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Road performance is significantly enhanced by incorporating geosynthetics through their reinforcement and
drainage functions. This study introduces a novel geosynthetic that integrates these functions. It is made of
biaxial polypropylene geogrids heat-bonded to wicking nonwoven geotextiles (WNWGs). WNWGs are chemically
treated to be hydrophilic and thus possess rapid wetting and wicking properties while preserving the large lateral
drainage functionality of conventional nonwoven geotextiles. To assess the combined reinforcement and
drainage performance of this material, a series of model tests including rainfall simulation and plate loading tests
were performed on the WNWG-geogrid composite reinforced bases over weak subgrade using a customized
model test apparatus. The results confirmed that the inclusion of wicking geosynthetic composite significantly
enhanced drainage, stiffness, and bearing capacity of road bases compared to the conventional nonwoven
geotextile-geogrid reinforcement and the unreinforced condition. The modulus improvement factor (MIF) for this
wicking composite was 2.74 as compared to 1.46 for the conventional nonwoven geotextile-geogrid reinforce-
ment. The findings from this study demonstrate the promising performance of this new composite and provide a
valuable reference for full-scale tests and applications on roads.

1. Introduction

Road performance is undermined if water infiltrates the bases and
the subgrade and is not adequately drained (Holtz et al., 1998). The
detrimental impacts of water include reduced geomaterial strength and
stiffness, geomaterial expansion, soil and rock particle erosion, fine
particle migration, freeze-thaw damage, asphalt pavement stripping,
and durability cracking in concrete (Han, 2015). These pose significant
challenges to road maintenance and lead to increasingly economic costs.
Therefore, reducing or mitigating the adverse water effect is essential for
enhancing the durability and longevity of roads.

Geosynthetics have been successfully used to stabilize soft subgrade
and base courses as well as surface courses (Giroud and Han, 2004;
Chantachot et al., 2016), effectively extending the lifespan of both un-
paved and paved roads. Geotextiles and geogrids are the two primary
types of geosynthetics utilized in unpaved road construction (Giroud
and Han, 2004). Nonwoven geotextiles are primarily employed for
separation, filtration, and drainage, while woven geotextiles serve both
separation and reinforcement functions. Geogrids, on the other hand,
are typically used for stabilization and reinforcement purposes. As
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described by Giroud et al. (2021), geosynthetic stabilization/reinforce-
ment is achieved through enhanced load distribution, increased sub-
grade bearing capacity, and the tensioned membrane effect in roads.
Improved load distribution is achieved through the lateral confinement
that the geosynthetic provides to the bases (Perkins and Ismeik, 1997),
which increases the base course modulus and reduces the maximum load
transmitted to the subgrade.

Nonwoven geotextiles have been extensively used for drainage for
more than 50 years (Giroud et al., 2021) and have been the subject of
numerous studies. Traditional nonwoven geotextiles (NWGs) are effec-
tive in laterally draining the water from road bases if they are wetted.
However, if wetting is not ensured, the hydrophobic nature of polymers
of the NWGs would accumulate water along with the fines at the
water-NWG interface (Rollin and Lombard, 1988), resulting in the
accumulation of pore water in the bases and thus playing a negative role
in roads. Another type of geotextiles, wicking woven geotextiles
(WWGs), have been an emerging material used to address the water
issue while providing reinforcement to bases (Zhang et al., 2014; Guo
etal., 2017, 2019, 2022; Wang et al., 2017; Lin and Zhang, 2018, 2020;
Biswas et al., 2021; Lin et al., 2022; Liu et al., 2022; Zaman et al., 2022,
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2024; Sicha and Zornberg, 2023). As compared to NWGs, WWGs can
create spontaneous wetting and wicking through deep-grooved nylon
fibers, and thus draw water from bases and the subgrade under both
saturated and unsaturated conditions. Several laboratory and field
studies have confirmed the effectiveness of wicking geotextile products
in removing moisture under both saturated and unsaturated conditions.
Zaman et al. (2024) evaluated the moisture reduction ability of WWGs
from silty sand and concluded that this geosynthetics can reduce mois-
ture content in silty sand with fines content up to 15 %. Guo et al. (2021)
conducted cyclic plate loading test to evaluate the performance of
WWG-stabilized aggregated base over subgrade and confirmed that the
WWG was able to reduce the water content of base courses effectively in
the direction of wicking fibers. However, inheriting from woven
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geotextiles, WWGs provide less lateral drainage capability as compared
to NWGs and less reinforcement as compared to geogrids (Han, 2015).

To overcome the functional limitations of current geosynthetics, this
study introduces a wicking geosynthetic composite. This new material is
made by biaxial polypropylene geogrids heat-bonded to wicking
nonwoven geotextiles (WNWGs), enabling both reinforcement and
wicking functions. The WNWGs possess strong wetting and wicking
capabilities in addition to the functions that the NWGs have, such as
filtration, separation, and drainage (once NWGs are saturated) (Liu
et al., 2024; Jarjour and Meguid, 2024). Although this material has been
tested at the elemental scale for wicking capability, no research has yet
explored its combined reinforcement and wicking functions at the model
test level.

Fig. 1. Geosynthetic materials: (a) the wicking nonwoven geotextile (WNWG)-geogrid composite, (b) nonwicking nonwoven geotextile (NWG) and geogrid, (c)

WNWG, and (d) NWG.
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The objective of this study was to investigate the efficacy of the
proposed wicking geosynthetic composite—i.e., WNWG-geogrid com-
posite—in enhancing the performance of unpaved roads consisting of
gravelly bases over the weak soft subgrade. Using a purpose-built model
test apparatus, a series of model tests, including precipitation simulation
and plate loading, were conducted on three test sections: the WNWG-
geogrid composite reinforced bases, the conventional nonwoven
geotextile-geogrid reinforced bases, and unreinforced bases. The find-
ings from this study would offer valuable insights into the full-scale tests
using this new material and its applications in roads.

2. Materials and methods
2.1. Test materials

The materials used in this study included the proposed wicking
geosynthetic composite as well as conventional nonwicking nonwoven
geotextile (NWG) and geogrid. The base courses were aggregate, and the
subgrade comprised the kaolin-sand mixture.

Fig. 1(a) illustrates the sample of the wicking geosynthetic com-
posite, while Fig. 1(b) depicts the NWG and geogrid samples. The
wicking geosynthetic composite, a proprietary product manufactured by
Titan Environmental Containment, Ltd., comprises biaxial poly-
propylene (PP) geogrids heat-bonded to WNWGs. The WNWG is a
nonwoven, needle-punched fabric made of continuous polyester (PET)
filaments [Fig. 1(c)]. Originally hydrophobic, the PET fibers undergo a
chemical treatment that converts the nonpolar C-H functional groups on
their surface to polar functional groups (e.g., O-H, COOH, etc.). This
treatment enables the fibers to attract polarized water molecules,
imparting the hydrophilic properties to WNWG. The WNWG exhibited
significant wetting and wicking properties with zero contact angle
(highly hydrophilic) and a capillary rise of 30 mm as compared with
140° contact angle (highly hydrophobic) and zero capillary rise for
conventional NWG (Liu et al., 2025 under review). Fig. 2 illustrates how
the geotextile can remove water from the unpaved road system. For
comparison, conventional NWG and biaxial PP geogrid were also tested.
The NWG shared the same components and manufacturing process as
the WNWG but was not chemically treated [Fig. 1(d)]. The geogrid, a
high-stiffness PP biaxial geogrid, was identical to that used in the
composite. Table 1 presents the properties of WNWG and NWG, and
Table 2 summarizes the properties of the geogrids. In Table 1, the
strength parameters (such as grab, punch, and tear strength) for the two
geotextile materials are quite similar, suggesting that the chemical
treatment did not alter the mechanical properties of the geotextile. In
comparison, the strength of the geotextiles was significantly lower than
that of the PP geogrid. For instance, the tear strength of the former was
less than 1 % of that of the latter.

2.1.1. Base and subgrade materials

This study focuses on the geosynthetic-reinforced unpaved road, and
a typical unpaved road section consists of bases layer and the subgrade
layer (Giroud et al., 2021). As such, the simulated unpaved road test

Precipitation infiltration
| ! ! |
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v
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Wicking nonwoven
geotextile (WNWG)

Subgrade

Fig. 2. Conceptual drainage function of WNWG.
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Table 1

Properties of wicking and nonwicking nonwoven geotextiles.
Properties WNWG" NWG**
Apparent opening size, AOS (pm) 194 75
Mass per unit area, My (g/mz) 247 242
Fiber radius, ry (um) 8.8 9.8
Permittivity (sec ') 1.82 1.39
Flow rate (L/min/m?) 5543 4247
Grab strength (N) 962 972
Trapezoidal tear (N) 396 366
CBR puncture strength (N) 2830 3064

# WNWG = wicking nonwoven geotextile, with the data provided by Titan and
tested by SGI Testing Services, LLC in 2022; **NWG = nonwicking nonwoven
geotextile, with the data provided by Titan and tested by SGI Testing Services,
LLC in 2024.

Table 2

Properties of geogrids.
Properties Value Unit
Radial Stiffness at 0.5 % strain 550 kN/m
Secant Stiffness EA at 0.5 % strain 440 kN/m
Tensile load at 2 % strain 14.39 kN/m
Tensile load at 5 % strain 25.38 kN/m
Ultimate tensile strength 31.5 kN/m
Elongation at break 8.9 %
Junction Efficiency >95 %
Flexural Rigidity 2,000,000 mg-cm
Aperture Stability 11 Kg-cm/deg
Minimum Rib Thickness 1.5 mm
Aperture Size 34 mm

*Data provided by Titan and tested by SGI Testing Services, LLC in 2024.

sections were constructed with an aggregate base layer over the weak
subgrade. The subgrade material was a soil mixture consisting of sand
and kaolin. The sand was acquired from a local quarry yard in Victoria,
Canada, while kaolin was commercial EPK kaolin purchased from Edgar
Minerals®. Fig. 3(a) presents the particle size distribution curve for the
sand. The subgrade material comprised a mixture of 30 % EPK kaolin
and 70 % sand, with the percentages measured in dry mass. It is clas-
sified as clayey sand according to the Unified Soil Classification System
(USCS). According to Holtz et al. (1998), subgrade stabilization is rec-
ommended for weak subgrade with California Bearing Ratios (CBR)
below 3 %, while to maximize the geosynthetic functionality of sepa-
ration and base reinforcement, the CBR values for the subgrade are
suggested to range between 3 % and 8 %. Therefore, in this study, the
subgrade soil was prepared to a moisture content (13.1 %) corre-
sponding to CBR of 3 %, which was still within 3 % (wet or dry) of the
optimum moisture content [11.6 % in Fig. 3(b)], as required in general
practice for site preparation.

The base courses were commercial aggregates purchased from Hei-
delberg Materials®. These aggregates, with a maximum particle size of
25 mm, were classified as well graded base (WGB), a standard material
used for pavement base courses in British Columbia, Canada (BC MoTI,
2024). The particle size distribution curve of the aggregates is shown in
Fig. 3(a). Fig. 3(b) shows that the aggregate bases had the maximum dry
density of 2.11 g/cm® and the optimum water content of 6.2 % deter-
mined by the Standard Proctor compaction test (ASTM D698, 2021).
This test is typically performed as part of a quality control practice for
the base courses in British Columbia, Canada (BC MoTI, 2024).

2.2. Test setup and instrumentation

In this study, the test section was constructed with a 600 mm thick
subgrade layer, a 150 mm thick base course layer, and the wicking
geosynthetic composite placed at the subgrade-base interface. To eval-
uate the efficacy of the composite, another two test sections were
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Fig. 3. (a) Particle distribution curves and (b) compaction curve of subgrade and base materials.

considered: a control section without any reinforcement and a
comparative section reinforced with NWG and geogrids. All test sections
underwent three testing sequences in the purpose-built apparatus
(Huang et al., 2021). In this study, the apparatus was upgraded to
incorporate rain simulator. Each test sequence started with a rainfall
simulation, followed by a drainage period and then a static plate loading
test.

2.2.1. Upgrade of model test apparatus

Huang et al. (2021) developed a model test apparatus capable of
performing both freeze-thaw tests and plate loading tests, which in-
cludes a soil box, a rail connection component, and a plate loading
component. This apparatus has been upgraded in this study to incor-
porate a rain simulator as shown in Fig. 4(a). The freeze-thaw test was
not conducted in this study; instead, rain simulation was carried out
prior to plate loading tests. The soil box is a square aluminum box with a
width of 750 mm. Its height is adjustable as the side walls were con-
structed with the stacked plates. The details of the soil box were showed
in Fig. 4(b). The rail connection component connects the plate loading
component to the soil box, allowing soil preparation and rainfall simu-
lation to be performed outside the loading frame. The soil box is moved
back to the loading frame through the tracks when plate loading tests are
to be performed. A PRO. POINT® 50-ton hydraulic shop press was used
to apply static loads. The loading system comprises a hydraulic pump, a
hydraulic cylinder, a load cell, and a circular loading plate. The loading
plate has a diameter of 150 mm and a thickness of 10 mm. Applied static
loads are monitored using a load cell, and the maximum plate load that
the system can apply is approximately 109 kN. Static loads are applied
manually using the pump handle, with the hydraulic cylinder trans-
ferring pressure to the load cell and the loading plate.

According to AASHTO (1993), the minimum compacted base thick-
ness should be at least 100 mm. Therefore, the base course thickness for
this study was chosen as 150 mm. For a loading plate with 150 mm in
diameter, the minimum depth of soil should be 450 mm per Boussinesq’s
load distribution. To ensure the depth of soil fully captures the stress
influence zone, a subgrade depth of 600 mm was set. This requires the
side walls to be 750 mm in height.

A rain simulator was designed and fabricated to be integrated with
the soil box for the rain simulation tests, as illustrated in Fig. 4(a).
Previous studies on rainfall simulations typically employed rainfall in-
tensities based on maximum values associated with a 5-20 year return
period for specific locations, as summarized in Table 3. According to the
historical rainfall intensity data provided by the British Columbia
Building Code (British Columbia Ministry of Housing, 2024), the
maximum recorded 15-min rainfall for a 10-year return period is 18 mm.
Based on this data, a rainfall intensity of 1.33 mm/min over a 15-min
duration—i.e., 20 mm over 15 min— was adopted in this study to
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represent an extreme precipitation event in British Columbia, Canada.
For the soil box with dimensions of 750 mm x 750 mm, the required
flow rate was calculated to be 0.75 L/min for 15 min.

The rainfall simulator comprised ten evenly distributed PVC pipes,
each featuring ten equally spaced 1-mm drilled holes. T-shaped or L-
shaped adaptors were attached at the ends of the pipes to serve as water
inlets. Two wooden stands supported the PVC pipes, securing them in
place, as shown in Fig. 5(a). The distance between two adjacent holes or
two adjacent pipes was 80 mm, as shown in Fig. 5(b). The water supply
portion of the simulator had dimensions of 750 mm x 750 mm like the
soil box. Therefore, this rainfall simulator had a mesh with 100 evenly
distributed drilled holes that could evenly deliver droplets inside the soil
box to simulate natural rainfall. A flow meter [Fig. 5(c)], with a range of
0.2 L/min to 2 L/min, was used to regulate the applied water volume,
and the system was connected to a tap water supply. During testing, the
rainfall intensity was maintained at 0.75 L/min. The simulator was
placed directly on the soil box by positioning the wooden stands above
the side walls.

To ensure the uniformity of rainfall distribution at the selected in-
tensity across the test area, a validation test was conducted. Ten
collection containers, labeled C1 to C10, were placed beneath the
rainfall simulator to capture the discharged water. The test setup is
illustrated in Fig. 6. A continuous 10-min water supply was applied, after
which the volume of water collected in each container was measured.
Since the number of holes covered by each container may vary, the
distribution was assessed by calculating the average water output per
hole within the covered area of each container. The uniformity of dis-
tribution for the rainfall is given by the Christiansen Coefficient of
Uniformity (Christiansen, 1942).

n —

> X — X
CU=1-&2_
X;

(2)

-

Il
-

i

where n is the number of holes; X; is the mass of water outcome from
individual hole; X is the mean value of mass of water outcome from
holes. Given n = 100, X = 77, the CU of the rainfall simulator is 86 %,
which is desirable according to the Irrigation Association (2005).
Therefore, the rainfall simulator ensured a uniform distribution of
free-falling droplets across the test area.

2.2.2. Soil preparation and instrumentation

The subgrade material was placed and compacted to a CBR of 3 %.
Prior to placement, the sand and kaolin were mixed with the calculated
water mass, sealed, and left overnight to ensure uniform moisture dis-
tribution throughout the soil. The subgrade was compacted in 12 lifts
with each being 50 mm thick. A CBR of 3 % for the compacted subgrade
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Fig. 4. Schematic of: (a) model test apparatus, and (b) details of soil box.

was achieved by adding the predefined mass of the subgrade material for
each lift to ensure the target dry density. A prior test was done to
establish CBR values for the compacted curves, which indicated that the
target dry density and the corresponding moisture content should be set
to 1.93 g/em® and 13.1 %, respectively, to achieve a CBR of 3 %.
After preparing the subgrade [Fig. 7(a)], the wicking geosynthetic
composite measuring 750 mm x 1150 mm was added, and the two edges
of the composite were extended 200 mm beyond the side walls as shown
in Fig. 7(b). For the control section, no geosynthetics were added. For
the comparative section, a conventional nonwoven geotextile (NWG)
was first added on top of the subgrade overlain by a layer of biaxial
geogrid before base courses were added. Both NWG and geogrid were
also extended 200 mm beyond the side walls. To enable extending the
geosynthetics beyond the side walls, a small gap of 3 mm [(Fig. 4(b)]
was created at the side walls at the depth of the subgrade-base interface.
Since the gap was slightly smaller than the total thickness of NWG and
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Table 3
Summary of rainfall simulation setup.
References Intensity Purpose of Criterion Location
(mm/15 rainfall
min)
Arndez et al. 18.75 Erosion Not mentioned Iberian
(2004) Range, Spain
Egodawatta 5-33 Road wash 5 years storm Gold Coast
et al. (2007) event region,
Australia
Navas et al. 12 & 14.5 Erosion Maximum 10 Ebro Valley,
(1990) years return Sapin
period
Sheridan et al. 25 Road Not mentioned Australia
(2008) erosion
Zemke (2016) 11.25 Soil Raindrop energy Western
erosion and device Germany
limitation
Sosa-Pérez and 11 Soil 20-year period Colorado, US
MacDonald erosion storm
(2017)
Guo et al. 11.4 Drainage 5-year return Douglas
(2021) behavior period County,
precipitation Kansas

geogrid, the stacked aluminum plates above the geosynthetics could
work as an anchor to prevent NWG and geogrid from slipping against
each other during base preparation and plate loading. This same gap was
also kept for the control section to ensure the consistency in test
conditions.

The aggregate bases were compact to 95 % of the degree of
compaction at an optimum water content of 6.2 %. Compaction was
performed in four lifts, with thicknesses of 20 mm, 50 mm, 50 mm, and
30 mm from bottom to top. The finished surface of the aggregate bases is
shown in Fig. 7(c).

Five Decagon EC-5 soil moisture sensors were installed to monitor
changes in the volumetric water content in the subgrade and base
courses as illustrated in Fig. 4(b). Two EC-5 sensors were placed in the
subgrade, respectively, located at 250 mm and 20 mm below the
subgrade-base interface. Three sensors were positioned in the base
course, respectively, located at 20 mm, 70 mm, and 120 mm above the
subgrade-base course interface. These five positions are denoted as
—250 mm position, —20 mm position, +20 mm position, +70 mm po-
sition, and +120 mm position, respectively. The sensors were positioned
along a longitudinal line, 250 mm from the box wall and 125 mm from
the center of the box, to minimize the risk of potential damage during
the plate loading test.

2.3. Experimental test program

The rainfall simulation was conducted immediately after the prep-
aration of the test sections. The simulation test consisted of 15 min
precipitation and several days of drainage. After the precipitation, the
surface of the test section was covered with a plastic sheet to limit
evaporation from the base course surface. The rain simulation setup is
shown in Fig. 8(a). To minimize the impacts of the variations in the
ambient temperature and relative humidity, a plastic tent equipped with
an air conditioner and humidifier was set up as shown in Fig. 8(b).
During the rain simulation tests, the ambient temperature was
controlled to 18 °C, and the relative humidity was set to 60 %. The
drainage continued until the volumetric moisture content in the base
course reached a plateau. After the drainage, plate loading tests were
performed.

The circular loading plate, tied to the load cell, was placed on the
base course surface and then connected to the piston of the hydraulic
cylinder. The hydraulic load cell was connected to the pressure trans-
ducer of Omega® XP309 5KG5V and the PASCO® 550 Universal
Interface for data readout. The load cell had a capacity of approximately
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Fig. 7. Setup of the tests: (a) preparation of subgrade, (b) placement of wicking geosynthetic composite, and (c) preparation of base course.
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Fig. 8. Operation of rain simulation and plate loading tests: (a) rainfall, (b) drainage covered by plastic tent, (c) plate loading test, and (d) testing procedures.

109 kN, with an accuracy of +0.25 %. Three dial gauges with a range of
0-50 mm were placed on the three extensions of the loading plate to
measure the settlement during the tests. Fig. 8(c) shows a photograph of
the plate loading operation. Static loads were applied in increments of
62 or 124 kPa. After the applied load increment caused the settlement to
occur at a rapid rate, the load was unloaded to zero. Subsequently, the
bases, subgrade, and geosynthetic materials were removed from the box,
and the gravimetric moisture content of each material was measured. A
flowchart of the testing procedures was shown in Fig. 8(d).

3. Results and discussion

The results of the above-mentioned tests are presented in this sec-
tion. The wicking efficiency and reinforcement function of the wicking
geosynthetic composite (WNWG-geogrid composite) are assessed by
comparing them with those from the control section (no reinforcement)
and the comparative section (reinforced with conventional geogrids
added with a conventional nonwicking nonwoven geotextile).

3.1. Rainfall simulation tests

During the rainfall simulation, water discharge was observed in each
test section. In the WNWG-geogrid composite reinforced section, the
entire exposed part of the geotextile became partially saturated, with
water visibly dripping at the edges of the geotextile. The water-drop
procedure continued for 24 h. In the nonwoven geotextile-geogrid
reinforced section, no part of the exposed geotextile was saturated,
and water tended to flow across the top of the geotextile surface rather
than being absorbed or wicked through. The dropping stopped after 30
min after the rainfall terminated. In the control section, without any
geosynthetics, water leakage was observed through the gap between the
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plates.

Fig. 9 present the evolution of volumetric moisture contents over
time starting from 15-min precipitation to the end of drainage. The
volumetric moisture content § was measure directly by the EC-5 soil
moisture sensors, given by Equation (2):

6=(8.5*10"*)(RAW) — 0.48 2
where RAW is the output from the data logger using 3-V excitation.

To better present the changes in the volumetric moisture content, the
measured values at given times are subtracted from the initial values, as
presented in the time history of variations of volumetric moisture con-
tent in Fig. 9(a), (d), and 9(g). For clearer observation,Fig. 9(b), (e), and
98(h) show the evolution for the first 30 h. However, the measured
values are presented in the volumetric moisture content profiles in Fig. 9
(e), (f), and 9(i) at the designated time: at the start of precipitation
(SOP), at the end of precipitation (EOP), 30 min after precipitation, 1
day after precipitation, 7 days after precipitation, and 21 days after
precipitation. The zero position (i.e., 0 mm) refers to the location of the
geosynthetics for the reinforced sections or the base course-subgrade
interface for the control section.

Fig. 9(a) shows that for the WNWG-geogrid composite reinforced
section, the volumetric moisture contents in the base courses—i.e., at
positions of +120 mm, +70 mm, +20 mm—dropped rapidly after pre-
cipitation. Subsequently, they gradually decreased and stabilized on the
21st day. After 21 days, the volumetric moisture content also reached a
plateau in the subgrade. Compared to the initial volumetric moisture
content, which was measured immediately before precipitation, the
volumetric moisture content at the +20 mm position exhibited the most
significant reduction by 5.5 %. The volumetric moisture content at the
-+70 mm position also decreased, although to a lesser extent by 4.6 %.
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Fig. 9. Rainfall simulation results: (a), (b), and (c) time history of changes in volumetric moisture content in the section with WNWG-geogrid composite; (d), (e) and
(f) time history of changes in volumetric moisture content in the section with NWG& geogrid; (g), (h) and (f) time history of changes in volumetric moisture content

in the section without reinforcement.

On the other hand, the volumetric moisture content at the +120 mm
position showed the least change, and it eventually returned to its initial
level. As opposed to the base courses, the subgrade experienced negli-
gible changes in the volumetric moisture content during the entire
testing duration.

Kissa (1996) defined wetting as a process of replacing the fiber-air
interface with the fiber-water interface and wicking as a process to
move the water in a porous substrate. Both can be driven by spontaneous
forces such as capillary or external forces such as gravity or external
load. WNWG is capable of conducting both functions. Its hydrophilic
properties of modified fibers can create capillary action while its
inherent properties of high permittivity and transmissivity (in-plane
flow rate) (Table 1) from the conventional NWG allow for lateral water
movement driven water head difference. Results shown in Fig. 9 confirm
that the WNWG possessed spontaneous and forced wetting and wicking
capabilities. At a higher position such as +120 mm, the forced wetting
and wicking dominated as the flow was driven by the water head dif-
ference—i.e., gravity, while at a lower position such as +20 mm, the
spontaneous wetting and wicking dictated. The former was evidenced
by the volumetric moisture content returning to the initial level while
the latter was manifested by the decrease in volumetric moisture content
as compared to the initial. Since the final value at +70 mm was 4.5 %
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lower than the initial value, while at 4120 mm, the final value was 0.8 %
lower than the initial value, it is suggested that the influencing vertical
distance of the spontaneous wicking was close to +120 mm in the
aggregate bases as shown in Fig. 9(a). Both wetting and wicking are
anticipated to involve vertical (perpendicular to plane) and lateral (in-
plane) movement of water. In general, lateral movement was dominant
as water came out from the exposed edges of the WNWG during the
rainfall test while the volumetric moisture content in soils immediately
below the WNWG remained unchanged [Fig. 9(c)].

In the comparative section [Fig. 9(d) and (e)], the volumetric
moisture content at the +120 mm position also showed a rapid drop
with the final values returning to the initial level, while that at the +70
mm position also exhibited a quick decrease, which however took a
longer duration to return the initial level. In contrast, the volumetric
moisture content at the +20 mm position exhibited a distinct response.
After the precipitation, the volumetric moisture content maintained at
the peak values for approximately 25 h before plummeting. After 7 days,
the volumetric moisture content reached a plateau. This result indicated
the conventional nonwoven geotextile did not possess the spontaneous
wetting and wicking capability; instead, it created a barrier for the water
flow if the water head at the position was low such as the +20 mm
position. After 25 h, the geotextile reached a breakthrough of flow under
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the water head up to 150 mm, resulting in the occurrence of wetting and
following lateral drainage. This progress allowed the NWG to drain
water from the aggregate bases at a +20 mm position through hydraulic
gradient, then reduced the volumetric moisture content by 13 %
compared to its initial value after 7 days. Fig. 9(d) indicates that the
water accumulation was more concentrated at +20 mm and +70 mm
positions right after precipitation, which was in contrast to the water
accumulation at +120 mm position in the WNWG-geogrid composite
reinforced section as shown in Fig. 9(a). This also confirmed the spon-
taneous wetting and wicking capability of WNWGs.

In the control section, as shown in Fig. 9(g),(h), and Fig. 9(i), the
volumetric moisture content at +120 mm increased immediately to the
peak during the precipitation, which then maintained at the peak for the
rest of the week. All other layers showed minimal change, remaining
stable throughout the entire period. This behavior represents the water
accumulation observed when there were no geosynthetics present to
perform a drainage function.

The measurement of volumetric moisture content in geotextiles was
not feasible with current instrumentation. Consequently, the gravi-
metric moisture content of geotextiles was determined by oven drying
the cut piece of geotextiles after all the tests were completed, including
the plate loading tests. The geotextiles were retrieved, cut into 150 mm
wide and 750 mm long strips with the cutting direction aligned with the
front edge of the aluminum box, and then oven-dried. Fig. 10 illustrates
the gravimetric moisture content distribution along the length of the
geotextiles, and the average gravimetric moisture contents of geotextiles
were shown in Table 4. It is interesting that NWG specimens exhibited
significantly higher gravimetric moisture content than WNWG speci-
mens, while the exposed edges remained dry in both types of geotextiles.
Furthermore, in the comparative section, the central areas of the
NWG—i.e., distance of 160-600 mm from the left side wall—maintained
a relatively higher gravimetric moisture content compared to the edges
of the NWG. This indicated that water was retained within the NWG and
was not effectively drained out. In the WNWG-geogrid composite rein-
forced section, most of the water from the base courses was effectively
transported out of the WNWG, as evidenced by low uniformly distrib-
uted gravimetric moisture content along the length of WNWG. Both
spontaneous and forced wetting and wicking enabled the WNWG to
facilitate continuous wicking and lateral water transport. In contrast,
once forced wetting ceased, NWG specimens could not drain or transport
water effectively, leading to moisture accumulation within the geo-
textile layer.

It is worth noting that during the compaction process of the base
courses, water started to be drained out in the WNWG-geogrid com-
posite reinforced section. Therefore, the initial value of the volumetric
moisture content of the base courses in this section was lower than the

300
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200

178.2
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100
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Geotextiles and Geomembranes 53 (2025) 938-949

Table 4
Gravimetric moisture content of aggregate and geotextile after loading.

Test section Gravimetric moisture content (%)

Aggregates Geotextiles
+120 mm +70 mm +20 mm
position position position
Wicking geosynthetic 3.72 3.97 4.67 29
composite (WNWG-
geogrid composite)
Comparative (NWG& 3.89 4.13 4.26 212
geogrid)
Control (no 6.75 7.19 7.13 -
reinforcement)

designed value. Thus, a direct comparison of the measured values of the
volumetric moisture content between different sections might not be
proper; however, examining the relative differences in volumetric
moisture content is meaningful and adequate for the comparison.

3.2. Plate loading tests

Plate loading tests were performed for each section following the
rainfall simulation, and the results are presented in Fig. 11. The initial
steep slopes under small load, which were caused by sitting errors due to
the surface irregularities and incomplete contact between soil and
loading plate, were corrected by linearly extending the middle linear
portion. The stiffness of soils, k, is defined as the initial slope of the
corrected curve. When the plunging load is not discernible, as revealed
in Fig. 11, the ultimate bearing pressure, p,, was determined as the
applied pressure having the maximum curvature (Adams and Collin,
1997; Rajagopal et al., 2014). The improvement factor, defined as the
ratio of bearing capacity or stiffness between reinforced and unrein-
forced base course, was used to quantify the benefit of geosynthetics
(Pokharel et al., 2010). The results of bearing capacity, stiffness, and
improvement factor were investigated based on corrected
pressure-displacement curves and summarized in Table 5. The gravi-
metric moisture content of base course at different depth were measured
and shown in Table 4.

Fig. 11 demonstrates that the WNWG-geogrid composite reinforced
section was strongest with the load-displacement curve located above
the other two curves. The nonwoven geotextile-geogrid reinforced sec-
tion also showed a stiffer response than the unreinforced section. In
general, both reinforced sections exhibited an improvement in perfor-
mance after rainfall simulation. Table 5 presents the quantitative im-
provements in terms of bearing capacity and stiffness. The bearing
capacity in the comparative section was 16 % higher than the control

# WNWG
245.3

ENWG

229.4

177.9

310-450 460-600

610-750

Distance to front wall (mm)

Fig. 10. Moisture content distribution of geotextiles.
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Moreover, the reinforced test sections exhibited a more significant in-
crease in stiffness. The stiffness was enhanced by 46 % with the con-
ventional NWG and geogrid reinforcement, compared to the control
section, and by 174 % with the wicking geosynthetic composite rein-
forcement. The modulus improvement factor (MIF) for geosynthetic
reinforced bases typically ranges between 1.0 and 2.0 (Han, 2015). The
improvement factor for stiffness for the nonwoven geotextile-geogrid
reinforced section fell in this range. However, that for the
WNWG-geogrid composite reinforced section exceeded this range,
demonstrating substantial improvement. It is worth noting that the
geogrid components of the geosynthetic reinforcement in both rein-
forced test sections are identical. Therefore, the improvements in
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Fig. 11. Plate loading test results for different sections.
Table 5
Bearing capacity and stiffness with different geosynthetics.
Test section Bearing Improvement Stiffness Improvement
capacity factor (kPa/ factor
(kPa) mm)
Wicking 1178 1.58 96 2.74
geosynthetic
composite
(WNWG-geogrid
composite)
Comparative 868 1.16 51 1.46
(NWG& geogrid)
Control (no 746 - 35 -
reinforcement)

section, while the WNWG-geogrid composite reinforced section had 58
% higher bearing capacity. This indicates that the wicking geosynthetic
composite provided an additional 42 % improvement compared to the
reinforcement with conventional nonwoven geotextiles and geogrids.

200

bearing capacity and stiffness observed above were solely attributed to
the strong wetting and wicking behavior of WNWG.

For soils with constant dry density, drying from the optimum mois-
ture content leads to an increase in the CBR value and higher matric
suction (Ampadu, 2007). Both CBR and matric suction exhibit a positive
correlation with the resilient modulus (Lim et al., 2022). Costa et al.
(2003) conducted static plate loading tests on unsaturated lateritic soil
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Fig. 12. Variation of CBR with moisture content for aggregates.
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and concluded that an increase in soil matric suction results in enhanced
bearing capacity. To verify the CBR variation in the aggregate base in
this study, a series of CBR test for the aggregates, with the gravimetric
moisture content ranging from the gravimetric water content of aggre-
gate bases after plate loading test (3.7 %) to its optimum moisture
content (OMC) (6.2 %), were conducted. The variation of CBR value
were shown in Fig. 12. The results showed that as the soil dried from the
OMC, the CBR increased and the increase became more rapidly as the
moisture content reduced further. The results of the present study are in
agreement with Ampadu (2007). The improvement in CBR values of
aggregates at +120 mm and +70 mm positions due to moisture reduc-
tion caused by WNWG was approximately 15 %. This confirmed the
higher stiffness and bearing capacity of the base courses due to water
reduction by inclusion of WNGW as compared with NGW.

Moreover, as noted previously, the NWG specimens exhibited
significantly higher moisture content than WNWG specimens after the
plate loading tests. Therefore, the soil-geotextile interface suction in
these two sections were affected by the moisture content differences.
The moisture content difference between aggregates (+20 mm position)
and WNWG-geogrid composite and that between aggregates and NWG &
geogrid reinforced sections were 24 % and 207 %, respectively, as
shown in Table 5. Therefore, the matric suction at the interface of NWG
and aggregates, was much lower than that of WNWG and aggregates.
Khoury et al. (2011) conducted suction-controlled direct shear tests to
investigate the soil-geotextile interface shearing behavior in unsaturated
soil conditions. Their results shown that for given suctions with an
equilibrium moisture contents, the increased suction at the interface
lead to increase of peak shear strength of soil-geotextile interface and an
increase in the interface adhesion. Therefore, in this study, with higher
moisture content, the unsaturated soil-geotextile interface of NWG and
geogrid reinforcement processes lower shear strength than that of
WNWG-geogrid composite reinforcement, which lead to lower bearing
capacity.

The findings from this study highlight the promising wicking po-
tential and reinforcement capabilities of the WNWG-geogrid composite,
which can be useful for its application in both unpaved and paved roads.
The results suggest that the WNWG-geogrid composite could offer su-
perior performance in water management, particularly in road con-
struction, by integrating the functionalities of conventional nonwoven
geotextiles and geogrids, along with strong wetting and wicking capa-
bility. This composite is especially advantageous for roads in regions
experiencing heavy precipitation and freeze-thaw cycles, where efficient
drainage is crucial for maintaining road stability. As a first design
approximation, the modulus improvement factor (MIF) of 2.74 obtained
from this study may be used when designing it with AASHTO (1993) as
currently there is no design available for this new material in roads.
Furthermore, the outcomes of this study provide an important reference
for future research on WNWG-geogrid composites in the field scale, ul-
timately contributing to the development of appropriate design method.

4. Conclusions

This study introduces a novel wicking geosynthetic composite,
comprised of wicking nonwoven geotextile (WNWG)-geogrid compos-
ite. Through a series of model tests consisting of rainfall simulation tests
followed by plate loading tests, the following conclusions are drawn:

e The control (unreinforced) test section experienced increased water
accumulation and reduced bearing capacity and stiffness, high-
lighting the importance of incorporating both wicking and rein-
forcement functions to improve road performance.

o WNWG possessed significant wetting and wicking capability, rapidly
reducing water in the base courses immediately after heavy precip-
itation. In contrast, the conventional nonwicking nonwoven geo-
textile (NWG) created a barrier at soil-geosynthetic interface
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preventing water flow, leading to temporary water accumulation
above the geotextile.

The WNWG-geogrid composite significantly improved the stiffness
and bearing capacity of the test section as compared to the conven-
tional geosynthetic reinforcement (NWG and geogrid) and no rein-
forcement. The modulus improvement factor for the WNWG-geogrid
composite reinforced section was 2.74 as compared to 1.46 for NWG-
geogrid reinforced section.

Both rainfall simulation and plate loading tests confirmed the pro-
nounced wicking and reinforcement functions of the proposed
WNWG-geogrid composite in this study.
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