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A Simple Model of Shrinkage Cracking Development for Kaolinite
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Abstract

The experiments have been conducted on Kaolinite in laboratory to investigate the development of shrinkage
cracking and propose a simple model. Image analysis method consisting of control point selection (CPS) technique
is used to process and analyze images of soil cracking captured by a digital camera. The distributions of crack
length increment and crack area increment vary as a three-step process. These steps are regarded as stages of soil
cracking. They are in turn primary crack, secondary crack and shrinkage crack stages. In case of crack area, the
primary and secondary stages end at normalized gravimetric water content (NGWC) of 0.92 and 0.70 for different
specimen thicknesses respectively. In addition, the primary stage in case of crack length also ends at NGWC of
0.92 while the secondary stage stops at NGWC of 0.79, 0.82, and 0.85 for the sample thicknesses of 0.5, 1.0,
and 2.0 cm respectively. Based on the experimental results, the distributions of crack length increment and crack
area increment appear to be linear with a decrease of NGWC. Therefore, the development of shrinkage cracking

is proposed typically by a simple model functioned by a combination of three linear expressions.
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1. Introduction drying is controlled by partly soil suctions and partly soil
properties including mainly the physical and the chemical

Generally, soil cracking is a natural phenomenon and properties. Solutions for cracking due to drying have been
frequently observed in many natural and man-made structures introduced and developed based on (i) elasticity theory,
such as buildings, dams, etc. Cracking in soils due to (i1) the transition between tensile and shear failure, and
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(iii) linear elastic fracture mechanics (Morris et al., 1993).
Cracks appear when soils are restrained while undergoing
volume change produced as a result of the soil suction
generated within the desiccating soil matrix. A review of
the available and emerging theories of desiccation crac-
king of clay containing some laboratory tests has been
presented (Kodikara et al., 2000). The results showed that
cracking of clay generally depends on experiment conditions
such as base material, soil density, the desiccation rate,
and thickness of the sample. Conditions that govern the
characteristics of soil cracking may be categorized as two
separate terms: extrinsic and intrinsic conditions (Wijeyesekera
and Papadopouloun, 2001). Extrinsic conditions include
fundamentally the temperature, relative humidity, and wind
velocity whereas moisture condition, structure of material,
degree of packing, physical and chemical composition, etc
belong to intrinsic conditions. In addition, cracking
formation also can be affected by the microbial contribution
(Preston et al., 2001). These effects were assessed by
quantifying the heterogeneity and connectivity of cracks
developed following the addition of substrate differing in
quantity and quality to a sandy loam soil. Furthermore,
the characteristic of relationships between water content,
bulk density, and cracking was also investigated by Waller
and Wallender (1993). Many physical investigations of the
cracking have been published with various materials
conditions such as Homand et al. (2000), Konrad and
Ayad (1997), Karmakar et al. (2005) and Velde (1999).

To implement the understanding of the cracking of soil,
theoretical and numerical studies of desiccation of soil
have been investigated by employing linear theories of
hygro-elasticity and moisture diffusion for rectangular
slabs (Hu et al., 2006). There have been some experimental
works on desiccation cracks such as effect of desiccation
on compacted natural clays (Albrecht and Benson, 2001)
and desiccation and cracking behavior of three compacted
landfill liner soils (Yesiller et al., 2000). Basically, the
geometry of soil cracks including surface crack area and
surface crack length plays an important role in water flow.
The possible measures can be done using digitized images
to quantify soil structure (Velde, 2001; Peng et al., 2006
and Vogel et al,, 2005). Theoretical studies have been
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made of cracks based on analyzing in detail crack-surface
morphology of the nucleation and growth path of natural
mud (Weinberger, 1999).

The development of soil cracking has been known as
a complex process consisting of stages. An initial step
in understanding the development of soil cracking is the
study of crack growth formed by shrinking at the surface
of the soil due to drying. This study is conducted to
investigate the development of shrinkage cracking of Ka-
olinitic soil. The amount of cracking on the surface of
the soil — crack length and crack area — is quantified using
image analysis method and computed automatically by
using Matlab program. To reduce the errors, an application
of CPS technique is applied. Then the distributions of
crack length and crack area increment with NGWC are
established. They are proposed approximately by a simple
model functioned by a combination of three linear expressions.
Finally, the typical shape of shrinkage cracking develop-

ment is presented experimentally.

2. Fundamental of Evaporation and Shrinkage
Cracking

2.1 Evaporation

Evaporation appears from the soil surface. Conse-
quently, the mass of the soil system will decrease by a
loss of water. This leads to a decrease of gravimetric water
content of the system. The evaporation rate is affected by
conditions such as temperature, relative humidity, and
wind velocity, etc. The flux of soil water upward to the
soil surface is dominated by the hydraulic properties of
the soil such as unsaturated hydraulic conductivity, water
potential gradient, and thermal gradient in soil. The eva-
poration rate computed from the water loss is determined
totally by both the external conditions and the internal

properties of the soil system.

2.2 Shrinkage Cracking in Drying Soils

Shrinkage cracking is one of the most common types

of cracking found in the earth structures. As water is lost



from the surface soil mass, tensile forces are established
in the drying surface layer and soil also loses its ability
to relieve these tensile forces. These stresses are finally
relieved by the occurrence of cracks that grow up at the
surface of the soil. The natural formation of soil structure
is always related to the water loss and the characteristic
of shrinkage cracking in drying soils.

In drying soils, the soil particles move closer and closer
together. If the drying proceeds from the surface down-
ward, then the surface layer shrinks while the water
resistance between the upper and lower layers and in the
layers themselves prevents an adjustment to the volume
decrease of the surface layer. Consequently, tensile stresses
causing the creation of cracks are developed in the surface
layer. When the soil is restrained in some ways against
shrinkage, desiccating clay tends to crack as the tensile
stress which is developed in the soil because the matric
soil suction exceeds the tensile strength of the soil. The
restraints can be external (layer interfaces, boundary con-
ditions, and the shape of the border) and/or internal

(non-uniform drying in soil layers).

3. Preparation of Sample

The experiment was performed in a steel rectangular
tray. Firstly, the soil was mixed carefully with water and
stirred in a stirrer for half an hour to constitute a paste.
An initial water content of the mixture was about 65%,
1.5 times higher than liquid limit. Liquid limit, plastic
limit, and plasticity index of the studied soil are 42.07,
2540 and 16.67% respectively. Secondly, the mixture was
poured in the tray and uniformly spread to make the
surface flat. Finally, the system was balanced and allowed
to dry naturally in laboratory at room temperature 2+4°C
and humidity of 50-60%. Thickness of the specimen was
varied with three sets of 0.5, 1.0, and 2.0 cm. The drying
process has continued for several following days. The
specimen was kept in a close watch to observe accurately

when cracks initiate.

4. Digital Image Processing (DIP)

4.1 Image Capture

Images of the specimen were captured by a digital
camera (Olympus C-5050 zoom). To unify totally testing
conditions, two 300-W halogen lamps were used and
positioned at fixed location. Additionally, the camera’s
position was fixed to capture the whole region of the
specimen. Together with capturing the images of soil
cracking, the mass of the soil system was measured
simultaneously in order to calculate the correspondingly

gravimetric water content.

4.2 Image Processing

To reduce the errors which can occur in using DIP,
CPS technique might be used. The procedure of CPS
technique can be summarized generally in Figure 1.

Firstly, the base image and the unregistered image were
read automatically. To use CPS technique, the base image
(Figure 2a) including the base points and the input image
with the selected input points are required compulsorily.
The base points are considered as four points near the
corners. Figure 2b shows an example of the unregistered
image consisting of the four input points locating at the
top of arrows. One should note that the base points and
the input points are selected manually; hence, the selection
must be done carefully.

Secondly, in order to transform the unregistered image,
a type of transformation was required to transform the

unregistered image based on the input points and the base

Read the images
» The base image
» The unregistered image

Specify the base points ——+L— Specify the input points

j«—— Speciy the type of transformation

v

Transform the unregistered image

Fig. 1. lllustration of CPS procedure
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points. The transformed image resulted from the base
image (Figure 2a) and the unregistered image (Figure 2b)
was presented in Figure 2c. In order to eliminate the
effects of the border, the image was cropped to obtain
the properly inside region.

Finally, the expected image was resized as a dimension
of 1280x960 pixels as shown in Figure 2d corresponding
to the real size of the tray 220 mm by 165 mm. To perform

quantitative measurements in the image, the finally ex-

The base points

~

Fig. 2. Transformation of the unregistered image: (a) the base image
and points, (b) the unregistered image and the input points,
(c) the transformed image, and (d) the finally expected image

pected image was converted to binary image.
Examples of binary images of cracks developing with
an increase of drying time are presented in Figure 3. Four
images on the top row are of 0.5 cm, the middle of 1.0
cm, and the bottom of 2.0 cm in thickness respectively.
In each row, the first image is an initial image. The two
following images are the developed cracking images as
drying time increases. And the last one is considered as

the final image for the development of shrinkage cracking.

4.3 Measurement of Crack Length and Crack Area

For quantitative measurements, binary images of cracking
were used to compute automatically by using Matlab
program. The two principal parameters of the generated
cracks were analyzed: length and area. Cracks are occu-
pied by black pixels while white pixels are considered
as the background.

Crack area was computed automatically by counting the
total number of black pixels as shown in Figure 4a. To
measure crack length, the color of cracks is required to
be converted from black to white (Figure 4b) for applying
an algorithm ‘thin’ defaulted in the program. The command

N

N

A =,

Fig. 3. Examples of binary images developing with drying time for thicknesses: the first row 0.5 cm, the second row 1.0 ¢m, and the third

row 2.0 cm, respectively
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‘bwmorph’ was used to calculate crack length with ‘thin’
option. Using this algorithm, cracks were thinned to lines
automatically as presented in Figure 4c. Crack length was
calculated by a sum of distances of continuously con-

secutive pixels from Figure 4c.

5. Experimental Results

5.1 Crack Length

Parallel to capturing image of soil cracking, the mass
of the soil system was measured simultaneously to
calculate gravimetric water content. With an increase of
drying time, the mass of the system will decrease
continuously due to a loss of water. When water content
of the system reaches a critical value, cracks initiate. In
this study, the experimental results show that cracks
initiate at gravimetric water content of about liquid limit.
This value is denoted Wo.

Figure 5 presents the variation of crack length L with
NGWC. The measured data are plotted by solid points

for the cases of the specimen thickness. At first, crack
length increases continuously with a decrease of NGWC.
It, then, achieves a constant value and becomes clearly
unchangeable. With larger thickness, it increases slower
and the constant of crack length is smaller. They are
experimentally 4500, 2200, and 1300 mm for the spe-
cimen of 0.5, 1.0, and 2.0 c¢m in thickness respectively.
Furthermore, these constants are obtained at different
values of NGWC for different specimen thicknesses. The
larger the specimen thickness, the higher the NGWC is.
Experimentally, they are about 0.79, 0.82, and 0.85 for
the specimen thicknesses of 0.5, 1.0, and 2.0 cm re-

spectively.

5.2 Crack Area

As a result of crack growth, an increase of crack results
in an increase of crack area. Similar to the variation of
crack length, crack area increases as gravimetric water
content decreases. The variations of crack area A with

NGWC for different thicknesses are given in Figure 6.

Fig. 4. Images for calculating crack area and crack length: (a) crack area, (b} converted image, and {(c} crack length.
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Fig. 5. Variation of crack length with NGWC for different specimen
thicknesses
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Fig. 6. Variation of crack area with NGWC for different specimen
thicknesses
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As shown in Figure 6, the same as an increase of crack
length, crack area increases continuously from NGWC of
1.0 to reach a constant value and becomes unchangeable.
In contrast to an increase of crack length, crack area
appears to be the same for the cases of the specimen
thickness in a range of NGWC. Hence, it is expected that
crack area can be the same for the cases of the specimen
thickness in this study. However, as NGWC continues
decreasing crack area only appears to be the same in two
cases of the specimen thickness of 0.5 and 1.0 cm. In
case of 2.0 cm in thickness, crack area is smaller than
in the others. That can be explained by a lack of a few
cracks from the selection of the proper image region by
eliminating a few cracks appearing along the border of
the container. In addition, that can also be explained by
considering the non- uniformity of the specimen as the

specimen thickness becomes larger.

6. Modeling

6.1 Crack Length as a Function of Gravimetric
Water Content

Modeling is one of the challenges for describing the
development of shrinkage cracking because it is a complex
process consisting of stages. In order to understand fully
the development of shrinkage cracking, increment of crack
length is calculated by the deviation of crack length to
NGWC. The distribution of crack length increment is

50,000 <& Measured0.5¢cm
A  Measured1.0cm
40,000 5(
TE © Measured2.0cm
— : 1
E 30,000 <><,> S(% = = Calculated 0.5cm
% I A Calculated 1.0cm
3 20,000
T = = =Calculated2.0cm
10,000 ¥
00 4
1.0 /0.9 08 07 06 05 04 03 02 01
092 WiW,

Fig. 7. The distribution of crack length increment with NGWC (solid
points are the experimental data; the continuous lines are
calculated from the proposed simple model)
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illustrated by solid points in Figure 7. As can be seen,
it firstly increases to achieve a peak; secondly, it decreases
to zero; and finally, it becomes unchangeable with zero
value.

Increment of crack length reaches a peak at NGWC
of 0.92 (as given in Figure 7, denoted by the dot line)
for three cases of the specimen thickness. However, as
the thickness increases, the peak value decreases. Due to
the effects of the specimen thickness, the constant zero
values of crack length increment are obtained at different
values of NGWC. The larger the specimen thickness is
given the higher the value of NGWC becomes. These are
experimentally 0.79, 0.82, and 0.85 for the specimens of
0.5, 1.0, and 2.0 cm in thickness respectively. With
smaller thickness, crack length increment increases to
achieve a peak and then decreases to reach a value of
zero more quickly.

It appears generally that the distribution of crack length
increment varies lincarly with NGWC for each step.
Therefore, an attempt has been carried out for simplifying
the distribution of crack length increment. Each step is
modeled by a linear expression. Consequently, the dis-
tribution of crack length increment is described by a
combination of three linear expressions as illustrated in
Figure 7 by the continuous lines. Based on the experi-
mental results, the proposed model starts at NGWC of
1.0. It increases linearly to achieve a peak at NGWC of
0.92. Then it decreases linearly to zero at NGWC of 0.79,
0.82, and 0.85 for the specimen thicknesses of 0.5, 1.0,
and 2.0 cm respectively. Finally, it becomes unchangeable
with value of zero. As can be seen in Figure 7, the mea-
sured data (solid points) and the calculated values (lines)
determined by the proposed simple model demonstrate an

acceptable appearance.

6.2 Crack Area as a Function of Gravimetric Water
Content

Similar to the distribution of crack length increment,
crack area increment was calculated as a deviation of
crack area to NGWC. The distribution of crack area in-

crement (shown in Figure 8 by solid points) obeys a



three-step process which is the same as the distribution
of crack length increment. It firstly varies increasingly to
achieve a peak; secondly, it varies decreasingly to zero;
and finally, it becomes unchangeable with zero value.
Increment of crack area reaches a peak at NGWC of 0.92
denoted by the dot line for three cases of the sample
thickness, the same as that in case of crack length.
However, the peak seems to be same for different
thicknesses. Subsequently, the second step ends at NGWC
of 0.70 for three cases of the specimen thickness as shown
in Figure 8.

Each step of crack area increment appears experi-
mentally to be linear with NGWC. Hence, a combination

of three linear functions is used to model the distribution
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Fig. 8. The distribution of crack area increment with NGWGC (solid
points are the experimental data; the continuous line is
calculated from the proposed simple model)
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of crack area increment. The proposed model is
superimposed in Figure 8 by the continuous line. The first
step starts at NGWC of 1.0 and ends at that of 0.92. The
second step varies from NGWC of 0.92 to that of 0.70
for three cases of the specimen thickness. The experi-
mental data and the predicted values give an acceptable

appearance.

7. Discussion

The object of this study is to analyze and propose a
simple model for the development of shrinkage cracking
in unsaturated Kaolinitic soil due to drying based on the
distributions of crack length and crack area increments
with NGWC. The study uses image analysis method
consisting of CPS technique to quantify length and area
of cracks in Kaolinite.

With an application of CPS technique, the errors which
can be caused by movement of camera due to capturing
images will be reduced considerably. However, one
should note that the selection of control points, the base
points and the input points, is made manually; hence, this
process must be done carefully. By observing the
specimen hourly, the experimental results are sufficiently
reliable. As shown in Figure 4, the first images in three

rows are the initial images captured when cracks initiate.

D =0.5cm "= =
D= 1.0CM mem——

D =2.0cm
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Fig. 9. Typical distribution shapes for the development of shrinkage cracking in unsaturated Kaolinitic soil in terms of increment of crack
area, d4/aw (left-hand) and crack length, /oW (right-hand) as a function of normalized gravimetric water content W/W, The

numbers in Figure are only for Kaolinite experimentally.
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It was found that the distributions of crack length and
area increments obey a three-step process: (1) increase
linearly to achieve a peak; (2) vary decreasingly to zero;
and finally (3) become unchangeable with value of zero.
This process corresponds to three stages of cracking in
soils: primary crack stage, secondary crack stage and
shrinkage crack stage respectively. These steps appear to
be linear. Consequently, each stage is simplified by a
linear function. The proposed simple models are presented
schematically in Figure 9. The numbers on Figure 9
illustrate experimentally only for Kaolinite. This model
can help us in understanding crack growth and in in-
terpreting the patterns seen in the soil. In general, it is
obvious that many functions can be used to model the
development of shrinkage cracking in soil described
through the distribution of crack (length and area)
increment. However, the dominant advantage of a linear
function is simple for use and application. Furthermore,
the calculated values and the experimental results appear
acceptably.

In addition, there are effects of the specimen thickness
on gravimetric water content, crack length, and crack area.
They result in the effects of the specimen thickness on
stages of the distributions of crack length and area in-
crements. In case of crack area increment, the same peak
value is achieved experimentally at NGWC of 0.92 and
the end of the second stage finishes completely at NGWC
of 0.70 for three cases of the specimen thickness. However,
there are differences in case of crack length. The peak
value of increment of crack length is achieved at the same
value of NGWC of 0.92, but as thickness increases the
peak value decreases. Furthermore, the second stage finishes
completely at different values of NGWC. With smaller
thickness, the value of NGWC at the end of the second
stage 1s smaller. Experimentally, they are 0.79, 0.82, and
0.85 in cases of the sample thicknesses of 0.5, 1.0, and
2.0 cm respectively. The different gravimetric water contents
due to different thicknesses can be explained by the va-
riation of water content with depth as considered in
reference 7. If the specimen thickness is considered as
a combination of thin layers, the average water content

of each layer will increase with depth from the soil
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surface. In this study, gravimetric water content was cal-
culated averagely for the system while cracks initiate and
develop from the surface of the soil mass. Therefore the
second stage ends at higher value of NGWC with larger
thickness specimen.

Beside the effects of the specimen thickness, experiment
conditions such as temperature, relative humidity, wind
velocity, non-uniform drying, and image analysis also can
affect the results. This is proved through the fluctuation
of the experimental data plotted on the graphs, especially
in case of crack area. Due to shrinkage of cracks, the
variation of crack length is observed more clearly than
that of crack area. However, the distribution of crack
length increment describes the second stage of cracking
better while the distribution of crack area increment
describes shrinkage stage more clearly than that of
another. The effects of shrinkage of cracks are shown
through the different values of NGWC at the end of the
second stage between crack length and crack area. In case
of crack length, NGWC at the end of the second stage
is higher than that in case of crack area. Although the
study has a few weak points due to the experiment
conditions, a trend of the development of shrinkage

cracking is observed and described clearly.

8. Conclusions

We have conducted experiments in laboratory to in-
vestigate the development of shrinkage cracking of Kaolinite
due to drying naturally. Image analysis method was used
to quantify crack parameters including length and area.
CPS technique is applied to reduce the errors in using
DIP. The development of shrinkage cracking was demon-
strated through the distributions of crack length increment
and crack area increment with NGWC. It was found
generally that they vary as a three-step process: (1) an
increasing step, (2) a decreasing step, and (3) a constant
step of zero value. These steps correspond to soil cracking
stages: (1) primary crack stage, (2) secondary crack stage
and (3) shrinkage crack stage respectively. The development
of shrinkage cracking, then, is simplified by a combination

of three linear expressions. In case of crack length, the



primary stage ends at NGWC of 0.92 for three cases of
the specimen thickness while the secondary stage stops
at NGWC of 0.79, 0.82, and 0.85 for the specimen thick-
nesses of 0.5, 1.0, and 2.0 cm respectively. Different partly
from crack length, the primary stage in case of crack area
ends at NGWC of 0.92 but the secondary stage stops at
the same NGWC of 0.70 for three cases of the specimen
thickness. The experimental data and the calculated results
determined by the proposed model give an acceptable

appearance.
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