcement significantly affects
the magnitude of strength enhancement achieved in subgrade
soils, particularly under soaked conditions where the sub-
grade’s structural integrity is most vulnerable. This section
presents a comparative evaluation of GT and GG perfor-
mance across sandy, lateritic, and layered sand-over-laterite
(50:50) subgrades. Performance was evaluated based on CBR
values and 7 as tabulated in Table 5. All tests were performed
at the previously optimized reinforcement depths, 0.3H for
sandy soils and 0.5H for both lateritic and layered systems.

3.3.1 CBR Performance at Optimum Depth

As illustrated in Fig. 11, GT consistently achieved higher
CBR values than GG across all tested configurations. In
sandy subgrade, GT-reinforced samples exhibited the highest
soaked CBR of 23.24%, followed by GG at 18.80%, com-
pared to 11.53% for the unreinforced case. This substantial
improvement confirms that GT’s full-plane tensile stiffness
and surface confinement enable it to counteract lateral strain
more effectively than the discrete interlocking mechanism of
GG. These findings align with [99-102], who reported that
planar reinforcements outperform grid structures in cohe-
sionless soils due to better stress dispersion and minimal void
redistribution under soaked conditions.

In lateritic subgrades, GT and GG achieved CBR values
of 4.84% and 4.30%, respectively, relative to an unreinforced
baseline of 3.19%. Although the absolute strength gain was
modest due to the cohesive and plastic nature of the soil,
GT again proved superior. The geotextile’s finer pore struc-
ture and continuous contact interface enhanced resistance to
moisture-induced shear softening, a critical factor for tropi-
cal clays and residual soils [46, 84, 85, 103, 104]. GG, while
effective in granular matrices, exhibited lower stiffness inter-
action under soaked cohesive conditions.

In the layered sand-over-laterite (50:50) configuration,
GT achieved a soaked CBR of 13.84%, while GG followed
closely at 11.92%, compared to 10.94% for the unreinforced
control. Both reinforcements were placed at the sand—laterite
interface (0.5H). The superior performance of GT in this case

reflects its ability to bridge stiffness contrasts, ensuring better
vertical load continuity and mitigating settlement disconti-
nuities at the material interface [105-108]. GG’s relatively
open structure limits interfacial engagement, particularly in
stratified systems where aggregate contact is irregular.

3.3.2 Reinforcement Ratio (17) Trends

The comparative reinforcement ratios presented in Fig. 12
further support these findings. Geotextile achieved n values
of 2.02, 1.52, and 1.27 for sandy, lateritic, and layered soils,
respectively, each exceeding the geogrid equivalents of 1.63,
1.35, and 1.09. These values indicate that GT is consistently
more effective than GG, both in absolute CBR improve-
ment and relative reinforcement efficiency. GT’s continuous
membrane behaviour offers superior confinement, especially
under saturated loading. This was particularly evident in
sandy soils, where its tensile reinforcement resists lateral
dilation, and in lateritic soils, where its frictional interac-
tion stabilizes the soil matrix against post-yield softening.
GG’s n dropped more significantly in cohesive and layered
systems, reflecting its dependency on mechanical interlock,
which becomes compromised in moisture-sensitive or finer-
grained matrices. The efficiency reduction from sandy to
layered and lateritic soils highlights that GG performance
is highly soil-dependent, and its use in layered or cohesive
tropical soils should be evaluated with caution [21, 109—-111].

The comparative results confirm that GT reinforcement is
generally preferred for tropical subgrade systems with varied
soil stratigraphy and moisture exposure. Its performance is
driven by:

e Superior membrane action under shear load,

e Consistent contact stress distribution,

e Moisture resilience and tensile stiffness across both gran-
ular and cohesive layers.

For high-stress, moisture-variable applications, GT offers
more reliable and efficient reinforcement. GG may still be
effective in well-graded, dry, granular fills where interlock
can be fully mobilized; however, it is less effective in lateritic
or layered systems under soaked conditions.
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Fig. 11 CBR performance 25.00
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3.3.3 Trade-Offs Between CBR and

This study reveals a vital design insight where maximum 7
does not always correspond with the highest CBR value. For
example, in the layered system, the CBR peaked at 13.84%
(GT at 0.5H), but n peaked at 1.32 (GT at 0.3H). This indi-
cates that while deeper placement may yield stronger overall
resistance, it does so at the cost of efficiency relative to the
unreinforced case. Conversely, a high n at shallower depths
may reflect better stress engagement but less total strength
gains due to limited mobilization. From a design standpoint,
this trade-off must be balanced based on performance objec-
tives:

e For light-traffic pavements, maximizing n may suffice.
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e For heavily loaded or wet environments, absolute CBR
becomes more critical, favouring deeper placements.

3.3.4 Design Implications for Tropical Subgrades

These findings have direct implications for tropical road
infrastructure:

e Sandy soils: Reinforcement should be placed at 0.3H to
maximize both strength and efficiency.

e Lateritic soils: Placement at 0.5H is ideal to counteract
saturation-related strength reduction.

e Layered systems: Reinforcement at the sand—laterite inter-
face remains optimal; however, designers should consider
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whether the goal is maximum strength or maximum mate-
rial efficiency, as these may occur at different depths.

Furthermore, the consistent superiority of GT over GG
across all configurations highlights the recommendation that
geotextiles should be prioritized in soaked and composite
soil environments, particularly where moisture resilience and
full-plane tensile action are necessary [112-114].

3.4 Effect of Soaking on Reinforcement Efficiency

Subgrade performance under saturated conditions is a criti-
cal consideration for pavement structures in tropical regions,
where heavy rainfall and seasonal wetting cycles are com-
mon. This section evaluates the impact of soaking on the
strength and durability of geosynthetic-reinforced subgrades
by analysing the CBR retention index (%), which is calcu-
lated as the ratio of the soaked CBR value to the unsoaked
CBR value. The comparison is based on three soil types,
sandy, lateritic, and layered (sand-over-laterite 50:50), rein-
forced with GT and GG at previously determined optimal
depths.

3.4.1 Moisture Sensitivity and Retention Trends

As summarized in Table 6 and illustrated in Fig. 13, geotex-
tile consistently achieved higher CBR retention across all soil
types. In lateritic soil, GT retained 98.78% of its unsoaked
strength, compared to 92.67% for GG. This suggests that
even in fine-grained, low-permeability soils, GT enhances
shear resistance and stiffness preservation, likely due to supe-
rior tensile support and better interface bonding [115-119].
Lateritic soils are naturally moisture-resistant due to their
compacted microstructure and oxide cementation; however,
the choice of reinforcement still influences post-soaking per-
formance.

In sandy soils, where rapid saturation leads to structural
breakdown of the grain matrix, GT retained 95.25%, while
GG dropped to 89.40%. This notable difference (+ 5.85%)
demonstrates GT’s superior ability to maintain load-bearing
capacity in permeable, cohesionless media. The continuous
membrane action of GT inhibits lateral displacement and
stress redistribution more effectively than the discrete aper-
tures of GG, which are prone to interface softening when
saturated [82, 120-124].

For the layered system, GT and GG retained 97.46% and
94.01%, respectively. The moderate retention gap (+ 3.45%)
highlights GT’s benefit in bridging the sand-laterite inter-
face, which is a zone of vertical stiffness discontinuity. By
controlling differential settlement and modulating vertical
stress transfer across the interface, GT delays moisture-
induced shear propagation from the upper sand layer to the
more stable lateritic base [125-130].

3.4.2 Performance Implications

These results emphasize that the type of reinforcement mat-
ters across all soil profiles under soaked conditions, not
only in moisture-vulnerable sandy soils but also in naturally
resilient lateritic and composite subgrades. While both GT
and GG improve CBR retention, the magnitude of preserva-
tion achieved with GT is consistently higher, confirming its
enhanced mechanical interaction under saturated loading.
GT’s advantages stem from:

e Higher tensile stiffness and ductility under wet deforma-
tion,

e Better full-plane soil contact for confinement,

e Resistance to interfacial weakening and migration of fines.

GG remains a viable option, particularly in dry or granular
conditions, but its performance is more susceptible to degra-
dation under soaking due to reduced confinement capacity
and discontinuous stress engagement.

3.5 Load-Penetration Behaviour

Load—penetration behaviour captures the progressive
stress—strain response of subgrades subjected to static pen-
etration, providing critical insights into stiffness evolution,
yielding, and energy dissipation across both reinforced
and unreinforced systems. Unlike single-point CBR values,
force—penetration profiles enable direct visualization of pre-
yield stiffness, peak load resistance, and post-yield ductility.
These elements are crucial for evaluating the full mechan-
ical benefit of geosynthetic inclusion, particularly under
variable moisture regimes and multi-layered configurations.
Figures 14, 15, 16, 17, 18 and 19 illustrate this behaviour
for sandy, lateritic, and layered sand-over-laterite subgrades,
reinforced with GT or GG at three depths (0.3H, 0.4H, and
0.5H) under both unsoaked and soaked conditions.

3.5.1 Sandy Subgrades

Sandy subgrades demonstrated a pronounced initial stiffness,
consistent with friction-dominated load transfer and minimal
cohesive bonding as shown in Fig. 14. GT reinforcement at
0.3H yielded the highest peak force (6730 N), with a distinct
curve separation compared to the unreinforced profile (3771
N). GG at 0.3H followed closely (5802 N), though with ear-
lier softening beyond 5 mm penetration. As reinforcement
was embedded deeper (0.5H), the benefit diminished, affirm-
ing the critical role of placing reinforcement in zones of high
shear demand, which is typically within the top 1/3 of the
specimen height [24, 84, 131].
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Table 6 Comparison of unsoaked
and soaked CBR values and
corresponding CBR retention
(%) for subgrades reinforced
with GT and GG

Fig. 13 CBR retention (%) under
soaked conditions for GT and
GG reinforcements across sandy,
lateritic, and layered subgrades

Fig. 14 Load-penetration curves
for unsoaked sandy subgrade
performance

The soaked specimens revealed a significant reduction in
peak load capacity and curve slope, as shown in Fig. 15, high-
lighting the sensitivity of sandy soils to saturation-induced

Soil type Reinforcement Unsoaked CBR (%) Soaked CBR (%) CBR retention (%)
Sandy GT 24.40 23.24 95.25
GG 21.03 18.80 89.40
Laterite GT 4.90 4.84 98.78
GG 4.64 4.30 92.67
Layered 50:50 GT 14.20 13.84 97.46
GG 12.68 11.92 94.01
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—_
X
N
o 94.00
2
-
5 92.00 =GT
o uGG
[a4
m 90.00
@]
88.00
86.00
84.00
Sandy Lateritic Layered
8000 -

Unsoaked - Sandy

== Unreinforced
—>GT at 0.3H
=#—GG at 0.3H
—0—GT at 0.4H
—+—GG at 0.4H
——@GT at 0.5H
«=¢=GG at 0.5H

Penetration (mm)

frictional collapse. The unreinforced sample declined to 3180
N. However, GT at 0.3H retained a robust load profile (6526
N), indicating effective confinement despite the development
of pore pressure. GG performance also declined but retained
functional stiffness (5185 N). The performance hierarchy
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(GT > GG > Unreinforced) persisted, with the GT curve
exhibiting delayed yield, attributed to its tensile membrane
action and uninterrupted soil contact [132—134].
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3.5.2 Lateritic Subgrades

Lateritic soils exhibited a gradual curve profile, as shown in
Fig. 16, characterized by lower stiffness but enhanced ductil-
ity. GT reinforcement at 0.5H outperformed all other cases
(1740 N), while GG reached its peak at 1646 N. The response
reflects the cohesive and compacted microstructure of lat-
eritic soils, where failure planes extend deeper and benefit
from reinforcement embedded at a greater depth below the
surface. Unlike sandy soils, reinforcement at 0.3H was less

Penetration (mm)

effective, highlighting the influence of reinforcement—failure
plane alignment in fine-grained soils [12, 135, 136].

The drop in peak load, as shown in Fig. 17, was relatively
modest due to the inherent low permeability and suction-
retaining structure of lateritic soils. GT at 0.5H still reached
1717 N, preserving nearly full capacity. GG at the same depth
dropped to 1525 N. These results emphasize the advantage of
GT’s continuous plane in resisting local shear strain and inter-
face degradation under wet conditions. GG, while effective
in increasing bearing capacity and minimizing settlement in
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dry conditions, exhibits earlier stiffness reduction and greater
deformation when saturated due to its reliance on interlock
mechanisms [133, 137, 138].

3.5.3 Layered Sand-Over-Laterite Subgrades

The layered systems exhibited a bilinear load—penetration
response, as shown in Fig. 18, driven by the stiffness contrast
between the sandy upper layer and the lateritic lower layer.
In the 50:50 configuration, GT at 0.5H reached the highest
peak (5196 N), with a distinct curvature shift near 4 mm,
indicating the activation of the underlying laterite. GG also
improved (4639 N) but was less efficient in distributing load
across the material interface. Shallower placements in 30:70
and 40:60 configurations exhibited reduced efficiency, espe-
cially for GG, due to poor stress bridging at the sand—laterite
transition zone [126, 139, 140].

Saturation led to a general decrease in load capacity across
all configurations, as shown in Fig. 19, but the 50:50 sample
reinforced with GT at 0.5H maintained the highest strength
(5062 N). The partial resistance of the layered soil to soak-
ing is attributed to the delayed saturation of the lower layer
and GT’s enhanced bridging effect, which reduces interfacial

S @ Springer
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settlement. GG reinforcement again showed earlier curva-
ture flattening, indicative of weaker confinement and possible
slippage at the soil—grid interface [21, 141, 142].

3.5.4 Reinforcement Depth and Failure Mechanics

Across all subgrades, the reinforcement depth played a criti-
cal role, especially under soaked conditions. For sandy soils,
optimal performance was consistently achieved at 0.3H,
where reinforcement intercepts early shear bands and lim-
its lateral spread. In contrast, lateritic soils benefited most
from deeper placements (0.5H) due to their deeper failure
planes and cohesive mobilization zones. In layered systems,
GT at 0.5H in the 50:50 configuration consistently delivered
the best outcome, validating the strategy of aligning rein-
forcement with the interface stress transition layer.

3.5.5 Comparative Reinforcement Behaviour

Table 7 presents the comparative summary of load—pene-
tration response characteristics between GT and GG rein-
forcements across different soil types. The table highlights
differences in peak load capacity, stiffness retention under
soaking, depth sensitivity, and reinforcement-soil interface
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Table 7 Comparative summary of load—penetration response character-
istics between GT and GG reinforcements across different soil types

Aspect GT GG

Peak load Moderate;
improves early

stiffness only

Higher across all soils
and conditions

Stiffness Strong under both dry Drops significantly
retention and saturated states under soaked
conditions
Optimal depth 0.3H (sandy), 0.5H 0.3H (sandy), less
(lateritic, layered) sensitive to depth
in cohesive soil
Interface Full-plane contact Prone to interlock
behaviour improves stress loss and interface

redistribution slip

behaviour, emphasizing GT’s superior performance under
both dry and saturated conditions. These behaviours sup-
port the broader conclusion that GT is versatile and resilient,
particularly under wetting conditions and in layered soil envi-
ronments where vertical stress transitions are complex. GG
offers value in dry, coarse-grained systems, but its effective-
ness declines in finer or saturated media due to limited contact
engagement and interfacial instability.

3.6 Composite Reinforcement Response in Layered
Systems

Layered subgrades, particularly sand-over-laterite config-
urations, present a mechanically complex system where
variations in stiffness, permeability, and failure envelope
induce unique stress distributions. These systems are com-
monly used in tropical pavement infrastructure, where sandy
fill is placed over residual clayey soils to enhance con-
structability and drainage. However, the transition zone at
the sand-laterite interface remains a potential point of weak-
ness, especially under saturated or cyclic conditions, where
differential settlement and interfacial slip may compromise
long-term performance.

Figures 20 and 21 illustrate the effect of varying sand-to-
laterite thickness ratios, namely 30:70, 40:60, and 50:50, on
both CBR values (%) and the corresponding n for GT and GG
systems under soaked conditions. The results are crucial for
understanding how composite reinforcement behaves under
layered stress states and which configurations provide opti-
mal load transfer efficiency.

3.6.1 CBR Performance with Varying Layer Ratios

As shown in Fig. 20, CBR values increased with increasing
sand thickness for both GT and GG. GT-reinforced configu-
rations consistently yielded higher values, with CBR rising

from 6.22% at 30:70 to 13.84% at 50:50. This improvement
can be attributed to:

e Enhanced confinement from a thicker granular cover,

e More favourable frictional interaction at the sand—geotex-
tile interface,

e GT’s ability to bridge stress concentrations and reduce
interfacial settlement.

GG also showed improved CBR values with increasing
sand content (from 5.67 to 11.92%), although the gains were
less pronounced. This reflects GG’s reliance on soil inter-
lock, which becomes less effective when the reinforcement
is buried beneath a thicker granular layer that absorbs the
bulk of applied stress [46, 60, 143, 144].

3.6.2 Reinforcement Efficiency Across Thickness Ratios

Figure 21 reveals that the reinforcement ratio, a measure
of reinforcement efficiency relative to unreinforced condi-
tions, peaked at the 30:70 configuration, withn = 1.32 for GT
and 1.21 for GG. These values indicate that both reinforce-
ments are most effective when the sand layer is relatively
thin, allowing greater stress transmission to the reinforce-
ment plane. As the thickness ratio shifts to 40:60 and 50:50,
n progressively declines for both materials. For GT, n drops to
1.27 at 50:50; for GG, to 1.09. This decline occurs despite an
increase in absolute CBR strength, suggesting that the effec-
tiveness of reinforcement becomes diluted as the overlying
sand absorbs more load before it reaches the reinforcement
zone.

Importantly, in this study, geosynthetic reinforcement
was consistently placed at the sand-laterite interface for
all thickness configurations. Therefore, the reduction in n
with increasing sand cover is not due to placement error,
but rather to a redistribution of the shear zone away from
the interface, which reduces the mobilized tensile strain at
the reinforcement plane. This outcome confirms that optimal
reinforcement efficiency is achieved when the reinforcement
lies within the active failure zone, and that interface-level
engagement becomes less dominant as the upper layer thick-
ens. Shear strain localizes higher in the profile [145-147].

3.6.3 Stress Bridging, Failure Localization, and Interface
Control

Mechanically, GT’s superior performance is attributed to its
full-plane tensile resistance, which enables stress bridging
across material boundaries and prevents differential settle-
ment at the interface. These functions are most effective in
configurations with thinner sand layers, where the interface
lies within the primary shear zone. In contrast, GG’s rib-and-
node structure requires significant soil interlock and suffers
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reduced engagement under layered and saturated conditions,
especially when placed beneath thick sand strata. The find-
ings emphasize the importance of geosynthetic placement
at the correct vertical position and show that the reinforce-
ment’s influence on 7 is strongly linked to the location of the
shear plane, which itself is governed by the geometry of the
layered system.

3.7 Summary of Critical Observations

This section consolidates the most relevant findings from the
comprehensive evaluation of geosynthetic-reinforced sub-
grades across three distinct configurations: sandy, lateritic,
and layered sand-over-laterite. Key performance indicators,
including optimum reinforcement depth, best-performing
material, maximum CBR values, reinforcement efficiency,
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CBR reduction, and CBR retention, are synthesized in
Table 8.

3.7.1 Consolidated Performance Summary

As shown in Table 8, GT consistently emerged as the most
effective reinforcement material across all soil types, regard-
less of depth or saturation conditions. In sandy subgrades,
the highest CBR value (23.24%) and n (2.02) were obtained
at0.3H, confirming that tensile confinement is most effective
in cohesionless soils when located near the surface [85, 148,
149]. In lateritic soils, deeper placement at 0.5H allowed GT
to engage deeper shear planes, resulting in a peak CBR of
4.84% and n of 1.52, with a remarkable CBR retention of
98.78% despite the soil’s plasticity and moisture sensitivity
[60, 84, 150].
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Table 8 Summary of critical

observations Soil type Optimum Best Max CBR n at CBR CBR
depth material (%) optimum reduction retention
depth (GT) (%) (%) (GT)
Sandy 0.3H GT 23.24 2.02 4.75 95.25
Lateritic 0.5H GT 4.84 1.52 1.22 98.78
Layered 0.5H GT 13.84 1.27 2.54 97.46
50:50

The layered 50:50 configuration, reinforced at the
sand-laterite interface (0.5H), demonstrated a balance
between performance and efficiency. GT achieved a CBR
of 13.84%, n of 1.27, and retained 97.46% of its unsoaked
strength. These results highlight the role of interface stabi-
lization in composite soil systems, where the reinforcement
must bridge differential stiffness and modulate stress transfer
[151-153].

3.7.2 Visualizing Trends: n and CBR Behaviours

Two critical performance trends are highlighted as follows:

e Fig. 8 presents a comparative analysis of soaked CBR val-
ues for unreinforced and reinforced specimens. Among
the three soil systems, the sandy subgrade demonstrated
the most pronounced enhancement. When reinforced with
geotextile at 0.3H, the soaked CBR increased from 11.53%
to 23.24%, resulting in a coefficient of variation () of
2.02. This indicates that the reinforcement more than dou-
bled the bearing resistance, despite the high permeability
and lack of cohesion inherent in sandy soils. This dramatic
increase highlights the role of geotextiles in providing ten-
sile confinement, resisting lateral particle movement, and
preserving strength under saturated conditions [154—158].
In contrast, lateritic soil, known for its lower permeability
and higher fines content, showed a modest CBR improve-
ment from 3.19% to 4.84% under the same conditions,
yielding a n of 1.52. The layered sand-over-laterite (50:50)
configuration presented an intermediate response, achiev-
ing a peak n of 1.27 and a CBR of 13.84%, demonstrating
composite behaviour where stress redistribution occurs
between the upper and lower layers.

e Fig. 10 further illustrates how 7 varies with reinforce-
ment depth. The sandy subgrade shows a steep 1 gradient,
with maximum efficiency at 0.3H. This supports earlier
observations that vertical stresses are most effectively
intercepted near the surface, particularly in cohesionless
media where rapid saturation and frictional degradation
are critical concerns [83, 159-161].

3.7.3 Implications for Design and Practice

This consolidated analysis presents several actionable
insights for geotechnical and pavement engineers seeking to
optimize subgrade performance under tropical and moisture-
vulnerable conditions:

e GT should be prioritized for reinforcement applications
in saturated, fine-grained, and layered subgrades due to
its superior full-plane engagement, moisture resistance,
and ability to limit lateral deformation. Its consistent per-
formance across all tested configurations highlights its
versatility and reliability.

o In sandy subgrades, geotextile placement at 0.3H resulted
in the highest performance gain, with a n of 2.02. This
indicates a doubling of the soaked CBR, highlighting
GT’s effectiveness in cohesionless, high-permeability soils
where early saturation can rapidly degrade strength. For
such soils, shallow placement ensures early stress intercep-
tion and lateral restraint, which is particularly important
for light to medium-traffic unpaved roads.

e For lateritic subgrades, the optimum placement depth
shifts to 0.5H, where the geotextile engages with deeper
shear zones and mitigates strength loss under saturation.
While the absolute CBR is lower compared to sandy soil,
the 1 of 1.52 illustrates efficient reinforcement even under
adverse moisture conditions.

e In composite layered systems (e.g., 50:50 sand-over-
laterite), a divergence was observed: CBR peaked at 0.5H,
while 1 was highest at 0.3H. This emphasizes the need for
context-specific depth optimization, where the designer
must weigh whether absolute strength or reinforcement
efficiency is more critical based on expected loading and
environmental exposure.

e Finally, the use of n as a decision metric offers a cost-
performance optimization tool, guiding the selection of
material type and placement depth. This is particularly rel-
evant for sustainable pavement design, where economic
use of materials aligns with long-term durability objec-
tives, supporting broader infrastructure targets under SDG
9 (Industry, Innovation, and Infrastructure) and SDG 11
(Sustainable Cities and Communities).

@ Springer
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4 Conclusions

This research comprehensively investigated the effective-
ness of geosynthetic reinforcement in enhancing the strength
performance of tropical subgrades, specifically evaluating
lateritic, sandy, and layered sand-over-laterite configura-
tions under soaked and unsoaked conditions using the CBR
test. The key findings derived from this detailed study
offer significant implications for pavement design, subgrade
reinforcement optimization, and sustainable infrastructure
development. The following key conclusions are drawn, each
highlighting critical practical and theoretical implications:

e Superior reinforcement by GT

GT consistently delivered superior performance relative
to geogrid in all examined subgrade scenarios. Its contin-
uous planar structure provided greater lateral confinement,
mobilization of tensile strength, and enhanced moisture
resistance, significantly elevating soaked CBR values. Partic-
ularly notable was the soaked reinforcement efficiency (n =
2.02) in sandy soils, reflecting more than double the bearing
capacity compared to unreinforced conditions. This outcome
reinforces GT’s suitability in cohesionless soils subject to
rapid moisture-induced deterioration.

e Soil-specific optimal reinforcement depths

The optimal reinforcement depth varied distinctly based
on soil type, moisture sensitivity, and the selected perfor-
mance metric (absolute CBR vs. reinforcement efficiency
n). Sandy soils achieved peak performance at a shallow rein-
forcement depth (0.3H), aligning reinforcement placement
with zones of maximum shear and dilation near the surface.
Conversely, cohesive lateritic soils demonstrated peak rein-
forcement effectiveness at deeper levels (0.5H), highlighting
the necessity to intercept deeper-seated failure planes and
mitigate moisture-induced plasticity.

e Layered systems and interface stabilization

Layered sand-over-laterite subgrades exhibited complex
mechanical behaviours, which were significantly influenced
by the location of the reinforcement relative to the interfa-
cial zone. The maximum absolute CBR occurred at a 0.5H
placement, directly at the sand-laterite interface, confirming
effective stabilization of the stiffness transition. However,
n peaked at a shallower depth (0.3H), illustrating the criti-
cal trade-offs designers must navigate between maximizing
bearing capacity and achieving optimal material efficiency.

e Reinforcement efficiency as a key design tool

%% @ Springer

The difference between optimal absolute CBR and maxi-
mum 7 highlights the importance of considering both metrics
in practical pavement design. For heavy-load or high-traffic
roads, prioritizing absolute CBR strength at greater depths
(such as layered at 0.5H) might be necessary. Conversely,
in resource-limited or low-volume situations, placing rein-
forcement at shallower depths to maximize n could be more
cost-effective. This dual-metric approach is vital for effec-
tively balancing structural integrity and economic resource
use in tropical pavement designs.

e Implications for Sustainable Tropical Pavement Design

This research significantly advances infrastructure
resilience and sustainability in tropical areas, aligning closely
with Sustainable Development Goals (SDG 9 and SDG 11).
By identifying geotextile as the most effective reinforce-
ment material and determining optimal depth strategies for
various subgrade conditions, these findings provide practi-
cal guidance for professionals seeking to develop durable
and resilient pavements. The insights improve infrastructure
lifespan, significantly reducing maintenance requirements
and resource costs in tropical climates with high moisture
fluctuations.

e Recommendations for future research

Future research should extend this study’s findings to
large-scale repetitive plate load testing and finite element
numerical modelling under realistic traffic loading. Such
research will refine and validate laboratory-derived guide-
lines, enabling more precise and long-term predictions of
pavement performance. Additionally, exploring the degrada-
tion of geosynthetic reinforcement under cyclic loads and
sustained saturation conditions will further refine our under-
standing, supporting more robust, durable, and sustainable
infrastructure designs.

In conclusion, this study offers critical insights and novel
recommendations for geosynthetic reinforcement strategies
specifically tailored to tropical road infrastructures, laying a
robust foundation for future research, design optimization,
and sustainable construction methodologies. It should be
noted that the present study is restricted to woven geotextiles
and biaxial geogrids tested under controlled laboratory CBR
conditions. The findings may not be directly transferable
to other geosynthetic types with different polymer com-
positions, stiffness characteristics, or aperture geometries,
nor to more complex field stratigraphies with heterogeneity,
anisotropy, or deep groundwater influence. Furthermore, the
CBR tests used here represent quasi-static loading and do not
fully capture the effects of repeated traffic loading, long-term
degradation, or chemical and environmental ageing. Future
work should include a broader range of geosynthetics, more
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complex layered and variable subgrade profiles, and vali-
dation through large-scale plate load tests and instrumented
field trials.

In addition to mechanical performance, future studies
should incorporate economic and life-cycle cost analyses to
compare the cost-effectiveness of alternative reinforcement
materials, depths, and configurations. Linking structural per-
formance indices (CBR and reinforcement ratio ») with cost
data will enable the formulation of design recommendations
that balance strength, durability, and economic sustainability.
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