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Abstract

Shrinkage cracking is the primary reason for the anti-seepage failure of compacted clay liner (CCL) in a landfill final cover. With a
focus on the surface crack characteristics and the water content distribution of three CCLs with different liquid limits and their mineral
compositions, experiments were conducted to investigate the cracking mechanism of a CCL during the drying process. The results
showed that the total crack ratio (TCR), the sum of the surface shrinkage crack ratio (SCR) and the surface boundary shrinkage ratio
(BSR), is a function of the surface water content of a CCL. The change in the TCR with surface water content is consistent with the soil
shrinkage characteristic curve (SSCC). The surface SCR is a function of the surface water content gradient of a CCL. The variations in
the SCR with the water content gradient can be divided into the following three stages: the crack open stage, the crack linear expansion
stage and the crack linear close stage. The effect of sample size, surface boundary shrinkage and shrinkage cracking are the main defor-
mations of CCL specimens with low and high liquid limits, respectively, during the drying process. An increase in the amount of clay
minerals in CCLs enhances the soil shrinkage capacity, leading to an increase in the SCR under the same water content gradient. A uni-
fied linear relationship exists between SCR=K j (where Kj is the slope of the SSCC) and the water content gradient in the crack linear
expansion stage and the crack linear close stage for different CCL types.
� 2018 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society.
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1. Introduction

The compacted clay liner (CCL) is widely used as the
barrier layer in a landfill cover because of the ultralow per-
meability of compacted clay (CJJ112-2007). However,
CCLs are easily affected by seasonal dry-wet cycles since
the final cover is placed on a landfill surface. Numerous
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studies have revealed that multiple cracks are initiated in
a CCL after seasonal dry-wet cycles. These cracks provide
direct channels for rainwater infiltration and threaten the
safe operation of a landfill site (Wan et al., 2016; Li
et al., 2016).

While the dry cracking of soil is attributed to the nature
of clay dehydration shrinkage, there are many factors that
affect the characteristics of soil shrinkage cracks. These fac-
tors include the soil type (Rayhani et al., 2008), its dry den-
sity (Wan et al., 2014), its initial moisture content (Nahlawi
and Kodikara, 2006) and its sample size (Nahlawi and
Kodikara, 2006; Wan et al., 2015). Macro-cracks are likely
to occur if the tensile stresses generated in a given soil reach
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its tensile strength, and if this shrinkage is constrained
(Nahlawi and Kodikara, 2006). According to the theory
of unsaturated soil mechanics, the tensile stresses generated
in the soil is a function of Matrix suction which is given by
the soil water characteristics curve (drying) (Lu and Likos,
2004). At the same time, the soil shrinkage characteristics
are also a function of moisture content. Thus, substantial
research has been conducted to investigate the relationship
between soil water content and shrinkage strain and the
macro-cracks generated (Brian et al., 2001; Tay et al.,
2001; Rayhani et al., 2008; Tang et al., 2008; Li et al.,
2010; Xue et al., 2014; Ohjung et al., 2011).

The shrinkage constraints are a necessary condition
for clay cracking. These shrinkage constraints typically
have different causes (Hueckel., 1992; Peron et al.,
2009): (i) frictional or other traction or displacement
boundary conditions, or (ii) the deformation mutually
inhibited in the CCL due to moisture gradients. The dis-
crete element model of drying shrinkage and cracking of
soils established by Peron et al. (2009) was used to ana-
lyze the effect of hydraulic gradient on the cracking of
clay. The experimental results published in Tang et al.
(2008) indicate that the increase in the thickness of the
CCL specimen was accompanied by increases in the aver-
age length and width of cracks, which could be attribu-
ted to the difference in the corresponding water
contents between the upper layer and bottom layer. In
summary, there are many studies on the relationship
between soil crack and water content, whereas research
on the relationship between soil cracks and water content
gradients are few.

To investigate the relation between the crack character-
istic and water content gradient of a CCL, the shrinkage
cracking characteristics of three CCLs with different kinds
of clay were discussed based on CCL cracking tests con-
ducted in a laboratory-simulated landfill environment.
Moreover, the variation of the surface shrinkage crack
characteristics with the water content or the water content
gradient of the CCL surface was assessed during the drying
process. The effects of the mineral composition, pore distri-
bution and specimen size on the crack characteristics and
the water content gradient in CCLs were analyzed. Finally,
a unified functional relationship between the crack ratio
and the water content gradient was established.

2. Materials and methods

2.1. Experimental materials

Three types of soil with different liquid limits, which are
typically used as the material for landfill final covers, were
obtained from Hubei Province. The physical parameters
and mineral compositions of the three types of soil (desig-
nated as Soil-1, Soil-2, and Soil-3) are shown in Tables 1
and 2, respectively. According to the soil classification cri-
terion of the Chinese standard (GB/T 50123-1999), Soil-1
was classified as silty clay, while Soil-2 and Soil-3 were
classified as clay. The mineral components of the three soils
were the same, but the clay mineral (illite, montmorillonite,
and kaolinite) content of Soil-3 was slightly higher than
that of Soil-2 and considerably higher than that of Soil-1.
However, the montmorillonite content in Soil-3 was higher
than that in Soil-1 and Soil-2.

2.2. Experimental methods

2.2.1. Test methods for crack parameters, water content

gradient and permeability

Three kinds of CCL samples made by Soil-1, Soil-2,
and Soil-3 were denoted as CCL-1, CCL-2, and CCL-3,
respectively. Two CCL samples (named by sample A
and sample B) were prepared for each kinds of CCL.
Sample A was used to test the crack parameters and per-
meability, and sample B was used to test the water con-
tent gradient. The test conditions and test procedures for
the three types of CCL are exactly the same. All CCL
samples had the same diameter (28.6 cm), height
(10 cm) and dry density (1.5 g/cm3). The test procedure
was as follows:

(1) Sample preparation

An appropriate quantity of soil was pulverized and
sieved through the 2 mm sieve. The soil was mixed with dis-
tilled water to bring the water content to approximately
20%. After mixing, the mixture was covered with a plastic
wrap and allowed to cure for 24 h to ensure the uniform
distribution of moisture. Static compression method was
used to make CCL samples. The soil was then deposited
in an organic glass model container with an inside diameter
of 28.6 cm and height of 10 cm. The test models were pre-
pared by compacting the soil in layers to obtain the desired
dry density (1.5 g/cm3) using a pressure testing machine.
Throughout the test process, the CCL samples were always
in the organic glass model container.

(2) Permeability test

After compaction molding, the CCL samples were
placed in a vacuum saturator for 48 h. Then, Sample A
was obtained from the vacuum saturator for the first per-
meability testing, while Sample B was retained in the vac-
uum saturator. After the first permeability testing,
Sample A and Sample B were both placed in an oven at
50 �C (the temperature at the bottom of the CCL) (Klein
et al., 2011) for about 100 h to test the crack parameters
and water content gradient respectively. Then, Sample A
was placed in a vacuum saturator for 48 h again for the sec-
ond permeability testing. The permeability test was con-
ducted using a flexible wall permeameter (PN3230M)
which was manufactured by American GeoEquip. The per-
meability test lasted for 48 h, with a confining pressure of
80 kPa and hydraulic pressure difference across the speci-
men of 40 kPa. Because the CCL sample was placed in
the pressure chamber of the flexible wall permeameter
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together with the organic glass model container during the
penetration test, the confining pressure was directly on the
model container instead of pressing on the CCL sample. As
such, confining pressure did not affect the shrinkage
boundary of the CCL sample.

(3) Crack test

During the drying process, the surface boundary shrink-
age and surface shrinkage cracking of Sample A were
momentarily recorded by using a digital camera, and then
the original images were transformed into binary images,
as shown in Fig. 1. The black circular boundary region in
Fig. 1 is the boundary shrinkage area of the CCL sample
surface. Meanwhile, the black netted region in the black
circular boundary region denotes the shrinkage cracking
that occurred on the surface of the CCL sample. The crack
parameters can be calculated as follows:

SCR ¼ Ac

Ao
� 100% ð1Þ

BSR ¼ AB

Ao
� 100% ð2Þ

TCR ¼ BSRþ SCR ð3Þ

where SCR, BSR and TCR are the shrinkage crack ratio,
boundary shrinkage ratio and total shrinkage ratio, respec-
tively; Ac, AB and Ao are the shrinkage crack area on the
CCL surface, boundary shrinkage area and original area

of the CCL sample Ao ¼ p
4
� 28:62cm2

� �
, respectively.

(4) Water content gradient test

Concurrently, the water contents at depths of 1, 3, 5, 7,
and 9 cm were determined by obtaining samples from Sam-
ple B using a cutting ring with an inner diameter of 3.91 cm
and a height of 10 cm (Fig. 2). The water content gradient
was the ratio of the difference in the soil water content and
Fig. 1. Original and binar
the center distance of the adjacent layer, which was calcu-
lated by solving the following equation:

ri ¼ wiþ1 � wi�1

2
; i ¼ 2; 4; 6; 8 ð4Þ

where i is the depth from the top of the CCL surface (cm),
wi is the water content at depth i (%), and ri is the water
content gradient at depth i (%/cm).

2.2.2. Test method for SSCC and PSD
The soil shrinkage characteristic curve (SSCC) and

pore-size distribution (PSD) are two key parameters in
the analysis of cracking, in the water content gradient
and also the permeability characteristics of the CCL sam-
ples. A small CCL sample, with a diameter of 6.18 cm
and thickness of 2 cm, was used to test the SSCC and
PSD of the CCLs. This small CCL sample exhibited more
homogeneity than a large CCL sample (i.e., Samples A and
B). Except for the sample size, the other conditions were
the same as those for the large CCL sample.

Four small CCL samples were prepared for each soil
type. After compaction molding, the CCL samples were
placed in a vacuum extraction saturator for 48 h, and then
one sample was obtained for PSD testing by using mercury
intrusion porosimetry (MIP). The MIP test method was
based on Wan et al. (2014). The other three samples were
prepared for the SSCC test by measuring the sample size
(mean diameter and height) and weight using a Vernier
caliper and an electronic scale during the drying process.
To compare the relationship between CCL shrinkage and
cracks, the free shrinkage ratio (FSR) of small CCL sample
was defined as area shrinkage ratio, which was calculated
by solving Eq. (5). The SSCC was calculated by considering
the free shrinkage ratio and weight at different times during
the drying process.

FSR ¼ Ao � Ax

Ao
� 100% ð5Þ

where Aois the original area of the small CCL, with

Ao ¼ p
4
� 6:182cm2 and Ax is the area of the small CCL with
y images of the CCL.



Fig. 2. Method for testing the water content gradient.
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water content x, with Ax ¼ p
4
R2
x, where Rx is the mean

diameter of the small CCL with moisture rate x.

3. Experimental results

3.1. SSCC results

Fig. 3 presents the SSCC of the three kinds of CCL
samples. The SSCCs of the three kinds of CCL can be
characterized by three distinct stages: initial stage, linear
increase stage, and steady state stage. In the initial stage
and steady state stage, the increase of the FSR is negligible.
The water content of CCL-1, CCL-2, and CCL-3 was
34.5%, 27.4% and 33.5%, respectively, at the beginning of
shrinkage and 9.1%, 10.3%, and 10.4%, respectively, at
the end of shrinkage (shrinkage limit). The FSR was
8.5%, 10.3%, and 14.7%, respectively, at the end of shrink-
age. The shrinkage slopes (Kj) were 0.36, 0.57, and 0.61,
respectively, in the linear increase stage of the SSCC. After
comparing with the soil physical properties and mineral
compositions shown in Tables 1 and 2, the shrinkage abil-
ity was found to increase with increasing liquid limit or
clayey mineral content.
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Fig. 3. SSCC.
3.2. Pore-size distribution (PSD) test results

Fig. 4 reveals the PSD test results for the CCLs before
the dry-wet cycle. The PSDs were all bimodal curves with
pore sizes of 0.1, 6 and 80 lm at the three troughs. The soil
pores were classified into the following three categories
according to Shea et al. (1993): large pore (>6 lm), small
pore (6 to –0.1 lm), and micropore (<0.1 lm). Table 3
shows the different types of pore volumes for each CCL.
The large pore volume in CCL-1 was larger than that in
CCL-2, whereas the small pore volume and micropore vol-
ume in CCL-1 were slightly less than those in CCL-2. The
difference in the large pore volume between CCL-2 and
CCL-3 was small. By contrast, the small-pore volume
was higher in CCL-2 than in CCL-3, while the micropore
volume was lower in CCL-2 than in CCL-3.
3.3. Permeability test results

Table 4 shows the permeability test results of the CCLs
before and after the first of the dry–wet cycle. CCL-2 and
CCL-3 possessed the same initial dry density, but the per-
meability of CCL-3 was slightly less than that of CCL-2
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Fig. 4. PSD of the CCLs at saturation.
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and considerably less than that of CCL-1 prior to the dry-
wet cycles. After the first of the dry-wet cycles, the perme-
ability values of the three CCLs increased relative to their
initial values. However, the permeability increment of
CCL-2 was higher than those of CCL-1 and CCL-3.

3.4. Test results of the crack parameters

Fig. 5 displays images of the crack characteristics of the
three CCLs during three different drying periods. The
shrinkage cracks and the boundary shrinkage happened
simultaneously during the drying process, while the SCRs
and BSRs differed among the three CCLs. While only a
few cracks appeared on the surface of CCL-1 when the
boundary shrinkage was significant, in the case of CCL-2
and CCL-3 many cracks appeared.
Fig. 5. Images of the crack characteristics of the
Fig. 6 presents the variation of three crack parameters
(i.e., BSR, SCR and TCR) as a function of time during
the drying process. In the semi-log coordinate system, a
piecewise linear relationship was observed between the
crack parameters and drying time. Shrinkage cracks and
boundary shrinkage were also observed in the initial period
of the drying process. When the CCL samples began to
shrink or crack, the BSRs of the CCLs increased with dry-
ing time, whereas the SCRs of the three CCLs all rose first
and then dropped with increasing drying time. However,
the TCRs of the three CCLs all increased and then
remained stable after the SCRs reached their peaks.

In addition to the similar aspects for the three CCLs
mentioned above, many differences were observed regard-
ing the changes in the three crack parameters (i.e., BSR,
SCR, and TCR) for different soil types during the drying
three CCLs at three different drying periods.
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process (Fig. 6). The boundary shrinkage for CCL-1
occurred first, followed by cracking, and the boundary
shrinkage was the main deformation in the entire drying
process (i.e., BSR > SCR in the entire drying process).
Table 1
Physical properties of soils.

Soil number Specific gravity, Gs Plasticity limit (%) Liquid l

Soil-1 2.72 21.8 36.6
Soil-2 2.70 25.3 44.5
Soil-3 2.68 23.7 64.3
The boundary shrinkage and shrinkage cracking of CCL-
2 occurred almost simultaneously, and the BSR was smal-
ler than the SCR in the first 34 h and then became larger
than the SCR in the following stage. The opposite phe-
nomenon with respect to the boundary shrinkage and
shrinkage cracking was observed for CCL-3 and CCL-1.
By comparing with the soil liquid (shown in Table 1) and
crack parameters (shown in Fig. 6), it can be concluded
that boundary shrinkage is the main deformation mode
for soils with a low liquid limit, whereas shrinkage cracking
is the main deformation mode for soils with a high liquid
limit.
3.5. Water content gradient test results

Fig. 7 shows the test results with respect to the water
content at 5 different depths (i = 1 cm, 3 cm, 5 cm, 7 cm
and 9 cm) in the CCLs at different periods during the dry-
ing process. The water contents at the five depths in the
CCLs all gradually decreased with time. At the same time,
the water loss rate gradually declined with increasing soil
depth for the same CCL sample. The water loss rates of
the surface layers of the three CCLs were much higher than
for the four deep layers. The time required for the water
content of the surface layer to reach the soil shrinkage limit
was approximately 30, 29 and 33 h for CCL-1, CCL-2 and
CCL-3, respectively. At the end of the drying tests (after
approximately 100 h), the water contents at the other four
deep layer depths were all below the shrinkage limit for
CCL-1, near the shrinkage limit for CCL-2, and over the
shrinkage limit for CCL-3. The difference in the water loss
rate between the surface layer and the second layer was
obviously larger than that between other adjacent layers,
and this difference increased with increasing liquid limit
or clayey mineral content.

Fig. 8 shows the calculated values of the water content
gradient at 4 different depths (i = 2 cm, 4 cm, 6 cm and
8 cm) in the CCLs at different periods during the drying
process. They increased first and then decreased. At the
same time, the water content gradient gradually declined
with increasing soil depth for the same CCL sample. The
peak values of the surface water content gradients were
2.5%/cm, 4.4%/cm, and 7.8%/cm, respectively, for CCL-
1, CCL-2 and CCL-3, which were obviously larger than
those of the other three deep layers. The difference in water
content gradients between the surface layer and the second
layer was obviously larger than that between other adjacent
imit (%) Different soil particle contents (%)

Sand (2000-75 lm) Silt (75-2 lm) Clay (<2 lm)

3.2 77.1 19.7
2.6 58.9 38.5
2.1 46.3 51.6
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layers, and this difference increased with increasing liquid
limit or clayey mineral content.

4. Analysis and discussion

4.1. Analysis of cracking mechanism of CCL

Macro-cracks are likely to occur if the tensile stresses
generated in the soil reach its tensile strength and if shrink-
age is constrained (Nahlawi and Kodikara, 2006). The
shrinkage constraint of CCL includes boundary constrain
of CCL and mutually inhibited deformation in the CCL.
To elucidate the mechanism of CCL sample shrinkage
cracking, the stress equilibrium of the CCL element were
analyzed (Fig. 9). The CCL sample holds a size of
2L� H in length and thickness, respectively. The top
boundary is an evaporation boundary, whereas the other
boundaries are impervious boundaries. All boundaries
can be free shrinkage during the drying process. The stress
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equilibrium of the CCL element (L� dz) in the X direction
can be expressed as follows:
Z L

0

@sxz
@z

dx ¼ rx ð6Þ

When the horizontal stress rx is larger than the soil ten-
sile strength, a tensile crack appears in the middle of the
CCL sample.

Eq. (6) indicates that the CCL tensile crack is influenced
by CCL size as well as the shear stress gradient in the depth
direction. During the drying process, the difference of water
content in different layers of CCL results in the difference
of shrinkage deformations. The shear stress is produced
by mutual inhibition between different layers of the CCL
since the CCL deformation must be compatible. Thus,
the shear stress gradient is relation to the water content
gradient. The water content gradient in CCL is also a
key factor for CCL cracking.
0 1 2 3 4 5 6 7 8
Water content gradient (%/cm)

Fig. 11. Variation trend of the SCR with surface water content gradients.
4.2. Relationship between SCR and water content gradient

Fig. 10 presents the change in the water content gradient
and the SCR with time during the drying process. The
results show that the variation trends of the water content
gradient and that of the SCR with time were similar, with
both increasing first and then decreasing. A brief time lag
was observed between the time of the CSR peak and that
of the water content gradient peak.

Fig. 11 shows the change in the SCR with the surface
layer water content gradient. The change in the three kinds
of CCLs can be characterized by three distinct stages: crack
open stage, crack linear expansion stage, and crack linear
close stage. In the crack open stage, cracks do not appear
because the water content gradient is below the threshold
for crack appearance, at 0.84%/cm, 1.06%/cm, and
1.46%/cm for CCL-1, CCL-2 and CCL-3, respectively.
The second stage is the crack linear expansion stage, in
which the SCR increases linearly with increasing water
content gradient after shrinkage cracks appear. The third
stage is the crack linear close stage, in which the SCR
decreases linearly as the water content gradient decreases
after the water content gradient reaches its peak. Two phe-
nomena existing in the trends of variation of the SCR with
the surface layer water content gradient mentioned above
are discussed as follows. First, the SCR is larger in the
crack linear expansion stage than in the crack linear close
stage under the same water content gradient. This phe-
nomenon may contribute to the shear failure and warp of
the surface soil caused by the horizontal shear stress in
the drying process (Xue et al., 2014). At the same time,
the surface shrinkage cracking is also affected by the water
distribution in deep layers (Nahlawi et al., 2006; Tang
et al., 2008). Second, the SCRs significantly differ among
the different CCL types with the same water content gradi-
ent in the crack linear expansion stage and in the crack lin-
ear close stage. This phenomenon could be due to the
difference in shrinkage ability of the samples in the tests.

As discussed above, the variations in soil shrinkage abil-
ity of the different soil types cause differences in the SCRs
of the different CCL types under the same surface water
content gradient. The shrinkage slopes (K j) in the linear
increase stage of the SSCC denote the shrinkage in area
per unit water loss, which can be reflected by the soil
shrinkage ability. To eliminate the difference in the SCRs
affected by the different soil types, the parameter SCR=K j

is introduced to explain the phenomenon. Then, the results
of SCR=K j as a function of the surface water content
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gradients in the crack linear expansion stage and the sur-
face water content gradients in the crack linear close stage
are presented in Fig. 12. A linear relationship is obtained
between SCR=K j and the surface water content gradients
in the crack linear expansion and close stages, and all the
goodness of fits exceed 0.95, which means that the differ-
ence in shrinkage ability of a CCL is the main reason for
the difference in SCRs under the same moisture gradient.
Meanwhile, the relationship between the SCR and the
water content gradient of different CCL types is proven
to be linear.
4.3. Relationship between TCR and water content

Fig. 13 shows the relationship between the TCR and the
surface water content. The trend of the variation of the
TCR with surface water content is consistent with the
SSCC of the CCL, but the TCR of the CCL is slightly less
than the FSR for the same water content. This phe-
nomenon is mainly caused by the interaction of soil defor-
mation between the CCL layers. During the drying process,
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Fig. 13. Change in TCR and FSR with increasing water content.
the water loss in the deep layers of the CCL lags behind the
water loss at the CCL surface. In this case, the CCL surface
shrinkage is greater than the CCL bottom shrinkage. Thus,
the CCL deep layer suppresses the shrinkage of the CCL
surface layer, which in turn promotes the shrinkage of
the CCL deep layer, leading to the deformation coordina-
tion of the CCL. The CCL surface layer shrinkage is inhib-
ited by the deep layer, which leads to the surface TCR of
the CCL being slightly less than the FSR for the same
water content during the drying process.

4.4. Influence of soil properties on crack characteristics

A conclusion can be reached based on the fact that the
variation difference in the crack characteristics is attributed
to the difference in water content gradients and shrinkage
ability of different CCL samples, while the internal reason
is the difference in the pore-size distributions and clay min-
eral contents of the CCL samples.

The water content distribution in a CCL is mainly
affected by the soil permeability and thickness of the soil
layer under the same ambient conditions (temperature
and relative humidity) (Lu and Likos, 2004). Nahlawi
and Kodikara (2006) and Tang et al. (2008) found that
the increase in the thickness of the soil layer was accom-
panied by increases in the average length and width of
cracks and the SCR, which could be attributed to the
difference in the corresponding water contents between
the upper layer and bottom layer, leading to a significant
difference in the water loss rates (Tang et al., 2008).
Meanwhile, the decrease in permeability lowers the water
loss rate of the bottom layer of the CCL, increasing the
difference in water content between different layers (i.e.,
water content gradient) in the CCL. The saturated and
unsaturated permeabilities of soil are controlled by the
pore-size distribution of soil (Lu and Likos, 2004; Xue
et al., 2014). The results in Table 3 show that volume
of large pores (primary permeate channel) in the CCLs
decreased and that the volume of micropores increased
from CCL-1 to CCL-3, leading to a decrease in the per-
meability (as shown in Table 4), a decrease in the water
loss rate of the deep layers (as shown in Fig. 7) and an
increase in the peaks of the surface water content gradi-
ents (as shown in Fig. 8).

The clay mineral content of soil is recognized as the
most important factor affecting the shrinkage properties
and cracking behavior. Table 2 shows that the clay mineral
(illite, montmorillonite and kaolinite) content increases
from CCL-1 to CCL-3, with contents of 21.0%, 33.2%
and 38.6%, respectively. The SCR peak of the three CCLs
is 2.5%, 5.4% and 10.0%, as shown in Fig. 11. It can be con-
cluded that the SCR is related to the clay mineral content,
and the higher the clay mineral content, the higher the
shrinkage ability and SCR obtained; a similar conclusion
was found in other studies (Rayhani et al., 2008; Tang
et al., 2008). At the same time, the mineral content is the
main factor affecting the pore-size distribution of clay for



Table 2
Mineral compositions of soils.

Mineral Composition (%)

Soil-1 Soil-2 Soil-3

Quartz 77.74 53.49 52.35
Albite 13.91 13.16 12.52
Illite 1.64 20.17 7.45
Montmorillonite 4.70 13.18 29.74
Kaolinite 2.01 0 4.39

Table 3
Different types of pore volume of three CCLs.

Soil type Pore volume (cm3/g)

Large pore Small pore Micropore Total pore

CCL-1 0.0855 0.1251 0.0345 0.2451
CCL-2 0.0273 0.1320 0.0409 0.2003
CCL-3 0.0250 0.1063 0.0559 0.1873

Table 4
Permeability test results for three CCLs.

Soil type Coefficient of permeability (cm/s) K1/K0

Before dry-wet K0 After dry-wet K1

CCL-1 9.90 � 10�6 1.28 � 10�5 1.25
CCL-2 5.06 � 10�8 2.32 � 10�7 4.55
CCL-3 3.31 � 10�8 3.81 � 10�8 1.15
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the same density (Lu and Likos, 2004). As shown in Tables
2–4, the volume of large pores decreases with increasing
clay mineral content, along with the increase in the micro-
pore volume and decrease in the permeability, leading to
the change in water content distribution in the CCL. In
addition, the clay mineral type is the main reason for the
increase in permeability of the CCL after the dry-wet
cycles. The increase in the permeability of CCL-3 is signif-
icantly smaller than that of CCL-2, even though the TCR
of CCL-3 is bigger than that of CCL-2 (as shown in
Fig. 13) and both of the samples have similar clay mineral
contents (as shown in Table 2), which is attributed to the
larger montmorillonite content in CCL-3, which increased
its self-recovery capacity (Rayhani et al., 2008; Ohjung
et al., 2011).
4.5. Influence of specimen size on crack characteristics

Under the limitation of indoor test conditions, the
specimen size of compacted clay is often smaller than
that of field observation. Specimen size is one of the
main factors influencing cracking characteristics. Studies
in Chertkov (2012) and Wan et al. (2015) showed that
the compacted clay specimen only contracted and did
not crack when the specimen size was small. Based on
the theory model of soil shrinkage curve, it was analyzed
in Chertkov (2012) that the minimum size requirement
for dry shrinkage cracking of compacted clay specimens
decreases while soil liquid limit or clay mineral increases.
The results in Rayhani et al. (2008) and this paper
showed that the average size of the cracking block
decreased with the increase of soil liquid limit or clay
mineral. Li et al. (2010) established the linear increment
function relationship between the size of the representa-
tive elementary volume and the average size of the crack-
ing block.

The field observation of soil fissure (Li et al., 2011) and
the large scale model test (Yesiller, 2000) showed that the
surface cracking rate increased gradually at the early stage
of drying, and the cracking rate increased slowly at the end
of dry period to achieve final stability. Under the influence
of specimen size, the shrinkage cracking rate gradually
decreased in the later stage of drying and the boundary
shrinking rate gradually increased due to the boundary
effect. In the field of cracking observation, there is no
boundary effect. The similar phenomena are that in the
later stage of drying, the total cracking rate changes
slightly, but the main cracks width increases gradually,
while the secondary cracks close gradually. If the specimen
boundary is treated as a main crack, the evolution mecha-
nism measured in the laboratory test is similar to that in the
field test. Depending on sample size, surface boundary
shrinkage is the main deformation mechanism of CCL
specimens with low liquid limits during the drying process.
Thus, the characteristic element size of the low-liquid lim-
ited clay is larger after the clay shrinkage cracking, and a
larger specimen size is needed to eliminate the boundary
influence.

5. Conclusions

Experiments considering the surface crack characteris-
tics and water content distributions of three CCLs with dif-
ferent liquid limits and mineral compositions were
conducted to investigate the internal mechanism influenc-
ing the shrinkage cracking of a CCL during the drying pro-
cess. The conclusions are as follows:

(1) The water content at different depths of a CCL all
gradually decreases, while the water content gradient
at different depths of a CCL increases initially and
then decreases during the drying process. The water
loss rate and water content gradient at the surface
layer of a CCL are obviously larger than those of
the deep layers of a CCL, and this difference increases
with increasing liquid limit or clayey mineral content.
Surface boundary shrinkage and shrinkage cracking
are the main deformation mechanism of CCL speci-
mens with low and high liquid limits, respectively,
during the drying process. This phenomenon is
related to the sample size effect.

(2) The trend of variations of the SCRwith the water con-
tent gradient can be divided into the following three
stages: crack open stage, crack linear expansion stage,
and crack linear close stage. The SCR is larger in the
crack linear expansion stage than in the crack linear
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close stage when the water content gradient is the
same. The variation trend of the TCR of a CCL with
surface water content is consistent with the SSCC,
which can be characterized by three distinct stages:
the initial stage, the linear increase stage, and tje steady
state stage, but the TCRof the CCL is slightly less than
the FSR for the same water content.

(3) The shrinkage ability of a CCL increases with the
increasing soil liquid limit or clayey mineral content,
which results in the increase of TCR and SCR under
the same surface water content and surface water con-
tent gradient, respectively. The shrinkage slopes (K j)
can reflect the soil shrinkage ability. A unified linear
relationship exists between SCR=K j and the water con-
tent gradient in the crack linear expansion stage and
the crack linear close stage for different CCL types.

(4) The difference in the variation of the crack characteris-
tics is attributed to the difference in the infiltration and
shrinkage ability of the CCLs. The intrinsic reason lies
in the differences in pore-size distribution and clay
mineral content of CCLs. The increase in clay mineral
content reduces the large pore volume (primary perme-
ate channel) and enhances the soil shrinkage ability.
This occurrence further leads to increases in the peak
values of the water content gradient and the SCR.
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