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Crack development in a changing environment is the controlling factor for the
stability and strength of expansive soils. Expansive soils exhibit large volumetric
changes with changes in their moisture conditions that may occasionally lead to
reduced bearing capacity and foundation failures. This study purports to model
crack initiation and its spatial progression in relation to the moisture content and
drying period, respectively. Volumetric soil shrinkage is determined using high-
definition digital camera imaging and Vernier scale methods, while the soil
settlement under vertical shrinkage deformation could be captured through a
tensile stress model for soils. It was revealed that a small change in suction could
trigger crack initiation, which would propagate further under different
environmental conditions. Furthermore, it was observed that the crack volume
increased rapidly at specific moisture content and could penetrate as deep as 1 m
after nearly 1.5 months that is fully consistent with the current model predictions. A
comparison between the performance of the model proposed in this study and
that of two existing models shows that the former predicts the vertical shrinkage
strain values in closer agreement with those observed experimentally and is less
conservative than those predicted by both models. Nevertheless, the findings from
this study could be used to quantify the detrimental behavior of expansive soil
present in pavement subgrades and shallow foundations for lightweight structures.

KEYWORDS

expansive soil, tensile stress model, volumetric deformation, crack progression,
pavement subgrade, lightweight structures

1 Introduction

Expansive (or swelling) soils are problematic clays, which are abundantly found in
different parts of the world. For construction purposes, such soils often warrant pre-
requisite treatments for the sustainable transfer of applied loads. Every year, untreated
expansive soils cause huge damage to properties and loss of invaluable lives. For
instance, more than 60% of the 250,000 new housing units built annually on
expansive soils in the US suffer from minor damages, while 10% bear significant
damages (Holtz and Hart, 1978; Tang et al., 2010). Swell-shrink behavior is a well-
understood problem, whereby expansive soils exhibit large volume changes
(swell-shrink) due to changes in their moisture content that lead to crack initiation,
and this has been reported as a temperature-dependent phenomenon (Israr et al., 2014;
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Mumtaz et al., 2020). These cracks produce favorable conditions
for rain infiltration that leads to an increase in crack depth and
eventually a marked decrease in the soil’s shear strength.
Moisture evaporation results in anisotropic shrinkage of
expansive soils, while the same expansive soils are prone to
shrink by significant volumes in extreme drying conditions.
Studies that
detrimental effects to structures constructed on expansive soils
(Kodikara et al., 2014). Therefore, it is vital to understand the
swell-shrink characteristics of expansive soil to predict the

reported vertical shrinkage causes more

initiation and progression of a crack. Lately, Zhang et al
(2023) adopted the
technique (thermo-TDR) to accurately capture the soil’s

thermo-time domain reflectometry
shrinkage and swelling dynamics, and hydro-thermal regimes
during the wet-dry cycles. Similarly, Gheris and Hamrouni
(2020) used a processed vegetable fiber to control the swelling
cracking potential of expansive soils in Algeria.

Thus far, several laboratory and field studies have
investigated the cracking induced by the swell and shrink
phenomena in expansive soils (Costa et al., 2013; Adem and
Vanapalli, 2015). For example, the mercury displacement
method could accurately delineate the shrunken volume by
excluding the volume of cracks (Chaney et al., 2000; Tripathy
et al,, 2002); however, the ASTM standard for the mercury
displacement method (ASTM, 2008) has been withdrawn due
to potential health risks to wusers caused by mercury.
Nevertheless, the Vernier scale could also be used to
determine the volumetric deformation of the soil (Alazigha
et al, 2016). Lately, image analysis techniques have been
significantly utilized as a reliable method to investigate both
the swell-shrink behavior and cracking patterns of expansive
soils (Al-Jeznawi et al., 2020). For instance, an investigation of
water retention using image analysis techniques was carried out
in a study with micro-pressure plate apparatus (Alazigha et al,,
2018). Crack monitoring is also performed with the help of
image analysis, which has significantly improved the assessment
of the severity and morphology of cracks in expansive soils. A
simple method to investigate the shrunken volume excluding the
volume of cracks had been proposed by Bicalho et al. (2007),
whereby the digital camera image (DCI) technique could be
successfully implemented for capturing the photographs of
cracked soil through binary image processing using ‘Tmage]’
software.

Given that a crack initiates when the tensile stresses exceed
the tensile strength of a soil, the variations in magnitudes of both
tensile stress and tensile strength may be considered a controlling
factor in crack initiation in expansive soils. The change in tensile
stress is a very complex phenomenon that may comprise several
factors such as drying time, characteristics of the soil, moisture
content, and suction. For instance, the tensile stresses in soil
increase upon both a decrease in the moisture content and a
change in temperature (Sih, 1968), whereas the relationship
between tensile stress and suction is also important. Chen and
Bulut (2017) proposed a practical model to predict the tensile
stress from suction and concluded that the distribution of tensile
stress throughout the depth of the soil is controlled by the suction
compression index, diffusion coefficient, and drying time in
tandem. Although many efforts have been made to address the
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FIGURE 1
Particle size distribution of a soil sample.

TABLE 1 Soil properties determined by ASTM standards.

Property Value

Liquid limit 56.6%
Plastic limit 16.67%
Plasticity index 39.93%
Soil type Clay (CH)
Specific gravity 2.625
Cohesion 35 kPa
Angle of internal friction 13.6°
Initial void ratio 0.792
Compression index 0.26
Swelling index 0.01
Pre-consolidation pressure 690.38 kPa
Modulus of elasticity 3,720 ksi

cracking pattern in expansive soils, this complex phenomenon
has not been fully understood yet. The prediction of crack depth
in relation to temperature or the drying period has not been
addressed in most of the existing studies so far. Therefore, this
study aims at presenting an in-depth laboratory analysis of a
highly expansive soil collected from the field where shrinkage
cracks were prominent at the surface. In this work, an attempt is
made to predict crack initiation and its spatial progression in
relation to the moisture content and drying period. For brevity,
crack initiation is presented using the soil water characteristic
curve (SWCC), while crack depth and drying time are also
predicted based on the local climatic conditions that may be
prompt

useful  for and preliminary geotechnical site

investigation.
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FIGURE 2

Correlation between the tensile strength (KPa) and moisture
content (%).

2 Materials and methodology
2.1 Basic soil properties
Figure 1 shows the particle size distribution curve of the

tested in this study. The
characterized as a highly swelling soil using a twofold rationale:

expansive soil soil has been
(1) a rigorous experimental campaign comprising multiple
odometer tests to quantify swelling in terms of both swell
potential and pressure and (2) historical perspective, whereby
published studies reported that the Nandipur clays exhibit very
high swelling potential (Akbar and Farooq, 2002; Israr et al., 2014;
Mumtaz et al., 2020). First, the soil has been classified based on
visual and physical observations at the sampling site in Nandipur,
Pakistan. The natural expansive soil was collected from 1 m depth
with the help of a shovel, preserved in sealed plastic bags, and
conveyed to the laboratory. Table 1 presents the physical properties
of the soil specimen used in this study. It is to be noted that the
aforementioned rationale could sufficiently establish that the
currently tested soil is a high-swelling clay and that the observed
cracking has been the result of shrinkage due to the loss of moisture.
The double punch test method was performed to determine the
tensile strength of the soil (Fang and Chen, 1971). The tensile
strength (o,) value was obtained from Eq. 1.

p

- 7 (1.0bH - a2)’ W

Ot
where tensile strength (o) is in psi, P is the applied load in Ibs, a is
the radius of the punch in inches, b is the radius of the specimen in
inches, and H is the height of the specimen in inches. The values of a,
b, and H are 12.7 mm (0.5 in), 101.6 mm (4 in), and 116.84 mm
(4.6 in), respectively.

The relationship between tensile strength at different moisture
contents is plotted in Figure 2. The maximum value of tensile
strength was noted as 65.086 kPa at 24% moisture content with
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55 blows using the modified compaction test procedure, and the
same value was carried out for further analysis.

2.2 Volumetric and vertical shrinkage of soil

A shrinkage strain test was performed on the soil samples,
and an image-based technique called the DCI method was used to
study the shrinkage behavior of both the soil and the cracking
area. The samples were compacted at different moisture contents
of 16%, 19%, 21%, and 24%. For brevity, the compacted samples
were placed between two filter papers and porous stones for wet
and dry cycles in the modified odometer assembly. In this study, a
wet-dry cycle consisted of submerging the soil sample in water
until saturation and air-drying to the desired moisture content,
after which no further shrinkage occurred (Ekrem Kalkan, 2011).
The saturation was ensured when the Skempton’s B-value
exceeded 0.95 (i.e., the ratio between monitored pore water
pressure and the applied total stress). The cyclic swell-shrink
test was performed on the prepared sample under 12kPa
pressure. The sample was allowed to fully swell in the wet
cycle, and a constant temperature of 45 + 5°C was maintained
during dry cycles. After 24 h, the moisture content dropped to 4%
and no further shrinkage was observed. Cyclic swell-shrink
behavior was studied by subjecting the compacted soil
specimens to two alternate wet-dry cycles. At the end of each
drying cycle, the surface camera images were captured using a
digital camera. The images taken on each day were analyzed on
‘Image]” software to compute the results. The water content of the
sample was measured at the end or during the dry cycles.

The 20-MP digital cameras were used in this test to capture the
images of the soil specimens. The binary image processing technique
using ‘Image]” software is suitable for various sample shapes. The
selected total surface area of the soil specimen, including the crack
area (Ar), and then, the whole area of the image (A;) were measured
using the ‘Analyze-Measure’ command; the white area (A,) which
includes the area of cracks and the surrounding white area other
than the soil surface, were also measured. The next step involved the
separation of the crack area from the total surface area. The area of
the shrunken soil A; and the area of the cracks A, were measured by
Egs. 2, 3, respectively.

As = Al - AZ: (2)

A=A - A, (3)

The area of cracks obtained at the end of the second wet-dry
cycle was 0.511, 0.845, 2.533, 2.748, and 5.787 cm”* at 16.2, 19.04, 21,
24%, and 28.2% moisture contents, respectively. From the areas A

and A,, the volume of the crack and soil was measured through Egs.
4, 5, and then compared with the Vernier caliper readings.

Ay + Ac . . .
Volume of the cracks = (%) height of the soil specimen
(4)

where A, is the crack area obtained from top surface images and A,
is the crack area obtained from bottom surface images.

Volume of the soil = A; x Height of the soil specimen (5)
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TABLE 2 Cracking pattern at different moisture contents.

Moisture content (%) Image before cracking (original) Image after cracking (original) Image after cracking (threshold image)

19.04 .

21

24
The volume of cracks obtained at the end of the second wet-dry
e 162% cycle was 1.2264, 1.859, 5.5726, 6.3204, and 12.7314 cm’ at 16.2,
—e—19.04 % 19.04, 21, 24%, and 28.2% moisture, respectively.

] s 2% Table 2 shows the original i £ the soil sampl d
S5 DA able 2 shows the original images of the soil sample prepare
s for the DCI method before and after cracking. The relationship
[ =1
-% 45 between the vertical shrinkage strain and moisture content was
£ 40 determined by shrink testing using Briaud’s method (Briaud
935 et al, 2003). A total of four samples were prepared in a
0. = . .

230 § — cylinder of 70 x 100 mm size at 16.2, 19.04, 21, and 24%
€ 251 'f'ﬁﬁ\,;.\\’\A moisture contents. Volumetric deformation was computed
" n
3 207 \-\ ey N with the help of Eq. 6. Notably, Figure 3 shows the volumetric
‘é 57 - SN A\ deformation of soil at different moisture contents.
5101 n
= . AV
S s \ . Lo BV

: | | ,\ :.\e \A | | Volumetric deformation % Vv x 100, (6)

0 5 10 15 20 25 30
Moisture content ( % ) where AV is the change in volume and V is the actual volume of
the soil sample.

FIGURE 3 The values obtained from the shrink test were computed to
Variation of volumetric shrinkage deformation at different p
moisture contents. obtain the swell-shrink modulus (E,) and shrinkage ratio

parameters by substituting the values in Egs. 7, 8.
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Aw

Ew = @’ (7)
LHO

f=e ©)

AVY
(&)
where Aw=w,-w represents change in the water content, w, is initial
water content corresponding to zero volume change, and w is the
water content corresponding to relative volume change (§¥) and the
o) ”

H,”"

These parameters were then used to obtain the vertical shrinkage

relative height change

strain at different moisture contents by substituting the value in Eq.
9 as shown as follows:

Aw

AH=—Hf, 9

Ew f ©)
where H is the height of the sample and Aw is the change in moisture
content as a function of depth. It is noteworthy that surface soil was
analyzed in this study and no depth was involved, so only the initial
moisture content was considered. Another shrinkage test was

performed on the same soil samples using Dhowian’s method
(1990).

AH = CyaryH(w; - wy), (10)

where C,4r, is the moisture index for drying, H is the height of the
soil layer, and w; and wy are the initial and final gravimetric water
content values, respectively.

aG,
l+e,

Cudry = (11)

In this study, the volume compressibility factor « for clay
materials was selected as 0.33 (Dhowian, 1990; Bratton, 1996;
Briaud et al,, 2003), while specific gravity of 2.645 was obtained
from the specific gravity test. The initial void ratio (e,) was obtained
from relation between specific gravity and gravimetric water
content. The moisture index obtained from Eq. 11 and other
parameters were substituted in Eq. 10 to obtain the vertical
shrinkage strain.

2.3 Measurement of suction

The filter paper test was performed to determine the matric
suction values of the soil samples (Bicalho et al., 2007). The suction
values were determined using Eqs. 12, 13 in tandem (Marinho and
Oliveira, 2006):

wf < 33¥ =483-0.0839w,
wg > 33Y¥ =2.57-0.0154w,

(12)
(13)

where wy is the filter paper water content break point, w is the
moisture content in %, and ¥ is the log;, suction in kPa. SWCC, as
presented, was prepared by calibrating Eq. 14 (Fredlund and Xing,

1994).
ln(l + er) (
ln(l + lwﬁ)

Ys

(Infe + (Z)"))m)

1- (14)

w(y) =
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FIGURE 4
Combined soil water characteristic curve.

where w is the gravimetric moisture content and ¥ is the suction in
kPa. The values of the parameters a, n, e and m are 135 kPa, 0.6015,
2.71828 and 0.5718, respectively. The unknown parameters of
SWCC were obtained by substituting the moisture content in Eq. 15:

ln(1+
w(u/):<1_ln(l+ )

Figure 4 shows both the theoretical and experimental SWCC,

0.36

14209\ \ 44
(ln<2.72+(%) ))

(15)

i)

11234.89
108 )

11234.89

which agree closely with the previously developed mathematical
models (Javid et al., 2020).

2.4 Climatic parameters

The value of the diffusivity coefficient is obtained through the
following Eq. 16:

Ah
a = 0.005824 + 0.00000713 (T MI) + 0.0495134(5)

—0.0034581 (yh). (16)

The « value obtained from Eq. 16 was 1.1 x 10 cm?/s. The value
of the error correction factor (erf) was taken as 0.0556.
Eq. 17 was used to obtain the suction compression index
(Mckeen, 1992):
Ah
yh = -0.02673 x [ — | — 0.38704, (17)
Aw
where Ah/Aw is the slope of the soil water characteristic curve

(SWCC). Here, the diffusivity coefficient is obtained by the
Thornthwaite Moisture Index (TMI) using Eq. 18:

R - ET,
ET,

TMI = , (18)
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FIGURE 6
Variation of monthly temperature at the Nandipur site.

where R is the annual rainfall and ET, is the annual potential
evapotranspiration. The data on average annual rainfall were
obtained from the National Center for Environmental
Information (NCEI), as shown in Figure 5.

ET, was obtained by Eq. 19 that was proposed by the Blaney-
Criddle method (1950). The value obtained for the suction

compression index from Eq. 20 was 0.01386.

ET, = 0.254p (32 + 1.8T,), (19)

where T, is the average monthly temperature °C calculated from
Eq. 20:

T, = DX~ - min (20)

Tmax and Ty, are monthly maximum and minimum
temperatures shown in Figure 6. p is the mean daily percentage
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Relationship between tensile strength and suction.

of annual daytime hours, which is as shown in Figure 7. T, and p
were used in Eq. 21 to find out the value of ET,. The values of ET|,
and R are used in the previous Eq. 18 to find out the values of TMI.
Afterward, the relationship between tensile stresses and depth with
varying time was calibrated by using Eq. 21

3 Results and discussion

This study validated the tensile strength by considering soil
suction at various moisture contents. The tensile stress equation was
proposed by Chen and Bulut (2017) for unsaturated expansive soils
using Eq. 21. The equation is based on assuming the soil to be an
elastic material before cracking. As there is no overburden pressure
in this case, therefore, the first term of Eq. 21 is neglected in the
analysis:
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Variation of volumetric deformation with wet—dry cycles at
different moisture contents.

voz E

1_v(yh)(uf—uo)<1—erfﬁ>, (21)

ox=1_
where o, is tensile stress, v is Poisson’s ratio, 0z = yz (y is the unit
weight of soil and z is the depth), E is the modulus of elasticity, yh is
the suction compression index, u and u, are the final and initial
suction values, respectively, erf is the error correction factor, z is the
depth of the medium, and t is the drying time. Eq. 22 is used to
obtain the suction compression index.

Ah
yh = -0.02673( — ] — 0.38704. (22)
Aw

The tensile stresses are calculated on the soil surface; hence,
diffusivity coefficient and drying time are neglected. The value
obtained for compression index from Eq. 22 is 0.01386. Poisson’s
ratio used in Eq. 21 for the soil is 0.3. The initial suction value used in
Eq. 21 is 3 pF. Tensile stresses are obtained at different final suctions.
The tensile strength at each suction value is then compared with the
tensile stress. The point on the curve where tensile stress coincides
with the tensile strength is the point of crack initiation.

In Figure 8, the relationship between tensile strength and suction
has been established at the various moisture contents. The crack
appears on the soil at a low suction value because the tensile stresses
increase more rapidly than the tensile strength of the soil. There is a
point where the tensile stress curve intersects the tensile strength
curve. At 3.8 pF, the tensile strength is 65 kPa and the tensile stress is
59.8 kPa. As the tensile stresses increase, it intersects the tensile
strength curve at 3.892 pF. Therefore, it can be stated that 1%-2%
change in water content would be sufficient to initiate crack
in the
vulnerable for construction. These results can be utilized to

development expansive soils, making them more
investigate the relationship between local climate conditions and
performance of the foundation or pavement constructed on highly
expansive soils. The difference between the cracking point suction
and the initial suction value is 0.892 pF that is also supported by

previous research.
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Comparison of the actual vertical shrinkage strain with Briaud’s
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3.1 Analysis of volumetric and vertical
shrinkage

Figure 9 shows the variation of volumetric deformation obtained
from the Vernier scale and DCI methods at 16.2, 19.04, 21, 24%, and
28% moisture content under two wet—dry cycles. At the end of the
second wet-dry cycle, values of volumetric shrinkage deformation
by the Vernier scale method were —21.868, —23.14, —23.66, —24.54,
and-25.132 %at 16.2, 19, 21, 24, and 28% moisture content,
respectively. However, the DCI method showed the volumetric
shrinkage deformation to be -26.84, -28.661, —29.46, —29.846,
and -32.92 %at 16.2, 19, 21, 24, and 28% moisture content,
respectively. The circular gap along the crack increased during
the successive drying cycles; therefore, it becomes evident that
the Vernier scale method underestimates the volumetric
deformation. Shrunken soil shows predominant cracks appearing
at the circumference of the soil sample. These cracks extend from the
top surface to the bottom surface of the soil sample, which supports
the assessment of the cracking pattern using the DCI method. The

vertical shrinkage strain could be computed through Eq. 23:

_ Ahdlog(¥)

€ = W x 100. (23)

Figure 10 shows the comparison of predictions from the current
model, Briaud’s method, and Dhowian’s method against the
experimentally observed vertical shrinkage strain values. The
results showed that the currently proposed suction-based method
of this study slightly overestimates the vertical shrinkage, whereas
the moisture-based methods of both Briaud and Dhowian
overestimate the vertical shrinkage deformation. This difference
can be attributed to the different indices utilized in both types of
methods. For instance, the moisture-based methods consider the
change in volumetric water content at the middle of the soil layer,
whereas the current suction-based methods more realistically
consider the suction change at the surface of the soil. In essence,
the comparison shows that the values predicted by the current
model are in good agreement with those observed during the
experiments. Similarly, the two existing models overestimate the
vertical shrinkage strain values more than the current model, which
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Relationship between tensile stresses and soil depth.
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Relationship between tensile stress and drying time.

yields conservative values that agree closely with the observed values,
thus validating the current model.

3.2 Prediction of crack depth

The model developed based on Eq. 21 predicts the tensile stress
profile in relation to soil depth. However, none of the published
studies have reported the relation between crack depth and drying
period. This study uses climate data such as average drying
temperature and annual rainfall for the study area. The time was
estimated based on the hit and trial method for 1, 2, and 3 months.
For instance, time t was kept constant, and the crack depth z was
estimated against different values (0-85kPa) of tensile stress oy
during the period of a month.

Figure 11 shows that the crack will reach 0.7, 1.3, and 1.8 m
depth after 1, 2, and 3 months, respectively. Moreover, the
dotted line on the figure against a tensile stress of 65kPa
shows the actual depth of the crack for the soil specimen

Frontiers in Earth Science

10.3389/feart.2023.1192406

tested in the present study. It is to be noted that the crack
remains within the dry cycle and achieves a depth of 1 m during
the second month.

Figure 12 graphically depicts the correlation between tensile
stress and crack depth using previous Eq. 21, which was used to
estimate the drying time for the same soil against varying tensile
stresses. For brevity, curves at three different crack depths,
i.e., 0.8 m, 1 m, and 1.48 m, have been plotted, and the tensile
stress magnitude corresponding to 1 m deep crack has been
determined (i.e., 65 kPa). It can be observed that the crack will
reach a depth of 1 m at 40th day of drying time. In essence, the
results obtained from both Figures 11, 12 could have considerable
direct implications for designing safer pavements and shallow
foundations on expansive soils. Although laboratory experiments
still remain the most reliable approach to ascertaining the
mechanical response of expansive soils, the current
propositions may be used with caution for prompt and

preliminary assessments only.

4 Scope and limitations to this study

In this study, a highly swelling soil has been experimentally
examined to model the cracking pattern under controlled laboratory
conditions. The current study presented a simple and handy process
with sufficient accuracy to be adopted at the preliminary and
feasibility stages of an engineering project with specific cautions.
It is to be noted that the scale of current laboratory testing may not
be comparable with that in the actual field, where conditions may be
significantly different and uncontrollable. Needless to mention,
many such experimental studies involving only one soil type
have been carried out in the past (see, e.g., Haque et al, 2007;
Israr et al., 2014; Mumtaz et al., 2020). Through analysis, this study
proposes an observational model based on local in situ conditions,
such as soil suction. Nevertheless, comparisons have been made
between vertical shrinkage strain values computed from the current
model with actual values observed experimentally and those
predicted by two well-accepted models. The comparison shows
that the values predicted by the current model are in good
agreement with those observed during the experiments. In
essence, the presented concept is novel and provides a framework
for future studies to develop a more rigorous and accurate model
based on both the field’s and soil’s constitutive properties in tandem.

5 Conclusion

This study aimed at assessing and predicting the cracking
pattern of highly expansive soil. A suction-based model to
predict the cracking pattern is presented that has been verified
through laboratory test results on highly swelling soil. Unlike the
existing models, the proposed model captures the effects of climatic
conditions and is based on real-time monitoring of moisture content
and suction data. The current model’s performance has also been
compared with that of two well-accepted existing models for
predicting crack initiation and its depth under local climatic
conditions. Based on the results and discussion, following general
conclusions can be drawn.
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« The cracking pattern evolved sequentially, whereby cracking
was initiated by dividing the soil surface into cells, and
subsequent shrinkage contributed to subdividing these cells
in the form of secondary and tertiary openings. Moreover, it
was observed that the distribution of tensile stress depends on
both boundary conditions and stiffness of the soil, which
control the initiation and progression of cracking in tandem.

o At 23% moisture content, suction exceeds the tensile strength
of the soil, which results in crack initiation. Wet-dry cycles of
rainfall and sunlight control the spatial progression of cracks
both in vertical and horizontal directions that may lead to
additional distress to the structure founded on such soils.

o As compared to the Vernier scale method, the DCI method
provides more accurate information about volume shrinkage
and deformation of soil after crack initiation. Under different
stress and climate conditions, cracks reach a depth of 1 m after
1.5 month approximately, and this prediction can make a
healthy contribution to the geotechnical site investigation of
expansive soils.

o A comparison between the performances of the suction-based
model proposed in this study and that of two well-accepted
existing moisture-based models shows that the former predicts
the vertical shrinkage strain values in closer agreement with
those observed experimentally and is less conservative than
those predicted by both models.
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