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Abstract: In seasonally frozen soil regions, the influence of temperature change on reinforced-soil
engineering cannot be ignored. In particular, the mechanical properties of the reinforced-soil interface
have an important impact on the overall stability and long-term service performance of reinforced soil
engineering. To explore the interface characteristics and reinforcement mechanism between geogrids
and coarse-grained soil under negative temperatures, this paper takes the typical coarse-grained soil
in Xinjiang as the material and carries out a direct shear test of the reinforcement—soil interface under
different normal stresses, water contents and temperatures. The curve characteristics of the shear
displacement-shear stress, the change trend of the peak shear stress and the formation mechanism
between the geogrid and coarse-grained soil interface under freezing and nonfreezing conditions are
thoroughly analyzed. The formation mechanism of the dilatancy characteristics of the reinforced-soil
interface is explained by combining the Mohr-Coulomb strength criterion and apparent friction
coefficient. It is concluded that the trend of the shear displacement-shear stress curve between the
geogrid and coarse-grained soil interface under the nonfreezing state and freezing state is basically
the same. In a state of low normal stress, the curve has no obvious peak, which is closer to the ideal
elastic-plastic double linear model. In a state of high normal stress, the curves have more obvious
peaks, and the curve type is closer to the elastic-strain softening type. In the nonfreezing state, the
shear strength of the reinforcement—soil interface has a great correlation with the water content,
which is different in the freezing state. The main sources of the difference are the cementation of
pore ice in the soil skeleton in the frozen state, the improvement of the strength of the soil particles
themselves, and the further interlocking effect of the geogrid on the soil. In comparison with the
reinforced coarse-grained soil under the nonfrozen state, the shear strength under the frozen state
is significantly improved. In comparison with coarse-grained soil reinforced by geogrids in the
nonfreezing state (0 °C), the shear strength of the frozen state (—5 °C) is significantly improved.
Under normal stresses of 40 kPa, 60 kPa, and 80 kPa, when the water content is 2%, the corresponding
peak shear stress increases by 19.39%, 21.71% and 11.34%, respectively. When the water content
is 4.5%, the corresponding peak shear stress decreases by 29.98%, 16.17%, and 13.83%. When the
water content is 7%, the corresponding peak shear stress decreases by 50.85%, 18.64%, and 21.96%.
The apparent friction coefficient between the geogrid coarse-grained soil interface in the nonfrozen
state and frozen state decreases with increasing normal stress. With the decrease in temperature, the
dilatancy phenomenon of the reinforced soil composite is more obvious. The research results can
provide a reference for the construction of reinforced engineering in seasonal frozen soil areas.

Keywords: geogrid; coarse-grained soil; direct shear test; interface characteristics; seasonally frozen soil

1. Introduction

Gobi, mountains and deserts are widely distributed in northwest China [1-3], and
coarse-grained soil exists as a convenient backfill. Coarse-grained soil has significant

Appl. Sci. 2022, 12, 10187. https:/ /doi.org/10.3390/app121910187

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app121910187
https://doi.org/10.3390/app121910187
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-8235-048X
https://doi.org/10.3390/app121910187
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app121910187?type=check_update&version=3

Appl. Sci. 2022,12,10187

20f15

engineering characteristics, high shear strength and good compaction, which can improve
the rigidity of engineering structures. However, coarse-grained soil is mostly composed of
noncohesive soil, such as stone, pebbles and gravel, which belong to typical single particles
with large looseness. Compared with clay, the tensile strength of coarse-grained soil is
lower, which leads to poor structural stability.

A geogrid is a two-dimensional mesh engineering material. It can effectively improve
the overall strength of roadbeds, pavement, slopes and retaining walls [4-7]. More specifi-
cally, on the one hand, under the destruction of pressure and shear force, the soil particles
locked by a geogrid mesh are blocked by transverse ribs, and the reinforcement-soil inter-
face produces greater friction than the shear surface of the unreinforced soil. On the other
hand, under the action of pressure, the stress of the geogrid—-reinforced interface changes.
The pressure on the upper layer causes the geogrid to form a concave surface, and the
geogrid produces an upward lifting force so that the stress of the lower soil of the geogrid
is less than the upper stress as a net effect [8].

To further explore the interface characteristics between geogrids and soil, scholars
have performed much research based on direct shear and pull-out tests. Yang [9] compared
the direct shear test of gravel and cohesive soil and concluded that the interface shear
strength of gravel is higher. Wang [10] analyzed the influence of the change in overlying
load on the pullout resistance of an HDPE geogrid through a pullout test of expansive
soil. Chen [11] obtained the time-history function by pull-out testing of reinforced soil and
monitoring the instant strain of the geogrid. Liu [12] carried out geogrid pull-out tests
on gravel soils with different gradations and concluded that the particle size had a great
influence on the pull-out resistance of the reinforcement-soil interface. When the content of
coarse-grained soil with a particle size of 10 mm was more than 30%, the pull-out peak was
the largest. Mirzaalimohammadi [13] carried out pull-out tests on geogrids with different
cross-sectional areas and concluded that the pull-out resistance increased with increasing
cross-sectional area. However, it was noted that the pull-out part of the geogrid in the
middle of the fixture was slightly larger than the two ends. Therefore, if a wider geogrid is
used for the pull-out test, the stress distribution at the fixture should be noted. Chen [14]
found that the shear strength of reinforced soil decreases with decreasing maximum particle
size, and the increase in water content will reduce the interfacial shear strength by a direct
shear test between a polypropylene biaxial geogrid and soil.

Frozen soil area accounts for 70% of the total land area in China and is concentrated in
the Northeast Plain, Xinjiang and Tibet [15]. According to the engineering application of
seasonal frozen soil and permafrost areas, geogrids, as flexible reinforced structures, have
strong advantages in inhibiting thaw settlements, subgrade frost heaves, and the overturn-
ing and displacement of retaining walls and have been applied in a small range [16-19].
However, most reinforcement projects in cold regions are based on empirical conclusions
obtained from field monitoring data and theories obtained from freeze-thaw cycle tests.
Freezing and thawing are two long-term processes, and the migration of water in the soil
will cause a series of changes in the soil. Due to the uneven distribution of temperature
gradient potential energy, water will flow from high potential energy to low potential en-
ergy, changing the water distribution inside a structure [20,21]. Based on existing research
results, the mechanism of the change in the interface characteristics of reinforced soil under
an abnormal temperature environment is not clear. There are still some deficiencies in
the study of changes in water content and the interface characteristics of reinforced soil
composites under freezing and nonfreezing conditions. Therefore, the coupling of multiple
factors limits the application of geogrid reinforcement structures in cold regions, especially
in seasonally frozen soil regions.

Therefore, in this paper, a low-temperature direct shear test between a geogrid and
coarse-grained soil interface is carried out. The coarse-grained soil in the typical seasonal
frozen soil area of Xinjiang, China, is taken as the test soil sample. The normal stress and
water content are taken as variables. The curve characteristics of the shear displacement-
shear stress, the variation rule of the peak shear stress and the formation mechanism of the
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dilatancy characteristics of the reinforcement-soil interface under the nonfrozen state and
frozen state are studied. This can provide a theoretical basis for the application of geogrids
in reinforcement engineering in cold regions.

2. Design of Experiment
2.1. Test Equipment

The test equipment is a YT1200S direct shear pull-out friction instrument for geosyn-
thetics produced by the Zhejiang Wenzhou Jigao Testing Instrument Co., Ltd., China. The
temperature control system is installed on the original basis of the equipment to ensure
temperature accuracy during the direct shear test. The main part of the equipment is
composed of an acquisition system, normal loading system and axial power system, as
shown in Figure 1. The axial stress range is 0-50 kN, the displacement range is 200 mm, the
servo load normal stress range is 0-200 kPa, and the servo speed range is 0.1-50 mm/min.

Figure 1. YT1200S direct shear pullout friction instrument for geosynthetics.

The direct shear box consists of two parts, as shown in Figure 2a. The inner wall size
of the upper box is 490 mm x 500 mm x 150 mm (L x W xH), and the lower box is the same
size as the upper box. A soil support plate is added at one side of the lower box to avoid
soil scattering during direct shear. Pins are fixed on both sides of the upper and lower
boxes when filling. The area of soil remains unchanged during shearing.
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Figure 2. Soil box of the direct shear test and schematic diagram of the specimen stress. (a) Soil box;
(b) schematic diagram of specimen stress.

The normal bar at the top of the upper box applies a normal force downward and
is fixed jointly by the normal bar and the right fixed bar. The left end of the lower box
is a power lever, and the box body is pushed to the right. The unidirectional geogrid is
placed between the upper and lower box and is subjected to shear friction together with
the soil. When the power plant reaches a given range, the test ends. Figure 2b shows a
stress diagram of the specimen during the shearing process.
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2.2. Backfill

To make the interface characteristics of the reinforced soil close to the actual project, the
backfill used in the test is from the material field of a high-speed project in Urumqi (87°23 E,
43°39 N), Xinjiang, China. The physical properties of the backfill are tested according to
the “Highway Geotechnical Test Procedure” (JTG 3430-2020). Through the particle size
analysis test and compaction test, it is found that the backfill is coarse-grained soil with
good gradation, as shown in Figure 3 and Table 1.
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Figure 3. Particle gradation curve of typical coarse-grained soil in Xinjiang, China.

Table 1. Physical and mechanical properties index of coarse-grained soil.

Characteristic Particle Size Coefficient of Coefficient of Maximum Dry Optimum Water
dep dsp dio Uniformity Curvature Density/g-cm—3 Content/%
7.51 23 0.54 13.9 1.3 2.39 4.37
2.3. Geogrid

A uniaxial HDPE geogrid (TGDG50HDPE) provided by Qingdao Xuyu Geotechnical
Materials Co., Ltd. in Shandong Province, China, was used in this test. The distance
between the two transverse ribs of the geogrid is 142 mm, the thickness of the joint between
the transverse rib and longitudinal rib is 22 mm, the thickness of the longitudinal rib is
1 mm, and the maximum width and minimum width of the longitudinal rib are 8.5 mm
and 4.2 mm, respectively, as shown in Figure 4. According to the “geosynthetic plastic
geogrid” (GB/T 17689-2008), the low-temperature tensile mechanical properties of the
geogrid were tested by the single rib method. The temperature-controlled tensile testing
machine is shown in Figure 5. The test results show that with decreasing temperature, the
tensile strength of the geogrid sample is obviously improved, which is consistent with the
conclusion of Reference [22], as shown in Table 2.

101‘181 tidinal H5b maximum width longitudinal rib

transverse rib

Figure 4. Uniaxial HDPE geogrid.
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Figure 5. The electronic machine with controlled temperature.

Table 2. Summary table of tensile mechanical property data of geogrids under different low temperatures.

Table 1 Tensile Force of Different Elongation/kN-m 1 Fracture Tensile Force  Fracture Elongation
. 1 o
Fq9, Fo, Fso, Fyo, Fso, /kN-m /%
0°C 22.60 33.31 41.42 48.74 55.60 85.28 11.45
—-5°C 26.14 38.82 48.50 57.24 65.43 91.57 9.90

Note: Fyo,, F29, F39, Fao, and Fse, are the corresponding tensile forces when the elongation of the geogrid sample
is 1%, 2%, 3%, 4% and 5%, respectively.

2.4. Test Method

First, considering that the temperature of the soil in the box will be unevenly dis-
tributed during the cooling process, the TT-T-24—5M temperature sensor is used to monitor
the temperature of the soil in the box, and the temperature distribution of the soil in each
part of the shear surface is accurately obtained. The point arrangement of monitoring soil
temperature and isotherms is shown in Figures 6 and 7. Second, because the soil in the
seasonal frozen soil area undergoes the process of freezing and thawing, the state of the
reinforced soil interface under the ice-water mixing state is considered. According to the
data, the underground frozen soil temperature in the seasonal frozen soil area of Xinjiang,
China, is lower than —5 °C year-round, so the temperature variables are selected as 0 °C
and —5 °C, respectively. Through the determination of the basic parameters of backfill,
the optimal water content is 4.37%. To reflect the influence of the change in water content
on the interface of reinforcement and soil, the water content is taken as a variable in this
experiment, and on the basis of the optimal water content (4.5%), the water content is
increased and decreased by 2.5%, namely, 2%, 4.5% and 7%. Combined with the Chinese
and international test procedures [23-25], the normal stress is selected as 40 kPa, 60 kPa and
80 kPa, and the direct shear rate is selected as 1 & 0.2 mm/min. The backfill is compacted
in three layers, and the compaction degree is controlled at 90%.

Figure 6. Arrangement of soil temperature measuring points in the box.
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Figure 7. The actual temperature distribution of each point at the reinforced soil interface at different
temperatures (based on the sheared end of the soil). (a) 0 °C; (b) —5 °C.

3. Results and Analysis
3.1. Nonfreezing State (0 °C)-Reinforced Soil Interface Characteristics

Figure 8 shows the shear displacement-shear stress curve of the interface between
the geogrid and coarse-grained soil with different water contents under a nonfreezing
state (0 °C). In the initial stage of shearing, the shear stress increases with increasing shear
displacement, and it is in an elastic stage. As the shear displacement increases, the slope of
the curve begins to change, and the curve transitions to an elastic-plastic stage. However,
after the turning point, the changes in each curve tend to be different. Figure 8 shows that
the curves after obvious turning can be roughly divided into two types under different
water contents and different normal stresses. In the case of low water content or small
normal stress, the curve has no obvious peak and is closer to the ideal elastic-plastic double
linear model. The interface shear displacement-shear stress curves between the geogrid
and coarse-grained soil with normal stresses of 40 kPa, 80 kPa under 2% water content
and 40 kPa under 7% water content are typical. In the case of high normal stress or water
content, the curve has a more obvious peak. After the peak, as the shear displacement
continues to increase, the shear stress decreases slightly. The curve type is closer to the
elastic-strain softening type. In addition, during the test, it is found that when the shear
displacement-shear stress curve passes through the stress peak, the friction sound caused by
the interaction between soil particles or the interaction between soil particles and geogrids
continues to appear on the shear surface of reinforced soil. At this time, the soil presents an
overall sliding failure, and the corresponding curve also shows a slight decrease in shear
stress or maintains a horizontal stable state.

Figure 8 also shows that the peak shear stress of the reinforced soil interface increases
with increasing normal stress under different water contents. This is because the increase in
the normal stress makes the soil denser, and the mutual occlusion between different graded
soil particles is further increased. Therefore, the friction between the soil and soil and
between the soil and reinforcement is also greater during direct shear. When the normal
stress is 40 kPa, 60 kPa and 80 kPa, the peak shear stress corresponding to 2% water content
is 26.408 kPa, 34.238 kPa and 42.734 kPa, respectively. The peak shear stress corresponding
to a water content of 4.5% is 32.68 kPa, 39.694 kPa and 47.632 kPa. The peak shear stresses
corresponding to a water content of 7% are 26.708 kPa, 38.734 kPa and 45.85 kPa.

The relationship between the shear strength and the normal stress of the reinforced
soil interface under the nonfreezing state (0 °C) is shown in Figure 9. When the water
content is 2%, the peak shear stress under different normal stresses is the lowest among
the three water contents. At 4.5% (optimal) water content, the shear stress under different
normal stresses is the highest among the three water contents. The stress curve of 7% water
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content is between the two. At the same time, according to Figure 10, the effect of water
content on the peak shear stress of the reinforced soil interface is more significant in the
nonfrozen state (0 °C). Under normal stresses of 40 kPa, 60 kPa and 80 kPa, the peak shear
stress of the reinforced soil interface corresponding to 4.5% water content is the highest.
The water content has a great correlation with the interface characteristics of the reinforced
soil in the nonfreezing state. This is because when the water content is 2%, due to the loose
characteristics of coarse-grained soil, less water fails to make the soil particles with different
particle sizes more closely arranged and combined, so the mutual occlusion generated by
soil particles is small. The composition of the shear strength depends more on the block
effect of geogrid transverse ribs and the compactness of the soil itself. When the water
content is 4.5%, close to the optimal water content, the density of soil increases significantly
so that the interaction between soil particles is enhanced. At the same time, the geogrid ribs
have an obvious interlocking effect on the soil particles. Therefore, at 4.5% water content,
the peak shear stress under each normal stress is the highest. When the water content is
7%, there is a large amount of water in the soil. The thin water film on the surface of the
soil makes the reinforced soil complex in a semisolid state, and the outermost water of the
thin water film has little effect on the stress field of the soil skeleton, so it has a greater
lubrication effect on the reinforced soil complex. In addition, the compactness at 7% water
content is far less than that at 4.5% water content, which leads to the weak barrier and
interlocking effect of geogrid ribs, so the soil has a large sliding property and the shear
strength is weakened.
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Figure 8. Shear displacement-shear stress curve of the reinforced soil interface under a nonfrozen
state (0 °C): (a) 2% water content; (b) 4.5% water content; (c) 7% water content.
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Figure 10. The influence of water content on the peak shear stress of the reinforced soil interface
under the nonfreezing state (0 °C).

3.2. Freezing State (—5 °C) Reinforced Soil Interface Characteristics

Figure 11 shows the shear displacement-shear stress curve of the interface between
the geogrid and coarse-grained soil with different water contents under the freezing state
(=5 °C). The curve is basically the same as the trend of the interface shear displacement-
shear stress curve in Section 3.1. There is no obvious brittle shear failure of soil with
decreasing freezing temperature [26-29]. The author considers analyzing from two aspects.
First, the soil sample used in this experiment is coarse-grained soil, which is different from
the clay or fine-grained soil used by some scholars. Frozen soil is composed of soil particles,
unfrozen water, pore ice and air. The unfrozen water content and pore ice play a major
role in the shear strength of reinforced soil composites. Compared with frozen clay and
frozen fine-grained soil, the soil samples with more coarse-grained content have larger soil
skeleton pores, and there is still a considerable amount of unfrozen water in the negative
temperature state, which leads to obvious plastic deformation. The pores of fine-grained
soil and clay are small. With the increase in compactness, the interaction between the soil
and pore ice is obvious. The cementing force of ice enables the surrounding soil to be more
compactly bonded together, increasing the cohesion of the soil. Second, the size of the
direct shear box used in this experiment is 490 x 500 x 300 mm (L x W xH). According to
Figure 11, the larger direct shear box does not obviously reflect the difference in the failure
mode of the reinforced soil interface at different temperatures. The size effect will affect the
shear behavior of the reinforced soil interface, but it decreases with the increase in the size
of the test model [30,31]. Therefore, the temperature variable in the direct shear between
the geogrid and coarse-grained interface has little effect on the trend of the stress curve but
more on the shear strength.
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Figure 11. Shear displacement-shear stress curve of the reinforced soil interface under a frozen state
(=5 °Q): (a) 2% water content; (b) 4.5% water content; (c) 7% water content.
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As shown in Figure 11, in the case of different water contents, the peak shear stress
of the reinforced soil interface in the frozen state (—5 °C) still increases with increasing
normal stress. When the normal stress is 40 kPa, 60 kPa and 80 kPa, the peak shear stress
corresponding to 2% water content is 31.53 kPa, 39.62 kPa and 45.73 kPa, respectively. The
peak shear stress corresponding to a water content of 4.5% is 40.596 kPa, 43.963 kPa and
51.284 kPa. The peak shear stresses corresponding to a water content of 7% are 40.134 kPa,
43.656 kPa and 51.65 kPa.

The relationship between the shear strength and the normal stress of the reinforced soil
interface under the freezing state (—5 °C) is shown in Figure 12. When the water content
is 2%, the peak shear stress under different normal stresses is still the lowest among the
three water contents. However, when the water content is 4.5% and 7%, the peak shear
stress under different normal stresses is very close. This is different from the relationship
between the shear strength and normal stress of the reinforced soil interface with different
water contents in the nonfreezing state (0 °C). At the same time, according to Figure 13, the
influence of the water content on the peak shear stress of the reinforced soil interface under
the freezing state (—5 °C) is also different from that under the nonfreezing state (0 °C).
When the water content increases from 2% to 4.5%, the peak shear stress corresponding
to the normal stress of 40 kPa, 60 kPa and 80 kPa increases by 28.75%, 10.96% and 12.15%,
respectively. When the water content increased from 4.5% to 7%, the peak shear stress
decreased by 1.15% and 0.7% under normal stresses of 40 kPa and 60 kPa, respectively.
Under 80 kPa normal stress, the corresponding peak shear stress increased by 0.7%. When
the water content increases from 4.5% to 7%, the peak shear stress changes little and is
basically flat. The strength of the reinforced soil interface in the frozen state is jointly
contributed by the cohesion between the soil skeleton, bite force, cementation force of the
frozen pore ice, strength of the soil particles, interlocking effect of the geogrid on the soil
and blocking effect of the transverse ribs [32,33]. When the water content is 2%, the pore
ice content generated in the soil is small, and its cementation effect on the soil is weak.
Therefore, the peak shear stress of 2% water content is the lowest under the three normal
stresses. When the water content is 4.5% and 7%, the peak shear stress is basically the same.
However, the analysis of the composite mechanism of frozen soil and reinforcement [33,34]
shows that the contribution factors of shear strength are not the same when the water
content is 4.5% and 7%. When the water content is 4.5%, the density of the soil increases,
and the interlocking effect of the geogrid mesh on the soil particles is enhanced. The
blocking effect of the transverse ribs plays a leading role in the contribution of shear stress.
The cementation force of pore ice in frozen soil plays a secondary role in the contribution
of shear strength. When the water content is 7%, although there is much water, unfrozen
water has been converted into pore ice in the frozen state. The pore ice in frozen soil
further enhances the cementation between soil particles and between reinforcement and
soil. Therefore, increasing the water content does not cause the peak shear stress of the
reinforced soil interface to change significantly.
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Figure 12. The relationship curve between the shear strength and normal stress of the reinforced soil
interface under the freezing state (—5 °C).
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under the freezing state (—5 °C).

3.3. Influence of Water Content and Temperature on the Shear Strength Index of the Reinforced Soil Interface

To study the influence of the water content and temperature variables on the shear
strength between the geogrid and coarse-grained soil interface, the peak shear stress
corresponding to normal stresses of 40 kPa, 60 kPa and 80 kPa under each working condition
is linearly fitted. The parameters are shown in Table 3. The shear relationship of the
reinforced soil interface conforms to the Mohr-Coulomb strength criterion.

Table 3. Shear strength index of the reinforced soil interface.

Strength Fitting  Goodness of Fit Cohesion Internal Friction Angle
Sample

Curve R? c/kPa @l°
2% y =0.41x +9.97 0.99 9.97 22.29
0°C 4.5% y =0.37x + 17.57 0.99 17.57 20.30
7% y = 0.48x + 8.38 0.96 8.38 25.64
2% y =0.35x + 17.88 0.97 17.88 19.29
O_CS 4.5% y =0.27x +29.25 0.91 29.25 15.11
7% y = 0.29x + 27.87 0.90 27.87 16.17

The normal stress ¢, of the reinforced soil interface in the direct shear test can be
calculated by the following formula:

Op = A 1)

where P is the normal load of the reinforced soil composite in kN, and A is the shear box
area in m.

The relationship between the interface shear strength 7y and normal stress 0y, can be
expressed as follows:

Tf = Cs + 0y tan ¢s 2)

where ¢; is the interface cohesion of the reinforced soil composite and ¢ is the interface
friction angle of the reinforced soil composite.

The apparent friction coefficient is a comprehensive strength parameter reflecting
the friction effect of the reinforcement—soil interface, which is defined as the ratio of the
peak shear stress to the normal stress of the reinforcement-soil composite. To explore the
influence of the water content and temperature on the apparent friction coefficient of the
reinforced soil interface, the apparent friction coefficient is used as an index to reflect the
friction characteristics of the reinforced soil interface. The formula is as follows:

_ Tpmax
oo = ©
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where fgs is the apparent friction coefficient and Tymax is the peak shear stress.

The variation in the apparent friction coefficient is shown in Figure 14. The appar-
ent friction coefficient decreases with increasing normal stress. When the normal stress
increases from 40 kPa to 60 kPa, the apparent friction coefficient decreases rapidly. When
the normal stress increases from 60 kPa to 80 kPa, the apparent friction coefficient decreases
slowly, which is consistent with the conclusion of References [35,36]. This is because the
lower normal stress on the soil particle constraint effect is poor. The soil particles have
enough adjustment space, and the dilatancy is remarkable. With the increase in normal
stress, the ability of normal stress to restrain the interface between reinforcement and soil
increases, which limits the displacement and reversal of soil particles [37]. The dilatancy
characteristics of the reinforced soil composite will be analyzed in detail in Section 3.4.

T T T T T
—#— 0'C 2% water content |

—4— 0°C 4.5%water content
0°C 7% water content
—&—-5°C 2% water content |

—v¥— -5°C 4.5%water content

—
=)
T
.

>4
o
T

-5°C 7% water content]

Apparent friction coefficient f,
B
T

/

05 1 1 1 1 1

Normal stress/kPa

Figure 14. Change curve of apparent friction coefficient.

3.4. Shear Dilation Characteristics of Reinforced Soil Composite

To further explore the interface characteristics between the geogrid and coarse-grained
soil, the horizontal displacement and normal displacement data during the direct shear test
will be analyzed. In this process, it is found that the dilatancy characteristics are basically
the same in various working conditions. Therefore, the relationship curve between the
horizontal displacement and normal displacement of the reinforced soil composite under
different normal stresses with 7% water content is analyzed, as shown in Figure 15. Whether
0 °Cor =5 °C, the dilatancy phenomenon during direct shear decreases with increasing
normal stress. When the normal stress is 40 kPPa, 60 kPa and 80 kPa, the final normal
displacement of the soil reinforced soil composite at —5 °C is 66.36%, 50.75% and 55.19%
higher than that at 0 °C, respectively. The shear deformation of the reinforced soil composite
at low temperature still conforms to the shear deformation law of dense material. Figure 15
shows that the normal displacement deformation degree under the three normal stresses at
—5 °C s higher than that at 0 °C. That is, with decreasing temperature, the shear dilation
phenomenon of the reinforced soil composite is more significant. This is because, on the
one hand, under the condition of 0 °C, the soil is in a nonfrozen state, the cohesion and
internal friction angle of the reinforced soil composite are small, and the shear surface is
relatively flat. On the other hand, there are still some pores between the soil and soil and
between the soil and reinforcement, which are easily squeezed in the direct shear process,
resulting in the recombination of the soil shear surface. For the reinforced soil composite
at —5 °C, pore ice has been formed between the soil skeletons, and the cementation force
has been generated inside the reinforced soil composite, resulting in an increase in the
strength of the shear surface. The relative slip between the upper and lower interfaces is
rougher, and the dilatancy is stronger. At the same time, the reinforcement effect of geogrid
transverse ribs is more obvious. The soil particles are recombined by cementing ice, and
the large-grained soil undergoes microscopic phenomena such as horizontal movement,
rotation and crossing under the action of geogrid transverse ribs, as shown in Figure 16.
Therefore, with the decrease in temperature, the dilatancy phenomenon of the reinforced
soil composite is more obvious.
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Figure 15. The relationship between horizontal and normal displacement of reinforced soil composite
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Figure 16. Interaction mechanism of reinforced soil composite under freezing state.

4. Discussion

In this paper, the interface characteristics between geogrids and coarse-grained soil
in a low-temperature environment are analyzed by a direct shear test. However, this
experiment only studies the characteristics of the direct shear curve, peak strength and
dilatancy mechanism. At the micro level, especially the formation and content of pore ice,
the characteristics of water migration in soil, the micromovement of coarse-grained soil
under reinforcement and the change in the reinforcement influence zone have not been
studied. Subsequently, the direct shear box can be transparently treated on the side surface
and combined with particle image velocimetry (PIV) technology to study the microscopic
motion of the reinforced soil interface. At the same time, this paper only analyzes the
law of peak shear stress and water content through three water contents, and the number
of samples is small. However, the regularity reflected in the overall test data remains
consistent with the conclusions of most scholars. By comparing the change process of shear
strength in non-frozen and frozen states, Reference [38] drew the same conclusion as this
paper: the shear strength of frozen soil is higher than that of non-frozen soil, and water
content is not positively correlated with shear strength. The mechanism part has been
analyzed in Section 3. At the same time, Reference [39] also analyzed that the actual shear
plane of soil with large particle size was similar to the up-and-down wave, rather than a
plane, during the shear process, which supported the dilatancy characteristics analyzed in
Section 3.4. Reference [40] divides the thawing conditions of frozen soil into three stages
and the thawing characteristics of frozen soil from the micro level. Reference [41] also
confirms that when the soil is close to the optimal water content, the shear strength is
the maximum.

At present, direct shear and pull-out tests are the two most effective methods to study
the interface characteristics of reinforced soil. However, the failure modes corresponding to
the two tests in practical engineering are different, and the test data are different [42,43]. In
this paper, the interface characteristics of reinforced soil under low-temperature conditions
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are analyzed by a direct shear test, and no comparison with a pull-out test is carried out.
This experimental study should be continued in the future.

5. Conclusion

To explore the interface characteristics of coarse-grained soil reinforced by geogrids at
low temperature, this paper selects the typical coarse-grained soil in Xinjiang, China, and
HDPE unidirectional geogrids as materials to carry out large-scale direct shear tests at 0 °C
and — 5 °C with water contents of 2%, 4.5%, and 7% and normal stresses of 40 kPa, 60 kPa,
and 80 kPa. The variation law of the interface curve characteristics and shear strength
under different working conditions was obtained. The apparent friction coefficient and
dilatancy mechanism of reinforced soil composites under different working conditions are
analyzed and explained by the strength index and calculation formula of the reinforced soil
interface. The above research results can provide scientific basis for the construction design
and safety evaluation of reinforced soil engineering in frozen soil area, and also promote
the popularization and application of reinforced soil technology in frozen soil area. The
main conclusions are as follows:

e  The trends of the shear displacement-shear stress curve of the geogrid—coarse-grained
soil interface under the nonfreezing state (0 °C) and freezing state (—5 °C) are basically
the same. Under the condition of low normal stress, the curve has no obvious peak
value, which is closer to the ideal elastic-plastic double linear model. In the state of
high normal stress, the curves have more obvious peaks, and the curve type is closer
to the elastic-strain softening type.

e In the nonfreezing state (0 °C), there is a strong correlation between the shear strength
and water content. When the water content is 4.5%, the peak shear stress under each
normal stress is the largest. However, the larger water content will reduce the interface
shear strength of the reinforced soil composite. The shear strength of the interface
between the frozen state (—5 °C) and the nonfrozen state (0 °C) is different. When the
water content is 4.5% and 7%, the peak shear stresses under different normal stresses
are very close. The main sources of the difference are the cementation of pore ice in
the soil skeleton under the freezing state (—5 °C), the improvement in the strength of
the soil particles and the further interlocking effect of the geogrid on the soil.

e  Compared with coarse-grained soil reinforced by geogrids in the nonfreezing state
(0 °C), the shear strength of the frozen state (—5 °C) is significantly improved. Under
normal stresses of 40 kPa, 60 kPa and 80 kPa, when the water content is 2%, the
corresponding peak shear stress increases by 19.39%, 21.71% and 11.34%, respectively.
When the water content is 4.5%, the corresponding peak shear stress decreases by
29.98%, 16.17%, and 13.83%. When the water content is 7%, the corresponding peak
shear stress decreases by 50.85%, 18.64%, and 21.96%.

e  The apparent friction coefficient between the geogrid and coarse-grained soil interface
in the nonfreezing state (0 °C) and freezing state (—5 °C) decreases with increasing
normal stress, and the downward trend is steep to slow. This is mainly because the
soil particles are more likely to move under the action of the transverse ribs of the
geogrid under the condition of low normal stress. With the decrease in temperature,
the dilatancy phenomenon of the reinforced soil composite is more obvious.
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