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Abstract: Soil shrink-swell behavior is a common phenomenon in farmland, which usually alters
the process of water and solute migration in soil. In this paper, we report on a phenomenological
investigation aimed at exploring the impact of drying-wetting cycles on the shrink-swell behavior
of soil in farmland. Samples were prepared using clay loam collected from farmland and subjected
to four drying-wetting cycles. The vertical deformation of soil was measured by a vernier caliper,
and the horizontal deformation was captured by a digital camera and then calculated via an image
processing technique. The results showed that the height, equivalent diameter, volume and shrinkage-
swelling potential of the soil decreased with the repeated cycles. Irreversible deformation (shrinkage
accumulation) was observed during cycles, suggesting that soil cracks might form owing to previous
drying rather than current drying. The vertical shrinkage process consisted of two stages: a declining
stage and a residual stage, while the horizontal shrinkage process had one more stage, a constant
stage at the initial time of drying. The VG-Peng model fit the soil shrinkage curves very well, and
all shrinkage curves had four complete shrinkage zones. Drying-wetting cycles had a substantial
impact on the soil shrinkage curves, causing significant changes in the distribution of void ratio and
moisture ratio in the four zones. However, the impact weakened as the number of cycles increased
because the soil structure became more stable. Vertical shrinkage dominated soil deformation at
the early stage of drying owing to the effect of gravity, while nearly isotropic shrinkage occurred
after entering residual shrinkage. Our study revealed the irreversible deformation and deformation
anisotropy of clay loam collected from farmland during drying—wetting cycles and analyzed the
shrink-swell behavior during cycles from both macroscopic and microscopic points of view. The
results are expected to improve the understanding of the shrink—swell behavior of clay loam and the
development of soil desiccation cracks, which will be benefit research on water and solute migration
in farmland.

Keywords: drying-wetting cycles; digital image processing; shrink—swell behavior; soil shrinkage
curve; soil cracks; irreversible deformation; anisotropy of deformation

1. Introduction

Soil shrinkage and swelling is a common phenomenon in nature, primarily resulting
from the dynamic change of soil pore structure, which is macroscopically manifested as soil
volume change in response to moisture variation. The soil volume change has an impact on
the stability and functionality of soil-based constructions, such as houses, roads, dikes and
so on [1]. Soil cracking occurs when the tensile strength between soil aggregates or particles
is overcome by the tensile stress developed during shrinkage [2]. The existence of cracks can
significantly reduce the mechanical strength of soil [3], potentially resulting in the failure of
buildings and earth structures [4,5]. In agriculture, soil volume changes cause a deviation
of the measured data of soil water retention from the true values, thereby reducing the
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accuracy of measurement and simulation of soil moisture conditions in farmland [1,6]. In
addition, soil cracks typically act as preferential paths for water movement and solute
transport, decreasing the water and fertilizer use efficiency and increasing the risk of
deep percolation and groundwater contamination [7-9]. Consequently, soil shrink-swell
behavior has become an extensively investigated subject and has attracted the attention of
researchers in multiple fields [10,11].

Over the past decades, considerable research efforts were devoted to the investigation
of soil shrink-swell behavior. The coefficient of linear extensibility (COLE) was proposed
to quantify soil shrinkage potential by Grossman et al. [12] and is extensively used in
related research [13-15]. In general, soil with COLE > 0.09 m m~ ! is considered to have a
very high shrinkage potential [16]. However, due to the limitation of COLE in describing
the dynamic deformation of soil, the soil shrinkage curve is now widely employed in
describing soil shrinkage characteristics as it provides crucial information on the change in
soil volume (void ratio) in relation to soil moisture (moisture ratio). A typical soil shrinkage
curve is in the shape of an ‘S’ and consists of four characterized zones: structural shrink-
age, proportional shrinkage, residual shrinkage and zero shrinkage [17]. The structural
shrinkage zone results from the water loss in large pores such as root holes, biopores and
cracks that cause little or slight changes in soil volume. In the proportional shrinkage zone,
water is drained from inter-aggregate pores, causing an equal or proportional decrease
in soil volume [18]. In the residual shrinkage zone, air enters intra-aggregate pores, and
the decrease in water volume is much more than the decrease in soil volume [19]. Zero
shrinkage ranges from the shrinkage limit to the dry endpoint, where the soil volume
remains nearly constant despite the water loss [20]. Quite a few models are proposed to
fit the soil shrinkage curve and to derive the characteristic points segmenting shrinkage
zones easily, including the three straight lines model, XP model, PL model and sigmoid
model [18,19,21-23]. Regarding swelling, Estabragh et al. [24] reported that the soil swelling
curve was also in the shape of an ‘S’, while Peng and Horn [17] found that the swelling
curve was not clearly sigmoidal and the swelling process only contains two stages: virgin
swelling and residual swelling with the separation of the wet-side maximum curvature,
and the virgin swelling accounts for 81.2-91.9% of swelling volume in contrast with the
residual swelling. This discrepancy was probably due to the difference in soil properties
and testing procedures. However, hysteresis in soil volume change between the shrinkage
and swelling process was reported in both studies. Soil shrink—-swell behavior is closely
associated with soil intrinsic properties, including clay content and type [25,26], inorganic
carbonate content [16], dry bulk density [27,28], etc. On the other hand, it can also be
strongly impacted by a large number of influencing factors from external conditions, such
as surcharge pressure [29,30], additives [31,32], pore water chemistry [33], dry intensity [34],
the freezing—thawing cycle [35,36] and the drying—wetting cycle [37,38].

In general, soils in farmland are exposed to open air, experiencing diurnal variations
and seasonal sunny-rainy weather, and thus undergo drying-wetting cycles. However,
studies regarding the effect of drying—wetting cycles on soil shrink—swell behavior mostly
concern expansive soils or only focus on crack patterns. There are relatively few studies
devoted to investigating the effects of drying-wetting cycles on the shrink—swell behavior
of soil in farmland. The shrink—swell behavior of soil in farmland reflects the changes in
soil porosity and implies the generation or closure of soil desiccation cracks. The study on
this aspect is of great importance for further understanding soil pore structure alternation
and water and solute migration and for guiding precision irrigation in agricultural fields.
Therefore, the main objective of this study is to uncover the impact of drying—wetting
cycles on the shrink—swell behavior of soil in farmland. With the aid of digital image
processing techniques, which can improve the accuracy of deformation measurement, this
study specifically aims to investigate the evolution of (i) the shrinkage—swelling potential,
(if) vertical and horizontal deformation, (iii) shrinkage curves and shrinkage zones and (iv)
anisotropy of deformation of the soil during four drying-wetting cycles.
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2. Materials and Methods
2.1. Soil Properties

This study was conducted indoors at the Water-Saving Park of Hohai University in
Nanjing, Jiangsu Province, China (31°57’ N, 118°50" E). This region has a typical subtropical
monsoon climate with an average annual precipitation of 1073 mm and mean annual
evaporation of around 900 mm [39]. The soil used in this study was taken from the upper
20 cm layer of the farmland, where rice and wheat were alternately planted over the last
few years. The soil was clay loam according to the ISSS soil texture classification, containing
sand, silt and clay in the proportions of 22.7%, 56.2% and 21.1%. The content of soil organic
carbon was 11.7 g kg™!. After loosening by a rotary tiller, the soil was collected from the
field, crushed and sieved through a 2 mm aperture screen mesh. Afterwards, it was left
to air-dry (the gravimetric soil water content was around 4.0%) under high ventilation
conditions before use.

2.2. Experimental Design and Testing Procedure
2.2.1. Sample Preparation

The air-dried soil was uniformly backfilled into three Plexiglas boxes (20 cm x 20 cm
x 20 cm) with an average dry bulk density of 1.25 g cm™. The soil surface was precisely
flattened, and the final height of soil was controlled at 10 cm. Then, the soil was saturated
with pure water for 48 h. One soil core (diameter was 70 mm, height was 52 mm) was
collected from each box by the cutting ring method [40], which was used as a soil sample
for the shrink—swell experiment. Thus, a total of three samples were prepared. Expanded
volumes of soil samples beyond the cutting rings were removed, and the surface of the soil
samples was flattened by a scraper. Before sampling, the inner wall of the cutting rings
was coated with vaseline to attenuate the friction effect of the wall in sampling and soil
shrinkage [41].

2.2.2. Drying—Wetting Cycles

Following sample preparation, the drying-wetting cycles commenced. The saturated
samples were initially oven-dried at 40 °C. During drying, the weights of the samples
were recorded using an electronic scale with an accuracy of 0.1 g at 2-3 h intervals, and
the horizontal and vertical deformation was also measured. The temperature in the oven
was raised to 105 °C once the relative difference between adjacent weights of each sample
was less than 0.2%. When the weights of the samples remained unchanged at 105 °C, the
samples were considered completely dried and subsequently wetted by the capillary rise
method [17]. They were soaked in pure water with the liquid level just below their top
for 48 h. The above drying and wetting processes were referred to as a whole drying—
wetting cycle. The drying-wetting cycle was repeated, and finally, a total of four cycles
were applied.

2.2.3. Deformation Measurement

The horizontal deformation of the sample was captured by a digital camera (Canon
EOS60D) and then calculated by employing an image processing technique. Complete
details of the image processing technique will be provided in Section 2.3. To ensure
consistency across all photographs, the camera and the samples were maintained at fixed
positions throughout all cycles; pressing the shutter was substituted with a remote control
to avoid the possible slight vibration of the lens caused by pressing. Besides, to eliminate the
shadow in photographs that originated from uneven illumination during photographing,
the indoor fluorescent lights were turned off; a lamp was hung above the sample as a light
source. The vertical deformation was measured by a vernier caliper (accuracy 0.01 mm) at
nine defined locations on the soil surface.



Agriculture 2022, 12, 245

40f 15

2.3. Analysis of Soil Shrinkage and Swelling
2.3.1. Digital Image Processing

The procedure of digital image processing is illustrated in Figure 1. All steps were
implemented in batch mode by programmed morphological algorithms in MATLAB R2016a
(MathWorks, Boston, USA). First, the round region of interest (diameter 52 mm, inner ring of
the top of the cutting ring) was cut out from the original images and resized to a resolution
of 1560 x 1560 pixels. Next, the cropped images were converted into grayscale images
(grayscale value of the pixels ranges from 0 to 255). From the image, it was apparent
that quantifying the horizontal deformation of the soil required the segmentation of the
shrinkage zone (zone 1) and the soil matrix (zone 2), and these two zones could be easily
identified because of the high contrast, while the four corner zones (zone 3) were useless
and had a detrimental effect on threshold segmentation. Therefore, the pixels in zone 3
where the grayscale values approached 255 were removed, and afterwards, a segmentation
algorithm named ‘OTSU’ [42] was employed to determine an appropriate segmentation
threshold (T). According to the threshold, the grayscale images were transformed into
raw binary images. The miscellaneous spots in the raw binary images were cleared by
a combination of ‘closing” and ‘opening’ operations. Then, the final binary images for
post-calculation were derived. The cross-section area of the soil samples was determined
from the proportion of 0 and 1 pixels in the entire image.
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Figure 1. Diagrammatic sketch of digital image processing.

2.3.2. Shrink-Swell Parameters

The parameters used to characterize the soil shrink-swell behavior include horizontal
shrinkage potential (e;), vertical shrinkage potential (,4), volume shrinkage potential
(eysk), horizontal swelling potential (e45,,), vertical swelling potential (¢2s,) and volume
swelling potential (eys). They are calculated as follows:

d= (4A/m)"/? 1)
Eak = (do - df) /d} x 100% ?)

€5k = (ZO — Zf) /26 x 100% (3)
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€ = (Vo -~ Vf) / Vi x 100% @)
€ = (df - do) /d}y x 100% ®)
z0 = (27— 20) /2 X 100% ©)
P (Vf - VO) / V% 100% @)

where d is the equivalent diameter of the soil matrix (mm), A is the cross-sectional area
of the soil matrix (mm?), dy and d ¢ are the initial and final equivalent diameter during a
drying or wetting process (mm), respectively, zo and zy are the initial and final height of the
soil sample during a drying or wetting process (mm), respectively, Vj and V are the initial
and final volume of the soil sample during a drying or wetting process (mm?), respectively,
dj), z{, and V}j are the initial equivalent diameter, height and volume of the soil sample at the
beginning of drying during a drying—wetting cycle, respectively. Note that during a drying
process do = d, zg = z{,, Vp = V{j, while during a wetting process dy # dj, zo # z{,, Vo # V}.

2.3.3. Soil Shrinkage Curve Model (VG-Peng Model)

The soil shrinkage curve model proposed by Peng and Horn [43] was shown to be
suitable for a wide range of soil types [44]. Therefore, the model was adopted in this study.
For simplicity, we called the model the VG-Peng model.

e(®0) = e, + (es —er) [1 + ()(19)7’7] To<6<o

e=V,/V ®)

O = Vo /Vs
where e and ¢ are the void ratio and moisture ratio (mm3 mm), respectively, e; and e, are
the saturated and residual void ratio (mm?® mm™), respectively, 9 is the saturated moisture
ratio (mm® mm=3), x, p and g are dimensionless fitting parameters, V}, Vi, and V; are the
volumes of the pore, water and solid, respectively (mm?3). Shrinkage zones were separated
by the characteristic points of maximum wet-side curvature (84, €sp), air entry (ge, €ge)
and shrinkage limit (¢, e5;). The specific positions of these points on the shrinkage curves
were determined by programing in MATLAB R2016a (MathWorks, Boston, MA, USA)

2.3.4. Anisotropy of Soil Deformation

The anisotropy of soil deformation, which characterizes the difference in deformation
amplitude between the vertical and horizontal direction, was depicted by the geometry
factor (rs) proposed by Bronswijk. [45].

rs =1In(V;/ Vo) / In(z;/zo) )

where V) and V; are the initial and i measured volume of soil sample (mm3), respectively,
and zg and z; are the initial and i measured height of soil sample (mm), respectively. The
value of rs could be divided into five intervals corresponding to five cases of deformation
anisotropy. For rs = 1, only vertical deformation can be seen; 1 <rs < 3, vertical deformation
dominates; rs = 3, only isotropic deformation; rs > 3, horizontal deformation dominates;
rs— 00, only horizontal deformation.

2.4. Statistical Analysis

One-way analysis of variance (ANOVA) was employed to assess the effect of drying—
wetting cycles on shrinkage-swelling behavior via SPSS version 20.0 (SPSS, Chicago, IL,
USA). A least significant difference (LSD) test was applied for comparisons of means at
the 0.05 level of significance in terms of the distribution of moisture ratio and void ratio in
different shrinkage zones.
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3. Results
3.1. Evolution of Soil Size and Shrinkage-Swelling Potential during Cycles

Figure 2a—c display the evolution of soil height, soil equivalent diameter and soil
volume during drying-wetting cycles. It was found that the height, equivalent diameter
and volume of the soil samples at the end of the drying path increased with the increasing
number of drying—wetting cycles. During the first cycle, the height, equivalent diameter
and the volume of the samples after drying were around 48 mm, 64 mm and 152,725 mm?,
respectively, while they were increased to about 49 mm, 65 mm and 159,284 mm? during
the fourth cycle. However, the change of these variables in the wetting path across cycles
followed a trend opposite to that in the drying path. They were decreased from 52 mm,
70 mm and 200,119 mm? at the end of the wetting path during the first cycle to 51 mm,
68 mm and 183,591 mm? during the fourth cycle. The above results showed that the samples
lost partial volume after drying-wetting cycles. After wetting, both the height and the
equivalent diameter of the samples could not be restored to the initial values before drying.
This indicated that the shrinkage and swelling behavior of soil caused by drying-wetting
cycles was not completely reversible, and the irreversible deformation occurred in both
vertical and horizontal directions.

Number of drying-wetting cycle
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Figure 2. Evolution of soil size and shrinkage-swelling potential during four drying—wetting cycles.
(a) Soil height; (b) Soil equivalent diameter; (c) Soil volume; (d) Vertical shrinkage/swelling potential;
(e) Horizontal shrinkage/swelling potential; (f) Volume shrinkage/swelling potential.

Figure 2d-f show the variation of the soil shrinkage and swelling potential during
cycles. It was observed that all potentials shared similar trends throughout four cycles.
Specifically, they decreased with the sequence of cycles, and the differences between
the third and fourth cycles were relatively small, suggesting that with the increasing
generation of drying-wetting cycles, the ability of soil deformation was weakening, and
the soil structure became more stable [46]. For individual cycles, the shrinkage potential
was larger than the swelling potential in both vertical and horizontal directions. The
difference between shrinkage potential and swelling potential indicated the irreversible
deformation [31]. Accordingly, the irreversible deformation of these soil samples ranged
from 0.34% to 0.13% in the vertical direction, from 1.48% to 0.15% in the horizontal direction,
from 3.58% to 0.43% in volume, and in general, they exhibited decreasing trends with
repeated drying—wetting cycles.

3.2. Dynamics of Soil Height and Equivalent Diameter during Drying

The dynamics of soil height and soil equivalent diameter during four drying paths are
presented in Figure 3. The soil height decreased with the decreasing soil water content for
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all drying paths. Two distinct stages could be roughly identified according to the variation
of decreasing rate: a declining stage during which the soil height declined rapidly and
almost linearly as the soil water content decreased from the saturated water content to
about 0.15 g g7!; and a subsequent residual stage during which the soil height decreased
slowly until the end of drying. The dynamic change of soil equivalent diameter during
a single drying path could be divided into three stages: constant stage, declining stage
and residual stage. At the constant stage, the equivalent diameter did not change or only
decreased slightly, although the soil water content decreased. The declining stage and
the residual stage were similar to those of the dynamics of soil height. The existence of
the constant stage manifested that during drying, vertical and horizontal shrinkage were
not synchronized. Vertical shrinkage preceded horizontal shrinkage at the beginning of
drying. Besides, it was observed that the saturated soil water content was decreasing with
increasing cycles. During the first drying cycle, the saturated water content was around
0.38 g g1, while during the last two cycles, the saturated water content dropped to about
0.34 g ¢!, which implied a decrease in soil porosity after repeated drying-wetting cycles.

(a)s25 - (b)70s -
B [irst drying path f—
Second drying path = - -
H —— | o~
S A T]md d1yn?g path " & aok "
v [Fourth drying path .4 £ -
—_ P :‘ :” g A A AL
E e B 1ty ™
E 505t £ 6751 L
= Vi m < A
= [ = | 4
=] —
'S A n = A
= Am o at
= 495F = = 660
s Am = VA g
70} A m = Y
pmove N - ;g vl w? i
5 PR i Gl RS
F T r T [ ]
475 L 1 1 1 bsAU 1 1 1 1
0.0 0.1 0.2 03 0.4 0.0 0.1 0.2 0.3 04
Gravimetric water content (g g™") Gravimetric water content (g g™)

Figure 3. Dynamics of soil height and equivalent diameter during four drying paths. For brevity,
only the data of replicate 1 are presented. (a) Soil height; (b) Soil equivalent diameter.

3.3. Changes of Soil Shrinkage Curve, Shrinkage Zones

Soil shrinkage curves during four drying paths are displayed in Figure 4. The cor-
responding fitting parameters and goodness of fit (root mean square error RMSE, Nash—
Sutcliffe model efficiency coefficient NSE, coefficient of determination R?) of the VG-Peng
model are shown in Table 1. Fitting was accomplished by minimizing the sum of squared
errors by using the curve fitting tool in MATLAB R2016a (MathWorks, USA). Since ¢, and
es were derived from the experiment, they were inputted as known parameters during
fitting. For all samples during different drying paths, the values of RMSE are nearly 0.01;
meanwhile, the values of NSE and R? are close to 1.0, verifying that the VG-Peng model
is suitable for fitting soil shrinkage curves. It was observed that all shrinkage curves
did not start from the 1:1 line as expected, which was likely because the soil samples
could not be thoroughly saturated by the capillary rise method. A decreasing trend of
es with increasing drying paths was observed, whereas a slightly increasing trend was
observed in e,, indicating a reduction in both soil volume and soil shrinkage capacity after
drying-wetting cycles.
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Figure 4. Soil shrinkage curves during four drying paths. Scatters are measured values, and lines
were fit using Equation (8). For brevity, only the data of replicate 1 are presented.

Table 1. Parameters and goodness of fit of the VG-Peng model for samples during four drying paths.

Drying Path Replicate ey es X p q RMSE * NSE * R>*
1 0.644 1.151 1.165 20.572 0.102 0.011 0.997 0.997

First 2 0.662 1.164 1.149 18.232 0.110 0.011 0.996 0.997
3 0.612 1.126 1.166 23.662 0.085 0.011 0.997 0.997

1 0.681 1.080 1.238 16.658 0.148 0.010 0.996 0.997

Second 2 0.671 1.076 1.245 16.137 0.136 0.009 0.997 0.997
3 0.632 1.056 1.218 22.353 0.098 0.012 0.995 0.995

1 0.706 1.016 1.435 14.908 0.188 0.005 0.998 0.999

Third 2 0.705 1.004 1.421 12.793 0.189 0.005 0.998 0.999
3 0.689 0.996 1.520 11.354 0.231 0.009 0.994 0.995

1 0.714 0.995 1.529 12.387 0.229 0.008 0.995 0.996

Fourth 2 0.718 0.992 1.423 14.053 0.177 0.009 0.994 0.996
3 0.697 0.949 1.471 14.907 0.178 0.007 0.996 0.998

* RMSE, NSE and R? refer to the root mean square error, Nash—Sutcliffe model efficiency coefficient and coefficient
of determination, respectively.

The distribution of moisture ratio and void ratio in different soil shrinkage zones
during four drying paths are displayed in Figure 5. During the four drying paths, all the
shrinkage curves had four complete shrinkage zones: structural shrinkage, proportional
shrinkage, residual shrinkage and zero shrinkage. However, there were appreciable differ-
ences in the distribution of moisture ratio and void ratio in shrinkage zones across different
drying paths. With respect to moisture ratio, it was evident that during the first and second
drying path, the proportional and residual shrinkage zone had the highest moisture ratio,
both of which accounted for more than 30% of the total water loss, indicating that these two
zones dominated the soil moisture variation. In particular, during the first drying cycle,
the moisture ratio within the proportional shrinkage zone was 0.49 cm® cm= which was
almost half of the total change of moisture ratio. However, with the increasing number of
drying-wetting cycles, the moisture ratio within these two zones was significantly reduced.
During the third and fourth drying cycle, the moisture ratio within the two zones was close
t00.22 cm3 cm3. By contrast, the other two zones, the structural and zero shrinkage zone,
gradually played important roles in water loss. Between the second and third drying paths,
the decrease in moisture ratio within the proportional and residual shrinkage zone and
the increase within the structural and zero shrinkage zone reached the significance level.
With regard to the distribution of the void ratio, the proportional shrinkage zone occupied
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the most void ratios across all cycles, indicating that this shrinkage zone dominated the
soil deformation, although the void ratio within the proportional shrinkage zone sharply
decreased as the cycles proceeded, and during the last drying cycle, the ratio approached
0.15 cm® cm™. The void ratio within the structural shrinkage zone almost remained un-
changed at around 0.02 mm3 mm™ across cycles. The ratio within the residual shrinkage
zone and zero shrinkage zone, respectively, exhibited a slight downward and upward
tendency with the repeated cycles. It was worth noting that the distribution of moisture
ratio and void ratio in the shrinkage zones during the last two cycles were not significantly
different at the significance level of 0.05, implying that the soil samples nearly reached an
equilibrium state after three drying—wetting cycles.

(a) 06 a I First drying (b)0'6 [
|:| Second drying
T_ 051 I Third drying T 0.5
g b :l Fourth drying g
e 041 "= 0.4
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= =
I g
< 01F c 0.1
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shrinkage shrinkage shrinkage shrinkage shrinkage shrinkage shrinkage shrinkage
Shrinkage zones Shrinkage zones

Figure 5. Distribution of moisture ratio (a) and void ratio (b) in different soil shrinkage zones. For
the same shrinkage zones, moisture ratio, void ratio and average slope labelled with different letters
across different drying paths are significantly different at the significance level of 0.05.

3.4. Variation of Geometry Factor during Cycles

The variation of the shrinkage geometry factor with decreasing soil water content is
displayed in Figure 6. For all drying paths, the shrinkage geometry factor exhibited similar
trends. At the beginning of drying, the shrinkage geometry factor was close to or slightly
larger than 1.0, indicating that vertical shrinkage was overwhelmingly dominant while
horizontal shrinkage was negligible at the outset of drying. Subsequently, the shrinkage
geometry factor steeply increased, suggesting a fast increase in horizontal shrinkage. When
the soil water content approximately decreased to around 0.20 g g7}, the shrinkage geometry
factor entered a relatively stable plateau where its value was generally fluctuating between
3.0-3.5 until the end of drying.
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4. Discussion
4.1. Irreversible Deformation during Drying—Wetting Cycles

Irreversible deformation of soil was clearly observed in this experiment. The swelling
amount during wetting was smaller than the shrinkage amount during drying for indi-
vidual drying—wetting cycles, giving rise to a loss of soil volume. Similar phenomena
were observed in many other experimental studies [34,47,48]. There are two main rea-
sons accounting for irreversible deformation (shrinkage accumulation in our experiment).
One is that the soil samples were not thoroughly saturated after wetting as indicated in
Figure 4. The other is the intrinsic properties of soil structure. Generally, it is considered
that soil pores have a double-level structure: microstructure and macrostructure [10,29],
respectively, corresponding to inter-aggregate and intra-aggregate pores [49,50]. When
water input was not intense, water would preferentially move through soil aggregates [51].
Accordingly, in our experiment, the water entered the intra-aggregate pores first during
the capillary wetting process, leading to swelling of the aggregates. For stable aggregates,
the deformation during drying and wetting displayed relatively good reversibility [46].
However, there were a considerable number of unstable aggregates in the soil during
the early cycles. As the swelling proceeded, the stability of the unstable aggregates was
gradually decreased [52], eventually leading to their disintegration into smaller sized ones,
accompanied by the rearrangement of aggregates [41]. The disintegration and rearrange-
ment of the unstable aggregates appreciably modified not only the microstructure but
also the macrostructure of soil, causing irreversible deformation since the realignment
of macrostructure which determined soil granular skeleton was found to be irreversible
during drying and wetting [38]. Irreversible deformation of soil can result in shrinkage
accumulation or swelling accumulation, which is mainly dependent on the initial bulk
density of soil. The former case tends to be found in soil with low bulk densities, while
the latter case is prone to occur in loose soil [10]. This explains the shrinkage accumulation
(volume loss) during the early cycles observed in our experiment.

It was also observed that the magnitude of volume loss reduced sharply with the
increasing number of drying—wetting cycles. During the last two cycles, the irreversible
deformation was negligible, so the soil shrinkage and swelling during drying and wetting
could even be regarded as reversible, which is consistent with the observations in other
studies [24,37]. This was because the unstable aggregates in soil had almost disappeared
and were transformed into stable ones after several drying-wetting cycles. During sub-
sequent cycles, soil deformation only originated from the reversible deformation of the
aggregates (microstructure), and no rearrangement or slippage of aggregates that could
change the macrostructure occurred [46].

Soil shrinkage and swelling behavior is essentially the shift of soil porosity between in-
side and outside soil aggregates [53], which is macroscopically performed as the generation
or closure of soil cracks in the horizontal direction and subsidence or heave of soil in the
vertical direction. The shrinkage accumulation in our experiment caused the permanent
detachment of the soil matrix from the wall of cutting rings throughout all cycles. It can
thus be deduced that without the impact of large external forces, many desiccation cracks
in the loose soil of farmland form due to previous shrinkage accumulation rather than
current drying, and they are likely to persistently exist even if the soil water content is
relatively very high, which inevitably complicates the hydrological process in farmland.
Besides, it is reasonable to infer that for a given soil in farmland, there are appropriate
soil bulk densities, under which the shrinkage accumulation can be limited and hence the
number and size of soil desiccation cracks can be markedly reduced.

4.2. Effect of Drying—Wetting Cycles on Shrinkage Curve, Shrinkage Zones

Soil shrinkage curves can provide detailed information on soil pore structure [54].
Apparent changes of soil shrinkage curves across different drying paths were observed
in our study, indicating that drying—wetting cycles had a marked influence on soil pore
structure. With the increasing number of drying-wetting cycles, the saturated void ratio
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progressively decreased from 1.15 to 1.00, revealing the decrease of soil porosity with
cycles, which was attributed to the shrinkage accumulation. The difference between the
saturated and residual void ratio was also reduced with the sequence of drying—-wetting
cycles, showing the diminishing shrinkage capacity of the soil.

Regarding the shrinkage zones, it was found that during all drying paths, the soil
had four complete zones. Figure 7 present the simplified shrinkage process of soil during
drying. When the initially saturated soil was under drying conditions (Figure 7a), water
in inter-aggregate pores was lost from the soil surface by evaporation or drained from the
bottom by gravity (not shown in Figure 7). Soil subsidence occurred, and the water-air
meniscus formed in soil (Figure 7b), causing capillary suction and thus tensile stress among
aggregates [2,11]. The tensile stress increased as the meniscus became more curved due
to further water loss, and when it reached large values, which we called critical tensile
stress, the soil aggregates were driven significantly closer to each other. The process
before the critical tensile stress was reached was structural shrinkage. After that, the soil
shrinkage entered proportional shrinkage, and the soil shrank rapidly, mainly originating
from the deformation of the soil skeleton (Figure 7c). As evaporation proceeded, the
meniscus developed inside the soil and gradually evolved into a liquid bridge between
aggregates which continued pulling the aggregates closer (Figure 7d). After the rupture
of liquid bridges (Figure 7e), the shrinkage velocity significantly slowed down, and the
soil shrinkage reached residual shrinkage, during which the water was mainly evaporated
from the intra-aggregate pores, and the soil shrinkage primarily resulted from the volume
decrease of aggregates (Figure 7f). As the drying continued, the water loss in intra-aggregate
pores no longer caused the volume change of aggregates, at which point the soil shrinkage
entered zero shrinkage (Figure 7g).

Clay particles
Silty or sand particles
S0 Water in intra-aggregate
. /" pores
Water in inter-aggregate

pores Soil aggregate Water-air meniscus
i ]" /(Tensile stress developed)
(a) (b)

Volume decreased

Liquid bridge Air

@ (©) 0

o Structural shrinkage: (a)—(b)
Proportional shrinkage: (b)—»(c)—»(d)
Residual shrinkage: (d)—»(e)—>(f)
Zero shrinkage:(f) = (g)
(2)

Figure 7. Schematic drawings of simplified soil shrinkage process. (a-g) present different states of

soil sample during structural, proportional, residual and zero shrinkage.
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With respect to the variation of the distribution of moisture ratio and void ratio in
shrinkage zones between cycles, it was found that although there were no new root holes,
biopores and cracks observed inside the samples during the experiment, the moisture
ratio within the structural shrinkage zone increased with the increasing number of drying-—
wetting cycles (Figure 5a). This was likely because the soil structure became more stable
with increased cycles. Drying-wetting cycles induced the breakdown, rearrangement
and reorientation of aggregates, gradually promoting the stability of soil structure [37,55],
thereby increasing the value of critical tensile stress. Another possible explanation was that
drying-wetting cycles may have induced microcracks in the soil. These microcracks could
neither be clearly identified by visual inspection nor captured by the camera due to the
limit of the resolution. A significant decrease was observed in the moisture ratio within the
proportional and residual shrinkage zones with the increasing number of drying—wetting
cycles, indicating that the shrinkage accumulation observed during the cycles essentially
originated from the decrease in void volume within these two zones. Additionally, it was
observed that the void ratio within the proportional shrinkage zone was steeply reduced
with increased cycles, which meant that the diminishing shrinkage capacity of the soil was
due in large part to the change in the proportional shrinkage zone. Nevertheless, the void
ratio within the proportional shrinkage zone was still obviously larger than that within
other zones, indicating that most shrinkage occurred in the proportional shrinkage zone.
This is in line with the findings of previous studies [17,24,54]. Though drying-wetting
cycles had an important impact on soil shrinkage behavior, it was found that with the
increasing number of drying—wetting cycles, the difference in soil porosity, soil shrinkage
curves and shrinkage zones between adjacent cycles was apparently decreased. This was
because the soil structure became more stable with increased cycles and the soil nearly
reached an equilibrium state after three cycles.

4.3. Anisotropy of Soil Deformation

As can be seen in Figure 6, upon drying, the shrinkage geometry factor started at about
1.0, then increased rapidly and gradually stabilized at around 3.0, indicating that at the
beginning of drying, there was only vertical shrinkage and almost no horizontal shrinkage.
Subsequently, horizontal shrinkage increased, but vertical shrinkage still dominated the soil
deformation; then as horizontal shrinkage continued growing, horizontal shrinkage became
close to vertical shrinkage until the end of drying. Figure 8 present the correspondence
among the evolution of soil height, equivalent diameter, soil shrinkage curve and shrinkage
geometry factor during drying. During the drying process, soil shrinkage firstly entered
the structural shrinkage. The water loss did not generate sufficient capillary suction thus
the diameter almost remained constant, and the variation of soil equivalent diameter was
at the constant stage. However, due to the effect of gravity, water was lost from large inter-
aggregate pores, and soil subsidence occurred [56]. The variation of soil height entered the
declining stage immediately after the drying began. Therefore, at the initial time of drying,
vertical shrinkage almost completely dominated the soil deformation. During proportional
shrinkage, the effect of gravity on vertical shrinkage diminished. The soil aggregates were
drawn closer to each other in both vertical and horizontal directions by the tensile stress,
constantly narrowing the gap between the contribution of vertical and horizontal shrinkage
to soil deformation and eventually leading to very close horizontal and vertical shrinkage
(shrinkage geometry factor was near 3.0). Next, during residual and zero shrinkage, water
was mainly evaporated from the intra-aggregate pores, which did not cause an obvious
difference between horizontal and vertical shrinkage. Therefore, the shrinkage geometry
factor became generally stable after proportional shrinkage.
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Figure 8. Correspondence among the evolution of soil height, equivalent diameter, soil shrinkage
curve and shrinkage geometry factor during drying. A, B, C and D represent structural, proportional,
residual and zero shrinkage zones, respectively. For brevity, only the data of replicate 1 during the
first drying path are presented.

5. Conclusions

This study investigated the impact of drying-wetting cycles on the shrink-swell
behavior of clay loam in farmland. The results showed that the soil size (height, equivalent
diameter and volume) and the shrinkage—swelling potential decreased with repeated
drying-wetting cycles, and the shrinkage potential was larger than the swelling potential
within the same cycles, indicating the irreversible deformation (shrinkage accumulation)
of the soil, and thereby suggesting that the existence of partial cracks in farmland was
probably due to previous drying rather than current drying. During drying paths, the
variation of soil height could be divided into a declining stage and residual stage, while the
variation of equivalent diameter consisted of three stages: constant stage, declining stage
and residual stage. The VG-Peng model was proven to fit soil shrinkage curves very well.
All the shrinkage curves had four complete shrinkage zones during four cycles, but the
distribution of moisture ratio and void ratio in the four zones altered significantly across
cycles, indicating that the drying—wetting cycles had appreciable effects on the soil pore
structure. As the cycle progressed, the void ratio and moisture ratio decreased the most in
the proportional shrinkage zone. Nevertheless, the proportional shrinkage zone covered
most of the volume change in contrast to the other three zones. The impact of drying—
wetting cycles on soil’s shrink-swell behavior weakened with the increasing number of
cycles. After three cycles, the soil nearly reached an equilibrium state as the differences in
shrinkage and swelling characteristic between cycles became minimal. Due to the effect of
gravity, vertical shrinkage dominated deformation at the early stage of drying, but after
entering residual shrinkage, the shrinkage deformation was nearly isotropic.
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