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The properties of loess in the Ili region of China are significantly affected by
repeated cycles of rainfall and evaporation. It is thus essential to investigate the
deterioration mechanism of loess subjected to the wet and dry cycles. This paper
employs various methods, including the direct shear and triaxial shear tests, as well
as the scanning electron microscopy (SEM), to evaluate the variation patterns of
shear strength parameters and microstructure of Ili loess. The direct shear test was
conducted on loess samples experiencing a limited number of wet and dry cycles
(0,1, 3,5,7, and 9), while the triaxial shear test focused on a more extensive range
of wet and dry cycles (0, 1, 3, 10, 20, and 30). In parallel, the alterations in the shear
strength parameters of the loess material under different shear tests were also
scrutinized. The findings obtained from this research revealed that the shear
strength of Ili loess decreased to varying degrees based on the two test methods
when they are affected by the wet and dry cycles. Comparing the results with the
same number of wet and dry times (0, 1 and 3 times), both the shear strength and
cohesion obtained from the triaxial shear test were greater than those from the
direct shear test, while the results for the angle of internal friction were reversed.
Moreover, the scanning electron microscope tests on Ili loess did indicate that the
micro-particle size, pore space, morphology, soil structure, and particle contact
mode exhibited the deterioration with different degrees. The micro-structural
change is believed to be the main reason for the deterioration mechanism of the
shear strength. The research outcomes will enrich the understanding about the
loess properties in Central Asia, providing data reference and theoretical basis for
engineering construction in these region.
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1 Introduction

As a typical structural soil, the water senstive loess is featured with wet subsidence,
disintegration, and dissolution (Feng et al., 2021). The unique properties of the loess result in
the distinct differences within variable regions, in particular, when the engineering
construction, mechanisms of geological disasters, and the modes of disaster formation
are accounted for. It is thus imperative to generalize geological structure models and
geomechanical models of loess disasters to reveal the laws governing water-soil
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FIGURE 1

Distribution of loess in the Ili Valley (Song et al.,, 2014a).

interactions and their disaster-causing mechanisms (Peng et al.,
2014). Rainfall-type loess landslides did cause significant economic
losses and casualties due to their frequent occurrences and
widespread distribution (Li et al., 2022). Examining its formation
mechanisms is vital for enhancing the efficacy of geological disaster
prevention and control measures in loess regions. A pivotal aspect of
such investigations lies in precisely understanding the deterioration
law of loess properties and their underlying mechanisms subjected
to the wet and dry cycles.

It has been well noted that the widespread geological loess
distributed in Asia, Europe, North America, and South America,
is particularly abundant in Central Asia, where its substantial
thickness, typical deposition patterns, and complete strata are
unparalleled globally (Peng et al, 2014). Ili, situated in the Ili
Valley at the northern base of the Tianshan Mountains in the
central Asian region of the Xinjiang Uygur Autonomous Region,
exhibits extensive distribution of loess (Song et al., 2014a) (see
Figure 1). This loess primarily corresponds to the Late Pleistocene
Malan loess. Compared to the loess in the Loess Plateau, the Ili loess
is featured with its coarser grain size, loose structure, and high pore
ratio. Consequently, these properties contribute to a greater
susceptibility of the loess to moisture and vulnerability (Yin
et al,, 2009). Attributed to the special geological conditions of Ili
region with a large amount of mountainous and river valleys, the
abundant rainfall and humidity make it become the most susceptible
region with geological disasters in Xinjiang. As one of the 16 critical
areas prioritized for geological disaster prevention and control in
China, the research either on the formation mechanisms or the
disaster-causing factors is essential to prevent geological disasters in
the Ili Valley. Note that geological hazards predominantly occur
from April to June each year, with over 90% of the total incidents
being triggered by rainfall and snowmelt in the Ili Valley. That is, an
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in-depth study on the deterioration of loess under the wet and dry
cycles is requested.

The wet and dry cycles are believed to be one of the most critical
factors deteriorating both the physical and mechanical properties of
geotechnical bodies, resulting in the slope instability and structural
damage of various engineering foundations. Previous research has
successfully demonstrated the influence of wet and dry cycles on
loess properties. Primarily, most research focuses on the changes in
macro-indicators of physical and mechanical properties and the
microstructure of the soil (Tian et al., 2020; Cai et al., 2019; Zhou
et al., 2018; Chou et al.,, 2019). The current research on the loess is
primarily on the mechanical strength (Zhou et al., 2018; Chou et al.,
2019;Mo et al., 2018; Liet al., 2019; Hu et al., 2020a; Yuan et al., 2017;
Qin et al., 2021; Shi et al., 2022; Liu et al., 2022; Yuan et al., 2022; Jian
et al,, 2020), limited studies were carried out to analyze changes in
the microstructure of the soil (Tian et al., 2020; Cai et al., 2019; Ping
etal., 2019; Yuan et al., 2022; Jian et al.,, 2020; Zhang et al., 2022; Nie
et al,, 2021). Apart from that, there are also some investigations on
the influence of mineral content on soil properties (Ping et al., 2019;
Hu et al.,, 2020a; Hu et al., 2020a; Qin et al., 2021; Shi et al., 2022),
variations in moisture content (Shi et al., 2022), and alterations in
soil-water characteristic curves (Nie et al., 2021; Chou and Wang,,
2021). The research methods utilized in these studies encompass in-
house tests, notably direct shear tests (Tian et al., 2020; Zhou et al.,
2018; Azarafza et al., 2019), triaxial tests (Mo et al., 2018; Li et al.,
2019; Hu et al., 2020a; Yuan et al., 2017; Qin et al,, 2021), scanning
electron microscopy (SEM) (Tian et al., 2020; Mo et al., 2018; Hu
et al, 2020a; Nie et al, 2021; Chou and Wang, 2021), nuclear
magnetic resonance (NMR) (Yuan et al, 2022), computed
tomography (CT scan) (Yuan et al,, 2017), and etc.

The mechanical properties deterioration of the loess under dry
and wet cycles is mainly manifested on the shear strength of the
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geotechnical body. Yuan et al. found that drying-wetting cycles had a
deteriorating effect on its shear strength either for the in situ loess or
the manual compacted loess (Yuan et al, 2017). Ma et al.
demonstrated that the drying-wetting cycles diminished the shear
strength of the loess, with the pronounced impact on effective
cohesion (Ma et al, 2022). Using the conventional triaxial tests,
Jian’s research identified a decrease in the cohesive strength of the
loess under drying-wetting cycles associated with an exponential
decay (Xu et al, 2020). Nonetheless, some research demonstrated
that the shear strength did not continuously decay with increased
number of drying-wetting cycles. A good example is that the shear
strength of the compacted loess initially decreased and then
gradually increased along with the number of drying-wetting
cycles (Wang et al, 2019). The consolidation and drainage
triaxial shear tests on the compacted loess revealed that the shear
strength of the loess initially decreased and then increased with the
number of drying-wetting cycles increasing, reaching a critical point
after three to nine cycles (Hao et al., 2021). That is, the deterioration
of the loess generallly occured at the beginning of the drying-wetting
cycles. However, there are variations in the number of critical times
found in the experiments of different researchers. Rui (2018)
demonstrated that the first drying-wetting cycle had a more
pronounced effect compared to subsequent cycles through
suction-controlled direct shear tests. Similarly, the reduction in
viscous cohesion was more rapid during the first three drying-
wetting cycles, while the decrease slowed down in later cycles.
Meanwhile, the internal friction angle remained relatively stable
throughout the process (Wang et al., 2021).

Investigation on the deterioration mechanism of soil mechanical
properties is always the hot research topic and various factors
affecting the behavior of the loess under drying-wetting cycles
were evaluated. These critical factors can be primarily categorized
into two aspects. The first one is the external factors, including the
number of drying-wetting cycles, the magnitude of wet and dry
cycles, the lower limit of wet and dry cycles and the temperature. The
second aspect involves internal factors, such as moisture content and
density. Hu et al. investigated the deterioration of the compacted
loess with the consideration of the dry density, drying-wetting cycle
amplitude, and lower limit moisture content (Hu et al., 2018; Hu
et al., 2020b). Moreover, three factors (i.e., initial moisture content,
amplitude of drying-wetting cycles) were taken into consideration
(Yeetal., 2020). Pan et al. conducted in-situ loess tests with different
moisture content and varying numbers of drying-wetting cycles
(Pan et al,, 2020). Thang et al., 2019 identified four pivotal factors,
including pore ratio, net stress, matrix suction, and saturation,
which significantly influence the strain shear modulus. Liu et al.
investigated the effect of the initial dry density and historical drying
stress on drying-wetting cycles (Liu et al., 2014; Liu et al., 2017).
Wang et al. concluded that the cutline modulus increases
exponentially with initial compaction (Wang et al.,, 2016). For the
variation of shear strength and its study characteristics see Table 1.

The Ili Valley located in the center of Asia is of high vulnerability
(A'Y S et al, 2014). and the loess in this region exhibits different
material compositions and engineering properties, attributed to its
unique topography and geological conditions (Liu et al., 2022; Song
et al,, 2018). Previous research in this region primarily focused on
the composition, genesis, and formation environment of the loess.
Limited research did concern the changes of loess properties under
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the wet and dry cycles (Li et al., 2022; Song et al., 2014a; Qin et al.,
2021; Wang et al,, 2016). Additionally, either the direct shear or the
triaxial shear test was not conducted to simultaneously examine the
deterioration mechanism of the loess.

Drawing upon insights from previous research, it has been
widely noted that the alternation of wet and dry cycles induces
transformations in the micro-composition and structure of loess.
These alterations encompass changes in particle size, porosity, water
state, and soil particle contact patterns, consequently influencing
crucial physical and mechanical properties, such as shear strength,
compressive strength, and permeability. In recent years, numerous
scholars have compared the formation process of the loess in Ili
Valley and the Loess Plateau, either from geological aspect or the
mineralogical perspective (Li et al., 2012; Yin et al., 2021; Nikbakht
et al, 2022; Xiong et al, 2023). However, the emphasis on the
material sources will not directly clarify the deterioration
mechanisms of the loess, which governs its physical and
mechanical properties under drying-wetting cycles (Zeng and
Song., 2013; Ren et al., 2023).

Typical Loess Area Sampling Description: Xinyuan County is
located in northwestern China, close to the Central Asia region.
Central Asia is famous for its vast loess distribution (Song et al,
2014a), and Xinyuan County, as the border zone between Central
Asia and China, has some geographical connectivity and similar natural
environment. The loess in this area was mainly formed by wind and
hydraulic action during the ice age and interglacial period (Yin et al,
2009), and was affected by similar geological structure, climate and
depositional environment in the process of formation. Which makes the
soil properties of this loess area similar to those of loess in Central Asia
and other areas of China, and the selection of soils from this typical loess
area for study can illustrate the changing law of loess properties under
the dry and wet effects of loess in Central Asia and other areas of China.

Aganist the above background, exploring the deterioration
mechanism of the Ili loess becomes critical and urgent. Different
from previous research, this paper focuses on the loess in the Ili
Valley and various methods, including the direct shear test, the
triaxial shear test, the scanning electron microscopy (SEM) were
simultaneously adopted. The in-depth comparison of the
microstructures was carried out to further validate the differences
of the loess in the triaxial test and direct shear test. Because that the
loess investigated in this research was collected from the centre of
region of the Asia, researchoutcomes obtained from this research
can provide reference for engineering construction and slope
stability analysis in the regions with similar geological conditions.

2 Experimental program
2.1 Samples informaiton

The loess used in the present research were collected from a
representative loess region close to Xinyuan County, Ili Kazakh
Autonomous Prefecture, Xinjiang, China, in Central Asia (Figure 2).
Table 2 presents the indicators of the fundamental physical and
mechanical properties of the soil. Two distinct test methods were
employed to determine the shear strength of loess in the research
area. The first one is to conduct a direct shear test utilizing FTDS-1
soil cyclic shear test apparatus, while the other one is to conduct a
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TABLE 1 Summary of changes in shear strength(refer to Poor et al., 2023).

No.  Experimental methods Factor Shear strength related changes Researcher(s)
1 Unconsolidated undrained shear test | In-situ loess and compacted = All have a deteriorating effect Yuan et al. (2017)
loess
2 Triaxial shear tests on unsaturated Low cycle times (5) Cohesion is more affected Ma et al. (2022)
loesses

3 Conventional triaxial test changes in cohesion exponential decay Xu et al. (2020)

4 Dynamic triaxial test compacted loess decreasing and then gradually increasing Wang et al. (2022)

5 Solidified drainage triaxial shear test | compacted loess decrease and then increase, reaching a critical number of cycles under | Hao et al. (2021)
3-9 wet-dry cycles

6 Straight shear test controlled by suction the effects of the first wet-dry cycle are more significant Chen et al. (2018)

7 Straight shear test different moisture content  Shear strength and wet-dry cycle number of cycles are negatively Wang et al. (2021)
correlated

TABLE 2 Fundamental physical indicators.

Saturated
moisture
content (%)

Natural
density

Natural moisture
content (%)

Natural dry

density

20.89 1.96 g/cm’ 1.64 g/cm’ 24.57

Optimum
moisture
content (%)

Maximum dry
density

Porosity Porosity
ratio (%)

17.4 1.86g/cm3 28.34 22.08

unconsolidated undrained (UU) triaxial shear test using TFB-1
unsaturated soil stress-strain controlled triaxial test apparatus. All
these instruments is of the axial force capacity of 30 kN with the
measurement accuracy of *1%. The confining pressures for all
samples prepared for the triaxial test were 50 kPa, 100 kPa, and
200 kPa, respectively.

For ease of reference these specimen prepared for the direct
shear test is named as Group A and others are referred to Group B.
Considering that the loess is a porous, weakly cemented soil with
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well-developed vertical joints in engineering practice, (Xie., 2016),
the distributions of nodal surfaces and pores within the specimens
are much different from each other. Because that the larger-scale
specimens offer a better representation of the integrity of the loess
and the disparity in strength becomes more pronounced with the
increased vertical pressure (Zhu et al, 2020), the 100 mm cubic
molds were adopted to cast samples in Group A to simulate larger-
sized specimens (Figure 3A), while samples in Group B for
conventional shear test is of ®39.1mmx80.0 mm (Figure 3B). As
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Microsopic specimens

FIGURE 3
Shear test specimen and micro test specimen diagrams.

listed in Table 2, the moisture content of the samples was 17.4% and
the dry density of which was 1.86 g/cm®. After completing a set
number of drying-wetting cycles, the specimens were tested and
analyzed for changes in the surface morphology of the soil samples
using the scanning electron microscopy method (SEM) (Figure 3C).

2.2 Drying-wetting cycles

To investigate the wet expansion and dry contraction of loess
remodeling samples under cycling wet-dry conditions, an
observation test was devised to discern apparent morphological
changes. Photographic comparisons were conducted using ring
knife samples (® 20mmx71.9 mm), with particular attention paid
to the initial 10 dry and wet cycles. Specimens in Group A were
subjected to 0, 1, 3, 5, 7, and 9 cycles. Whereas, specimens in Group
B were treated by multiple drying-wetting cycles, encompassing 0, 1,
3, 5, 10, 20, and 30 wet and dry cycles. The drying-wetting cycle
process employed the formulated moisture content (17.4%) as the
initial moisture content, with a lower limit of 10%. The internal
moisture of the soil below the surface does not completely evaporate
during natural evaporation, and the soil does not reach a completely
dry state and an upper limit of 24.57% (saturated moisture content).
One drying-wetting cycle comprises the sequence of initial moisture
content-saturated moisture content-lower limit moisture content-
and back to the initial moisture content. After undergoing the
process of wetting, followed by drying and wetting again until
reaching the predetermined moisture content, one drying-wetting
cycle is completed for the specimen (Figure 4). The moisture content
of the specimen is ensured by controlling the quality of the specimen
during the wet and dry cycles.

Frontiers in Earth Science

3 Experimental results and analysis
3.1 Morphological analysis

During the drying-wetting cycles, the loess remolded specimen
exhibited obvious swelling-shrinkage. The morphological changes of
the specimens are shown in Figure 5, from which it can be observed
that at 0 cycles, the specimen had not undergone. The specimen
tightly adhered to the inner wall of the ring knife, and its top was at
the same height as the ring knife.

After one cycle, small cracks appeared at the edges of the specimen,
however, they were not interconnected in the transverse and
longitudinal directions. The surface of the specimen became uneven
after wetting. After three cycles, the cracks at the edges of the specimen
partially connected in the transverse direction. After five cycles, the
cracks at the edges of the specimen fully connected and formed a ring
shape along the inner wall of the ring knife, extending towards the
center of the specimen and further developing in the longitudinal
direction. Several specimens dislodged from the ring, displaying a
significantly expanded surface with a granular texture and some soil
particles detaching from the lower part of the specimen. After seven
cycles, the specimens detached from the ring knife after drying, and
there were a few cracks at the center of the specimen. However, the
cracks were filled by soil particles, and the surface of the specimen
expanded significantly, resulting in the specimen height exceeding the
height of the ring knife. After nine cycles, the specimens completely
detached from the ring knife, and the gap between the specimen and the
ring knife was not filled after wetting.During the drying-wetting cycles,
the cracks in the specimens repeatedly closed and opened. With an
increasing number of cycles, the quantity, width, and depth of the cracks
further increased, severely damaging the connectivity between soil
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FIGURE 4
Schematic diagram of the drying-wetting cycles process.

) Cycle 10 times
FIGURE 5

Morphological images of some specimens during the drying-wetting cycles (Left is Specimen after drying, whereas, Right is the Specimen after
wetting).

particles, leading to a transition of the soil structure from a dense state to
a loose state with internal cracks.

From the phenomenon of wet swelling and dry shrinking of loess, it
can be concluded that the loess slopes in Asia will undergo certain
changes under the effect of alternating cycles of rainfall and evaporation.

During rainfall, loess will absorb water and expand, increasing its
volume, making the structure of loess become looser, which will
lead to a decrease in the strength of loess slopes and increase the
probability of geological disasters; with the gradual evaporation of
rainfall, loess gradually loses water, and the phenomenon of drying
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FIGURE 6

Stress-strain curves of specimens from Group A.

TABLE 3 Shear strength and parameters of group A Yili loess under dry-wet cycle.

Cycles numbers Shear strength (7¢/kPa)

Cohesion (c/kPa) Internal friction angle (¢/)

0=50 kPa 0=100 kPa 0=200 kPa
0 98 120 139 88.5 24.30
1 80 89 115 67.0 21.96
3 77 86 113 63.5 2232
5 72 85 111 59.5 2340
7 70 84 107 58.5 22.14
9 66 82 105 55.5 22.50

and shrinking occurs, which leads to a decrease in the volume of loess,
and the contact between the soil particles becomes closer, thus
increasing the stability of the slopes, but it also has the possibility of
leading to the formation of loess surface cracks, further increasing the
possibility of geological hazards. This shows that the wet-dry cycle has
an important influence on the loess properties in Asia.

3.2 Variations of strength under the direct
shear tests

The specimens from Group A underwent direct shear tests using
the FTDS-1 soil cyclic shear test apparatus. The results, as illustrated in
Figure 6, demonstrate notable inflection points in shear stress
corresponding to different confining pressures. As the number of
drying-wetting cycles increases, the position of the inflection points
gradually decreases, with the first drying-wetting cycle having the most
significant impact on loess strength. By comparing the stress-strain
curves under different confining pressures, it can be observed that the
curve for the specimens without drying-wetting cycles reaches the
highest value. This finding suggests an overall decrease in the shear
strength of Group A specimens following the drying-wetting cycles,
leading to the deterioration and weakening of their strength.

The results of direct shear test on specimens from Group A were
analyzed and the shear strength of specimens under different vertical
loads and drying-wetting cycles are listed. The shear strength
parameters of the soil in Group A were calculated through fitting
the shear strength curve, as shown in Table 3.
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Under the influence of drying-wetting cycles, the shear strength
exhibited a decrease with an increasing number of cycles at distinct
confining pressures, as illustrated in Figure 7. Additionally, the
slopes of the curves indicate that the initial drying-wetting cycle
has the most notable effect on shear strength. As the number of
cycles increases, the influence of a single drying-wetting cycle on soil
shear strength diminishes.

3.3 Variations of strength under the triaxial
shear tests

The data of the triaxial shear test on specimens from Group B were
organized to plot the stress-strain curves under different confining
pressures. As demonstrated in Figure 8, the specimens at different
confining pressures exhibited a peak value of principal stress difference
during the shearing process. Compared to specimens did not suffer
from the drying-wetting cycles, those treated specimens experienced a
certain reduction in principal stress difference. At 3 and 5 cycles of
drying-wetting cycle was a slight increase in peak principal stress
difference, attributed to changes in the internal structure of the soil,
the water pulls the soil particles in the pore channels and causes the
blockage of certain pores, which leads to the reinforcement of the soil
strength. However, after 10 cycles of drying-wetting, a clear downward
trend in peak principal stress difference emerged, similar to the
variation pattern observed from these specimens of Group A.

By fitting the principal stress with the 0,-0; method, the shear
strength indicators of Ili loess under different numbers of drying-
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Stress-strain curve of specimens from Group B.

wetting cycles for specimens from Group B were obtained and
presented in Table 4. The shear strength of the soil was determined
by the Mohr-Coulomb law, considering the shear strength parameters
(¢, @). The results are presented in Table 3 and Figure 9.

When the specimens were under the wetting-drying cycles, the
shear strength of which from Group B decreased significantly, with
the most pronounced changes occurring after the initial wetting-
drying cycle. However, the shear strength exhibited a slight
enhancement and eventually stabilized after fluctuating changes
as the number of drying-wetting cycles increased. The final shear
strength value was lower than the value before drying-wetting cycles
but higher than the value after one drying-wetting cycle.

The comparison of the results of the shear tests in groups A and B
shows that the overall reduction of loess shear strength under the action
of wet and dry cycles is most pronounced during the initial wet and dry
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cycles, and then gradually levels off with the increase in the number of
wet and dry cycles, but the overall trend is still decreasing. In the Asian
loess region, the alternating cycle of rainfall and evaporation will reduce
the shear strength of loess, but this reduction is a gradual process, even if
the number of wet and dry cycles increases, the rate of change of shear
strength will gradually slow down, which is important for the
construction of Asian loess region and the prevention of geological
hazards, and need to be considered in the design and construction of
loess shear strength changes.

3.4 Microstructure evaluation

Scanning electron microscopy experiments were conducted on
specimens after different numbers of drying-wetting cycles, and the
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TABLE 4 Shear strength and parameters of group B Yili loess under dry-wet cycle.

Cycles numbers (N) Shear strength (t/kPa)

Cohesion (c/kPa)

Internal friction angle (¢/)

0=50 kPa 6=100 kPa 6=200 kPa
0 229 237 281 81.97 23.16
1 163 181 237 74.34 19.50
3 184 200 209 88.06 17.99
5 182 208 229 81.95 19.70
10 169 202 241 85.09 18.51
20 179 181 224 78.06 19.30
30 182 195 223 88.89 17.81
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FIGURE 9
Shear strength variation curve of specimens from Group B.

results of which are presented in Figure 10. In comparison to specimens
without any drying-wetting cycles, the loess structure exhibited notable
changes under the influence of these cycles. That is, larger particles
gradually fractured into smaller ones, and some small particles
conglomerated to form aggregates. The soil structure transformed
from an initial skeleton structure to an embedded structure. The
embedded structure will also to be a skeleton structure and finally
becomes the floculated structure. The connectivity between particles
changed from face-bonded to contact-bonded, leading to a decrease in
shear strength.

To better explore the changes in the microstructure of the soil,
quantitative analysis was performed on the size, distribution, shape, and
oriented arrangement of soil particles as well as the pores distribution.
Characteristic parameters of soil particles or pores were statistically
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analyzed to obtain the variation pattern of the microstructure under
drying-wetting cycles. The selected microstructural parameters
including the average diameter, abundance, and anisotropy ratio (Ye
et al,, 2020) are illustrated in Figure 11.

It can be observed from Figure 11 that all microstructural
parameters of the soil exhibited the change under the influence of
wetting-drying cycles. The fluctuation of the average pore size was
relatively significant, and it decreased compared to specimens without
drying-wetting cycles. This finding indicates that the wetting-drying
cycles led to an overall reduction in soil pore size. Abundance reflects
the shape of particle units or pores, and it increased overall under the
influence of wetting-drying cycles, suggesting that the degree of
circularity of particle units or pores increased to some extent. The
anisotropy ratio of the soil maintained a decreasing trend after
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FIGURE 10

Scanning electron microscopy experiments results under different numbers of drying-wetting cycles.

undergoing drying-wetting cycles, indicating that the internal particle
units and pores of the soil gradually became more isotropic.

4 Discussions

An in-depth comparison among the loess under the direct shear test
(Group A) and the triaxial test (Group B) was conducted, when the
same nubmer of drying-wetting cycles was given. Note that the shear
strength, cohesion (c), and internal friction angle (¢) are depicted
Figures 12—14, respectively. Evidently, the shear strength of the tested
specimens acquired from the direct shear test is comparatively lower
than that obtained from the triaxial test. Moreover, the shear strength
indicators, cohesion (c), and internal friction angle (¢) decrease with an

Frontiers in Earth Science

10

increased drying-wetting cycles. Furthermore, the cohesion (c) obtained
from the triaxial test is greater than that from the direct shear test, while
the internal friction angle (¢) from the triaxial testis smaller than that
from the direct shear test.

Because that the cubic specimen used for the direct shear test is larger
than that adopted in the triaxial test, the larger specimens may contain
more joint surfaces and pores, leading to a lower shear strength of the
loess. Moreover, the confining pressure applied on the specimens
and the strictly controlled drainage may result in a well-
distributed stress distribution for the triaxial shear test The
fixed shear plane for the direct shear test gradually decreased
and lead to an overall lower shear strength, when it is compared
with that from the triaxial test. Additionally, the cohesion of
Group A is smaller than that of Group B because that the

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1276461

Lai et al.

10.3389/feart.2023.1276461

24— T T r T T T T T T T T
0.5aF 4
54 4
E 0.521- -
.
[ 8k 4
522+ 4 gosot J 35
£ c c
2 %Ods» - 8
%2. c S0 -
o 2 ]
%) <0461 N ;
L B | >
o agf <
-3
< 0.4} .
1.8]
0.421 - a6l 9
{1 | 1 | L ool vty | | . 1) Y Y | | I
01 3 § 10 20 30 01 3 5 10 20 30 01 3 § 10 20 30
Number of wet and dry cycles(time) Number of wet and dry cycles(time) Number of wet and dry cycles(time)
FIGURE 11

Relationship between the numbers of drying-wetting cycles and microstructural parameters.

—m— direct shear test ( 0=50kPa)
—@— direct shear test ( 0=100kPa)
300 - A direct shear test ( 0=200kPa)
v— triaxial shear test ( o =50kPa)
< @ triaxial shear test (o0 =100kPa)
< triaxial shear test (0 =200kPa)
250 4
= <-
= 5 <
= 200 N\
-
oo \ ® T ==
= & i
3} N,
b \a
“ 150
= A
o &
ﬁ g o A A
1007w
\\:— 777 _: ) &
S ———nm
50 T T T T T T T T T g T J
0 | 2 3 4 5

cycle index (times)

FIGURE 12
Comparison of shear strength.

direction of the principal stress changes continuously during the
direct shear test, leading to uneven stress distribution on the
shear plane and the shear plane not being the weakest plane.
These reasons also explain why the internal friction angle of
Group A is greater than that of Group B. The above discussion
further confirmed the fundamental and principle differences
between the two test methods (Xu., 2012).

Different from previous research (Chou et al, 2019; Ping et al,
2019; Hu et al., 2020a; Yuan et al., 2017; Qin et al., 2021; Liu et al., 2022;
Jian et al., 2020; Ma et al., 2022), the internal friction angle exhibits a
consistent decrease in all observed cases, except after five cycles, while
the cohesion displays fluctuations with the increasing number of
drying-wetting cycles. It should be noted that the internal friction
angle reflects the size of the frictional force between the loess particles
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resisting deformation, including sliding and interlocking friction. In
practice, the loess exhibits a large internal friction angle due to the
irregularity of soil particles. With the continious undergoing of the
drying-wetting cycles, larger particles will fracture into smaller ones
(Figure 12), and the frictional force between loess particles transitions
from interlocking friction to sliding friction. Consequently, the internal
friction angle of the soil undergoes a certain extent of reduction under
the influence of drying-wetting cycles.

The soil structure undergoes changes under drying-wetting cycles
(Figure 10), which transits from a skeletal structure to an embedded
structure, followed by a granular structure and the flocculated structure
(Liu et al,, 2022). Under the influence of the fifth drying-wetting cycles,
the shape coefficient of soil particles reaches its lowest value with flake-
like edges associated with the embedded structure (see Figure 11). It
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Comparison of internal friction angle.

may result in a stronger interlocking friction, leading to an increase in
the internal friction angle. The fluctuation in cohesion is mainly related
to the contact mode between particles and the status of fine particles
(Wang et al,, 2021; Ye et al,, 2020). When the contact between particles

Frontiers in Earth Science

12

is of face-to-face, fine particles are within a cohesive state attributed by
the relatively high cohesion. Whereas, if the contact of particles is in the
form of the point-to-point or point-to-face, fine particles will be within
the loose state and the cohesion will be relatively low.
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According to the research of the two scholars (Yuan et al., 2017;
Mu et al., 2018), the shear strength of the loess obtain from the direct
shear test was smaller than that of the triaxial test, when the
100 kPa, 200kPa, and 300 kPa,
respectively. To better verify the above observation, the referred

enclosing pressures was
data of the loess from the Shaanxi Province of China with the same
number of wet and dry cycles (0, 1, 3 and 6) was compared herein. It
can be seen from these two research results that the shear strength of
the loess obtained from the triaxial shear test is greater than that of
the direct shear test, which agrees well with previous discussions.

The direct shear test primarily focuses on the impact of a low
number of dry and wet cycles on loess properties, while the triaxial shear
test investigates the effects of multiple cycles of drying and wetting on
the same properties. Subsequent studies can consider examining the
shear strength of loess using different shear tests under identical
numbers of dry and wet cycles. Additionally, further investigations
can be conducted on specimens with varying water contents (Tang
et al,, 2018; Zhu et al, 2021). Moreover, exploring the specimen size
effect may benefit from optimization, including the possibility of
conducting large-scale direct shear tests, which could enhance the
accuracy of loess shear strength parameters. Prevention and control
engineering suggestions can be made for loess slopes in the Ili region
and Central Asia in general, for example, new constrained concrete
arches, constant resistance energy-absorbing anchor cables and
prestressed anchor support can be considered (Jiang et al, 2023;
Wang et al,, 2022; Li et al,, 2023) and so on.

5 Conclusion

The loess in the Ili region and the central Asia is significantly
affected by the repeated alternating cycles of rainfall and
evaporation. The deterioration mechanism of the loess was
investigated in the present resarch. Based on the systematic
laboratory tests (i.e., the direct shear and triaxial shear tests) and
the microstructure analysis, the following conclusions can be drawn:

1) The shear strength of the loess generally diminishes throughout

the dry and wet cycles, with the most significant alteration
the
Simultaneously, the internal friction angle demonstrates an

observed  during initial  drying-wetting  cycle.
overall declining trend, while the cohesion experiences
fluctuating changes following the drying-wetting cycles;
Drying-wetting cycles affects the particle size, morphology,
structure, and contact characteristics of the loess, leading to
the disintegration of larger particles and the aggregation of
smaller particles with homogenous element;

3) The structure of the loess shifts from an initially porous
arrangement to an embedded structure during drying-wetting
cycles, and eventually transforms into a flocculated form;

The particle contact of the loess changes from primarily face-to-
face interaction to the point contact;

5) The cohesion of the loess measured from the direct shear test
is lower than that obtained from the triaxial shear test.
Conversely, the internal friction angle determined from the
direct shear test is greater than that obtained from the triaxial

shear test.
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