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Drying-induced cracks are frequently observed in soils, which can severely influence the mechanical parameters of soils in
geotechnical engineering applications. In addition, geohazards can also be accelerated with the formation of preferential path in
slopes caused by cracks in soils. This study aims to analyze the cracking behaviors and mechanisms of a special soil collected in
northwestern China using experimental methods. Local displacements and strains can be obtained and analyzed with Digital
Image Correlation (DIC) method. Combined with DIC method, the tensors maps with total “mechanical” principal strain are
drawn. Cracks in mixed opening-sliding mode are identified and the curling phenomenon of soils is observed in situ. Three typical
types of crack patterns are observed, which are “T,” “Y,” and “wave-ring,” respectively. Crack pattern of “I” is more frequent than
the other two types. The identification of cracking behaviors and mechanisms is helpful for the analysis of mechanical properties of

soils and the prevention of geohazards in northwestern China.

1. Introduction

Cracks in soils are commonly observed in natural envi-
ronments. The existence of cracks will change the me-
chanical parameters of soils such as strength, bearing
capacity, permeability, compressibility, etc. Therefore, the
hydromechanical properties of soils are greatly influenced by
cracks [1-13]. Correspondently, the overall stability of Earth
structures and soil foundations like slopes, buildings, and
dams will be affected. The cracks on the surface of slopes will
create preferential path for rainfall and runoff flows. Thus,
the transport rate and velocity of water in soil profile will be
greatly changed. In regions of soils with weak structures, the
appearance of cracks will accelerate the weathering damage
and erosion in soil slopes [14-17].

The process of cracking is complex. It is generally be-
lieved that soil cracks are mainly caused by the evaporation
of water and uneven volume shrinkage under dry conditions
[18]. The suction generated during the drying process of the
soil will cause shrinkage. When the shrinkage deformation is
limited, tensile stress will be generated inside the soil. Once

the tensile stress exceeds the tensile strength of the soil,
cracks will occur. Therefore, suction and tensile strength are
considered to be the two key mechanical parameters that
control the formation of cracks in soils [5, 19-21]. Péron
et al. [22] found that, for homogeneous soils, boundary
constraints and water gradients are important reasons for
the generation of tensile stress and the formation of soil
cracks. Tang et al. [21] believed that water content is an
important factor affecting the generation of soil cracks. The
factor that determines the degree of cracking is the gradient
of water content inside the soil. The rate of soil dehumid-
ification affects the gradient of water content, which is
mainly related to hydraulic factors such as soil evaporation
space. Therefore, the variation of water content is an im-
portant factor leading to soil cracking. The precipitation, air
temperature, and humidity in the natural environment all
influence water content of soils. Rainfall is a direct factor
affecting the soil moisture. Air temperature and humidity
can indirectly affect soil cracking by adjusting the evapo-
ration rate of soil moisture [10]. The natural environmental
temperature is an important external factor that affects the
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development of soil cracks, while the initial water content
and dry density are important internal factors that influence
the soil cracking.

In recent years, the phenomenon of soil cracking and the
characteristics of cracks and their evolution mechanism have
been hot issues. However, the researches on drying-induced
cracks mainly focused on expansive soils, clays, and other
soils. The crack morphology is paid much attention [23, 24].
Velde et al. [25] analyzed crack due to shrinkage in different
types of arable soils in different countries by analyzing
images of the cracking process. The geometric characteristics
of the shrinkage crack surface were evaluated. Tang et al. [26]
conducted laboratory experiments on observing cracks with
expansive soils under different temperatures. The results
verified that the parameters of cracks increase with in-
creasing temperature. Horgan and Young [27] constructed a
simulation model of soil shrinkage based on the two-di-
mensional fracture theory. Kodikara et al. [28] combined the
results of Corte and Higashi [18] and Lau [29] to analyze the
influence of soil layer on cracks through laboratory exper-
iments. The influence of thickness, initial density of soil,
cohesive force at the bottom of the container, and water
evaporation rate on the geometry characteristics of drying-
induced cracks in clay were analyzed. Wei et al. [24, 30]
observed the development of cracks in the surface of dif-
ferent mixtures of kaolin and montmorillonite during
drying. The images were analyzed quantitatively and the
relevant regulars of the cracking evolution on the surface of
the soil were summarized. Tang et al. [10-12, 21] conducted a
quantitative analysis of cracks in clays through laboratory
experiments and the factors affecting the cracking patterns
on the surface of soil samples were discussed. Although
some achievements have been made in the domain of cracks
morphology, there are still some questions that need to be
further discussed, such as the dynamic evolution process and
cracking mechanisms.

The objective of this research is to analyze the cracking
behaviors and mechanisms of a special soil collected in
northwestern China using experimental methods. The soils’
samples used in this research are prepared as slurry with an
initial water content equal to its limit liquidity. With Digital
Image Correlation (DIC) method, the local displacements
and strains can be obtained and analyzed. As a comple-
mentary approach, total “mechanical” principal strain is
defined. With these two approaches, the cracking modes and
different patterns of cracks can be clearly interpreted. The
identification of cracking behaviors and mechanisms is
helpful for the analysis of mechanical properties of soils and
related engineering construction in northwestern China.
Therefore, this research is significant for the prevention of
geological hazards in northwestern China.

L1. Study Area. The soil samples used in this study are
collected in Xi’an, Shaanxi Province, China (see Figure 1).
Shaanxi Province is in the northwest of China, where
Chinese Loess Plateau locates. The soils here are called loess,
a special soil for its sedimentary environment and material
source. Because of the arid and semiarid climate in this
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region and material sources from Mu Us desert in north-
western China, loess is characterized for its red or yellow
colour, loose structure, large pores, micro- or macrocracks,
and original vertical joints. The area of Chinese Loess Plateau
is about 440,000 km®. The physical properties of loess vary in
different regions. The soils with small particle size and small
density are prone to be transported with longer distance by
wind. Thus, nearer the Mu Us desert, the grain size of soils is
larger and their density is higher. Further away from the Mu
Us desert, the soils are with finer particle size and small
density.

Xi’an is located nearly in the centre of Shaanxi province,
where the particle size of soils is fine, and soils are classified
as clayey loess. The climate in Xi’an is semihumid conti-
nental monsoon. The temperatures change dramatically in
different seasons. The coldest average temperature is in
January, about —1.2°C-0.0°C. The hottest average temper-
ature is in July, about —26.3°C-26.6°C. The annual rainfall is
nearly 522.4-719.5 mm, increasing from north to south of
Xi’an. Various meteorological disasters frequently happen in
Xi’an, including drought, high temperature, sand and dust,
and freezing damage. Thus, cracks related to desiccation are
easily observed in fields or on the surface of land slopes (see
Figure 2(a)). The cracks observed in situ are with different
patterns, normally in “T,” “Y,” or “wave-ring” shapes. The
cracks are hierarchical with different width. In order to
better simulate the desiccation process in laboratory, the
disturbed loess samples used in this research were collected
from the surface of slopes where crack networks were ob-
served. The detailed location of sampling site is presented in
Figure 2(a).

In the loess slopes, pores, different scales of cracks and
vertical joints are developed which can become the domi-
nant seepage paths. Under rainfall conditions, these paths
turn to be the dominant path for concentrated infiltration of
rainfalls or runoft flow, which has a potential erosion effect
on the loess slope. There are possibilities that the cracks
connect with the internal flaws beneath the slope surface.
During the suffosion process, the overwet contact point of
water and soil first shrinks and collapses, and then more and
more soil shrinks and collapses. Then the ability of loess to
resist shear failure also decreases, causing the loess to col-
lapse and disintegrate. Therefore, it can be considered that
the contact between the infiltration of water and the loess
according to the preferential path is an important way for the
initiation and development of the subground erosions. The
slope collapses, and over time, a hole in the loess is formed.
The slopes beneath the erosion points are thus unstable (see
Figure 3). Various geohazards can be caused by the ap-
pearance of cracks, for example, the subground erosions
[15, 31], which is observed in situ in Xi’an, Shaanxi province
(see Figure 2(d)).

2. Materials and Methods

2.1. Materials. Result of grain size distributions was deter-
mined by conventional sieving and sedimentation method.
For the natural loess, the content of silt and clay content is
75% and 23%, respectively (see Figure 4). The specific gravity
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FIGURE 1: Study area of Xi'an, Shaanxi province, China.

FiGure 2: Field and in situ observations in Xi’an, Shaanxi province. (a) Cracks observed on the platform of slopes; (b) alluvial fan at the foot
of subground erosion; (c) preferential path in slopes; (d) subground erosion in slopes; and (e) collapse of soils beneath the erosion point.

of natural soil is 2.69. Its liquid limit and plastic limitare 36% illite, kaolinite, and chlorite; the content percentage of which
and 17%, respectively. With X-ray diffraction method, the  is 4.4%, 15.5%, 3.2%, and 6.1%, respectively. Microstructure
mineralogical analysis of the tested loess is performed. The = of the natural loess is obtained by scanning electron mi-
main non-clay minerals are quartz and albite calcite. The  croscopy (SEM) images (see Figure 5). The aggregate
predominant clay minerals in the study are montmorillonite, ~ structures can be observed in the intact natural soil. Among
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FiGURE 4: Grain size distribution of soils in Xi’an.

the aggregated particles and clayey particles, large voids
exist. The natural soil is classified as clay of low plasticity
(CL) according to the Unified Soil Classification System.

2.2. Experimental Methods. To better observe the cracking
process of soils related to desiccation, an experimental
system was set up in this study (see Figure 6). The tests were
carried out in the laboratory under a constant temperature of
25°C and a relative humidity equal to 30+5%. The soil
sample in a slurry state was spread on a circle mold made of
quartz, the diameter of which is 200 mm. The thickness of
the soil sample is 10 mm. The support of the mold is
nonwettable to water. The friction between the samples and
the base materials is nearly zero. The initial water content of
the soil sample is equal to its limit liquidity (36%). Before the
slurries were put into the circle mold, they had been mixed
dramatically and sealed for about 24 h in order to reach a
homogeneous state. The soil sample and the mold were
weighed by a balance connected to a computer in order to
measure the variations of water content of samples.
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FiGURE 5: SEM observation of intact soils in Xi’an.

A camera was set up right above the soil sample for the
purpose of capturing the successive images of the specimen
during drying. The interval time of capturing the images is
10 minutes. Digital Image Correlation (DIC) method was
combined with the desiccation tests. Before the soil de-
formed during drying, black paints were spread on the
surface of soil samples in order to fabricate random-dis-
tributed speckles. With a commercial software Vic-2D, local
displacements and strains were calculated with the reference
image and deformed images by identifying and comparing
the precise positions of these speckles. Two component
displacements and three component strains can be obtained
with Vic-2D, which are transversal displacement U (along x-
axis), longitudinal displacement V' (along y-axis), transversal
strain ¢, longitudinal strain ¢, and shear strain ¢,,. An
example of DIC results calculated by Vic-2D is presented in
Figure 7 at t=19.2h. The white vectors present the direc-
tions of displacements. The values of displacements are
proportional to the length of vectors. Difterent colours, for
example, red and violet, present different values of dis-
placements and strains (see Figure 7).

3. Results

With DIC method, cracking behaviors and mechanisms are
identified, including cracking modes, cracking development,
and different cracking patterns.

3.1. Cracking Modes. Three modes of crack propagation have
been identified in the framework of fracture mechanics:
opening mode, sliding mode, and tearing mode. In this
study, only cracks of the first two modes could be observed
because the analysis of the desiccation tests was carried out
in two dimensions. However, cracks in tearing mode can
also be observed in situ. In order to better interpret the
cracking mechanisms of soils, the total principal “me-
chanical” strains are defined in this study. It is assumed to be
the difference between the total strains measured by Vic-2D
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FIGURE 6: Diagram of experimental setup with Digital Image Correlation (DIC) methods.
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Figure 7: Continued.



Advances in Civil Engineering

ey (%)

Lagrange
0.77
0.66
0.55
0.44
0.33
0.22
0.11
0
-0.11
-0.22
-0.33
-0.44
-0.55
-0.66
-0.77
-0.88
-0.99

FIGURE 7: An example of DIC results of soils calculated by Vic-2D at t=19.2h. (a) Longitudinal displacement U; (b) transversal dis-
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F1GuRre 8: Cracks in mixed opening-sliding mode =16 h. (a) Contour map of strains ¢, ; (b) schema of total principal “mechanical” strains

in zone A.

and the shrinkage strains deduced by soil-water charac-
teristics curves (SWCC) results [30]. An example of total
principal “mechanical” strains is shown in Figure 8(b),
where red vectors present extensions and blue vectors mean
compressions.

3.2. Cracks in Mixed Opening-Sliding Mode. Cracks in
opening mode are observed in the zone A chosen from the
image of DIC results in Figure 7. At t=16h, strains ¢, are
between 0.26% and —0.22%. In the central vicinity (position
a) of crack 1 in zone A, extensions are observed (see
Figure 8(a)). On the right side of crack 1, the directions of
displacements are towards the west, whereas on the opposite
side of crack 1, they are slightly towards the northwest,
resulting in a crack opening nearly northwest. Figure 8(b)
shows the principal “mechanical” strains in zone A. It is
evident that in the central part of crack 1, the direction is
perpendicular to that of the principal extensions, which is
the direction of the red vectors. The central part of crack 1 in

zone A can be identified to be caused by traction and
corresponds eventually to an opening mode.

Cracks in sliding modes were also noticed in the same
zone A during propagation (see Figure 8(b)). In the principal
“mechanical” strains map, at the tip of crack 1 (position b),
the strains parallel to the cracks are shown in red, which
verifies the distribution of extensions. At the tip of crack 1, at
the left side of crack 1, the direction of displacements is
toward southwest, whereas on the right side of the crack, the
direction is northwest. Total displacement consists of two
components, one parallel to the direction of the crack and
the other one perpendicular to the crack. The former
component corresponds to a sliding mechanism, consid-
ering the difference between the displacements parallel to the
direction of cracks on both sides. The latter component
signifies the activation of an opening mechanism. As shown
in Figure 8(b), the extensions are parallel to the direction of
tip of crack 1.

Generally, the components of displacement vectors in-
dicate that this crack is in mixed opening-sliding mode. It is
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FIGURE 10: Diagram of curling phenomenon and crack in tearing mode.

noted that either alone or in combination with the sliding
mode, the opening mode is always present.

3.3. Cracks in Tearing Mode. The desiccation tests were
carried out in two dimensions without the observation of
deformation in vertical direction. Therefore, the cracks in
tearing mode cannot be observed in laboratory test. How-
ever, during the field investigations in Xi’an, many drying-
induced cracks in tearing mode were found in situ (see
Figure 9). The different vertical displacements of cracks can
be seen by naked eye. The surface of soils is not absolutely
flat. The vertical displacement at the boundaries of cracks is
larger than that in the centre of soil blocks. Between different
soil blocks, the vertical displacement is not the same.
Generally, this phenomenon can be called “curling” of
cracks. The schematic diagram of curling phenomenon is
presented in Figure 10. Cracks between two blocks can be
considered to be in tearing mode because of the different
vertical displacements in the two sides.

3.4. Evolution of Cracks. The evolution of cracks is observed
and analyzed with successive photos of drying-induced
cracks (see Figure 11). The first crack appears in the centre of
the soil sample and propagates towards northwest
(t=15.3h). As interpreted in Figure 8, the initiation of crack
1 is caused by tension. In zone a of the total principal
“mechanical” strain map, it is the extension which causes the
initiation and first-stage propagation of crack 1 (see Fig-
ure 8). With the development of time, crack 1 gradually
changes its direction towards west (¢=16.3h). Finally, it
propagates towards south and forms a wave-ring circle

(t=18.8h). The change of direction of crack 1 can be
explained by the variation of strain fields in the vicinities of
crack 1.

In zone ¢, at the propagation tip of crack 1 (t+=16.67h),
the direction of extensions is parallel with the propagation
directions of crack 1. As illustrated in Section 4, at the tip of
crack 1, it is mainly the shear strains which accelerate the
variation of crack direction (see Figure 12). When t=19.2h,
the direction of crack 1 has been changed to straight south.
In the vicinities of crack 1, the shear strains remain large (see
Figure 7(e)). Afterwards, more and more cracks appear with
different length and shape. Some cracks connect together,
forming a crack network. The soil samples are divided into
separated soil blocks.

In order to better analyze the evolutions of displace-
ments and strains, section 1 which cross through two points
A and B of crack 1 was chosen (see Figure 11, t=19.5h). The
local displacements and strains along section 1 with varia-
tions of time were analyzed. The longitudinal and transversal
displacements versus different times are presented in
Figures 13(a) and 13(b). It can be seen that in the beginning
of desiccation, both the transversal and longitudinal dis-
placements are relatively small. The average U is less than
0.5mm and the average V is less than 0.2 mm. With the
development of time, both displacements increase in ab-
solute values. When ¢ =17.8 h, the U decreases a little, which
signifies the close possibility of crack 1. However, at the two
sides of point A and point B on crack 1, the differences of
displacements are very large, which verifies the evolutions of
crack at these two points. The evolutions of longitudinal,
transversal, and shear strains versus time are shown in
Figures 13(c)-13(e), respectively. It is evident that the strains
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FiGure 12: Cracks in mixed opening-sliding mode ¢=16.67 h. (a) Contour map of strains ¢,; (b) schema of total principal “mechanical”

strains in zone A.

are all very small in the beginning. Then they increase
gradually. At the points A and B on crack 1, strains are larger
than the other positions. At point A, there are mainly ex-
tensions which cause the propagation of crack 1. At the same

time, strains decrease and change to compression in the
vicinities of this point (see Figures 13(c) and 13(d)). At these
two points on crack 1, the shear strains are very large (see
Figure 13(e)). The variation of displacements and strains
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versus different times is a significant method to illustrate the
evolution of cracks.

3.5. Different Crack Patterns. The interactions of cracks at
different angles can be observed in the crack networks.
Similar to the cracks observed in situ, they can be classified as
“T-” “Y-” and “wave-ring-” shaped crack patterns (see
Figure 14). However, crack patterns of “I” are much more
frequently formed than those of “Y.” It is shown that the
percentage of cracks which form “T”-shaped crack patterns
is 83%, whereas the number is about 39% for “Y-” shaped
crack patterns. Some cracks form these two crack patterns at
the same time so that the total percentage is larger than 100%
(see Figure 15).

The cracks with the angle of 90" are widely observed in
the desiccation test. This is due to the release of energy when
a crack has formed. The tensile stress perpendicular to the
direction of cracks is nearly zero. A newly developed crack
approaching the existing crack tends to propagate in the
directions perpendicular to the local maximum tensile
stresses, which is parallel with the direction of the existing
crack. Therefore, the crack patterns of “T” frequently form.
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The crack patterns of “Y” are produced due to the mini-
mization of energy process. The formation of crack networks
is a process of energy release. Considering that the tensile
stresses at a given point are equal in any direction, the soil
sample is prone to rupture along three planes because this
will produce the smallest crack area with the maximum soil
volume. As stated in the previous section, “wave-ring” crack
is caused by the appearance of shear strains at the changing
point.

4. Conclusions

In this research, desiccation tests were performed with a
clayey loess in circle shape. The evolution mechanisms of
cracks were interpreted with Digital Image Correlation
(DIC) method and geometrical analysis. These are some
main conclusions:

(1) Different cracking modes are detected in laboratory
tests and in situ, respectively. The cracks in mixed
opening-sliding mode are highlighted by DIC
methods. As a complementary approach, the total
“mechanical” principal strain is defined to be the
differences between the total strains measured by
Vic-2D software and the shrinkage strains deduced
from SWCC results. For cracks in opening mode, the
direction of extension is perpendicular to the
propagating direction of cracks. While for cracks in
sliding mode, the direction of extensions is parallel
with the direction of cracks. Curling phenomenon
can be observed in situ with the different vertical
displacement at the two sides of crack, which is
considered to be in tearing mode. It is noted that the
opening mode is always along with the other two
modes.

(2) The evolution of cracks is observed and analyzed
with successive photos of drying-induced cracks. The
variations of local displacements and strains at dif-
ferent times are an efficient way to illustrate the
evolution of cracks. At the two sides of a crack, the
displacements vary dramatically, which signifies the
existence of extension. In the position where cracks
appear, the strains are larger than those at the other
areas. During the propagation process of cracks,
three crack patterns are identified as “T,” “Y,” and
“wave-ring.” Cracks patterns of “I” caused by the
energy release in the vicinities of cracks are more
frequent than the other two types. The crack patterns
of “Y” are produced due to the minimization of
energy process. “Wave-ring” crack is caused by the
appearance of shear strains at the changing point.

(3) Itisalso noted that, different from expansive or other
clayey soils, loess has a unique microstructure, which
is composed of single mineral particles, aggregates,
cementing materials, and micropores. The perme-
ability, evaporation characteristics, and hydraulic
properties of loess are closely related to this special
structure. The cracking behaviors of loess used in this
study may be differed from other soils because of this
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complex microstructure. Concerning the cracking
mechanisms and cracking modes, the behaviors of
loess samples collected in Xi’an were found to be
quite similar with those of other clays (e.g.,
[12, 13, 30]). However, because of the effect of
mineralogy, thickness, boundary conditions, and
initial water contents of the different tested materials,
the kinetic of formation, and development of cracks
is not the same. In addition, the final patterns of
cracks are somewhat different in different soils. For
example, the shapes of soil blocks divided by cracks
in this study are more regular and the connections of
cracks are smoother than those observed in the re-
search of Wei et al. [30]. Thus, many soil parameters
play a part in the formation of cracks: plasticity, grain
size distribution, rheology, etc., resulting in different
patterns for different soils.

(4) In the loess slopes, pores, different scales of cracks
and vertical joints are developed which can become
the dominant seepage paths. Under rainfall condi-
tions, these paths turn to be the dominant path for
concentrated infiltration of rainfalls or runoft flow,
which has a potential erosion effect on the loess
slope. There are possibilities that the cracks connect
with the internal flaws beneath the slope surface.
During the suffosion process, the overwet contact
point of water and soil first shrinks and collapses,
and then more and more soil shrinks and collapses.
Due to the influence of seepage and the coalescence
of cracks with other flaws, geohazards like sub-
ground erosions and landslides are prone to happen
in loess areas.
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