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Abstract: Loess is a special soil with high water sensitivity which covers a large area in Northwest
China. Cracks are prone to generate in loess under the arid and semiarid climates, which will
provide a preferential channel for water and reduce the mechanical properties of soils. It is of great
significance to understand the evolution characteristics and mechanisms of the cracks in loess areas.
At present, research on cracks in soils mainly concentrates on the characteristics of different cracking
patterns. However, spacing cracks are mostly discussed in materials like rock and concrete rather
than soils. The cracking characteristics and mechanisms of spacing cracks in loess are still inadequate.
In this research, drying tests of loess are carried out with different sizes of specimens. The parameters
of spacing cracks and local strain distributions of the loess samples are obtained via PCAS and DIC
methods during desiccation, respectively. The cracking modes, spacing cracking laws like insertion,
and the saturation of spacing cracks are revealed. Finally, the size effect on the characteristics of
spacing cracks is verified with the discrete element software MatDEM.

Keywords: spacing crack; size effect; digital image correlation (DIC); cracking mode; MatDEM

1. Introduction

Loess is an Aeolian soil formed during the Quaternary geological period. It is widely
distributed in Northwestern China, where the Loess Plateau is located, covering an area of
about 640,000 km? [1]. Loess is a highly water-sensitive soil with large pores and unstable
structures. As a special soil, collapsibility is an important property of loess and can be
described as a sudden decrease in strength in response to wetting. Loess collapse can be
attributed to the open metastable microstructure in which the bonding strength is greatly
weakened by water. In the arid and semiarid climates of the Loess Plateau in China,
the moisture field in the loess changes dramatically due to water evaporation [2]. The
decrease in water content leads to an increase in suction in loess. Once the suction exceeds
the tensile strength of loess, which is greatly weakened due to collapse, cracks appear.
Therefore, microcracks, pores, cracks, and joints are frequently and randomly distributed
in loess. Vertical joints and cracks are frequently developed in loess, which result in the
collapse of the loess under the condition of rainfall or irrigation [3-5]. Various construction
project applications in the Loess Plateau of China provide many development opportunities.
However, they also bring many unprecedented geotechnical problems due to the special
characteristics of loess [6-8].

There are different patterns of cracks in soils, among which cracks in networks or
circle forms are more frequently observed. Interval parallel cracks, also called spacing
cracks, are more commonly observed in layered rocks and bar-like soils. The presence of
cracks can significantly affect the behavior of the soil, including soil volume variations,
disintegration, permeability, residual shear, tensile strength, etc. [9,10]. These changes
greatly reduce the mechanical properties of soils. Cracks related to desiccation also destroy
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soil integrity and provide a preferential path for water infiltration, reducing the stability of
slopes or hydraulic construction [11-16]. Therefore, it is particularly important to explore
the influencing factors and mechanisms of cracks related to drying in soils.

During drying, soils are prone to cracking when the tensile stress of the soil exceeds its
tensile strength [17-21]. In order to understand the cracking mechanism of soil during drying,
the factors affecting the evolution of cracks have been well studied. The main internal factors
include the physical properties and mineral composition of soils, etc. [22,23]. The main external
factors are layer thickness [9,24,25], boundary conditions [19,26], temperature [24,27,28],
relative humidity, etc. [21,29,30]. However, in-depth studies about the characteristics and
mechanisms of spacing cracks are still inadequate.

Spacing cracks, a special case during the drying of soils, have been determined to be a
series of parallel cracks at an interval distance. At present, research on spacing cracks is
mainly concentrated on materials with high stiffness such as rocks or concrete. Wu et al.
(1995) pointed out that the spacing distribution must have at least three cracks [31]. A series
of theoretical results have been obtained. Tang et al. (2006) used RFPA2P_Basic (Version 1.63)
software to model the development of spacing cracks in layered materials [32]. Meanwhile,
the development of cracks was observed by applying different principal stress ratios on
layered materials. The results showed that the material usually breaks with parallel cracks
under mechanical layer-parallel tensile forces. Under loads with different principal stress
ratios, cracks show a continuous transition from a parallel to a polygonal pattern. Xu et al.
(1989) established a mechanical model of narrow and generalized spacing cracks from some
typical geological phenomena [33]. By applying tensile strain to the boundary of the model,
three factors affecting the initiation of spacing cracks were derived. Bai et al. (2000) studied
the phenomenon of spacing cracks and saturation mode in layered materials (sedimentary
rocks, etc.) [34]. The true specific fracture energy of a concrete mix was determined in the
research by Karihaloo et al. (2003) [35]. During the cracking process, when the distances
between two adjacent cracks reach a certain value, more cracks cannot be formed, even if
the tensile strains keep increasing. Additional strain is used for widening the existing crack.
This phenomenon can be defined as “crack saturation” [31,36]. However, experimental
research is relatively rare and spacing cracks in soils are less discussed in research. The
studies concentrating on the conditions of crack formation, the law of crack initiation and
propagation, the microscopic mechanism, etc., are still insufficient.

There are many theories about spacing cracks, especially in models such as shear
lag models, stress transfer models, energy balance theory, etc. [37,38]. Compared with
experiments, simulation is another efficient method to interpret the mechanisms of spacing
cracks. Most of the modeling materials in research are materials which are idealized by
setting parameters. Karihaloo et al. (1990) proposed an effective crack model to predict
fracture toughness values [37]. BaZant et al. (1997) took the formulated time-dependent
R-curve model to simulate the lifetime of concrete [38]. The above theorical research
about modelling provides valuable suggestions for investigating cracking mechanisms
in geomaterials.

This research studied the characteristics and mechanism of spacing cracks in loess dur-
ing drying. As a homogeneous geomaterial, remolded loess is appropriate to demonstrate
the spacing cracking laws considering the size effect. Desiccation tests were carried out on
five sets of loess samples with different dimensions. The local displacements and strains
of the soil samples were obtained with the digital image correlation (DIC) method. The
objective of the present paper was to (i) show the variations in the cracking parameters
of different loess samples; (ii) reveal the spacing cracking modes of loess; (iii) highlight
spacing cracking laws such as the appearance order and the saturation of cracks in loess;
(iv) verify the influence of specimen dimension on the characteristics of spacing cracks
based on discrete element method.
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2. Experimental Materials and Methods
2.1. Materials

In this research, the loess was collected at a depth of 50 m in Jingyang, Shaanxi
Province, which is Q4 loess. Shaanxi Province is in Northwestern China, where the Chinese
Loess Plateau is located. The material source of the loess is from Mu Us Desert. The physical
properties and mineralogy of loess vary greatly in Chinese Loess Plateau. Loess particles
with finer size and smaller density are prone to be transferred with longer distances.
Therefore, loess can be classified into three types: clayey loess, silty loess, and sandy
loess [1]. The soil used in this research is clayey loess. Jingyang is located near the center
of Shaanxi Province. According to precipitation distribution map of China, the climate of
Shaanxi Province is arid and semi-arid (Figure 1). The temperatures change dramatically
during different seasons. Recently, the impact of climate change has been studied widely. A
more intense, more frequent, and longer-lasting drought or rainfall has appeared in the last
few years [1]. The drought-induced cracks can be observed on the surface of loess plateau.
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Figure 1. Sample site of Jingyang, Shaanxi Province, China.

The particle size distribution of loess is shown in Figure 2. The silt and clay content
of Jingyang loess is 82.7% and 17%, respectively. According to Uniform Soil Classification
System (ASTM 2021), it is classified as low plastic clay (CL) [39]. The physical properties of
loess are summarized in Table 1. The soil sample used in this research is remolded loess.
The initial water content of soil sample is 36%, which equals its liquid limit. Before they
were put into the plastic mold, the soil samples were placed in a sealed container for about
24 h in order to reach homogenous state.

Table 1. Physical properties of Jingyang loess.

Granulometry (%)

Specific Dry Density Liquid Limit Plastic Limit ~ Plasticity Index -
Gravity (g-cm~3) wr (%) wp (%) Ip Sand Content Silt Content Clay Content
(4.75-0.075 mm) (0.075-0.002 mm) (<0.002 mm)
2.69 157 35.6 17.1 18.5 0.3 82.7 17
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Figure 2. Particle size distribution of Jingyang loess, China.

2.2. Experimental Set-Ups

The confined drying tests were carried out in an air-conditioned room with a tempera-
ture of 25 °C and a relative humidity of 30 = 5%. The length of the soil samples is constant.
The ratio of height and width of the soil samples are constant, equal to 1. The dimensions
of the soil samplesare 1 cm X 1 cm X 30cm,2cm X 2cm X 30 cm, 3 ecm x 3 ecm x 30 cm,
4cm x 4cm x 30 cm, and 5 cm X 5 cm x 30 cm, respectively. Different volumes of soil
samples were set for the purpose of exploring the effect of size on the characteristics of
spacing cracks. Dry density of all the samples is controlled at 1.43 g/cm?.

The schematic diagram of the detachable mold for the soil samples is shown in
Figure 3a. The mold is made of plexiglass with little friction. It provides boundary limits
for the samples. Support a, boundaries b and c are detachable, of which support a is fixed
with boundary c by three nails. The length of the mold is 30 cm, which is determined by
two fixed plates e and f. They are both stuck on the lower support d. The blue vectors
in Figure 3a indicate the sliding direction of plate b. The position of plate a determines
the width of the soil sample. The height of plates b and c determines the height of the soil
sample. Five sets of plates (b and c) with different heights were made in order to change the
height of the soil samples. Remolded loess samples were filled in this mold and compacted
in three layers so that the samples can be homogeneous. An example of loess samples
with spacing cracks at the end of desiccation is presented in Figure 3b. The experimental
set-up for the observation of spacing cracks is shown in Figure 4. A high-speed camera is
installed above the soil sample to record the evolution of spacing cracks at regular intervals.
A lamp provides a light source for the photos. The specimens and mold are placed on an
electronic balance to record the variations in water contents. Detailed information about
the experimental setup is presented in Table 2.
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(b)

Figure 3. Presentation of the experimental mold: (a) Schematic diagram of the mold (a presents
horizontal support; b and ¢ present detachable boundaries; d presents lower horizontal support;
e and f present fixed vertical plates); (b) Loess samples in the mold at the end of desiccation (with
dimension of 5cm x 5 cm x 30 cm).

computer

camera

soil sample

/ / mold

support

balance

Figure 4. Schematic drawing of the experimental setup.

Table 2. The parameters of the experimental set-up.

Items Parameters
Brand Nikon
C Maximum resolution 6000 x 4000 pixel
amera Field of View 90°
Aperture Fl6
Brand Opple
Light Power 11W
Color temperature 3900 k
Bal Brand Lichen
alance Precision 001g

2.3. Digital Image Correlation (DIC) Method

The digital image correlation (DIC) method is used for analyzing a series of the
specimen photos during desiccation [21,40]. This method requires the surface of the sample
to be prepared with random speckled patterns. Therefore, the program can calculate the
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displacements and strains of the pointes [41,42]. The random dot patterns on the surface
of the sample were made by black paint that was sprayed from a distance of about 30 cm.
The DIC method permits the correlation of the subsets of pixels in the reference image
with their consistent ones in the deformed image (Figure 5). The analytical process used
to realize the image correlation is as follows: (i) observation of the image at the beginning
of desiccation; (ii) observation of the deformed image at interval time during desiccation;
(iii) choosing several cracks of different types to be analyzed in detail; and (iv) precise
analysis of the displacement and strains in the vicinity of the chosen cracks. A commercial
software VIC-2D (version 7.0) is used to calculate the local displacements and strains
between the reference image (before deformation) and the deformed image. Finally, the
local strains and displacements on the surface of the soil specimen are obtained using
Lagrange interpolation algorithm based on VIC-2D (version 7.0) software.

Image with speckles before deformation = Image before deformation
3

Y

100 | 100 /100 | O 0 0 |100 | 100 100

100 [ 100 | 100 | O 0 0 100|100 100

100 (100|100 | O 0 0 |100 | 100 100

100 (100 100 | O 0 0 | 100|100 100

100100100 | 0O 0 0 /100|100 100

100 (100 100 | O 0 0 |100 100 100

v

100| 0 0 0 |100|100 100|100 100

100 | 0 0 0 |100 | 100|100 (100|100

0 0 0 0 0 0 0 0 0
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100 0 | O 0 |100|100 100|100 100

100 | O 0 0 |100| 100100100 | 100

100| 0 0 0 100|100 100|100 100

Image with speckles after deformation Image after deformation

Figure 5. Implementation of DIC analysis (pixel 100 = grey; pixel 0 = black; yellow dashed cube
presents the subset size for the analysis; red presents the center of the subset; yellow arrow presents
the deformation of the same subset).

With VIC-2D, 2 displacement components and 3 strain components can be obtained:
U(mm)-longitudinal displacement along the x-axis, V (mm)-transversal displacement along
the y-axis, exx (%)-longitudinal strain along the x direction, e,y (%)-transversal strain along
the y direction, and shear strain ey, (%). With these five components, the variations in
local displacements and strains on the surface of the sample can be analyzed during the
drying process, allowing the interpretations of the cracking mechanism. As an example,
Figure 6 shows the result of longitudinal strain ey, of loess samples with the dimension
of 5cm X 5 cam x 30 cm at t = 25 h. The maximum ¢, is 4.7% and the minimum &y, is
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111

y evaporation

—5.05%. The positive value represents tensile strain while the negative value represents
compressive strain. The white vectors on the specimen surface show the global directions
of local displacements.

Exx
max

¥

y
—5.05
min
X

Figure 6. The result of longitudinal strain e,y of loess (with dimension of 5 cm x 5 cm x 30 cm).

2.4. Discrete Element Method Based on MatDEM Software

The numerical modeling in this research is realized with MatDEM 2.0 developed by
Nanjing University, which is a discrete element simulation software based on Newton’s
second law [43]. In MatDEM, a discrete element model that couples the moisture field to
the stress field is shown in Figure 7. Each unit shown in Figure 7a is composed of soil
particles, pores, and pore water. When the water evaporates, the water content of the
surface unit gradually decreases and is lower than that of the adjacent unit. As a result of
the hydraulic gradient, the water flows from the unit with higher water content to the unit
with smaller water content.

11

surface low

ater flow

Water content

high

(a) (b)

Figure 7. Schematic presentation of DEM model used in MatDEM: (a) Multifield coupling discrete
element model (red arrows present the directions of water flow; white dash lines present the shrinkage
of soil particles due to evaporation); (b) Schematic of water migration (red arrows present the
directions of moisture transfer).

The air entry value refers to the suction when the air begins to enter during the
desaturation of the soil. When the water content is higher than that related to the air
entry value, the soil is saturated, and the water flow obeys Darcy’s law. The equation is

as follows: p
w
qw = Kyw-A-— M
12
where K,y is the permeability coefficient; A is the equivalent area of the permeation pathway,

taking the average area of the two-element large circle, as shown in Figure 7b; dw is the
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difference between the water content of the two adjacent units; r1, presents their bulbar
center spacing.

The mechanical properties of the soil also vary with the water content. At the micro-
scopic scale, the connections between different units are correspondingly strengthened. If
the strength of the connection is less than the tensile force caused by dry shrinkage, the
connection will break. Herein, there will be no water migration between the two units.
As the desiccation simulation progresses, the connections among units will break one
after the other. Therefore, many micro-cracks are generated in a certain direction to form
a macroscopic crack. The numerical modeling of spacing cracks in loess samples with
different dimensions was carried out with MatDEM 2.0.

In the corresponding discrete element model, five cuboids of the same size as those
used in the experiments were created. The models are composed of a different number
of elements with uniform radii. The initial model is made up of default soft balls. Then,
the physical properties of loess, such as water content, Young’s modulus and tensile
strength, etc., are assigned to the specimen. Following the iterative calculation of drying
and shrinkage, the desiccation tests on loess with different dimensions can be simulated by
MatDEM software.

3. Experimental Results
3.1. Influence of Sample Size on the Characteristics of Spacing Cracks
3.1.1. Variations of Spacing Cracking Parameters

Figure 8 shows the final patterns of spacing cracks of specimens with different di-
mensions. The number of cracks decreases as the specimen volume increases. At the end
of drying tests, the variations in water contents and parameters of cracks, including the
average width, the average spacing of the cracks, the cracking ratio, etc., of samples with
different dimensions are analyzed (Figure 9). The cracking ratio is calculated as R = %ﬁ,
where S,k is the surface of the cracks, Sy, is the surface of the soil sample. The above pa-
rameters are calculated via PCAS (version 2324), an image processing software developed
by Nanjing University [44]. The results of the spacing cracks parameters of different loess
samples are presented in Table 3.

Figure 8. Final patterns of spacing cracks in loess samples with different dimensions: (@) 1 cm x 1cam x 30 cmy;
(b)2cm x 2am x 30 cm; () 3em X 3am X 30 cm; (d) 4 am X 4cm x 30 am; (e) 5cm x 5 em x 30 am.
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Figure 9. The relationship between the parameters of spacing cracks versus volume of soil samples:
(a) cracking ratio, average crack width versus volume of soil samples; (b) number of cracks, average
crack spacing versus volume of soil samples.

Table 3. The parameters of spacing cracks in loess samples with different sizes.

Dimension of
Soil Samples

Icm X1ecm x30ecm 2cm X2cm xX30ecm  3ecm X3cm X30ecm 4cm X4cm X 30ecm 5cm X 5cm X 30 cm

Volume of soil

3 30 120 270 480 750
samples (cm>)
Nu.mber of 14 5 4 3 2
spacing cracks
Cracking ratio R (%) 3.96 2.79 3.17 3.04 2.96
Average width of 1.987 4.488 5.025 8.487 8.392
cracks (cm)
Average spacing of 2 496 6.59 8.13 8.23

cracks (cm)

The relationships between the number of cracks, the average spacing of the cracks
and the specimen volume are presented in Figure 9a. It is obvious that as the volume of
the specimen increases, the number of spacing cracks decreases. Since the length of the
specimen is controlled at 30 cm, the average spacing of the cracks tends to increase with
increasing volume. The difference between the crack spacing of loess samples with the
dimensions of 4cm X 4 cm X 30 cm and 5 cm X 5 cm X 30 cm is not obvious, which is due
to the small number of spacing cracks. The variations in cracking ratio and the average
width of spacing cracks as a function of specimen volume are approximately the opposite
(Figure 9b). For the specimen with the dimension of 1 cm x 1 cm x 30 cm, the crack ratio
is the largest as it is equal to 4% due to the relatively large cracking area. However, its
average width of spacing cracks is 19.87 mm, which is the smallest. Although the volume
is the smallest, the number of cracks is the largest, reaching 14. For loess samples with
smaller dimensions, spacing cracks are more easily initiated compared with those with
larger dimensions. The stresses between two adjacent cracks are continuously released.
More cracks are generated, and the width of the pre-existing cracks is not able to increase.
When the dimension of the soil sample increases to 2 cm x 2 cm x 30 cm, the number
of cracks decreases greatly with decreasing cracking ratio. When the dimension reaches
3cm x 3 cm X 30 cm, the evolution of the spacing crack is nearly stable. It is concluded
that the dimensions of soil samples obviously influence the parameters of spacing cracks in
loess. With increasing soil volume, the effect of basal friction on soil shrinkage is gradually
weakened [45]. It is found that the crack intensity decreases with increasing sample volume.
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3.1.2. Variations of Water Contents

The characteristics of spacing cracks are affected by water content variations. The
result of water content variations is shown in Figure 10. Water content is an important factor
related to the suction of soils. Their relationship is presented in Soil Water Characteristic
Curve (SWCC) of soils [40]. As water content decreases, soil matrix suction increases. Once
the suction exceeds the tensile strength of soil, cracks will be generated. The overall water
content variation trends of all the specimens are similar. The initial water content of all
specimens is 36%. At the beginning of desiccation, the water content decreases rapidly,
then it decreases gradually. At the end of desiccation, the water content reaches a stable
state, with a residual water content of about 13-15%. However, the evaporation rates are
not the same for soil samples with different dimensions. The water content of soil samples
with small dimensions easily reaches stability. The distance between the upper and lower
interfaces, i.e., thickness of the soil samples, influences greatly the evaporation rates. The
migration path of pore water in the subsoil to the top surface is longer in the samples with
larger volume. Therefore, the subsoil has a higher water content and a smaller mechanical
strength compared with the upper soil. Herein, the time it takes to reach the residual
water content of samples with different dimensions is different. Soil samples with larger
dimensions need more time to reach stabilization.

40
35 - ?A = lem x1em x 30 cm
ff ¢ 2cm x 2cm x 30 cm
2 4 3em % 3cm x 30 cm
630_ R ¥ 4cm x 4cm x 30 cm
*E Py Scm x Scm x 30 cm
) e Y
- 25 )
= Ll
= Ly "
>} JE \
20 s
b “'
15 .3 v
. v
L S TEER SRR N e v v
- ,
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1 L 1 N 1 L | " 1 L | " | " |

0 S50 100 150 200 250 300 350 400
Time (h)

Figure 10. Variations of water content of different specimens versus time.

3.2. Spacing Cracking Modes in Loess

Generally, there are three cracking modes in soil: opening mode, sliding mode, and
tearing mode [21,40]. In this research, the first two cracking modes were observed in
spacing cracks of loess.

3.2.1. Spacing Cracks in Opening Mode

The contour map of the longitudinal strain ey of the loess sample with a dimension of
5cm x 5cm x 30 cm was taken as an example. The typical opening mode of spacing cracks
are analyzed in Figure 11, where two spacing cracks, 1 and 2, are observed. Maximum and
minimum ey, at different times are summarized in Table 4. Crack 1 is well developed, and
the evolution of crack 2 is analyzed. At t =58 h, ey, in the area where crack 2 will generate
is larger than that in the other area (Figure 11a). €y, is positive, which indicates that the new
crack 2 is likely caused by tensile strains in this area. At t = 58.17 h, maximum &y, increases
from 0.548% to 1.225% (Figure 11b). With increasing ey, crack 2 initiates at t = 58.5 h
(Figure 11c). After about 10 min, maximum ey, decreases to 1.87% with the evolution of
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crack 2 (Figure 11d). Crack 2 penetrates the cross-section of the sample. However, the
width of crack 2 continuously increases under the tensile strains until all the energy is
released. It is obvious that the direction of crack 2 is perpendicular to the directions of
local displacements around crack 2, according to Figure 12. Herein, crack 2 is classified as
opening mode.

Exx
max
Bosis

(d

Figure 11. Contour map of &,y of loess samples with the dimension of 5 cm x 5 cm X 30 cm at
different times: (a) t =58 h; (b) t =58.17 h; (c¢) t = 58.5 h; (d) t = 58.67 h.

Table 4. Maximum and minimum &,y of loess samples at different times (corresponding to Figure 12).

Time t=58h t=58.17h t=585h t=58.67h

Max. exx (%) 0.548 1.225 222 1.87
Min. ey (%) —2.448 —2.505 —2.67 —2.76
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2.76
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Figure 12. Displacement vectors around crack 2 (t = 58.67 h).

3.2.2. Spacing Cracks in Mixed Opening-Sliding Mode

The mixed opening-sliding mode of spacing crack is also observed in the soil specimen
with the dimension of 3 cm X 3 cm X 30 cm. The contour map of eyy of the specimen is
presented in Figure 13. The values of maximum and minimum ¢, at different times are
indicated in Table 5. At t = 8.67 h, the crack has not yet formed on the surface of the sample
(Figure 13a). The maximum ey, in zone A equals 0.51%. After 20 min, crack 3 grows from
the bottom of zone A. ey, on both sides of crack 3 decreases because the energy around
crack 3 is released with the development of the crack (Figure 13b). However, €y at the tip
of crack 3 is 0.51%, which remains large. It indicates that crack 3 will continue to evolve
following the distribution of tensile strains. Att=9.33 h, crack 3 continues developing
towards the northeast, and it has grown to about half the width of the specimen (Figure 13c).

SX X

-ma.x

Figure 13. Transversal strains e,y of the samples with a dimension of 3 cm x 3 cm X 30 cm at different
times: (a) t=8.67h; (b)t=9h; (c) t=9.33 h.
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Table 5. Maximum and minimum ey, of loess samples at different times (corresponding to Figure 14).

Time t=8.67h t=9h t=9.33h
Max. ey (%) 0.51 0.51 0.33
Min. exx (%) ~16 ~1.66 ~19

»

) Displaément/ vector

. 4

| S A

y y !
PR
! .

min
-1.9

Figure 14. Decomposition of the displacement vectors around crack 3 in zone A (t = 9.33 h).

For the purpose of interpreting the cracking modes of crack 3 in zone A, the white
vectors presenting the local displacements of soils are decomposed in Figure 14. The
directions of local displacements on the left side of crack 3 are not parallel to the evolution
direction of the crack, with an angle of about 30°. While on the right side of crack 3, the
direction of local displacement is parallel to the direction of crack 3. The local displacement
D can be decomposed into two components: Dps, which is parallel to the direction of
crack 3, and Dpg, which is perpendicular to the direction of crack 3. It is concluded that
Dpa has a sliding effect on crack 3. Meanwhile, crack 3 is also submitted to tension due to
Dpg. Therefore, crack 3 is in mixed opening-sliding mode.

3.3. Spacing Crack Laws in Loess

With these five series of desiccation tests in loess, two laws can be concluded from the
spacing cracks characteristics.

3.3.1. The Appearance Order of Spacing Cracks

The first law is that a new spacing crack is prone to appear between two pre-existing
spacing cracks. If the distance between two adjunct spacing cracks is larger, the possibility
of a new crack generating between them is higher [46]. The sample with the dimension of
4 cm X 4 cm x 30 cm is taken as an example (Figure 15). The maximum and minimum e,y
at different times are shown in Table 6. At the beginning of desiccation, there is no crack
(Figure 15a). When t = 13.33 h, crack 4 on the right bottom side of the soil sample can be
observed with a maximum ey of 0.8%. The maximum &, concentrates at the tip of crack 4,
indicating that crack 4 will continue to evolute upwards (Figure 15b). With increasing &y,
crack 5 gradually appears on the left side of the soil sample, which is approximately parallel
to crack 4 (Figure 15c). At t =21 h, these two spacing cracks are well developed along the
north direction. Meanwhile, ey, in the zone between these two cracks are relatively large
and will continue to increase afterwards. When maximum ¢, reaches 0.38%, crack 6 forms
at the bottom of the soil sample (Figure 15d). After about 4.67 h, crack 6 evolves and finally
inserts between the two pre-existing spacing cracks 4 and 5 (Figure 15e).
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Figure 15. The appearance order of spacing cracks of the soil sample with a dimension of 3 cm x 3 cm x 30 cm
at different times: (a) t=11h; (b) t=13.33h; (c¢) t =15h; (d) t =21 h; (e) t =25.67 h.

Table 6. Maximum and minimum ¢,y of loess samples at different times (corresponding to Figure 16).

Time t=11h t=13.33h t=15h t=21h t=25.67h

Max. €y (%) 0.75 0.8 0.86 0.38 0.06
Min. €.y (%) ~1.58 —2.14 —2.58 —27 —2.92
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Figure 16. Contour map of local suction distribution: (a) t = 12 h; (b) t = 14.67 h; (¢) t = 15 h;
(d) t=25.67 h.

3.3.2. The Saturation of Spacing Cracks

During desiccation, when the number of cracks reaches a certain value, the energy in
the soil is released so that no more cracks are generated. The number and the characteristics
of pre-existing cracks reach a stable state, which can be identified as “the saturation of
cracks”. Since the number of spacing cracks is limited and the spacing cracks are generally
parallel in this study, the “saturation of cracks” is more obvious. As we all know, energy
is related to the stress state in soils. In this study, the local suction distributions on the
surface of soil samples are calculated with the VG model for the purpose of interpreting
the saturation of spacing cracks.

1.  Estimation of local water content

The distribution of water content in the soil affects the distribution of suction, which
results in the formation of cracks [47,48]. The distribution of water content in the specimen
is calculated using the following Equation (2):

, eloc
whoe — ?S .S, (2)

loc loc

where w'°° is the local water content; e'’° is the local void ratio correspondent to wloc: S, is
the saturation degree of soil.
In order to obtain w'°¢, the void ratio is obtained with the following Equation (2). The

relationship between void ratio and volumetric strains is as follows:

e —¢€

- 1+eg ®)

€p

where ¢, is the volumetric strains of soil; ¢y is the initial void ratio, which can be deduced
from the SWCC curve of loess [40].
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Therefore, the local void ratio on the surface of soil sample can be calculated by the
following Equation (4):
¢ = eg — (1+¢g)ey” @)

where £1%¢ is the local volumetric strains of soil, which can be calculated with VIC re-

sults [49].

Combining Equations (2) and (4), the local water content on the surface of soil sample
can be deduced with the volumetric strains obtained with the DIC method. Herein, the
suctions can be obtained.

2. Estimation of the local suction

With VG model, the local suctions of soil can be deduced:
0=0,+ _0—-6 (5)

1+ @)]"

where 6 is the volumetric water content; 6; is the saturated volumetric water content; 6, is
the residual volumetric water content; s is the suction; m, n, and « are the coefficients related
to the types of soils. 8; and 6, can be determined from Figure 11, which shows the results
of water content variations.

The value of 6 is necessary for the calculation of s. In order to obtain 6, the following
Equation is adopted:
1 (j—s e (©)
where w is the mass water content; G; is the specific gravity of loess, equals 2.69 [40]; e is
the void ratio.

0=w

3. Interpretation of saturation of spacing cracks

The sample with a dimension of 4 cm x 4 cm x 30 cm is taken as an example to
interpret the saturation of spacing cracks. The distribution of the local suctions of loess
samples is obtained based on the estimations of local water content (Figure 16). Once the
suction exceeds the tensile strength of the soil, cracks will appear. At t =12 h, crack 4 is
formed. At the tip of crack 4, the suction is relatively large, which indicates that crack 4
will evolve continuously (Figure 16a). At t =14.67 h, crack 4 develops upwards, and crack
5 appears (Figure 16b). Similar to the distributions of local strains, the suctions around
crack 5 are relatively larger than the neighboring areas. About 20 min later, the suctions
in the middle of cracks 4 and 5 increase, which are presented in red color (Figure 16c).
It can be predicted that a new crack may generate in this area. Crack 6 appears when
t = 21 h, which verifies that cracks are prone to initiate in the domains with large suctions
(Figure 16d). It can be concluded that the initiation of cracks is related to the increase in
energy, while the stability of cracks is related to energy release. Therefore, when the energy
between two cracks is not enough to support the development of a new crack, the cracks
will be in a stable state, and the number of cracks will no longer increase. In Figure 15e,
the maximum ey, between cracks 4 and 6 and cracks 5 and 6 are just 0.06%. No more
cracks will appear due to the release of energy. The number of cracks in the samples with
a dimension of 3 cm x 3 cm X 30 cm stabilized at three and will not increase during the
afterwards desiccation process.

4. Numerical Simulation Results

In order to verify the effect of size on the characteristics of spacing cracks and to better
illustrate the spacing cracking mechanism, the numerical simulations of specimens with
different dimensions are carried out based on the MatDEM software. In order to compare
with the experimental results, the initial water content of the model is set as 36%, which
is the same as that in the experiments. The simulation results of spacing cracks from the
side view with the dimension of 2 cm X 2 cm X 30 cm are presented in Figure 17. The
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desiccation process with different water contents is simulated. At w = 28%, the sample
begins to shrink, and no crack are formed (Figure 17a). When w decreases to 18%, the
connections between the soil particles are broken. Two cracks, a and b, appear in the soil
(Figure 17b). Crack c also initiates in the middle of the soil sample. With the decrease in
water content, the pre-existing cracks 4, b and the developing crack c continue to evolve
upwards. When w = 13%, the fourth crack ¢, on the right side, gradually develops. Finally,
five cracks are formed in soil samples with a dimension of 2 cm X 2 cm x 30 cm, which
can be seen obviously in the micro-connection results (Figure 17b). Although the positions
of these five cracks are not exactly consistent with those of the experiments, the number
of cracks is consistent (Figure 17c). In addition, the appearance order of spacing cracks is
identified in the numerical modeling example. Crack c appears between cracks a and b,
verifying the “insertion phenomenon” of spacing cracks.

0.03 |4
T 0.02
N 001

0

Crack a Crack ¢ Crack d Crackb Cracke

0.03
F 0.02
g 0.01

Figure 17. Discrete element models of loess sample with a dimension of 2 cm x 2 cm x 30 cm during
drying (Different colors of balls present different diameters of soil particles): (a) w = 28%; (b) w = 18%;
(c) w =13%.

The micro-connection diagrams of soil samples with different dimensions at the end
of desiccation are presented in Figure 18, which presents the bonding forces between the
particles. The green lines represent the bonding between soil particles, while the voids
among them identify the bonding failures of soils. The number and positions of cracks
in the specimen can be better observed in the micro-connection diagram. The number of
cracks in different soil samples are 11, 5, 4, 3, and 2, respectively. The number of spacing
cracks observed in the experiments and numerical simulations are presented in Table 7,
respectively. The simulation crack number is nearly consistent with that observed in the
experiments. Since the contact model in MatDEM is linearly elastic, the simulation crack
patterns are not exactly the same as those generated in the experiments. Generally, the
simulation results indeed reflect the size effect on the characteristics of spacing cracks. The
crack number is smaller in soil samples with larger dimensions. Two important laws of
the “insertion of cracks” and the “saturation of cracks” in loess are also observed in the
simulation results.
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Figure 18. Influence of the sample size on crack patterns: (a) 1 cm X 1 ecm x 30 cm; (b) 2 cm < 2 em % 30 ey
(¢)3cm x 3cm X 30 cm; (d) 4 cm x 4 cm X 30 cm; (e) 5cm x 5 cm x 30 cm.

Table 7. Comparisons of the number of spacing cracks observed in the experiments and numerical
simulations, respectively.

Number of Cracks Experiments Numerical Simulations

lecm x 1cm x 30 cm 14 11
2cm X 2cm X 30 cm
3cm X 3cm x 30 cm
4cm X 4cm x 30 cm
5cm x 5em x 30 cm

N W O
N W O

5. Discussion

Previous research on spacing cracks mainly focused on in situ observations. The
characteristics of spacing cracks were analyzed. The initiation of spacing cracks was
predicted. However, the entire cracking process and mechanism are less researched. This
study performs the formation, propagation, penetration, and stabilization of spacing cracks.
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Unlike the other geo-materials, the physical and mechanical properties of soils also greatly
impact the characteristics of spacing cracks.

In the beginning of desiccation, few spacing cracks are initiated without mutual
interferences. Therefore, the spacing cracks are randomly or uniformly distributed. It is
well known that each crack has its own evolution domain. With the evolution of spacing
cracks, the main objective is to hinder the adjacent cracks into their own evolution domain.
Therefore, the development of spacing cracks in the soil is constrained. The energy around
the cracks is released, leading to the “saturation of spacing cracks”. The uniformity of
spacing crack distribution gradually improves.

The cracking parameters and patterns are influenced by the factors such as physical
properties or stress states. The stress field is redistributed, and the stress is concentrated
at the tip of the crack [32,34]. The stress intensity gradually decreases in the vicinities of
cracks. However, it gradually recovers away from the pre-existing cracks. The influence
of macrocracks is greater than microcracks. The lateral stress of small cracks can recover
quickly, resulting in a new crack. On the other hand, a macrocrack must accumulate
sufficient stress over a long distance to induce a new crack. When a crack is formed,
the stress intensity near it decreases. Slightly further away from the same crack, the
strength recovers, resulting in another new crack. The stress intensity near the new crack
reduces again. In this way, the stress intensity in soils presents a strong-weak-strong-weak
waveform, forming a series of spacing cracks.

Due to the constant cracking strength of soils, the spacing of cracks with the same scale
should theoretically be a constant value. Therefore, the spacing cracks initiate in groups
and keep an equal distance from each other. It is believed that as long as the cracking
strength conditions are met, the spacing cracks will form. The predictions of spacing cracks
based on the principle of equal distance can be assured.

6. Conclusions

This paper mainly explores the spacing crack characteristics and cracking mechanism
of Jingyang loess, considering the effect of size. Free drying tests of five samples with
different sizes were carried out in order to record the evolution of spacing cracks. VIC-2D
software is used to calculate the local displacements and strains of soil samples. The
conclusions are as follows:

(1) The characteristics of spacing cracks are greatly influenced by the dimensions of soil
samples. As the volume of the specimen increases, the number of spacing cracks
tends to decrease. Meanwhile, the average spacing between cracks also increases. The
average crack width also increases with the increase in the average spacing of cracks.
Once the volume of the specimen reaches 270 cm? (3 cm x 3 cm x 30 cm), the number
of spacing cracks does not increase anymore. The variations in crack ratio and the
number of spacing cracks show the same tendency.

(2) Different spacing cracking modes and laws in loess are interpreted in this research.
Based on the digital image correlation (DIC) method, opening mode and mixed
opening-sliding mode in spacing cracks are detected. In addition, two spacing crack-
ing laws are interpreted. The first law is that a new crack is prone to appear between
two pre-existing cracks. If the distance between two adjunct cracks is larger, the
possibility of the generation of a new crack between them is larger. The second law
is that when the number of cracks reaches a certain value, the energy in the soil is
released so that no more cracks will be generated during the following desiccation.
The number and the characteristics of existing cracks reach a stable state, which can
be considered, as the “saturation of cracks”.

(3) The numerical simulations were carried out on loess samples with different dimen-
sions based on the discrete element method. The size effect on the characteristics of
spacing cracks is verified, and the spacing cracking mechanism is better illustrated. In
discrete element models, the number of spacing cracks increases with the increasing
soil volume, which is consistent with the experimental results. In addition, the laws
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of the “insertion of cracks” and the “saturation of cracks” in loess are also observed in
the simulation results.

(4) The spacing cracks are concerned in the domains of geological, earth, materials, and
engineering science. It is a mechanical phenomenon and scientific problem with
multiple disciplines. The initiation, evolution, interaction, and stabilization of spacing
cracks will decrease the strength of soil, damage the stability of the slope, and trigger
geological disasters. Therefore, the study of the characteristics and mechanisms of
spacing cracks is of great significance both in theory and engineering applications.
However, there are some improvements that could be accomplished in this research.
For example, the model used in the numerical simulation is linear elastic, which could
be improved for a more precise simulation. In addition, the cracking mechanism
under drying-wetting cycles could be investigated in the future.
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