Drainage Performance of Slope Installed with Wicking Geotextile in Seasonal Frozen Areas
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ABSTRACT

Freezing-thawing and rainfall are the primary factors causing slope instability in seasonal frozen areas. In spring,
while the surface layer of the slope thaws, the deeper layers remain frozen. Soil melting combined with rainfall leads
to water accumulation in the surface layer, resulting in slope destabilization through layers of spalling, which poses
serious traffic safety risks. Traditional slope drainage technologies are effective only in removing free water in the
saturated soil but are unable to control instability caused by capillary water migration. Wicking geotextiles offer both
reinforcement and drainage, absorbing and discharging both free and capillary water through wicking fibers. These
geotextiles have been applied in road engineering and other fields, offering a new solution for slope instability in
seasonal frozen areas.To analyze the drainage performance of slopes using wicking geotextiles in these regions, a
new drainage method combining wicking geotextiles with drainage pipes was developed.Model tests were conducted
to examine the distribution and trends of temperature and moisture in the soil during freeze-thaw cycles and rainfall.
The results demonstrate that wicking geotextile drainage slopes maintain more stable soil moisture levels, reducing
landslide risks and significantly contributing to the safety of road traffic in seasonal frozen areas.
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1 INTRODUCTION

In seasonally frozen regions, slopes are often
exposed to a high risk of sliding failure due to the
cyclic freeze-thaw processes of soil during winter. The
freeze-thaw process induces significant changes in soil
temperature and moisture content, adversely affecting
the soil structure. Specifically, when water within the
soil freezes, the associated volumetric expansion
generates stress concentrations that can damage the soil
structure(Chen et al. 2019). Upon thawing in spring,
soil relaxation and displacement occur, leading to a
gradual reduction in slope strength and potentially
triggering slope failure. Furthermore, freeze-thaw
cycles redistribute moisture within the soil, resulting in
the formation of ice lenses and weakened zones, which
collectively accelerate slope deterioration. Over the
long term, freeze-thaw-induced slope failures in
seasonally frozen regions not only threaten the
long-term stability of engineering structures but also
incur additional maintenance costs(Li et al. 2017).
Therefore, investigating the evolution of slope
temperature and moisture content under freeze-thaw
conditions and elucidating their influence on slope
failure mechanisms is of great significance for
enhancing the safety and economic efficiency of slope
engineering projects(Sun et al. 2019).

To mitigate slope failures in seasonally frozen
regions, effective drainage measures are critical to
engineering design. Currently, the commonly adopted
drainage methods include surface drainage, subsurface
drainage  systems, and geosynthetic  drainage
materials(Zou et al. 2022). Surface drainage measures,
such as slope surface drainage ditches and collection
wells, rapidly divert precipitation away from the slope,

thereby reducing surface water infiltration. However,
surface drainage primarily addresses near-surface water
control and has limited effectiveness in managing
deep-seated moisture. Moreover, during extreme
weather events, such as heavy rainfall, concentrated
surface runoff may lead to localized erosion,
exacerbating slope instability(Henru K S et al. 2002).
Subsurface drainage systems, including buried drainage
pipes, blind drains, and drainage layers, are effective in
channeling excess moisture from within the soil mass,
thereby reducing water accumulation. However, these
systems require precise design and costly construction,
and they are susceptible to clogging by soil sediments.
In seasonally frozen regions, the drainage efficiency of
subsurface systems declines significantly under low
temperatures, making them less effective in handling
freeze-thaw-induced water migration. Geosynthetic
drainage materials play a crucial role in slope
engineering by forming permeable pathways within the
soil to facilitate drainage(Jay T et al. 2002). Common
types include geotextiles, geomembranes, and geogrids,
which are often used in conjunction with drainage pipes
or blind drains. However, conventional geosynthetics
have limited water absorption capabilities, and their
drainage  performance deteriorates under low
temperatures, making them unsuitable for the unique
drainage challenges posed by seasonally frozen slopes.
Additionally, long-term use may lead to material aging
and clogging, compromising slope stability. Overall,
despite their widespread application in engineering
practice, existing drainage measures exhibit limitations,
such as the inability of surface drainage to manage
deep-seated moisture, the high cost and reduced
efficiency of subsurface drainage under freeze-thaw



conditions, and the inadequate low-temperature
drainage performance of conventional geosynthetics.
Therefore, the development of a drainage material that
is both highly efficient and capable of enhancing slope
stability in seasonally frozen regions is an urgent
engineering challenge(Beskow G et al. 2019).

Capillary geosynthetics have recently gained
significant attention in the field of drainage materials
due to their superior water absorption and drainage
capabilities. These materials leverage the capillary
action of micro-scale fibers to rapidly absorb and
transport free and capillary water within the soil, while
maintaining high permeability under unsaturated
conditions(Zhang et al. 2012). The fibers of capillary
geosynthetics are specially processed to achieve a high
specific surface area and hydrophilicity, enabling them
to efficiently transmit absorbed water to the drainage
network, thereby preventing moisture accumulation
within  the soil mass. Furthermore, capillary
geosynthetics exhibit excellent drainage performance
even under low-temperature conditions, making them
well-suited for the challenging environmental
conditions of seasonally frozen regions(Azevedo M et
al. 2013).

Despite the promising applications of capillary
geosynthetics in building drainage and landscape
engineering, their use in slope engineering within
seasonally frozen regions remains largely unexplored.
Existing studies primarily focus on the fundamental
performance testing of these materials and their
effectiveness in indoor drainage environments, while
the evaluation of their practical performance under
complex freeze-thaw and precipitation conditions is
still lacking. Consequently, exploring the potential
application of capillary geosynthetics in slope drainage
not only fills a critical research gap but also provides a
novel approach and material support for addressing
slope failure issues in seasonally frozen regions(Lin et
al. 2019 and Zaman M W et al. 2022).

Based on the above considerations, this study
innovatively proposes the use of capillary geosynthetic
wick drains in slope drainage systems. Through model
experiments conducted under natural freeze-thaw and
precipitation conditions, the performance of capillary
geosynthetic wick drains is compared with that of
conventional geosynthetic wick drains in terms of slope
temperature and moisture content evolution. The
findings of this research will reveal the advantages of
capillary  geosynthetics in improving drainage
efficiency and enhancing slope stability in seasonally
frozen regions, offering new theoretical and practical
insights for slope drainage design.

2 MATERIALS AND METHODS

2.1 Materials
The soil samples used in the experiments were
collected from landslide-prone slopes along the Suihei

Expressway, as shown in Figure 1. The fundamental
physical properties of the soil play a critical role
throughout the experimental process; therefore, a
thorough understanding of these properties is an
essential preparatory step for subsequent tests. The
physical parameters of the soil were determined in
accordance with the Technical Specifications for
Highway Geotechnical Testing (JTG 3430—2020), and
the detailed results are presented in Table 1. Based on
these results, the experimental soil can be classified as
low liquid limit silty clay.

Fig. 1. Soil sampling from the landslide slope at k29+800 on
suibei expressway

Table 1 Physical Indicators of Test Soil

liquid plastic o NaWRl iy
Proportion  limit  limit plasticity  moisture
1% 1% index content (g/lcm3)
1%
2.74 36.1 25.7 104 235 1.55

The wicking geotextile used in this study is shown
in Figure 2 This geotextile consists of two primary
components: polyethylene (PE) material, which
provides mechanical reinforcement, and highly
hydrophilic, high-specific-surface-area nylon fibers,
which facilitate drainage. The diameter of the nylon
fibers ranges from approximately 30 to 50 microns.
Each individual fiber is subjected to a chemical etching
process, resulting in the formation of continuous
water-conducting grooves on the fiber surface, with
groove openings measuring approximately 5 to 12
microns. The fundamental physical and mechanical
properties of the geotextile are presented in Table 2.

Fig.2. Wicking geotextile

Table 2. Properties of wicking geotextiles

Wide tensile strength at A ¢ Diclectri Flow
2% elongation/(kN/m) Pparent IETECtrIC  rate
pore size constant .
- /(L/(min
Weaving  Across (AOS)/mm  /sec-1 m2))
direction  machine




(MD) direction
(CD)

7.0 15.8 0.425 0.4 1222

2.2 Experimental System

The experiment was designed to simulate real-world
freeze-thaw and rainfall conditions by placing the
model box outdoors and wrapping it with thermal
insulation cotton to replicate the freeze-thaw conditions
of slope soil in a natural environment. The main
components of the experimental system include the
model box, water replenishment system, and
monitoring system, as detailed below:

1) Model Box: As shown in Figure 3(a), the model
box measures 2 m in length, 0.5 m in width, and 1.2 m
in height. To facilitate observation, all four sides of the
model box are made of transparent acrylic panels.
Square steel tubes are installed at the top, middle, and
bottom to provide structural reinforcement and prevent
deformation during the soil filling process. Two
drainage holes are positioned at the bottom to connect
with the water replenishment system.

2) Water Replenishment System: As depicted in
Figure 3(b), a water replenishment system is
incorporated to simulate groundwater levels. The
system utilizes a Mariotte bottle, which operates based
on the principle of a communicating vessel to supply
water to the model box.

3) Monitoring System: As shown in Figure 3(c), the
monitoring system consists of temperature sensors,
moisture sensors, a data acquisition module, a battery,
and a solar panel. The temperature sensors used are
domestically produced JIMAT-36C models from Jinma,
while soil moisture is measured using SM-100 soil
moisture sensors from the United States. The SM-100
sensors feature a flat design, making them easy to insert
into the soil.

(a) Model box (b) Replenishment system  (c) Monitoring system
Fig. 3. Diagram of Test Device

2.3 Experimental Design

In this study, two model boxes were set up to
compare the drainage performance of conventional
geotextiles with that of wicking geotextiles. Different
types of geotextiles were used to wrap drainage pipes,
which were then shaped into perforated pipes. These
perforated pipes were buried at three different locations
along the slope model: at the upper slope, middle slope,
and lower slope, while keeping all other experimental
conditions identical.

To obtain a comprehensive temperature and
moisture profile of the slope model, sensors were
deployed as shown in Figure 4 The temperature and

humidity sensors were distributed in three layers within
the slope model. For the purposes of comparison and to
investigate the drainage characteristics of the wicking
geotextile, specific sensors were installed at the
drainage pipe locations.

1100
1050—|

W: Temperature and moisture sensors

850—|
800 —|

750 —*|
550 —|

1200
500 —

W, W 3% W, W,

250—>| -

320
200—*

(mm)

e -
200 150 300 300 250 350 450
2000

Fig. 4. Schematic diagram of sensor deployment for model test

3 RESULTS AND DISCUSSION

3.1 Format for references

Figure 5 illustrates the temperature evolution at
various depths under natural conditions for two slope
models with different geotextile drainage systems. The
results indicate that during the winter freezing stage,
soil temperatures vary with depth, with higher
temperatures observed near the surface and lower
temperatures in deeper layers. This suggests that the
slope soil provides a certain degree of thermal
insulation. In the spring thawing stage, as external
temperatures rise, the soil gradually thaws, and
temperature differences among the depths diminish.
Compared to conventional geotextiles, slopes
incorporating wicking geotextiles exhibit faster freezing
and thawing rates. This can be attributed to the wicking
geotextile’s active moisture absorption and drainage
capabilities, which result in lower soil water content
and reduced specific heat capacity, thereby accelerating
heat conduction and facilitating freezing and thawing
prc;cesses.
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Fig. 5. Temperature changes during freeze-thaw in slope
modeling

3.2 Moisture field analysis

In seasonally frozen regions, repeated freezing and
thawing cycles can alter the pore water pressure in
slope soils, leading to the migration and redistribution
of water within the soil. Figure 6 presents the changes
in water content for two slope models. Analyzing the
data alongside atmospheric temperature and rainfall
records reveals that during winter, when temperatures
are low, the water content of the slope soil remains
relatively stable due to freezing. As temperatures rise,
the water content of the surface soil gradually increases,
with the rate of increase also progressively accelerating.
To minimize potential interference, water content
variations at drainage pipe locations—positioned at the
lower, middle, and upper sections of the two slope
models—were analyzed using data from sensors No. 5,
6, 8,9, 10, and 11. As shown in Figure 12, in the slope
model with wicking geotextile drainage, the sensors
located in the lower (No. 5 and 6) and middle (No. 8
and 9) sections recorded relatively smaller increases in
water content. Furthermore, during minor rainfall
events, the water content of the slope soil with wicking
geotextile drainage showed no significant increase,
highlighting its effective drainage performance.
However, a different trend was observed in the upper
slope, where the soil exhibited relatively higher water
content and was more significantly influenced by
rainfall and other external factors. This anomaly is
primarily attributed to the positioning of drainage pipes
and sensors near the slope crest. At this location, the
combined influence of horizontal and inclined
boundaries affects the performance of the wicking
geotextile, reducing its moisture absorption and
drainage efficiency compared to the middle and lower
slope sections. This irregular pattern underscores the
importance of carefully optimizing drainage opening
placement in practical engineering applications to
achieve optimal drainage performance.
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Fig. 6. Comparison of water content change on the surface of
slope model
The variations in surface water content of the slope
models during a moderate rainfall event were analyzed,
as shown in Figure 7 It can be observed that during the
rainfall process, the water content of both slope models
exhibited an upward trend. However, significant water
accumulation was observed in the middle section of the
slope with conventional geotextile drainage, whereas
the slope with wicking geotextile drainage maintained a
relatively lower water content. This indicates that under
moderate rainfall conditions, the wicking geotextile
perforated pipe effectively reduces soil water content.
Furthermore, the drainage performance was found to be
most effective in the middle slope section, which is
consistent with the previously obtained conclusions.
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4 CONCLUSIONS

This study analyzes the evolution of temperature and
moisture fields in side slopes and evaluates the drainage
performance of wicking geotextiles under the combined
effects of freezing, thawing, and rainfall by establishing
scaled slope models with different geotextile drainage
systems. The key conclusions are as follows:

1) Thermal Insulation Effect: The side slope soil
exhibits a certain degree of thermal insulation. Due to
the drainage effect of the core wicking geotextile, the
reduced water content results in a lower specific heat
capacity, leading to faster freezing and thawing
processes.

2) Moisture Accumulation During Thawing: During the
spring thawing period, moisture tends to accumulate in
the upper soil layer. The drainage effect of the wicking
geotextile proves to be more significant in this phase.

3) Water Content Stability: Under minor rainfall events,
the internal soil water content in slopes with core
wicking geotextile drainage remains relatively stable,
showing no significant increase. However, variations
are observed at the slope crest due to the influence of
boundary conditions. These findings emphasize the
importance of optimizing the placement of drainage
pipes in practical engineering applications to ensure

effective drainage performance.
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