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Abstract

This paper investigates the effect of dry-wet cycle process on the formation of loess slope spalling hazards. Based on the
CT scan tests and macroscopic fissures analysis, the fissure variation law of loess samples under different dry-wet cycle
times were determined. Through the laboratory direct shear tests, the variation law of shear strength, cohesion and angle
of internal friction of loess samples under different dry-wet cycle times and different dry-wet cycle water content variation
ranges were discussed. The results show that the natural water contents of Luo-chuan loess were higher than Tong-chuan
loess due to it’s higher contents of clay particles. With the increase of dry-wet cycle times, the internal fissure numbers of
loess samples increased dramatically. The value of shear strength and cohesion of loess samples in two different areas
decreased dramatically due to the increase of dry-wet cycle times. Higher water content variation ranges of dry-wet cycles
leaded to lower shear strength of loess samples under the same dry-wet cycle times. Loess slope spalling hazards often
happened due to the decrease of shear strength and the occurrence of internal fissures in loess induced by the dry-wet cycle
process.
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1. Introduction

Loess is one of the wind deposited soils which is widely distributed in the Chinese Loess Plateau covering about
6.3x105 km?, including Gansu, Ningxia, Shaanxi and Henan provinces, etc [1]. Many loess slope spallilng hazards
happened at Loess Plateau area of China due to the influence of heavy rainfall in the past twenty years (Figure 1) [2-4].
According to the previous research, loess slope spalling hazards can be triggered when water enters into loess slope at
a shallow depth, while the saturated zone simultaneously rises from depth [5-8]. The matric suction in unsaturated loess
decreased due to the increase of water contents, which induces the decrease of loess shear strength [9-11].
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(a) Loess slope spalling hazards in Gansu Province '

(b) oess slope spalling hazards i Shanxi Province

Figure 1. Loess slope spalling hazards in loess area of China

However, in Loess Plateau area of China, for the special climatic conditions of this area, many loess slope spalling
hazards often induced by the process of dry-wet cycle [12-15]. According to the previous research, the process of dry-
wet cycle can significantly alter the soil moisture distribution and hydro-mechanical behavior, and therefore affect soil
performances in various geotechnical applications. Dry-wet cycle can also determine the structure, strength and stability
of soil aggregates, which plays an important role in soil physical properties. Besides, desiccation cracks would also
develop in soils once it subjected to the dry-wet cycle process. The presence of cracks can significantly increase soil
compressibility and hydraulic conductivity [19, 26, 27]. For the natural loess slopes, water enters into loess slopes when
it rains and evaporates form loess slopes due to the effects of sunshine. After many times influence of dry-wet cycles, it
will leads to the development of internal fissures of loess. Once water enters into the loess fissures, it will continue lead
to the development of loess internal fissures and the decrease of loess shear strength. Finally, loess spalling hazards
happened due to the influence of this dry-wet process [16-18].

In the past few years, the influence of dry-wet cycle on the soil physical and mechanical properties has received great
attention in the geotechnical engineering. Pires (2008) revealed that dry-wet cycle process can cause rearrangement of
soil particles, change in the pore system and also induce soil aggregation [19]. Tripathy (2009) found that substantial
irreversible accumulation of swelling or shrinkage, as well as significant changes in soil fabric may occur upon dry-wet
cycles [20]. Goh (2010) demonstrated that the shear strength characteristics of soils under dry-wet cycle were different
[21]. Tang (2011) found that the measured cracking water content and surface crack ratio of the specimen increased in
the first three dry-wet cycle times and then tended to reach equilibrium during the subsequent cycle times. The presence
of cracks can significantly weaken the soil mechanical performance [22]. Chen and Ng (2013) concluded that the hydro-
mechanical behavior of soil was significantly influenced by dry-wet cycle process [23]. Zha (2013) showed that, with
the increase of dry-wet cycles, the unconfined compressive strength of soil increased first and then declined [24].
Moayed (2013) investigated the effect of dry-wet cycles on the bearing capacity of lime-silica fume treated soil. They
found that the value of CBR (California Bearing Ratio) increased after the first dry-wet cycles, while it started to
decrease during the subsequent cycles [25]. Goh (2014) performed a series of tests to understand the shear strength
characteristics of unsaturated soils under multiple cycles of drying and wetting. They concluded that the differences
between the shear strengths on the drying and wetting paths of the first cycle were found to be more significant than the
differences between the shear strengths on the drying and wetting paths of the subsequent cycles [26]. Tang (2016)
revealed that the effect of dry-wet cycles on soil profile mechanical behavior depends on soil initial state. The profile
structure defects were created after the specimens were subjected to the third times of dry-wet cycle [27].

These studies provided a large number of valuable data for understanding the deformation and mechanical behaviors
of soils under the influence of dry-wet cycles. However, most of these studies focused on the investigation of soil
strength influenced by the dry-wet cycle process. There are little studies about the variation of internal fissures and
mechanical behaviors of loess induced by the process of dry-wet cycle. In order to investigate the mechanical mechanism
of loess slope spalling hazards, it is necessary to research both the internal structure variation and the mechanical
behaviors of loess when it subjected to the influence of dry-wet cycles. The main purpose of this paper is to investigate
the variation law of internal fissures and strength of loess influenced by the dry-wet cycle process. The research results
of this paper would provide useful information for the formation mechanism of loess slope spalling hazards induced by
dry-wet cycle process in loess area.

2. Research Methodology

Loess samples collected from Luo-chuan loess area and Tong-chuan loess areas were used to study the influence of
dry-wet cycle process on the formation mechanism of loess slope spalling hazards.

First, loess samples with different water contents of 12, 15, 20 and 25% were dehumidified to simulate the influence
of dry-wet cycle process. There were totally 6 times of dry-wet cycles for each sample in this procedure. Second, loess
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samples under different dry-wet cycle times were used to perform the CT scan tests. The variation law of loess internal
fissures under different dry-wet cycle times were determined by using CT scan images. Third, loess samples under
different dry-wet cycle times and different dry-wet cycle water content variation ranges were used to perform the direct
shear strength tests. The variation law of shear strength, cohesion and angel of internal friction of loess samples under
different dry-wet cycle times and dry-wet cycle water contents variation ranges were determined by analyzing the results
of direct shear strength tests.

3. Materials and Methods

3.1. Properties of test loess

The test loess samples were collected from Luo-chuan area and Tong-chuan area which located at northwest of
shaanxi province (Figure 2). Each area was chose to collect 20 groups of loess samples and each group has 6 loess
samples. Table 1 shows the physical properties of loess samples from this two areas. Figure 3 shows the slope spalling
hazards in this two research areas.

Yuling
Yan'an Luo-chuan arca
=1
==}
Todachdon Tong-chuan area
o Weinan
Xianyang
Baoji
Xi'an
Shangluo
Hanzhong
Ankang

Figure 2. Location of the two research areas

<1

(a) Loess spalling hazards in Luo-chua rea (b) Loess spalling hazards in Tong-chua area

Figure 3. Loess slopes of different loess areas
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Table 1. Physical properties of loess samples

Natural Water Relative Particle size Particle size Particle size Particle size Particle size

Area density content volume <0.05 mm <0.025 mm <0.01 mm <0.005 mm <0.001 mm
(g.cm?) (%) mass (%) (%) (%) (%) (%)
Luo-chuan 1.75 15.9 2.69 85.5 57.5 285 19.5 15
Tong-chuan 1.66 11.7 2.71 87.4 61.0 26.9 5.4 0.5

3.2. Laboratory Tests
3.2.1. CT Scan Tests

This process was used to analyze the internal fissures variation law of loess samples under different dry-wet cycle
times. First, the medical injectors (5 ml) were used to add water into the loess samples to obtain the target water contents.
Loess samples with different target water contents of 12, 15, 20 and 25% were obtained during this process. Then, loess
samples with different target water contents were preserved at a moist container for at least 48 hours for water
homogenization. Finally, samples were put in a baking container for 24 hours to remove water. After this
dehumidification process, loess samples were placed at the CT scan apparatus to perform the CT scan tests. There were
totally 6 times of dry-wet cycles in this procedure. Figure 4 shows loess samples from this two different areas. Figure 5
shows the CT scan apparatus.

(a) Loess samples from Luo-chuaﬁ (b) Loess samples from Tong-chuan

Figure 4. Loess slopes of different loess areas

Figure 5. CT scan apparatus

3.2.2. Direct Shear Strength Tests

The direct shear strength tests were divided into two procedures. The first procedure was the direct shear strength
tests of loess samples under different dry-wet cycle times. First, loess samples with different target water contents (12,
15, 20 and 25%) were put in a baking container for 24 hours to remove water. After each dehumidification process,
loess samples with different water contents were taken to perform the direct shear strength tests. There were totally 6
times dry-wet cycles in this procedure. Loess samples were used to perform the shear strength tests under the different
vertical pressure of 50, 100, 150 and 200 kPa, respectively. Figure 6 shows the ZJY-3 type of direct shear apparatus.
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Figure 6. Direct shear strength apparatus

The second procedure was the direct shear strength tests of loess samples under different dry-wet cycle water content
variation ranges. There were four types of dry-wet cycle water content variation ranges of loess samples (5-25, 8-23,
10-20 and 12-17%) in this procedure. Direct shear tests were performed after each dry-wet cycle process. There were
totally 6 times of dry-wet cycle process in this procedure.

4. Results and Discussions

4.1. Clay Particle Contents of Loess Samples

As it is shown in Table 1, average mass accumulation of clay particle contents of Luo-chuan loess area was 19.5%
while the average mass accumulation of clay particle contents of Tong-chuan loess area was 5.4%. It is noted that the
clay particle contents of Luo-chuan loess area was much more than Tong-chuan loess area. The natural water contents
of Luo-chuan loess was also higher than Tong-chuan loess. According to the previous research, loess clay particles often
composed by montmorillonite, illite and kaolinite which have higher water absorption ability. Therefore, Luo-chuan
loess has a higher natural water contents due to it’s higher clay particle contents.

4.2. Fissure Variation of Loess Samples

Figure 7 shows the fissure variation pictures of loess samples of this two areas under different dry-wet cycle times.

(a) Initial time (b) Two times cycle

(c)Four times cycle (d) Six times cycle

(c)Four times cycle (d) Six times cycle

(a) Loess samples of Luo-chuan (b) Loess samples of Tong-chuan

Figure 7. Fissure variation pictures of different loess samples
As it can be seen, there were no fissures in loess samples of this two areas at the initial time of dry-wet cycle.
However, after two times of dry-wet cycle process, fissures were appeared at loess samples of both areas. It is noted that

loess samples of Luo-chuan had more fissures than loess samples of Tong-chuan. After four times of dry-wet cycle
process, fissure numbers of Luo-chuan area increased dramatically, while fissure numbers of Tong-chuan area increased
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slowly. After six times of dry-wet cycles, the increase of fissure numbers in loess samples of this two different areas
were became stable. It is clearly that fissures occurred in loess samples due to the influence of dry-wet cycle process.
With the increase of dry-wet cycle times, fissure numbers increased in loess samples. It is also noted that, fissure
numbers in Luo-chuan samples were much more than Tong-chuan samples under the same times of dry-wet cycle
process influence. With the increase of dry-wet cycle times, the fissure numbers of Tong-chuan loess samples increased
slowly, while the internal fissure numbers of Luo-chuan area increased rapidly. According to the previous study, the
increase of fissure numbers of loess induced by the dry-wet cycle process often contributes to the formation of loess
spalling hazards.

Due to the complication and irregularity of loess fissures variation, it is difficult to determine the variation law of
loess fissures under different times of dry-wet cycle processes. Therefore, fractal theory is often used to analyze the
complication and irregularity of rock and soil. Fractal dimension model in the fractal theory can be used to measure the
fissure variation process of loess samples. Regarding fissure spacing L and fissure numbers N (L) as horizontal axis and
vertical axis, linear relationship between L and N (L) is obtained by:

1
N(L)oo(Z)D ey
Taking logarithm,

D =Ig[N(L)]/lg(1/ L) 2
Here D is fractal dimension; N (L) is fissure numbers; L is fissure spacing.

Figure 8 presents the relation curves between loess sample fissure dimension and dry-wet cycle times.
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Figure 8. Relation curves between loess sample fissure dimension and dry-wet cycle times

As it is shown in Figure 8, the fractal dimension D can be fitted by using the least square method. According to the
relation curve of fractal dimension D influenced by the dry-wet cycle times, the maximum D of Luo-chuan loess samples
was 1.5 and it became stable after 5 times dry-wet cycle. The maximum D of Tong-chuan loess samples was 1.2 and it
became stable after 4 times cycles. With the increase of D, the fissure spacing decreased and the fissure numbers
increased. This theory was precisely reflected the fissure variation in loess samples under the influence of dry-wet cycle
process.

4.3. CT Scan Images of Loess Samples

Figure 9 shows the CT scan images of loess samples in Luo-chuan area after the different times of dry-wet cycle
process. Figure 10 shows the CT scan images of loess samples in Tong-chuan area after the different times of dry-wet
cycle process.

790



Civil Engineering Journal

Vol. 4, No. 4, April, 2018

H ==
R
g iy
(c) Six times of dry-wet cycle

5

E - .0

(b) Four times of dry-wet cyle

Figure 9. CT scan images of loess samples of Luo-chuan

(b) Four times of dry-wet cycle

(a) Two times of dry-wet cycle (c) Six times of dry-wet cycle

Figure 10. CT scan images of loess samples of Tong-chuan

As it is shown in Figure 9 and 10, the internal fissure numbers of Luo-chuan loess samples were much more than
Tong-chuan loess samples after two times of dry-wet cycle process. After four times of dry-wet cycle process, the
internal fissure numbers increased dramatically in loess samples of both areas. After six times of dry-wet cycle, the
internal fissure numbers of Tong-chuan loess samples increased slowly, while the internal fissure numbers of Luo-chuan
area still increased rapidly. It is important to note that the internal fissures occurred in loess samples due to the influence
of dry-wet cylcle process. With the increase of dry-wet cycle times, the internal fissure numbers of loess samples in both
areas increased dramatically.

4.4. Effect of Dry-Wet Cycle Times

Figure 11 shows the variation curves between shear strength and dry-wet cycle times of loess samples with different
water contents.
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Figure 11. Relation curves between shear strength and dry-wet cycle times of loess samples

As it is shown in Figure 11, for Luo-chuan loess samples with different water contents of 25, 20, 15 and 12%, the
corresponding initial shear strength were 85, 145, 160 and 182 kPa, respectively. It is noted that the shear strength value
of loess samples with higher water contents were smaller than loess samples with lower water contents under the
influence of same dry-wet cycle times. After two times of dry-wet cycle process, the shear strength of Luo-chuan loess
samples were 38, 78, 137 and 142 kPa, respectively. It is clearly shown that the shear strength of loess samples decreased
dramatically at the first three times of dry-wet cycle influence. After three times of dry-wet cycle, the shear strength of
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Luo-chuan loess samples became stable.

For loess samples of Tong-chuan area, the initial shear strength of loess samples with water contents of 25, 20, 15
and 12% were 82, 141, 160 and 185 kPa, respectively. After three times of dry-wet cycle, the corresponding shear
strength of loess samples were 41, 96, 138, 145 kPa, respectively. The shear strength of loess samples in Tong-chuan
area also decreased dramatically after three times of dry-wet cycle process. It is fairly to say that the first three times of
dry-wet cycle process had the most important influence on the decrease of shear strength of loess samples. Loess slope
spalling hazards often happens due to the decrease of shear strength of loess induced by the dry-wet cycle process.

Figure 12 shows the relation curves between cohesion and dry-wet cycle times of loess sample with different water
contents.
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Figure 12. Relation curves between cohesion and dry-wet cycle times of loess samples

As it can be seen in Figure 12, for Luo-chuan loess samples with different water contents of 25, 20, 15 and 12%, the
corresponding initial cohesion were 24, 31, 40 and 48 kPa, respectively. With the increase of dry-wet cycle times, the
cohesion of loess samples decreased slowly. After five times of dry-wet cycle, the corresponding cohesion were 13, 21,
23 and 37 kPa, respectively. It is noted that the cohesion of loess samples decreased with the increase of dry-wet cycle
times. After five times of dry-wet cycle, the cohesion of loess samples became stable. Similarly, loess sample of Tong-
chuan area presented the same variation law of cohesion.

Figure 13 shows the relation curves between angle of internal friction and dry-wet cycle times of loess samples with
different water contents.
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Figure 13. Relation curves between angle of internal friction and dry-wet cycle times

As it can be seen form Figure 13, the value of the angle of internal friction of loess samples stayed stable after each
times of dry-wet cycles. For Luo-chuan loess samples with different water contents of 25, 20, 15 and 12%, the initial
angle of internal friction were 24° ,27° ,34° and 36° . After six times of dry-wet cycles, the corresponding angle of
internal friction were 22°, 25°, 32°, 36°. For Tong-chuan loess samples with water contents of 25, 20, 15 and 12%, the
initial angle of internal friction were 26°, 28°, 35°, 37°. After six times of dry-wet cycles, the corresponding initial angle
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of internal friction were 24°, 26°, 34°, 36°. It is important to note that the dry-wet cycle process had small effects on the
angle of internal friction of loess samples in this two areas.

4.5. Effect of Dry-Wet Cycle Water Content Variation Ranges

Figure 14 shows the relation curves between shear strength and dry-wet cycle times of loess samples with different
dry-wet cycle water contents variation ranges. The four types of dry-wet cycle water variation ranges were 5-25, 10-20,
8-23 and 12-17%, respectively.
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Figure 14. Relation curves between shear strength and dry-wet cycle times

As it is shown in Figure 14, the initial shear strength of Luo-chuan loess samples were 200 kPa. With the increase of
dry-wet cycle times, the shear strength of loess samples with different water variation ranges decreased dramatically.
After two times of dry-wet cycle process, the shear strength of loess samples with different water variation ranges of 5-
25, 10-20, 8-23 and 12-17%, were 68, 93, 133 and 155 kPa, respectively. It is clearly shown that loess samples with
higher water contents variation ranges presented lower shear strength value. With the increase of dry-wet cycle times,
the shear strength of loess samples with higher water contents variation ranges decreased more dramatically than loess
with lower water contents variation ranges. Loess from Tong-chuan presented the same variation law of shear strength
under different dry-wet cycle water contents variation ranges.

5. Conclusion

The clay particle contents of Luo-chuan loess area were more than those in Tong-chuan loess area. The natural
water contents of Luo-chuan loess were higher than Tong-chuan loess due to it’s higher contents of clay
particles.

Loess samples of Luo-chuan presented more fissure numbers than loess samples of Tong-chuan under the same
dry-wet cycle times. With the increase of dry-wet cycle times, the fissure numbers of Tong-chuan loess samples
increased slowly, while the internal fissure numbers of Luo-chuan area increased rapidly.

The maximum D value of Luo-chuan loess samples was 1.5 and it became stable after 3 times dry-wet cycles.
The maximum D value of Tong-chuan loess samples was1.2 and it became stable after 5 times cycles. With the
increase of fractal dimension D, the fissure spacing of different loess samples decreased and the fissure
numbers increased.

The internal fissures occurred in loess samples due to the influence of dry-wet process. The internal fissure
numbers of Luo-chuan loess samples were much more than Tong-chuan loess samples after the same times of
dry-wet cycle process. With the increase of dry-wet cycle times, the internal fissure numbers in loess samples
of both areas increased dramatically.

The shear strength and cohesion of loess samples from different two areas decreased dramatically due to the
increase of dry-wet cycle times. The first two or three times of dry-wet cycle had the most significant influence
on the decrease of loess shear strength and cohesion.

Higher water content variation ranges of dry-wet cycles leaded to lower shear strength of loess samples under the
same dry-wet cycle times. Loess slope spalling hazards often happened due to the development of loess fissures
and the decrease of shear strength of loess induced by the dry-wet cycle process.
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