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Abstract

The volumetric and hydrological responses of clayey soils subjected to drying-wetting (D-W) cycles are of paramount
importance for the integrity of geoenvironmental infrastructures. The study aimed to investigate the cracking behavior of
clayey soils under D-W cycles by using advanced 2D imaging and 3D scanning techniques to capture the initiation and
propagation of desiccation cracks within a soil specimen. The temporal variation in the soil water content and the
corresponding 2D digital photography and 3D morphology of cracks were simultaneously monitored, and the cracking
characteristics were interpreted. It was found that the time-dependent evaporation process was independent of the D-W
cycles. Both 2D and 3D characterization showed the cracking hysteresis phenomenon in the unsaturated soil, which
indicates the dependency of the crack opening and closure on the degree of saturation. D-W cycles led to the formation of
subcracks and the increase in the total crack length, reflecting the soil degradation. Additionally, it was demonstrated that
the 3D characterization exhibited the advantage of capturing the volumetric change and the subtle change in the macro-
porosity of the cracked soil over the 2D visualization. The current study provides a perspective of combining 2D and 3D
characterization for interpreting the volumetric change of cracked soils and enhancing the understanding of the
hydromechanical responses and the soil-atmosphere interactions.

Keywords 3D structured light scan - Desiccation cracking - Image processing - Quantitative soil cracking analysis -
Wetting—drying cycles

1 Introduction

Desiccation cracking is induced by the excess drought
stress that might deteriorate the subsurface soils [34, 48].
Numerous studies have shown that the initiation and
propagation of desiccation cracks can have adverse effects
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on the mechanical and hydraulic properties of the soil,
which might undermine the safety and serviceability of
geoenvironmental infrastructures [8, 13, 19, 20, 25, 35]. As
a result, the long-term performance of many engineering
structures, such as landfill liners and covers, geological
waste disposal facilities, earth embankments, and road
pavements, may be degraded due to the tensile failure and
volumetric expansion of cracked soils [1, 4, 7, 21, 37].
Therefore, there are increasing research interests and
imperative needs on characterizing the morphology of the
desiccation crack and the associated volumetric change in
the soil during the desiccation process.

In-situ soils typically undergo diurnal fluctuations and
periodic drying-wetting (D-W) cycles [34]. The D-W cycles
can alter both hydraulic and mechanical properties of the soil
by disturbing the pore structure (i.e., physical soil degrada-
tion). Previous studies [16, 24, 39] have shown that the
permeability of soil samples generally increased signifi-
cantly after the first D-W cycle, although there are conflicting
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trends between slightly and highly compacted soils after 4
D-W cycles [16]. The soil stiffness has been found to
decrease because of D-W cycles in the existing study [30].
Morphological investigations [3, 40, 41] have revealed high
repeatability (i.e., crack memory) in the formation of crack
patterns (or crack network) during D-W cycles. The crack
network tends to reappear in the vicinity of previous cracks,
indicating the reactivation of historical failure zones during
subsequent D-W cycles. The importance of studying soil
behaviors under D-W cycles has been emphasized by the
occurrence of extreme weather events and accelerated global
climate changes [10, 18].

The initiation of desiccation cracks is primarily triggered
by soil shrinkage at the surface defect [27]. Desiccation cracks
propagate as the soil volume contracts, driven by air intrusion
and suction stress concentrations during desaturation [51].
The correlations between crack characteristics and soil vol-
ume changes are therefore the key to the interpretation of
hydromechanical properties of cracked soils. Tang et al. [33]
investigated the relationship between the crack propagation
and the soil shrinkage characteristic curve. It is found that the
cracking occurred in the structural, normal, and residual
shrinkage stages and terminated at the shrinkage limit [33]. Li
and Zhang [13] found that the critical suction value and water
content of the desiccation crack initiation could be inferred
from the soil-water retention properties and soil shrinkage
characteristic curves. Zhao and Santamarina [51] suggested
that the nucleation of desiccation cracks should occur at the
suction equal to or larger than the air entry value. However, it
is worth noting that the presence of desiccation cracks within
the soil mass can lead to an overestimation of void ratio, which
hinders the accurate measurement of void-ratio-dependent
hydromechanical responses (i.e., soil-water retention prop-
erties and soil shrinkage characteristics) [46]. Thus, it is of
importance to capture the volume change of the cracked soil.
However, traditional cracking characteristics are usually
obtained by 2-dimensional (2D) image processing
[13, 15, 32], which cannot quantify the actual deformation and
soil degradation of cracked soils. It is therefore essential to
apply the three-dimensional (3D) characterization of desic-
cation cracks within the soil for interpretation of the soil
desiccation process and associated changes in hydrome-
chanical soil properties [11]. The 3D characterization of
desiccation cracks could provide information (i.e., cracking
depth and nonuniform volume change) that cannot be
obtained from 2D images.

Non-destructive imaging techniques are typically used to
interpret 3D characteristics of desiccation cracks, such as
X-ray computed tomography and 3D laser scanning. The
X-ray computed tomography is obtained based on various
extents of absorption of X-rays by geomaterials, which can
reconstruct the porous structure [38]. The X-ray computed
image analyzes facilitate the pore-scale investigation on the

@ Springer

granular samples by visualizing the soil pore network, fabric
structure, and grain interactions [12, 38]. This allows to
exhibit the evolution of macroscopic soil behaviors includ-
ing capillary collapse [43], desiccation shrinkage [11], crack
propagation [6], compression behaviors [44] etc. While the
X-ray computed tomography focuses on the internal porous
structure of the cracked soil, the 3D laser scanning is
acquired using the reflection of the near-infrared light on the
soil surface, projecting the morphology of desiccation cracks
[52]. Analysis methods such as triangulation method [9] and
the 3D digital image correlation method [45] can be aided to
the laser scanning technique to interpret the process of des-
iccation cracking. For instance, Sanchez et al. [26] inter-
preted the 3D morphology of the desiccation cracks using a
2D profile laser device. In their study, the elevation of a
typical cross-section, the crack area, and the specimen vol-
ume were analyzed. Zhuo et al. [52] investigated the 3D
characterization of clayey soil using a structured light
scanner. They developed a postprocessing methodology to
calculate the surface area, the specimen volume and the
fractal dimension of dried soil samples. As compared with
the surface image-based DIC method, 3D characterization
techniques yield more details in the visualization of the
morphology and pore structure of the cracked soil. However,
these methods have not been extensively applied in studies of
soil-atmosphere interactions. To the best of the authors’
knowledge, few studies have utilized the 3D characterization
method to investigate volumetric cracking characteristics
and the accompanied desaturation process of the cracked
soils under D-W cycles.

The objective of this research is to employ both 2D and
3D characterization techniques to investigate the desicca-
tion cracking process of the clayey soil under D-W cycles.
The 2D digital photography and the 3D morphology
obtained from a structured light scanner were both utilized
to qualify and quantify cracking characteristics. Based on
digital imaging processing, the evolution of crack length,
crack width, and crack area of the cracked soil under D-W
cycles was analyzed. Using the structured light method, the
3D surface morphological features, such as the surface
area, the specimen volume and the surface fractal dimen-
sion, were interpreted. By combining 2D and 3D methods,
a comprehensive analysis of the macroscopic cracking
process would be presented and the underlying mechanism
of soil degradation due to D-W cycles can be revealed.

2 Material and methodology

2.1 Soil

The clayey soil used in this study was acquired from a local
construction site in South Jersey. The physical properties of
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Table 1 Physical properties of the soil tested in this study

Soil Properties Values
Specific gravity 2.68
Liquid Limit (%) 464 £ 1.0
Plastic Limit (%) 212+ 1.0
Plasticity Index (%) 252 £ 1.0
USUC classification CL

Sand (0.075-2 mm) (%) 30.2

Silt (0.002-0.075 mm) 35.7

Clay (< 0.002 mm) (%) 34.1

Dominant minerals Quartz and Gismondine

this soil are summarized in Table 1. According to the
Unified Soil Classification System (USCS), the soil can be
classified as low-plasticity clay (CL). The soil consists of
30.2% of fine sand and 69.8% of fine-grained soils in which
the mineralogy is dominated by gismondine. The liquid
limit and plastic limit were found to be 46.5% and 21.1%,
respectively. Based on the measured Atterberg limits, the
free swelling potential was estimated as 5.0% using the
empirical relationship [49].

2.2 Experimental setup

An integrated experimental setup was established to cap-
ture the water evaporation process, 2D cracking charac-
teristics, and 3D cracking morphologies of soil samples. A
high sensitivity balance with 0.001 g resolution was
adopted to record the weight changes of the soil sample. A
high-resolution digital camera (Canon EOS Rebel T6i) was

Environmental chamber

Condition control:
Temperature: 25 £ 1°C

adopted to take 2D images of the specimen every 30 min.
To capture 3D geometrical features, a structured light 3D
scanner system (HP 3D Structured Light Scanner Pro S3)
was used to scan the soil every 4 h. Figure 1 presents a
schematic view of the experimental setup. The camera and
3D scanner system (includes a scanner and a projector)
were positioned above the soil sample. To obtain the 3D
morphology information from different observation angles,
the soil sample was placed on a rotation table. The rotation
table pivoted 60° after the completion of each scanning,
with 6 scans from different angles required for each round.
Notably, the sample used for 3D scanning was placed on a
rotation table, which was fixed in position throughout the
experiment to minimize any position change-induced
errors. To monitor both the evaporation process and the
crack propagation of the soil specimen, two identical soil
samples were prepared and tested simultaneously. One was
placed on the rotation platform to obtain the crack char-
acteristics and the another was kept on the balance to
provide the water content for the cracked soil. This
approach of using parallel soil specimens for conducting
different measurements simultaneously was adopted from
previous studies [2, 31]. The experiment was performed in
a chamber with relatively stable environmental conditions
(temperature range: 25 °C £ 1 °C; relative humidity
range: 50% =+ 5%) to avoid the influence of wind and
sunlight on the evaporation. To evaluate the potential error
introduced by the parallel soil specimen, an extra test was
performed by using the same apparatus under the same
environmental conditions. Two identical soil samples were
placed on two electronic balances, and the mass changes of
the two samples were simultaneously recorded during the
desiccation cracking every 30 min. According to the

Relative humidity: 50 £ 5%
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Fig. 1 Schematic view of the experiment setup

@ Springer



Acta Geotechnica

monitoring of the sample mass within 120 h, the difference
of the mass between two samples was minimum (less than
0.005 g). This indicates that two soil samples could con-
siderably share the same water content measured.

2.3 Test procedure

Figure 2 shows the testing procedure of soil desiccation
tests under D-W cycles. Soil samples were prepared by
mixing the clayey soil with deionized water to achieve the
target water content of 70%, which was approximately 1.5
times the liquid limit to ensure a homogeneous slurry state.
Then the slurry was then poured equally into two identical
Petri dishes (diameter = 8.4 cm, height = 1.84 cm) to
prepare a scanned sample and a parallel sample. Thereafter,
two samples were cured for 3 days by covering the top with
a lid and plastic membrane. The first drying cycle started
when the curing process was completed.

In the current study, 6 D-W cycles were performed and
the individual drying and wetting paths were denoted as D1
to D6 and W1 to W6, respectively. Each cycle started with
the gravimetric water content of 70% and ended at the
same water content of 1%. During the drying process, the
weight changes, 2D digital images (one photo per 30 min),
and 3D scans (one scan per 4 h) were recorded automati-
cally during the drying process. Each drying process was
considered finished when the weight of soil samples
remained unchanged for over 24 h.

During the wetting process, distilled water was carefully
added by a pipette to the dried soil sample through multiple
portions, to restore the soil water content to its original
level (70%). This was achieved by controlling and moni-
toring the gradual changes in the mass on the high-reso-
lution balance. Meanwhile, the slow wetting process should
not induce any damage on the surface of the cracked soil as
observed in instantaneous 2D and 3D digital images.
Restoring the water content to its original level is the
reason why such procedure allows the comparison of
cracking characteristics in different D-W cycles under the

same boundary conditions (i.e., initial water content) [31].
The wetting process was divided into 10 intervals. In each
interval (i.e., every 5 min), 2 g of water were added to the
soil sample and the uniform distribution of moisture was
ensured by using pipette [31]. The weight of the sample
was recorded, a photo of the sample was taken and a 3D
scan was taken after each addition of 2 g of water. After the
target water content was added, the wet sample was cured
for 3 days before the next drying process to ensure the
complete crack closure. During the process of crack clo-
sure, the self-healing capacity of the clayed soil could be
observed and the amount of water to alleviate the drought
stress could be estimated [31, 50].

2.4 2D image processing

The images taken during the D-W cycles were analyzed
with a 2D image processing package named Crack Image
Analysis System (CIAS, free available at www.climate-
engeo.com). Figure 3 shows the process of digital image
processing procedure to obtain the cracking characteristics.
Firstly, the original photo (Fig. 3a) was converted into a
gray-scale image (Fig. 3b). The gray-scale image can be
used to estimate the number of pixels at any point so that
cracks can be identified distinguishably, as shown in
Fig. 3c. Based on the threshold values (i.e., number of
pixels) on the binary image, the algorithm in the CIAS
could automatically recognize the crack segments and
analyze the crack information (Fig. 3d). The algorithm of
recognizing crack segments was based on the cluster
analysis method [15] so that the crack network can be
extracted to interpret the crack characteristics (e.g., crack
propagation, crack number, node number and crack area,
etc.). In the current study, the 2D crack characteristics were
quantified by the cracking area, the crack ratio (the ratio
between the crack area to the total area), the total crack
length (the trace length of the medial axis of the crack
segment), and the average crack width (the shortest dis-
tance from a randomly chosen point on the boundary to the

Fig. 2 Test procedures: a sample preparation, b drying process, ¢ wetting process, and d 2D and 3D image analyzes
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Fig. 4 Example of the reconstructed 3D model with the magnified view of a local volume

crack’s opposite boundary) [15]. The resolution of the
image used in this method was approximately 9 pixel/mm.
More details about this method can be found in [32, 37].

2.5 3D scanning data processing

A 3D laser scanning was adopted in the test to capture the
3D information of the cracked soils, as shown in Fig. 1.
The scanner can capture the surface coordinates of the
scanned object in the X, y, and z axis. The resulting 3D
scans were reconstructed and visualized the cracked soil
structure through converting 3D scanning data into a
coordinate matrix. The scanned soil mass was discretized
into 1000 by 1000 columns according to the planar coor-
dinates (as shown in Fig. 4) and the volume of the non-
uniform soil tomography was obtained from the volume
integral of each discrete column. With the processed data,
it is possible to extract not only the cracking information
but also the 3D soil structure information such as soil
volume, surface area (the overall surface area of the

cracked soil including the soil top surface and the side
surface of cracks) and the fractal dimension of the cracked
soil surface. The resolution of the 3D laser scanning in this
study was approximately 6 pixel/mm in all three axes.
Further details on the date inversion of the 3D scanning
process can be found in our previous research [51].

3 Results and discussion
3.1 Water evaporation

Water evaporation is the driving factor that governs the
initiation and evolution of desiccation cracks. It has been
found that the water evaporation process depends on both
soil properties (e.g., water content, mineralogy, and
microstructure) [34, 47] and environmental conditions
(e.g., wind speed, temperature and relative humidity) [22].
The variation in environmental conditions might affect the
thermodynamics between the soil-water-air interface,
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Fig. 5 The temporal evolution of water loss in the drying path in 6 D-W cycles (D1-D6): a water content changes and b water evaporation rate

changes

leading to the change in the evaporation process. The
temporal desiccation process of the soil specimens during 6
D-W cycles was captured by monitoring the water content
and evaporation rate (refer to Fig. 5). In general, the ten-
dency of evaporation for the soil was unaffected by D-W
cycles. As indicated in Fig. 5a, the water content decreased
steadily during the first 30 h, then the evaporation rate
reduced from 30 to 50 h and finally stabilized after 50 h.

The evaporation process of soil specimens can be
characterized by three stages [34, 42], namely constant rate
stage (S1), falling rate stage (S2), and residual rate stage
(S3), as shown Fig. 5b. In the first stage (i.e., S1), where
the capillary action dominates, soils remain saturated and
the evaporation rate is maintained at its maximum level. In
the falling rate stage (i.e., S2), soils become unsaturated
and the soil suction increases rapidly, leading to a decrease
in evaporation rate. Toward the end of the drying process
(i-e., S3), the water retention of soils is governed by the
water absorbed, which hinders the desaturation and mini-
mizes evaporation rates. Generally, the constant rate stage
(S1) varied from O to 27th hour; the falling rate stage (S2)
continued from 27 to 54th hour; and the residual rate stage
(83) went from 54 to 80th hour. The evolution of water
evaporation rates in six cycles followed similar trends
(Fig. 5b).

3.2 2D characterization of desiccation cracks
Driven by the evaporation, the initiation and propagation of

the crack network of the soil showed the dependency on the
water content. Cracks started to appear during the constant
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rate stage as shown in Fig. 5. It was noticed that the first
cracks in all six drying processes were all initiated in the
first stage. The crack initiation and propagation in the 2D
crack network of the soil under 6 D-W cycles were ana-
lyzed. It should be noted that the crack network was fully
developed during the drying path, while the wetting pro-
cess healed the soil cracking. In each D-W cycle, the
emergence of the first crack on the soil specimen was
captured and the corresponding water content was mea-
sured, as shown in Fig. 6.

The first crack was captured when the CIAS recognized
the crack segment based on the instantaneous digital ima-
ges [15]. It was shown that the water content at the
emergence of the first crack increased due to wetting—
drying cycles. This suggests that the crack resistance of the
soil subjected to wetting—drying cycles decreases, leading
to the occurrence of desiccation cracks at a higher degree
of saturation. This finding is consistent with previous
studies [23, 32]. This phenomenon might be explained by
the soil degradation which causes the permanent defor-
mation on the soil macrostructure and consequently trig-
gers the desiccation crack easily [29]. However, in the
current study, it should be also noticed that the crack ini-
tiation from D2 to D6 was triggered at a lower water
content. This might be attributed to the fact that with the
increasing number of wetting—drying cycles, more desic-
cation cracks were formed. That caused an increase in the
exposed area for evaporation, leading to a decrease in
water content at the occurrence of the first crack [22]. This
explanation might not be supported by 2D crack charac-
teristics since the total exposed area for evaporation cannot
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Fig. 6 2D-images showing the crack initiation and the corresponding water content

be obtained from 2D images. In fact, this could be verified
by the 3D characterization which is discussed in the fol-
lowing section.

The typical crack network of the soil is shown in Fig. 7.
Overall, the pattern of the crack network remained unal-
tered during D-W cycles. However, some subcracks
(marked by red arrow in Fig. 7) were generated during
D-W cycles. As compared to the crack network in DI,

Fig. 7 2D Cracking network in the drying path of 6 D-W cycles

three subcracks were generated in D2. With a further
increase in D-W cycles, the generation of subcracks was
reduced in D3 and D4 and no subcracks are formed after 5
D-W cycles. This finding indicates that D-W cycles induce
soil degradation by triggering more subcracks within the
soil [2] and this deterioration would be stabilized after a
certain number of D-W cycles. It highlights the importance
of applying sufficient D-W cycles in the desiccation test to

8.4 cm
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determine the terminal fabric structure of the cracked soil
and assess its long-term hydromechanical properties.

The above description of desiccation cracks was based
on qualitative visual observations. The geometry of cracks,
as shown in Fig. 7, was extracted and quantified by 2D
characteristics of crack segments (e.g., the total crack
length, average crack width, and crack ratio). Figure 8
presents the evolution of crack length with the water con-
tent in the drying path in 6 D-W cycles. The crack length
increased dramatically within the constant rate stage and
gradually stabilizes in the following two stages, as shown
in Fig. 5. Due to D-W cycles, the final crack length at the
end of the drying path increased from 60.5 cm (D1) to
71.3 cm (D4), and then remained nearly unchanged from
D4 to D6, which agrees with the visual observation in
Fig. 7. It was also found that the crack length increased
with a decrease in the water content. This further confirms
that the initiation and propagation of desiccation cracks are
driven by the desaturation and air invasion [27, 51]. The
comparison of total crack length between wetting and
drying paths is presented in Fig. 8b. A hysteresis phe-
nomenon existed where, at the same water content, the total
crack length in the drying path was consistently larger than
that in the wetting path. This indicates that the crack
opening in the drying path and the crack closure in the
wetting path achieve different crack intensities under the
same water content level. This phenomenon was consistent
with the hydraulic hysteresis in soil water retention curves
[14]. The suction stress in the drying path was higher than
that of the wetting path for a given degree of saturation,
which explains more crack opening and less crack closure
at the same water content [13]. This implies that the
behaviors of crack opening and closure could be charac-
terized by the soil water retention curves in D-W cycles.

The variation of the average crack width against the
water content is shown in Fig. 9. In contrast to the evolu-
tion of the total crack length, the final average crack width
decreased with the number of cycles. Similar experimental
results were found by [40]. Notably, the average crack
width continually decreased after the fourth D-W cycle
from 0.130 to 0.076 cm, even though the total number of
cracks and the total crack length remained nearly
unchanged. It seems that the self-healing capacity of des-
iccated clay would increase with D-W cycles, but this
result contradicts the conclusion of soil degradation
induced by D-W cycles. It might be explained by the
macroporosity loosening during D-W cycles, leading to the
reduction in macropore size and the associated crack width
[29]. This finding also suggests that the crack width based
on the 2D characterization might not be a suitable indicator
for representing the degradation of the pore structure of the
cracked soil. Furthermore, the evolution of the average
crack width in each D-W cycle followed a similar trend as
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the total crack length (Fig. 9b). Under the same water
content, the average crack width in the wetting process was
smaller than that in the drying process, indicating the
hysteresis of crack opening and closure in D-W cycles.

Knowing the total crack length and the average crack
width, the crack area was correspondingly computed and
interpreted by the crack ratio, as shown in Fig. 10. The
crack ratio generally decreased with the D-W cycle, as
shown in Fig. 10a. This might not necessarily disagree with
the soil degradation due to D-W cycles. While in the
individual wetting or drying paths, the crack ratio increased
with a decrease in the water content (Fig. 10b). This
indicates the crack-induced damage of the soil structure
and suggests that 2D characterization could not consider-
ably capture the influence of D-W cycles on the soil
structure, despite showing the sensitivity to the water
content.

The pronounced hysteresis phenomenon of cracking in
D-W cycles is shown by the evolution of all 2D cracking
characteristics. The 2D visualization of cracking hysteresis
is presented using the sample at the fourth D-W cycle.
Figure 11 presents the 2-D images of the soil sample on
both wetting and drying paths at various water content
levels. Specifically, the images indicate that at relatively
low (1%, 7%, 13%, 20%) and relatively high (56%, 63%,
70%) water contents, the crack pattern and soil surface in
the drying and wetting paths were very similar. However,
at meddle water contents such as 26%, 32%, and 38%, the
crack width and crack area in the wetting path were less
than that in the drying path. This was probably caused by
the hydraulic hysteresis of water retention characteristics
which provides a lower suction stress on the wetting path
than that on the drying path under a same degree of satu-
ration or water content [13, 14]. The temporal evolution of
2D cracking characteristics showed the process of crack
opening and closure (i.e., self-healing capacity) which was
governed by the soil-water retention responses (i.e.,
hydraulic hysteresis). The quantified 2D cracking charac-
teristics (from Figs. 8, 9 and 10) captured the self-healing
phenomenon of the soil, which showed that at the water
content of about 40% on the wetting path, the desiccation
crack was completely close. It seems that the soil could be
completely healed; however, the crack network (referring
to Figs. 7 and 10) retained its cracking memory, indicating
the incomplete crack healing [5, 50]. It should be noted that
the self-healing capacity of the soil is highly dependent on
the plasticity index and the swell potential [5]. The soil
used in the current study had a low swell potential (i.e.,
5%), representing a considerably poor self-healing capacity
[5, 49]. It should be noted that these 2D images could not
characterize the volumetric change of the cracked soil and
the total exposed area of the soil to the atmosphere. To
fully understand the influence of desiccation cracks on the
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Fig. 11 Images of the soil specimen in D4 and W4 with different water contents

volumetric deformation of the soil, the 3D characterization
of cracks is necessary and critical.

3.3 3D characteristics of cracked soils

The greatest advantage of using 3D characterization for the
cracked soil is the detection of crack depth. Crack depth is
defined by the vertical propagation distance of the surface
defect [27]. Soil morphology was investigated based on 3D
laser scanning, which allowed for the reconstruction of a
3D model for the cracked soil. Figure 12a shows a 2D
image of the cracked soil, in which the crack depth is not
visible. The 3D characterization was then conducted by
showing the profile of the crack morphology in both ver-
tical and horizontal directions, as shown in Fig. 12b. To
better investigate and quantify the crack propagation, a
circular zone of interest with a diameter of 3 cm on the
cracked soil (Fig. 12a) was selected for 3D scanning and
the corresponding 3D morphology of desiccation cracks at
various D-W cycles is presented in Fig. 12b. The elevation
of every planar point on the cracked soil was evaluated so
that the crack depth and the volume of desiccation cracks
can be estimated. The magnified images can not only
capture the vertical and horizontal propagation of the
crack, but also the settlement or heave of the soil during

@ Springer

D-W cycles. As compared with the 2D characterization,
more morphological details of the cracked soil were pre-
sented in the 3D scanning. Due to the desiccation, the
clayed soil was undergoing shrinkage and cracking, which
leads to the particle arrangement and the nonuniform vol-
umetric change [27, 29]. For example, it is noticed that
many bumps next to the primary crack were formed during
D-W cycles (marked by the red arrow in Fig. 12b). These
minor morphological characteristics during D-W cycles
captured the change in the volume and macropore structure
of the cracked soil. This shows the advantage of using 3D
characterization for spatiotemporally evaluating the surface
morphology of the cracked soil over 2D images.

The quantified 3D characteristics of volumetric changes
in the cracked soil are shown in Fig. 13. A segment of the
cracked soil was selected to quantify the crack depth and
the average height of the soil (Fig. 13a). As shown in
Fig. 13b, it was found that the width of primary cracks and
the depth of subcracks decrease with an increase in D-W
cycles. This was consistent with the visual observation in
Figs. 7, 11, and 12b. It should be noted that the detected
primary cracks and subcracks are categorized as macroc-
racks (i.e., the crack width > 0.1 mm) and the microcrack
(i.e., the crack width < 0.1 mm) might not be captured due
to the limited 3D scanning resolution (> 0.05 mm).
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Fig. 12 Reconstructed 3D model of the selected circular area: a the planar view of the cracked soil and b the visualized 3D morphology of the
crack and the soil

Nevertheless, the macroscopic volumetric behavior of the  and the average height soil increased by 24.3% after 6 D-W
cracked soil can still be interpreted. Although the crack  cycles. These characteristics are found insignificant in the
volume decreased during D-W cycles, the height of the soil 2D images, but the 3D characterization highlights the
mass increased generally, as shown in Fig. 13c. The influence of D-W cycles on the macroporosity of the
average height of the overall sample increased by 13.3%  cracked soil. It is known that the desiccation crack is
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Fig. 13 Influence of D-W cycles on the volumetric change of the
cracked soil: a the selected segment for quantification; b the evolution
of the crack propagation; ¢ the average overall and soil height at the
end of each D-W cycle

triggered by the air invasion in the desiccation crack,
causing the particle rearrangement near the crack [27, 36].
Under D-W cycles, the nonuniform volumetric change
induced by particle rearrangement was toward the
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stabilized the pore structure of the cracked soil, causing the
macroporosity loosening [29]. This led to an increase in the
aggregate distance and a reduction in the macropore
(> 0.075 mm) and the associated crack width/depth, con-
sequently resulting into a subtle increase in the height of
the cracked soil [29].

The 3D characteristics of the cracked soil were further
interpreted by considering the surface area and the volume
of desiccation cracks for the entire sample. The surface
area of the soil specimen against gravimetric soil water
content during D-W cycles is shown in Fig. 14. Results
showed that the surface area of the cracked soil generally
increased with a decrease in water content. This was
attributed to the formation of desiccation cracks, which
increased the area exposed to the atmosphere [22],
although the desiccation would cause the soil shrinkage.
This 3D characterized surface area could provide a more
insightful estimation of the exposed area for predicting
water evaporation of the cracked soil [22, 28], as compared
to that of 2D crack ratio. The surface area increased dra-
matically after the first crack was triggered and became
stabilized in the second stage of evaporation. The surface
area at the end of the drying path increased with the D-W
cycle due to the generation of subcracks, which indicates
soil degradation.

The comparison of the surface area changes in the
drying and wetting paths is shown in Fig. 14b. The surface
area changes during the wetting process were higher than
that in the drying process for a given water content. This
also shows the hysteresis phenomenon of cracking char-
acteristics in unsaturated soil [14, 40]. When the water
content was relatively low (less than 20%, i.e., shrinkage
limit) or high (greater than 60%, i.e., saturated water



Acta Geotechnica

140 22 s2 o
A —
e \B e D2
1301 o\ <o
v D4

1201 S
< D6

—_

=

(=]
1

First Crack

Surface Area (cmz)
)

90
80 T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70
Water Content (%)
(@)
140 140

—

W

(=]
1

130 +

—_—

3]

(=]

1
—_
393
(=]
1

Surface Area (cmz)
S

Surface Area (cmz)
S

100 100
90 1 90
80 T T T T T T 80 T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Water Content (%) Water Content (%)
140 140
130 1 130+

—
3]
(=]
1
3]
(=]
1

Surface Area (cmz)
S

Surface Area (cmz)
)

100 100
90 90
80 T T T T T T 80 T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Water Content (%) Water Content (%)
(b)

Fig. 14 The evolution of surface area with water content: a under the six drying processes and b during wetting—drying cycles
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content), the surface area of the sample in the wetting path
and the drying process was very close. However, within the
range between 20 and 60% of water content, the hysteresis
phenomenon was pronounced, in terms of the surface area,
total crack length, average crack width and crack ratio. The
characteristics of the surface area in the wetting and drying
process were consistent with the morphological features
observed from the 2D images (Fig. 11).

Fractal dimension is a mathematical framework pro-
posed by [17], which can characterize the heterogeneity,
complexity, irregularity and self-similarity of the spatial
distribution of solid and void phases. In this study, the
fractal dimension was calculated by the box-counting
method. The principle of this method is to use cubes with
different side lengths to cover the fractal surface, then
calculate the relation between the non-empty cubes and the
cube size. More details about the calculation of fractal
dimension can be found in our prior study [52]. Figure 15
presents the fractal dimension of the soil surface against the
gravimetric water content. It was observed that the fractal
dimension variation followed a similar trend with the sur-
face area changes. The fractal dimension significantly
changed after the onset of the first crack and became
stable in the second stage of the evaporation. In accordance
with the surface area, the final fractal dimension after each
drying process increased due to the formation of new
cracks. As for the comparison of fractal dimension changes
in the wetting and drying process shown in Fig. 15b, the
results indicate that the fractal dimension shares similar
characteristics with the surface area.

The correlation between the specimen volume and water
content is presented in Fig. 16. The evolution of the vol-
ume with respect to the water content was consistent with
the soil characteristic shrinkage curve [32]. The volume
(indicating the void ratio) of the cracked soil decreased
with a decrease in the water content. Three stages (i.e.,
normal shrinkage, residual shrinkage, and zero shrinkage)
in the soil shrinkage characteristic curve can be corre-
spondingly found in the curves in Fig. 16. The volume first
decreased linearly with the water content, and then became
stabilized and independent from the water content at the
end of the drying path. The final volume at the end of the
drying path was found to increase with the D-W cycles.
This suggests that soil degradation would be caused by the
macroporosity loosing during D-W cycles [29]. Similarly,
the hysteresis phenomenon of cracking characteristics in
the unsaturated soil was also found in the evolution of the
volume change, as shown in Fig. 16b. It should be noted
that, due to the limited resolution of the structured light 3D
scanner, the subsurface air voids inside the specimen
cannot be precisely identified, resulting in a possible
overestimation of the volume of the soil. Nevertheless, the
current study provides a considerable approach to capture
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the shrinkage characteristic curve or swelling curve of the
cracked soil.

4 Conclusions

In this study, 2D and 3D characterization techniques were
adopted to capture the evolution of desiccation cracks
under six wetting—drying cycles. Crack pattern parameters,
such as crack ratio, average crack width, and the total crack
length were analyzed by the 2D image processing. 3D soil
cracking parameters, such as surface area, volume, and the
fractal dimension of the cracked soil body were determined
from the 3D reconstructed soil model. The interpretation of
these experimental results leads to the key findings as
follows:

(1) The 2D cracking characteristics based on digital
photography showed that subcracks and soil degra-
dation formed during D-W cycles, while the 3D
tomography revealed the remained cracking network
memory and the deterioration of pore structure
during D-W cycles.

(2) The hysteresis phenomenon was found in the evo-
lution of cracking characteristics on the water
content. The crack opening in the drying path and
the crack closure on the wetting path achieved
different crack intensities under the same water
content level. This was attributed to the hydraulic
hysteresis in the soil water retention curve.

(3) This study compared the 2D and 3D characterization
of desiccation cracks and it was found that the crack
characteristics could be associated with the hydrome-
chanical responses of the unsaturated clayed soil. As
compared to the 2-D cracking evolution, the 3D
characterization can provide a more accurate inter-
pretation of volumetric behaviors for cracked soils in
geoenvironmental infrastructures.
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