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This study focused on the swelling behavior of swelling rock from canal basement under multiple drying-wetting (D-W) cycles. A
series of laboratory tests were conducted on a swelling rock, with the cracking and strength behaviors investigated. By using
image-processing technique, the crack patterns were described, and then quantitatively analyzed on the basis of the fractal
dimension. The experimental data indicated that swelling ability, including cracking level, fractal dimension, and strength,
decrease with increasing drying and wetting cycle. On this basis, a series of centrifuge model simulations for simulating slope
failure by drying-wetting cycles were performed, where the drying process was achieved by heat bulbs. The monitoring results
suggested that a global slope failure has occurred after total cycle of 4th corresponding to 4 years. Due to the development of
surface cracking, the inﬁltration in the slope was severe and nonuniform in space and time. Meanwhile, the failure mechanism of
soft rock slope induced by D-W was discussed.

1. Introduction
Swelling rocks contain silicate clay minerals that have the
potential for swelling and shrinkage under changing
moisture contents. Progressive deformation of the swelling
rock can be caused during the drying-wetting (D-W) cycle,
which may aﬀect the safety of building foundations, tunnels,
water canals, and liner and cover systems in waste containment facilities. The expansibility behavior of expansive
soft rock has always been one of the major problems in
damage to hydraulic infrastructure. For example, a water
transfer project in Xinjiang area, with a large number of
swelling mudstones distributed, slope failures, and local
collapses (Figure 1), often occurs along the main canal. The
canal damages caused by swelling rock reached approximately two-third of the annual damages reported, and the
cost for repairing canal structures damaged by swelling
mudstones accounted for 60% of the total annual maintenance cost.
A large number of swelling soil slope failure cases have
been investigated, which were found to show some typical

characteristics, such as shallow layer, tractive sliding, gentle
motion type, and seasonal occurrence [1]. These characteristics are closely associated with the behavior of swelling
soil. Therefore, many laboratory and in situ tests were
conducted to study the phenomenon of swelling and
shrinkage [2–5], D-W process [6–8], cracking in clay soils
[9–12], and mechanical and hydraulic behaviors of expansive soils [13, 14]. However, comprehensive theory on failure
mechanism and stability analysis methods of expansive soil
slope are still insuﬃcient due to the complex characteristics
of swelling soil. Current engineering practices for determining the physicomechanical parameters of expansive
rocks are mostly based on simpliﬁed laboratory tests or
empirical equations. These practices may prone to mischaracterize the engineering characteristics, even result in
a contradictory conclusion.
Commonly, the assessment of expansion potential was
accomplished by one cycle of wetting in geotechnical
practice. In some arid areas, the water is mainly from
leakage, resulting in a long-term process under slow seepage
and evaporation until slope failure, which is diﬀerent from
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Figure 1: Typical slope failure of main canal in Xinjiang, China.

humid areas that are caused by drastic climate change in
a short time. Nevertheless, for canal slope, due to the inevitable leakage, evaporation, rainfall, and other extreme
climate conditions, it often has a more signiﬁcant D-W
boundary. Moreover, due to the limits of existing theory,
hazardous working conditions, and the long-time scales of
failure behavior, less academic attention has been paid on
the issue of development of cracks and D-W cycles on
stability of canal slope in arid areas. Recently, some innovative techniques, including image analysis [12, 15, 16]
and fractal dimension analysis [17], have been used in soilcracking studies. They were conducted on swelling soil to
investigate the evolution of surface cracks, inner fractures,
volume change, etc. Additionally, due to the characteristics
of self-weight equality, the centrifuge-modeling technique
has been used for examining the instability of expansive soil
slope [18–21], and these studies provide reference for the
full-scale landslide.
The objective of the present study is to investigate the
swelling behavior of soft rocks in canal basement under
cyclic moisture changes. For this purpose, two swelling rocks
were obtained from the main canal of north Xinjiang water
canals. After each cycle, the surface cracks and strength
characteristics of swelling rocks were measured. A quantitative method was developed to characterize the crack
patterns by combining the image processing with the fractal
dimension concept. Additionally, the failure of swelling rock
canal slope was investigated by centrifuge modeling.

2. Laboratory D-W Tests
In order to better understand cracking behavior and strength
characteristics in swelling rocks from canal basement, a series of small specimen tests were carried out with two typical
swelling rocks subjected to D-W, including crack observation test and direct shear test.
2.1. Preparation of Swelling Rock Specimens. The tested
materials were prepared with two swelling rocks, which were
taken from the construction ﬁeld of a water transfer project
in Xinjiang, a typical arid area in China. Compared with the
“cyan mudstone” (CM), the swell potentials of the “yellow
mudstone” (YM) are lighter than “cyan mudstone” where
the names are based on apparent dominating color. The

physical properties of the tested swelling rocks are listed in
Table 1.
Considering the inﬂuence of density, swell potentials,
and its’ inﬂuences on strength of swelling rock under
multiple D-W cycles, four test groups with diﬀerent dry
density and swelling potential were designed. Before preparation, swelling rocks were air-dried via mortar and pestle
to reduce the size of the clay clods, and stored in buckets. In
order to make the moisture equilibration, the remolded
samples were prepared for 24 h to the optimal water content
with 18.8% by CM and 14.75% by YM. The soil behavior is
signiﬁcantly aﬀected by specimen size. In general, the
physical soil model should be large enough to simulate the
large cracks. However, the purpose, in this research, is to
study the characteristics of cracks development and strength
simultaneously under the D-W cycles. Therefore, the samples in crack observation tests and direct shear tests were
prepared in the same size, which are 61.8 mm in diameter
and 20 mm in thickness (standard size in direct shear test in
CHN code [22]). The compaction tests showed that the
maximum dry density of “natural CM” is close to 1.6 g/cm3
and 1.8 g/cm3 of “natural YM”; however, the degree of
compaction of the prototype is about 90%. Based on this, the
dry density of remolded samples had been designed as
1.8 g/cm3, 1.6 g/cm3, and 1.5 g/cm3 in CM and 1.8 g/cm3 in
YM, respectively. Among them, the specimens of 1.6 g/cm3
and 1.5 g/cm3 were used to investigate the inﬂuence of
density.
After solid pressing by one layer, the specimen surfaces
were smoothed lightly with a grafter to obtain a uniform
thickness. A thin layer of Vaseline was applied on the inner
walls of the containers to reduce the boundary friction. The
wetting process of the prepared cylindrical specimens was
presented in vacuum saturation until the vacuum degree
reached 95% (accuracy 0.1 g). After the completion of
vacuum saturation, the specimen was exposed to the open
environment (20°C ± 1.2°C without direct sunlight, and
relative humidity 50% ± 10%) until the water was reduced to
the residual moisture content. After the drying process
completed, the sample was vacuum-saturated. To complete
the D-W cycles, the aforementioned process was repeated.
One battery consisted of ﬁve samples, four of which were
used to observe cracks, and the remaining one was used for
direct shear tests.
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Table 1: Physical properties of tested materials.
Physical property
Liquid limit, LL (%)
Plastic limit, Lp (%)
Plasticity index, PI
Percentage of clay (%)
Swelling ratio
CHCS classiﬁcation

Value
CM
61.3
20.1
41.2
30.1
88

YM
57.1
17.6
39.5
32.5
74

Digital camera

(a)

Sample

CH
Electronic scale

2.2. Observation of Crack Patterns. At the end of each D-W
cycle, the surface of each specimen was pictured by using
digital camera to capture the crack patterns. The camera lens
was ﬁxed parallel to the sample surface with a suitable
distance to ensure the sample totally within the shooting
range, as shown in Figure 2. Negative sources on image
quality were minimized by blacking out the lab and illuminating the specimens by LED surrounding the container
without camera ﬂashlight. Every initial RGB images in each
D-W cycle are shown in Figure 3. Now, a series of typical
crack patterns after diﬀerent D-W cycles are observed with
diﬀerent dry density and swelling ingredients. The distinct
phenomenon is the development of surface fractures along
with the increase of wetting and drying cycles. During the
ﬁrst D-W cycle, obvious cracks can be visually observed on
the specimen surface with dry density of 1.8 g/cm3 and
1.6 g/cm3. On the one hand, ring-shaped cracks appear in
specimens with dry density of 1.8 g/cm3. After three cycles,
more crack areas for all sampling compared to previous
cycles. However, in the 4th cycle, the area seems no longer
grown by visual inspection.
In order to analyze the geometric characteristics of
cracking quantitatively, the digital image processing is
launched by using MATLAB software. The initial RGB images
of four specimens at the same dry density are wholly processed. It means that the shrinkage crack present around the
specimen is included. The binary image of developing cracks
on surface specimens are presented in Figure 3, where
a function of “Graythresh” in the software is used in the image
processing. It is easy to use the converted matrix to calculate
the geometric parameters of the binary images, such as the
fractal dimension and the surface crack ratio [23].
The box-counting dimension, Db [24], is used in this study
for fractal analysis; the number of square boxes intersected by
the image, N(s), and the side length of the squares, s, are also
obtained where each image is covered by a sequence of grids
of descending sizes and for each of the grids. The linear
regression equation of log(N(s)) against log(s) that used to
estimate the fractal dimension is as follows:
log(N(s)) � Db log(s) + A,

(1)

where the A is a constant; N(s) is proportional to r−Db . D-W
cycles for all specimens are depicted by solid line in Figure 4.
The curves also demonstrate a decreasing trend in the crack
with increasing number of D-W cycles, which well corresponds to the phenomenon of swelling clayey soils. As we
know, during the air-drying processes, the action of the

(b)

(c)

Figure 2: Using rocks and experimental set-up used for crack
observation.

moisture gradient will lead to the stress redistribution with
the tension of the upper part and the compression of the
lower part. With the cracks gradually developed and ﬁnally
covered on the whole sample surface, the moisture content
of the surface and shallow layer of specimens gradually
decrease. After rehydration, although the cracks close, the
tensile strength at the position of cracks cannot be restored.
This is the main reason for the expansion of cracks under
repeated D-W cycles. On the contrary, the inﬂuence of dry
density is not prominent; the fractal count of the sample with
the density of 1.6g/cm3 is higher than the sample with
density of 1.5g/cm3. Notice that the fractal count of
1.8 g/cm3, before the 3rd cycle, is close to 1.6 g/cm3. But it
drops at the last two cycles. It is observed that the irregular
net cracks on surface with dry density of 1.5 and 1.6 g/cm3
are more than that of the sample of 1.8 g/cm3; however, the
main crack of sample with 1.8 g/cm3 is the shrinkage crack
which occurs at the side of the ring sampler, resulting in the
relatively low level of irregular and chaotic degree of
cracking, which is the essence of fractal dimension.
With the same dry density condition, the total fractal
count of CM is higher than that of the yellow stone (although
the count is almost close to the last two cycles). This was
attributed to higher clay minerals occurring closer to the
surface and higher swelling potentials for higher dry density.
As previously described, the fractal dimension Db can be
used to evaluate the spatial distribution of cracks, the density
of cracks, and the tendency of the crack traces to ﬁll the area
in which they are embedded. At least, the abovementioned
result suggested that the interconnectivity of soft rock
surface cracks is susceptible to the eﬀects of density and
mineral contents.
2.3. Strength Characteristics under D-W Cycles. A series of
direct shear test was conducted to investigate the relationship between the strength and the crack patterns on multiple
D-W cycles. All shear tests were carried out in each sample
after the wetting process, under vertical loads of 50 kPa,
100 kPa, 200 kPa, and 300 kPa. The cohesion as well as the
number of D-W cycles for each sample is also depicted in
Figure 5 by a hollow wire. It can be seen that the computed
fractal dimensions of the three clay samples during cyclic
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Figure 3: Initial and binary images of three diﬀerent samples at the ending of tests (1.8 g/cm3, 1.6 g/cm3, and 1.5 g/cm3 of cyan mudstone
and 1.8 g/cm3 of yellow mudstone from top to bottom).
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Figure 4: Variations of fractal dimension with the number of D-W
cycles.

drying-wetting are within the theoretically allowable range
of 1.0 and 1.6. The fractal dimension of each sample increased with the increasing of D-W cycles until the corresponding shear strength decreased to its residual value. The
shear strength of cyan mudstone samples with the dry
density of 1.8, 1.6, and 1.5 g/cm3 of CM and 1.8 g/cm3 of YM
were decreased approximately from 103 kPa, 30 kPa,
21.5 kPa, and 91 kPa to 58 kPa, 16.1 kPa, 15.9 kPa, and
60.2 kPa, respectively. The results in Figure 5 suggested that
the successive D-W do not increase the development of
cracks, but reduce the rock strength. However, this change
begins to converge after the 4th cycle; it may be considered
that if a canal which is ﬁlled with this soft rock is not
damaged in 5 D-W cycles, the probability of failure will be
greatly reduced in further cycles; in other words, the
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Figure 5: Variations of cohesion as well as fractal dimension with
the number of D-W cycles.

subsequent damage is not caused by a pure reduction in
strength reduce and development of cracks. Similar to
previous investigation about swelling clayey soil, the angle of
friction of the soft rock remained more or less constant
under D-W cycles (no longer given in this paper). The fractal
dimension Db can be used to evaluate the spatial distribution
of cracks, the strength of cracks, and the tendency of the
crack traces to ﬁll the area in which they are embedded.
It is noted that the cohesion of CM and YM with the
density of 1.8 g/cm3 is much larger than that of other
specimens. Some test results [25, 26] showed that the
strength is slightly aﬀected by the density. On the contrary,
the eﬀect of density on strength is obvious in this study. This
tendency can also be demonstrated by the observed two test
phenomena: (1) the initial strength level after ﬁrst D-W
cycle, and (2) decreasing amplitude of strength. However, in
Figure 3, it can also be seen that the soil sample with a lower
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density level shows more visible cracking, especially penetrating cracks on the sample surface after the ﬁrst cycle. On
the other hand, the fractal dimension Db of the CM samples
with a density of 1.6 g/cm3 was always at a higher level in
every D-W cycle, as the analysis of the fractal dimension is
shown in Figure 5. This structural damage may strongly
aﬀect the shear test results and related to the soil properties
and sample sizes.

3. Centrifuge Modeling
3.1. Slope Models and Testing Procedures. Due to the stress
conﬁnement, the centrifuge-modeling technique was used
for examining slope instability and deformations of geological problems. As aforementioned, such long-time scales
of the D-W process on canal slope in arid area request too
much resource while ﬁeld tests have been undertaken, but in
centrifugal model, a reduced-scale model of lineal dimensions N2 times smaller is used to simulate the full-scale
problem under an acceleration N times the gravity. Thus,
centrifuge modeling of such problems is an attractive
proposition. With this aim in view, an experimental campaign has been initiated to investigate the performance of
swelling rock slope subjected to D-W cycles by centrifuge
modeling. According to the results of cracking test, the
model soil were conducted on CM to obtain a dry density of
1.6 g/cm3 for Model 1 and 1.5 g/cm3 for Model 2, corresponding to the greater level of fractal dimension and lowest
level, respectively. The model was constructed in a rigid
container with inner dimensions of 680 mm × 350 mm ×
450 mm (length × width × height). The model was prepared
with initial water contents of 18.8%. After the hit-solid
process, the slope was excavated to its ﬁnal grade of 1
(V) : 2.5 (H) with a height of 100 mm. The ﬁnished slope was
covered with plastic sheets and cured overnight before
testing was conducted by introducing moisture to the slope
surface. A video was placed in front of the slope in order to
view the slope face during ﬂight and the grid lines on the
slope for measuring ultimate displacements. Eight miniature
cylindrical pore pressure transducers (PPTs) that can
measure a pressure from 0 to 350 kPa were embedded at
diﬀerent locations to observe the change in positive pore
pressure during testing. The view of slope model and location of PPTS are depicted in Figure 6, in which P1 to P3
and P4 to P7 are placed at a parallel distance of 20 mm and
40 mm from the slope face, respectively.
Before the wetting process, the water was added to the
phreatic line of 90 mm under 1 g to simulate the water in
canal. A thick geo-cloth was laid on the bottom of the slope
to prevent the impact of water splashing. The centrifuge took
about 5 min to attain the targeted acceleration of 50 g, and
then hold the acceleration under 50 g until the process
terminated. The water in the canal model would be drained
before the drying process. In order to provide a heat
boundary, a battery of light bulbs at the top of the slope
model was assembled upon 90 mm from the model surface
to providing heat source for evaporation. The power of each
bulb is 50 watt. The test was ended until the slope feature was
observed in the video capture system. The test was
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performed by wetting the model for 90 mins and then drying
the model for 220 mins. The required time was calculated as
water supply and stop period of the prototype in accordance
with N2 times to the model scale 50. This time was approximately split in a 4-month/8-month ratio of the lengths
of the wet and dry seasons in a year.
3.2. Testing Results. The seasonal D-W cycles have been
shown to produce signiﬁcant irrecoverable regional deformation below a slope in swelling rock. Figure 7 presents
the ultimate slope failure in the lateral and vertical view. It
can be seen that a large number of spots scattered on the
surface after slope failure, and the failures in two models are
the same as global and lateral fail. During the test, it was
found out that slope failure occurred not instantaneously,
a signiﬁcant progressive failure was observed for this slope.
No exception the failure occurs within 5 D-W cycles that
typically occurred right after the 5th cycle in Model 1 and the
4th cycle in Model 2, corresponding to 5 years and 4 years in
the prototype, respectively. At least, it indicated that the
degree of soft rock slope failure originates in mineralogical
composition and content. The tensile crack could be observed at the top of slope in two tests, which in Model 2 is
more obvious than in Model 1. In Model 2, the width of the
crack is approximately 3 mm in horizontal and 5 mm in
vertical direction. The displacement was in calculating
for the ﬁnal height which was obtained as grid lines.
The location of maximum displacement of two models is
presented in the vector diagram of slope feature in
Figure 8. The displacement trend of two models is close. By
multiplying the height by the gravity at failure, the maximum displacement of slope is up to 1.3 m and 1.4 m,
respectively.
Figure 9 shows the variation of measured pore pressure
within Model 1 at the onset of seepage for model slope. In
the ﬁrst wetting process, the PPT did not record signiﬁcant
change in pore pressure except P1, which is located at the
upper portion of slope bottom; this was because of the fact
that the precipitation did not inﬁltrate to a depth where
they are located. However, during the next period of the
wetting process, with the development of desiccation
cracking in the prior drying process, water ﬁlls the cracks
and ﬁssures; in addition to increasing the hydrostatic
forces, the water is slowly absorbed by the swelling rocks.
In the 3rd cycle, the P1, P2, and P3 which are located at the
upper portion of the slope were recorded. After 5 cycles, all
PPTs were recorded except P4, which is located near the
top slope under the surface of 40 mm from the vertical of
slope line. Besides, it can be seen that, from 3 to 5 cycles,
the pore pressure started to increase with the acceleration.
It indicated that, due to the eﬀect of fracture develops, the
water directly penetrated to the location of PPT at the
beginning of the wetting process. Another phenomenon is
no signiﬁcant increase in pore pressure has been observed.
The excess pore pressure was not responded to the slope
failure. Owing to the limited space in model, enough PPTs
were not installed to monitor the inﬁltration process with
model time.
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Figure 10 shows the “inﬁltration region” in two tests,
which is an alternative strategy for the reﬂection of inﬁltration in swelling rock slope. Basing on the average value
of PPTS in the stable phase (the saturation of the region is
judged by comparing the reading with the hydrostatic
pressure at the corresponding position), the region of 1st and
2nd cycles can be estimated. It was founded that the depth of
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Figure 8: Slope failure and ultimate vector of displacements.
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Figure 9: Variation of pore water pressure with model time.

the inﬁltrating area can reach 20 mm (with model scale)
vertical below the surface for the ﬁrst cycle in Model 1
without cracking, and similarly reach to 24 mm in Model 2.
Due to the development of cracking, after 3 cycles, the
inﬁltration region has reached to 40 mm below the surface in
Model 1 and 50 mm in Model 2, respectively. In addition to
monitoring the degree of region under inﬁltration, the
saturation data recorded at the end of tests are presented in
Figure 10. It can be seen that the regions were eventually
extended to 44 mm in Model 1 and 53 mm in Model 2. The
distribution of the saturate region is mainly near the surface

and larger in toe and bottom, which is related to the depth of
crack, hydrostatic force, and centrifugal acceleration. This
accumulation of inﬁltration led eventually to the onset of
progressive failure from the surface to inner surface,
resulting in a large region of softening.
In the interval of each cycle, the cracks were depicted by
plastic ﬁlm on model surface of slope, as much as possible.
Limited to space, the development of cracks on model
surface in test 1 is given in Figure 11, with obvious cracking
after every cycle which is depicted by pen. Owing to the
existence of these cracks under circumstance of D-W cycles,
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Figure 11: Depiction of surface cracks at the end of each D-W cycles in Model 1.

the canal suﬀered devastating damage after several years of
coming into use. As the laboratory D-W tests showed, the
seasonal shrinking and swelling behavior of the cracked
clay zone results in a progressive reduction of the bulk
shear strength of the swelling rock to the point where it may
approach its residual strength. In centrifugal model test, the
eﬀect of the absorbed water is to increase the unit weight of
clay as well as to decrease its shear strength. These
mechanisms result in a simultaneous increasing in the
sliding forces of slope and decrease in the resisting forces
which are presented by centrifugal force. However, some
previous research noted that cracking and hydraulic
conductivity of swelling clay or rocks are controlled by
plasticity and swelling [27]. The slope basement with highly
swelling potential may enhance the eﬀect of inﬁltration,

and then aggravate slope failure. Although the results of
laboratory D-W tests show that residual strength can still
reach a safe conclusion by limit equilibrium slope stability
methods, the maximum available shear strength on the base
of each of the vertical slices may not be invoked for such
swelling slopes.
In fact, the method of using bulbs for heating requires
control of ambient temperature and humidity and requires
rigorous math-physical methods to analyze testing results.
Nevertheless, compared with the previous studies, one-time
scale was carried out in this test that avoids the situation of
mismatching of time. As far as the wreck mode of the canal
slope is concerned, the centrifuge modeling has examined
the lateral global failure about soft rock slope in relation to
the hydric and evaporation due to climate and situation of
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seasonal water delivery, which is associated with cracking,
inﬁltration, swelling, and strength reduction.

4. Conclusions
A series of crack observation tests and direct shear tests were
conducted on the remolded soft rock subjected to drywetting cycles, and a centrifuge modeling is presented
herein for simulating full-scale slope failure induced by D-W
cycles. The conclusions are as follows:
(1) The fractal dimension Db was used to quantitatively
analyze the degree of cracking of the specimens
under cyclic D-W. The fractal analysis showed that
the fractal dimension Db is related to the dry density
and swelling potentials, ﬁnally related to the swelling
composition of soft rock.
(2) The cohesion decreases with increasing D-W cycles.
After 4 cycles, the variation of cohesion changed in
a negligibly small manner. The strength reducing is
accompanied with cracking and will almost no
longer develop until cracking converges to be stable.
(3) The centrifuge test results showed that at least four
D-W cycles under the 50 g with true time of 4 years
led to slope failure, which was the type of global and
lateral failure without signiﬁcant excess pore pressure. Both dry density level and D-W accumulation
aﬀected soft rock slope instability.
The relationship between fractal dimension and strength
in laboratory tests and quantitative evaporation process in
centrifuge modeling will be emphasized in subsequent
studies.
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