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Abstract: The present paper presents the interactions between water retention/evaporation and
cracking during the desiccation of intact and disturbed Belgian Luvisol. The disturbed (DS) and
undisturbed (NDS) samples (reduced-tillage-residue-in (RTRI) and conventional-tillage-residue-out
(CTRO)) were collected from an agricultural field in Gembloux, Wallonia, Belgium. The drying
experiment took place in controlled laboratory conditions at 25 °C. Moisture content, soil suction
and surface cracks were monitored with a precision balance, a tensiometer and a digital camera,
respectively. The image processing and analysis were performed using PCAS® and Image]® software.
The results showed that crack formation was initiated at a stronger negative suction and a lower
water content (Wc) in DS > CTRO > RTRI The suction and the crack propagation were positively
correlated until 300 kPa for the DS and far beyond the wilting point for the NDS. For the NDS, the
cracking accelerated after reaching the critical water content (~20% Wc) which arrived at the end
of the plateau of evaporation (40 h after crack initiation). The Krischer curve revealed that the soil
pore size > 50 um, and that it is likely that cracks are important parameters for soil permeability. The
soil structure and soil fibre content could influence the crack formation dynamic during drying. The
agricultural tillage management also influences the crack propagation. As retention and conductivity
functions are affected by cracks, it is likely that the movement of fluids in the soil will also be affected
by the cracks following a desiccation period (i.e., when the cracked soil is rewetted).

Keywords: fracture; moisture content; evaporation; soil water retention; drying

1. Introduction

Crack propagation is an important natural phenomenon in agricultural fields, espe-
cially in fine-grained soils such as the Luvisol of Belgium [1,2]. Cracks may act as a bypass
for water and solutes, lower the soil water content and increase its matric suction [3]. Fac-
tors affecting cracks are numerous and complex (e.g., mineralogy, temperature, moisture,
thickness and other boundary conditions) [4,5]. However, it is commonly observed that the
processes of crack initiation and propagation are water dependent [6]. Cracks form when
the tensile strength of the soil is reached during desiccation [5].

The physical (structure, porosity and aggregates) and chemical properties (pH, or-
ganic carbon, cations and anions) of soil are supposed to influence the crack forma-
tion/propagation [7]. These parameters are essentially affected by agricultural practices.
Tillage and residue management influence the soil porosity and the fibre/organic matter
content, which in turn affects the movement of water and gas [8]. For instance, the addition
of organic matter and biochar were found to decrease crack formation [8,9].

Tillage also influences the soil structural heterogeneity and the soil compressibility,
which can affect the formation and propagation of cracks [10,11]. In fact, soil heterogeneity
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can affect the distribution of water, creating a weak area during shrinking [12,13]. Moreover,
tillage breaks soil aggregates, modifies the structure, which can lead to soil compaction, and
changes the soil permeability [7,14]. However, there are still some gaps in understanding
the interaction between the cracks and soil hydraulic properties under varied agricultural
practices. Lakshmikantha et al. [4] and Tang et al. [11] were the pioneers of analysing
cracks and soil water properties. Later studies have found some links between the crack
maximum width and water permeability [3,15].

Some authors have reported that under saturated surface conditions the evaporation
depended only on the vapour pressure difference between the atmosphere and the sample
surface (excluding cracks) [16,17], and others have mentioned the possible effect of macrop-
ores (and cracks), as they assure the water connectivity between the saturated and partially
air-filled soil (which is called the drying front) [18].

Despite previous researchers having found that cracks enlarge the soil porosity, in-
crease the soil permeability and reduce the air entry value (AEV), which is the minimum
suction at which air starts to enter the largest pores [19], it is still difficult to include cracks
in the soil water retention curve (SWRC) and permeability due to their geometric complex-
ity. Moreover, cracks change in their configuration and size during soil desiccation [15].
This requires that researchers include a dynamical analysis of cracks in parallel to a soil
hydrodynamical assessment [19]. However, due to crack complexity in form, size, con-
figuration and distribution, crack analysis is often neglected in soil hydrology research,
especially as agricultural science is concerned [7,20].

Therefore, this study assesses the dynamics of soil cracking and soil hydrology during
drying in a controlled experiment for one soil (Luvisol) under three contrasted treat-
ments (two types of samples under different management systems, and one type of
disturbed /mixed sample). Each treatment has three replicates. The purpose of using
a remolded sample is to question the impact of the agricultural soil structure. Furthermore,
many cracking studies have utilised disturbed samples to represent agricultural soil [4,6,11].
Therefore, this study assesses the differences between the disturbed and undisturbed sam-
ples. Moreover, this study will also evaluate the potential interaction between soil cracking
and soil hydrology and will discuss the observed differences among the treatments.

2. Materials and Methods
2.1. Sample Collection and Preparation

We collected nine topsoil (0-15 cm) samples composed of three reduced-tillage-residue-
in (RTRI), three conventional-tillage-residue-out (CTRO) and three disturbed soils (DS)
(composite remoulded sieved samples from RTRI and CTRO). The remoulded samples are
interesting, as they erase the tillage history and thus give a reference for the comparison
of results. The RTRI and CTRO plots were each 15 m x 45 m and located 2 m apart. The
samples were collected from an agricultural field in Gembloux, Wallonia, Belgium. The
crop rotation in the study area was composed of cover crop (rapeseed: Brassica napus L.;
mustard: Brassica nigra L.; oats: Avena sativa L.; peas: Pisum sativum L.), maize (Zea mays),
winter wheat (Triticum aestivum L.) and sugar beet (Beta vulgaris L.). The preceding crop
was sugar beet.

The samples were prepared from a rectangular steel box of 25 cm length x 20 cm
width x 1.6 cm height or thickness (Figure 1). The thickness was chosen to enhance the
drying-induced cracking process according to the literature and the pretesting experi-
ment [5,20]. The undisturbed samples (NDS = RTRI and CTRO) were saturated with
distilled water from the bottom by a capillary rise for 24 h before the commencement of
the experiment. In order to assure pore saturation, the water was levelled until 4-5 mm
below the sample surface. The initial water content obtained in the NDS was between
45-50%. This value was obtained from the mass difference between the saturated sample
and the oven-dried (105 °C 24 h) samples converted into volume divided by the total
volume of the wet sample. The soils from the DS were subjected to crushing, oven drying
at 40 °C, sieving at 2 mm diameter and moulding at 45-50% of water content (similar to
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NDS). At this moisture percentage the DS samples obtained a bulk density similar to the
NDS samples without the need for further soil compaction. The slurry was uniformly
poured into a metal box of the same size as that used for the intact soil. The overall sample
was slightly shaken so to fill the box evenly and to remove some of the trapped air in the
sample. The specimen was then covered and settled for 2 h prior the drying experiment.
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(a) Design of the drying chamber composed of the soil (b) Real photograph of the inside chamber showing
sample, camera, balance, heating bulb and sensors the cracked sample in metallic box

Figure 1. Overview of the experimental chamber set-up illustrating (a) tools: camera, balance, heating bulb, and sensors;

(b) soil sample and metallic box.

2.2. Sample Physical/Chemical Characteristic and Fibre (Roots, Stubble and Straw) Analysis

Intact soils were collected from the core rings near the sampling location in three
replicates in order to measure the soil bulk density and porosity. The formula of the bulk
density and porosity is given below:

BD = mg/V ¢y
Ps = pmvm + pomvom (2)
® = (1-BD/py) (3)

where BD and ps are the soil bulk density and the particle density (g-cm~3), @ is the
soil porosity, ms is the mass of the oven-dried soil (g) (at 105 °C for 24 h), V is the vol-
ume of the core cylinder (cm?®), pp, is the mineral density (2.65 g-cm™2), py: organic
matter density (0.8 g-cm~2) and Vi, and Vom are the volume fractions of the mineral and
organic matter (%).

Clay, silt and sand fractions were quantified using the pipette method (ISO 11464:2006).
The organic carbon, humus content and pH of each treatment were measured according
to the standard procedures (ISO 10694:1995; ISO 10390:2005). The pH meter measured
the soil pH at a soil/water ratio of 1:5. The total carbon (TC) was calculated from the
quantity of CO; coming from the burning sample. The total organic carbon (TOC) required
a preremoval of carbonic mineral by HCI 2N before burning the sample.

Based on the literature, the soil was classified as a Cutanic Luvisol [21] mainly com-
posed of silt (80 £ 2%), clay (15 £ 1.5%) and sand (5 £ 2%). The C:N ratio was between
10 and 12 with a C content of 20-35 g per kg of soil [22], and the bulk density was
roughly 1.3-1.4 g-cm~3. After the experiment, crop straw, stubble and roots were sieved
(2 mm) from the soil, spread on white paper, scanned by camera and quantified using
image analysis.

2.3. Drying and Chamber Preparation

The experiment took place at the Gembloux Agro-Bio Tech laboratory. Drying was
conducted in a small chamber heated with a lamp bulb (Exo Terra® ceramic heat emitter).
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We preheated the chamber prior to the experimental setup as proposed by Tran et al. [23].
Precision balance monitored the change in the sample weight every 15 min. Water ten-
siometer and pressure transducers (0-400/500 kPa) connected to a CR800 Datalogger (a
programmable device by Campbell Scientific® controlling sensors) measured the soil water
suction, and were inserted in a horizontal position 4 cm inside the sample in the middle
width section of the metallic box. The top surface of the sample was exposed to a free
evaporation and monitored by 12 MP Canon® cameras (Canon PowerShot SX520 HS®)
which took a picture every 30 min. We installed a Plexiglas® at the base of each sample to
hold the specimen and to avoid evaporation from its basal. Friction in the squared form
grid (1 mm height, 1 cm length) was added in the interfacial between the soil and the
Plexiglas®. The experiment lasted for 7-10 days. Between 330 and 480 pictures were taken
for each sample.

2.4. Determination of Moisture Content, Evaporation, Soil Water Retention Curve and Pore Size
Distribution during Drying
2.4.1. Krischer’s Curve

The moisture content was calculated from the weight difference between the soil at a
given time and the oven-dried soil (105 °C for 24 h after 7-10 days of experimentation). The
soil evaporation demonstrated the rate of water dissipation through the sample area per
second (converted in cm day ') [24]. The representative curves and their parameters in
the result section were averaged from the three replicates. The Krischer curve treated the
drying rate q (cm® day ) as a function of the water content () adjusted with the initial
water content (fo) of 0.5. The drying rate formulation is given below:

g= Soil mass (t) — Soil mass (t — 1)

A x At ’ @

where g is the drying rate (cm-day 1), Soil mass (t, t — 1) is the change of soil mass during
10 min transformed into water volume (cm?), A is the sample surface area (cm?) and At is
the time interval between the two measurements (day).

The maximal drying rates (qmax) and the critical water contents (Wcrit) were deduced
from the graph of the drying curve versus the time. The critical water content corresponds
to the time of the curve deflection after the plateau of the maximum drying rates [25].

2.4.2. Soil Water Retention Curve (SWRC)

The SWRC represents the volumetric water content (f) against the water suction
(in kPa). The volumetric water content is obtained from the weight difference between
the wet and the oven-dried soil (105 °C for 24 h) converted into volume (water volume
(cm®) = water mass (g)/water density (1 g-cm~2)) and over the total volume of the wet
sample (800 cm® =25 cm x 20 cm X 1.6 cm). In the calculation of the SWRC, the effective
saturation is often used according to the following equation:
0 — 0,

Se=g—g 5)

where S, is the effective saturation, 0 is the water content at time t, 6, is the saturated
water content and 0, is the residual water content (i.e., the water remaining in dry soil).
Residual water content is the remaining water content at high tension obtained when the
gradient d (volumetric water content)/dh (i.e., h: suction) becomes zero. In the calculation,
the residual water content is considered to be zero.

The nonlinear equation of van Genuchten [26] and of Durner [27] fitted the monomodal
and bimodal pore structures, respectively. The bimodal function of Durner [27] is a combi-
nation of two VG models which considers the macropore (first modal) and the micropore
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(second modal). The fitting curves were calculated using the SWRC-fit package developed
by Seki [28]. The double model is given below:

Se = wq (6)

1 ™ 1 "
] )
where a (cm™1), 1y, 1, m; and m, are the empirical parameters and m is calculated by
m=1—1/n,and w; and w, are the weighing factors. w, is set to zero for the monomodal
curve, making the second part of the Se formula equal to zero.

The three SWRC curves representing each treatment were obtained by averaging the
volumetric water content and the water suction of the three replicates. The measured
water suction was unfortunately limited to 400-500 kPa due to the classical water-filled
tensiometer cavitation. For instance, we utilised a ceramic cylinder (0.5 cm diameter and
2.5 cm long) connected to a pressure transducer (BLPR2-IM-040606® of World Precision
Instrument®) by a plastic tube filled with degassed water. The degassing procedure used
vacuum instruments (i.e., a glass chamber and a pump) for 72 h. The problem of missing
data was addressed by extrapolating the water suction in the range 400-15,000 kPa from the
available water content data between 0-500 kPa using the fitted SWRC models (monomodal
and bimodal). The quality of the fit is presented in Appendices C and D.

2.4.3. Pore Size Distribution (PSD)

The water retention curves were converted into PSD. The cumulative pore volume
fraction of the ith fraction, if we divide the SWRC in 7 fractions, is equal to the ratio of
the measured water content to the saturated water content, which is equal to Se at the
ith fraction:

j=i
Sei=Y vi;i=12...,n )
j=0

where S,; is the effective saturation (S,) at ith fraction, v; is the volume fraction at ith fraction
and 7 is the total number of the fraction (i.e., the number of portions of the SWRC).

The corresponding pore diameters (di) at the ith fraction is converted from the water
matric suction using the Jurin’s law, which is simplified in the equation of [29]:

3000

h; 7
1

®)

The curve of the pore size distribution (PSD) was obtained by pairing the cumulative
pore volume fractions in Equation (8) and the calculated pore diameter from Equation (7) [10].
The obtained PSD was classified in three classes for statistical comparison. Pore diameters
below 50 um were classified as storage/residual/binding pores, those between 50 and
500 um were transmissive pores and >500 pm were fissures [10].

2.5. Image Processing and Analysis

Prior to the image processing, the images were corrected (tilt correction, geometry
correction, etc.) using GIMP® software. The image processing followed five main steps as
proposed by Lakshmikantha et al. [4], Tang et al. [11], Le Roux et al. [30] and Li et al. [31]
using Image]® and PCAS® packages. The first steps converted the RGB image into grey
images and then into black (cracks) and white (background) pixels. This binarization
process was based on the Otsu thresholding technique. The second step removed all the
impurities and noises (e.g., dots and outliers) from the images using a series of techniques
(e.g., filter, smooth, sharp, erode, dilate, noise removal and thickening). The skeletonization
process during the third step transformed the binary image into skeleton, or thinned medial
axis, images. The remaining steps (4-5) consisted in identifying cracks and measuring their
width and length (Figure 2).
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i) Original image i1) Grey image iii) Binarization of image

1cm 1cm

iv) Image correction

5\{ Quantitative analysis

- Crack length
- Crack width
J ] e
v) Skeletonization vi) Crack identification vii) Crack measurement

Figure 2. Image processing and analysis.

The crack width and the crack length were estimated from the black pixels of the
binary image using the PCAS software [30]. The sum of the medial axis (i.e., crack branches)
between the nodes gave the total crack length. The crack width was estimated from the
Feret diameter of the fractal images. The Feret diameter is defined as the orthogonal
distance between two parallel tangents [32]. The crack width was calculated from the
average width of each fractal image.

2.6. Statistical Analysis

All the graphs represent the averaged data from the three replicates per treatment
(i.e., each treatment which has three replicates). The relationship between the evaporation
rates/water content/water suction and crack length were analysed using the Pearson
correlation. The strength of the relationship was assessed statistically with linear regression.
The parameters of the Krischer’s curve and the SWRC (monomodal and bimodal curves)
were compared statistically among the treatments (i.e., RTRI, CTRO and DS). Repeated
measures of ANOVA with mixed models (restricted maximum likelihood (REML) and
compound symmetry) from XLSTAT software analysed the pore distribution class between
the treatments. All statistical analyses were performed at a confidence level of 95%. The
RMSE (root mean square error) and R? (determination coefficient) of the extrapolated water
suction from the SWRC versus the observed data were also calculated.

3. Results and Discussion
3.1. Soil Physical and Fibre Characteristics

Table 1 presents the physical and chemical characteristics of the soil. The results show
significant differences in the bulk density and the total porosity between the RTRI and the
other treatments (i.e., CTRO and DS) at a 95% confidence level. Note that the difference
in terms of the soil mineralogy is assumed to be low since all the samples were coming
from neighbouring plots. The fibres were removed from the DS during the sieving process.
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The fibres from the RTRI were slightly shorter in individual length, narrower in width
and lighter (almost decomposed) in weight compared to the CTRO (Figure 3). The total
length of the fibres was greater in the RTRI than the CTRO (Table 1). It is important to
mention that some roots and parts of the straws (5-10 cm) were also remaining in the field
for the CTRO. However, all the residues (roots and above ground biomass) were left for the
RTRI. The CTRO presented long (individual size) and almost intact organic matter mainly
composed of aboveground biomass (straws). The roots were fewer compared to the RTRIL
The crop stubble/roots area was almost similar for both treatments; however, in the RTRI
there were many/small fibres while in the CTRO they were few /big (Figure 3).

Table 1. Soil physical characteristics and fibre content from each sample. The soil porosity is
calculated from the bulk density considering the amount of soil organic matter. Fibre includes all
fresh organic matter (roots, straw and stubbles) extracted from the undisturbed samples.

Category RTRI CTRO DS
BD, g cm 3 1.39 £ 0.02b 1.5+0.02a* 156 £0.02a*
Porosity 046 +0.01a* 042+ 0.01b 040 +0.01b
pH 7.78 £ 0.16 728 +£0.14 8.3+ 0.21
Clay, % 1593 + 0.16 15.13 + 0.16 1595 + 0.14
Silt, % 78.62 + 0.18 79.48 + 0.18 78.98 + 0.15
Sand, % 5.44 + 0.09 5.38 + 0.09 5.07 £ 0.08
Fibre total area, cm? 25.99 4+ 8.63 27.85 + 10.69 0.00 4+ 0.00
Fibre total length, cm 169.17 + 76.15 110.55 + 55.26 0.00 £+ 0.00
Fibre average width, cm 0.16 £ 0.03 0.22 + 0.06 0.00 £+ 0.00
Fibre weight, g 0.87 £0.1 1.02 £ 0.09 0.00 £+ 0.00
Fibre percentage, mg g~ ! soil 0.71£0.1 0.89 £ 0.06 0.00 £ 0.00

BD: bulk density; a,b,c: significance difference at 5% error (* p > 0.01; RTRI: reduced-tillage residue-in; CTRO:
conventional-tillage-residue-out; DS: disturbed sample; N/A: no data. Note: values represent means + standard
error of the mean (n =9).

\

a= NN
A

(a) RTRI-1 (b) CTRO-1

Figure 3. Representative fibres (crop stubble/roots) collected from undisturbed samples (case of (a) RTRI-1 and (b) CTRO-1).

Note the many small and almost decomposed roots from RTRI and the few large fresh stems (i.e., cereal) for CTRO. RTRI:

reduced-tillage-residue-in; CTRO: conventional-tillage-residue-out.

3.2. Comparative Curves of Water Evaporation, Water Content and Water Suction in Undisturbed
(RTRI and CTRO) and Disturbed Samples (DS)

The average curve of the water evaporation with time and against the degree of
saturation in each treatment is shown in Figure 4a,b. We observed two distinct periods.
During the first evaporation period (before 40 h and 40% of 6/60) the curve was at its
steady and maximum stage (qmax in Appendix A). The undisturbed samples (RTRI and
CTRO) presented the highest water evaporation rate (>150 and 120 cm day ~?, respectively)
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compared to the disturbed soils (DS) (<100 cm day‘l). The deflexion of the evaporation
curve (40-50 h) corresponds to the start of the second period. During this second period,
the DS takes time (>100 h) to attain its minimum evaporation rate (compared to the

NDS, ~100 h).
200 Evap-RTRI Evap-CTRO Evap-DS Evap-RTRI Evap-CTRO Evap-DS
180
_ 160 -
5150 1 z 140 A
o =120 |
g g
L < 100 A n
= 100 - c H
8 2 80 A 7
g £ o0+
g 50 1 £ 40 -
5 20 1 :
0 . G- . . 0 : : : :
0 20 40 60 80 100 0 0.2 04 Se 0.6 0.8 1
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. . L . (b) Krischer’s curve showing the interaction be-
(a) Soil water evaporation with time between undis- ¢ i dd ¢ saturation. Th
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arrow indicates the critical water content (Wcrit)
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Suct-RTRI Suct-CTRO Suct-DS
- 1.E+4
- 1.E+3 _
—~ (]
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= - 1.E+2 —
g £
5 - 1B+ S
— 2]
5 - 1E+0 &
= =
- 1.E-1
1.E-2
0 20 40Tirne (h)60 80 100

(c) Water content and extrapolated (line)/observed (dots) water suction change with time between RTRI, CTRO
and DS

Figure 4. Graphs showing the progression of (a) water evaporation with time, (b) water evaporation with degree of
saturation (Krisher’s curve), and (¢) water content and water suction with time for each treatment. Note the deflexion
of the evaporation curve from around the critical water content. The critical water content is also obtained from the
average of three replicates as the treatment’s curves (RTRI, CTRO and DS). Evap-RTRI/CTRO/DS: Water evaporation for
RTRI/CTRO/DS; Wc-RTRI/CTRO/DS: Water content for RTRI/CTRO/DS; Suct-RTRI/CTRO/DS: Water suction (kPa) for
RTRI/CTRO/DS; RTRI: reduced-tillage-residue-in; CTRO: conventional-tillage-residue-out; DS: disturbed sample.

Figure 4c shows an initial water content of about 45-50% for all the treatments. The
water content decreases linearly before attaining its stabilization line. The deflexion of the
curve indicates that the critical water content (Wcrit) is reached after 40-50 h (about 40%
of standardized water content in Krischer’s curve Figure 4b). Appendix A shows that the
critical water content (Wcrit) is around 0.2 for the NDS while almost unseen for the DS
since the DS curve was linear. All the indicators emphasize that water removal is more
restricted in the DS than in the NDS. Water loss induces an increase in water suction as
shown in Figure 4c. The suction (in kPa) increases exponentially at around 60-80 h, which
was 2040 h after the critical water content.
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3.3. Crack Length and Width between Disturbed/Undisturbed Sample

Figure 5 presents the progress of (a) the average crack length and (b) the crack width
with time. The maximum crack length (observed at 80 h after crack initiation) was two to
three times longer in the DS (~230 cm) than in the NDS (70-100 cm). For the NDS, the crack
length increases slowly during the first 30—40 h of the crack initiation. Later, it progresses
slightly faster (from 20-80 cm in the next 40 h) and linearly. However, the DS starts with a
strong increase after the first 18 h (growth from 0 to 140 cm in <10 h) then a slower rise
(~100 cm in the next 40 h) before reaching a stagnation period (~80 h). Small differences
can be observed between the RTRI (~100 cm) and the CTRO (~70 ¢cm) in terms of the total
crack length. Concerning the crack width, for the NDS the average crack width decreased
linearly (from 600 to 400 pum) before reaching a plateau of a stagnating phase (around
40-50 h in Figure 5b). The decrease indicates the formation of thinner cracks during the
crack progression. However, for the DS the average crack width increased rapidly (up to
750 um) after the first 18 h (i.e., the formation of wider cracks) before decreasing slowly
and linearly (i.e., the formation of thinner cracks).

- ——LgRTRI ——Lg-CTRO ——Lg-DS 400 - ——Wd-RTRI ——Wd-CTRO ——Wd-DS
2200 z

E i 600 -

£150 - 5

. 2 400

g E

~ 100 A <

e E

2 200

J 50 A / 3

O T T T T 0 ! ! ! !
0 20 40 Time (h) 60 80 100 0 20 rime (n)®° 80 100

(a) Crack length progression with time for undisturbed  (b) Crack width progression with time for undisturbed
samples (RTRI and CTRO) and disturbed sample (DS) samples (RTRI and CTRO) and disturbed sample (DS)

Figure 5. Evaluation of crack progression presented in (a) length and (b) width for disturbed (DS) and undisturbed
samples (NDS). The data was obtained from the average of three replicates. Note the large crack size and rapid crack
increase in DS compared to CTRO and RTRI. The decrease in crack width indicates the formation of thinner cracks during
drying. Note that crack width represents the average crack width (at time t) while crack length is the total crack length
from a sample. Lg-RTRI/CTRO/DS: Crack length for RTRI/CTRO/DS; Wd-RTRI/CTRO/DS for RTRI/CTRO/DS; RTRI:
reduced-tillage-residue-in; CTRO: conventional-tillage-residue-out; DS: disturbed sample; NDS = RTRI and CTRO.

Figure 6 depicts the cracks obtained from the image analysis 10-20 h, 30-40 h and 80 h
after crack initiation, respectively. The results show that the DS forms 90° (T-pattern) and
120° (Y-pattern) crack junctions while the NDS forms only Y-patterned cracks (Figure 6).
Wang et al. [33] describe the T-junctions (90°) as the result of the coalescence of two cracks
while the Y-junctions (120°) are extensions of the cracks. The T-junctions are mainly
observed between the primary cracks (i.e., the first main cracks) in the DS, which end by
forming a clod (i.e., polygonal looping cracks). The Y-junctions (in DS) come later when
the secondary and tertiary cracks are forming. This is the period during which the soil is
slightly dry and the crack propagation is more difficult. Therefore, the formation of only
Y-unctions in the NDS demonstrates the difficulty of spreading cracks in the NDS samples
when compared to the DS samples.

3.4. How Does Drying Drive the Cracking?

Figure 7a presents the growth of the crack length with suction. Figure 7a shows a clear
increase of the crack length with suction up to 300 kPa for the DS and beyond the wilting
point (>1500 kPa for NDS), indicating a strong link between the suction, which is a driving
force, and the progressive cracking.
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Figure 6. Crack development between 10-20 h after crack initiation, 30—40 h and 80 h for RTRI, CTRO
and DS, respectively. Note the formation of the Y-junction cracks (i.e., cracks that intersect at 120°)
for RTRI and CTRO while the T-junction cracks (i.e., cracks that intersect at 90°) and clod (looping
cracks) for DS.

The drying of soils induces shrinkage. However, in our experiments the shrinkage is
restrained, on the one hand, by the drying gradient along the sample thickness, and, on the
other hand, by the basal friction (grid) installed at the base of the samples. This shrinkage
restriction provokes the soil cracking. In the field, the drying gradient over the thickness is
probably the main reason for the cracking [34]. Moreover, the soil heterogeneity may also
contribute to the cracking [11]. The mechanical analysis of the cracking is beyond the scope
of this paper. According to the concepts of the effective stress [35,36], an increase of the
suction implies an increase of the tensile stress state. By consequence, the soil strains appear
in the form of shrinkage. The disturbed sample is more sensitive to an increasing suction
than are the NDS samples (slope 4 102 versus slopes 31073 and 2 10~2 cm kPa~!). Among
the NDS samples, the treatment (i.e., the tillage associated with residue management) effect
induces fewer differences. The cracks in the RTRI are about 50% longer than in the CTRO.
The crack width (Figure 7b) of the structured samples (CTRO and RTRI) are not clearly
evolving with suction, while evolving monotonically for the DS. This may be related to the
number of fibres (i.e., straw, stubbles and roots) which were removed from the DS before
the experiment (Table 1). Figure 7c,d shows that the crack length and width change with
the water content and are comparable to the those observed with suction (Figure 7a,b).
It is clear from Figure 7c,d that the crack formation starts to gain in amplitude when the
NDS reach their critical water content. The critical water content is about 20% for the NDS
(Appendix A). This implies that the Wecrit (i.e., critical water content) is also critical for
crack propagation.
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Figure 7. Graphs illustrating the progression of (a) average crack length and (b) width in function of water suction

(expressed in kPa) and with (c,d) degree of saturation, respectively. The degree of saturation indicates the ratio between the

water content (at time t) over the initial saturated water content. The arrow indicates the critical water content measured

from the Krischer’s curve (Figure 4b).

3.5. How Could Cracks Modify the Water Transfer?
3.5.1. Porosimetry Curve Related to Sample Structure and Its Change with Cracking

Figure 8a shows the porosimetric curves for all the samples tested. These curves are
obtained based on the tensiometer measurements (until 400-500 kPa) and on the average of
the water content based on sample weighting. Based on this methodology, the knowledge
of pore distribution above 3 pm is much stronger than for pores with lower than 3 pm.
This limit refers to the cavitation of the tensiometers. Below this pore size we rely on the
extrapolation of the SWRC. Figure 8a shows only one pore family for the CTRO samples
with a peak at 3 um diameter. The RTRI samples show two pore families, the first and most
frequent around 3 um and the second around 30 pm. In the DS, the first pore family has a
lower radius of around 0.5 pm while the second family has a larger and more dispersed
radius of around 50 um. The preceding analysis does not consider the cracks. The crack
width in the CTRO and the RTRI vary slightly between 200-600 um (Figure 7d). They
create a kind of third pore family that is one order larger but taking on a different shape.
This family appears relatively late in the RTRI and CTRO samples and does not interact
with the tensiometers which have cavitated at that time. The cracks in the DS have about
the same width but appear earlier.
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(a) Pore size distribution obtained from monomodal and bimodal fitting curves and the relative frequency
of the crack width distribution for the undisturbed (NDS) and disturbed (DS) samples. The x-axis is set in
logarithmic scale. Crack-RTRI/CTRO/DS: distribution of crack width in RTRI/CTRO/DS; Pore-RTRI/CTRO/DS: dis-

tribution of pores from SWRC in RTRI/CTRO/DS; RTRI: reduced-tillage-residue-in; CTRO: conventional-tillage-resi-
due-out; DS: disturbed sample.
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(b) Histogram comparing the pore percentage distributed in the three pore classes between the treatments
(RTRI, CTRO and DS). The histogram painted in blue indicates pores obtained (via SWRC) from real obser-
vation data limited at 400-500 kPa. The graph in blue showed the standard error and the significance dif-
ference at 5% statistical error. Note that the percentage of the pore below 50 pum is divided by 5 for better
observation of the data. The red histogram shows the pores added from the cracking. It was classified based
on final crack width distribution (i.e., at 80 h after crack initiation). It is noted that the total percentage of
the crack is around 3% for the DS and 0.9% for the RTRI and the CTRO. Pore-SWRC: pore obtained from the
SWRC (real data); Pore-Crack: pore obtained from the crack width distribution (at full expansion around 80h after crack
initiation); RTRI: reduced-tillage-residue-in; CTRO: conventional-tillage-residue-out; DS: disturbed sample; a,b,c: sig-
nificance difference at 5% error (* p > 0.01, ** p <0.01).

Figure 8. Comparison between (a) pore size distribution (PSD) taken from SWRC and crack width frequency distribution
obtained from image analysis and (b) pore percentage distributed in three pore classes. Note the bimodality (two pictures)
of the curves from RTRI and DS while monomodal (one picture) curve for CTRO. Note also the significant pore percentage
between 50-500 um for DS and RTRIL

3.5.2. Water Transfer during Crack Formation and Its Impact on SWRC

During the first evaporation period, the samples remain saturated, and the perme-
ability primarily concerns the larger and saturated pores [18]. The CRP (from Krischer’s
curve in Figure 4b) is upheld as long as there are liquid connections between the drying
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front and the evaporating surface [37]. The length of the plateau and the magnitude of the
evaporation depends on the macropores. The cracks are not present at that time. The RTRI
presents a longer plateau (ending at /6, = 40%) than the CTRO (ending at 8/6, = 50%)
(Figure 4b). This is logical if one considers the porosimetry curve: the RTRI has a significant
family of pores around 30 microns which does not appear for the CTRO samples. As the
permeability is mostly driven by the larger pores, the RTRI permeability should then be
larger than that of the CTRO (Figure 8a,b). Interestingly, only about 20% of the crack length
has developed at the plateau end for each tillage case (Figures 4b and 7c). Therefore, the
cracks should not disturb the first phase.

The DS do not show any clear plateau and the evaporation rate is lower than when
the experiment began. It may therefore be considered that the initial permeability is also
lower. This is supported by the pore size distribution (Figure 8a,b) which indicates that
the DS presents fewer (significant) large pores than the CTRO and RTRI (Appendix B,
Table A2). The low permeability induces a short hydraulic connection layer that makes
it difficult to extract water from the soil [18]. While the cracks develop earlier and much
more intensively in the DS, this should not significantly increase its permeability during
the first half of the tests. If the permeability is significantly enhanced by the cracking, it
will not appear clearly during a drying test because the increase arrives too late. However,
it could possibly significantly affect a wetting phase following a drying one.

During the second period of evaporation (Figure 4a,b) known as the Falling Rate
Period (FRP), the crack initiatess (for the DS) and develops faster for all samples (Figure 7c).
This period starts when the evaporation curve decreases. The film of water linking the
surface and the sample is interrupted. During this period, the surface is no longer saturated
and the wetting front (i.e., the layer of saturated moisture) sinks deep inside of the sample.
The drying of the soil decreases its overall permeability. Moreover, the evaporation mainly
comes from vapour rather than the liquid transport inside the soil [18]. The water transfer
becomes progressively difficult, thus explaining the abrupt drop of the evaporation curve.
This creates a dry surface and induces crack formation (Figure 7c,d). We observed from
these results that the evaporation curve dropped faster (i.e., a steeper slope) on the NDS
than in the DS.

During the drying experiment, the SWRC of all the samples evolved with the soil
structure due to crack formation. This provides further evidence of the importance of the
structure dynamic in soil hydrodynamic behaviour. Figure 8a,b and Figure 9a,b present
the SWRC for all the treatments associated with crack formation. We observed that cracks
initiate when the water content decreases significantly during a drying process. Until then,
the SWRC are not influenced by the cracking. Moreover, cracks arrive at a lower suction for
the RTRI (~7 kPa in the SWRC) when compared to the CTRO and the DS. However, despite
the fact that the cracks come late in the SWRC (~50 kPa) for the DS, the cracks attained a
large size more quickly (0-152 cm from 50-300 kPa) than with the NDS. Conversely, for
the CTRO the cracks start at a higher suction (>10 kPa) and remain very low at a strong
suction (<50 cm length until 1000 kPa). Therefore, the CTRO treatment could not influence
its retention curve (i.e., the SWRC).

Figure 8b shows the increase of pores due to cracking (i.e., the value taken at the
end of the experiment). The results show that the crack strongly affects pores between
50-500 um, followed by pores > 500 pm. Additionally, pores in the DS are more important
in those ranges (>50 um) compared to the NDS (RTRI and CTRO). In the pores between
50-500 pm, the crack raises the pore percentage by 20% in the RTRI, 40% in the CTRO and
37% in the DS. Concerning pores > 500 um, we noticed an increase of 30% in the RTRI, 20%
in the CTRO and more than 45% in the DS. Therefore, during the wetting of a dry sample
the cracks should probably modify the hydration process.
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(a) Observation of crack length propagation inside the soil water retention curve (SWRC). The arrows indicate the suc-
tion corresponding to the critical water content for NDS. Note the earlier crack initiation for RTRI compared to CTRO
and DS. Note also the fast crack increase for DS in short suction interval. SWRC-RTRI/CTRO/DS: soil water retention
curve for RTRI/CTRO/DS; Lg-RTRI/CTRO/DS: crack length for RTRI/CTRO/DS; RTRI: reduced-tillage-residue-in;
CTRO: conventional-tillage-residue-out; DS: disturbed sample.
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(b) Observation of crack width propagation inside the soil water retention curve (SWRC). The arrows indicate the suc-
tion corresponding to the critical water content for NDS. Note the earlier crack initiation for RTRI compared to CTRO
and DS. Note also the fast crack increase for DS in short suction interval. SWRC-RTRI/CTRO/DS: soil water retention
curve for RTRI/CTRO/DS; Wd-RTRI/CTRO/DS: crack width for RTRI/CTRO/DS; RTRI: reduced-tillage-residue-in;
CTRO: conventional-tillage-residue-out; DS: disturbed sample.

Figure 9. Graph showing the crack initiation and development in the SWRC for DS and NDS. Note the early crack initiation
in RTRI and the fast rise of cracks in DS. The arrow indicates the critical water for the NDS.

4. Conclusions

Crack formation during soil desiccation appears to be strongly linked to the soil
structure (i.e., highly affected by the remolding for the DS) and to a lesser extent the
agricultural management system. We have assumed that the difference between the
disturbed and undisturbed samples reside in their structural characteristics despite no
specific soil structural analysis done in this study. Using the disturbed and undisturbed
soil samples, we observed that:

(1) The crack initiation and development were driven differently (among treatments)
by the water suction. The crack initiation required a stronger negative suction and
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a lower water content in the DS compared to the NDS. Concerning the NDS, the
crack started at a slightly weaker (i.e., lower) suction (<100 kPa) in the RTRI than in
the CTRO;

(2) For the NDS, the soil structure was assumed to restrict further expansion during
stronger suction. The DS could swell and shrink greatly, thereby producing thicker
and longer cracks. This could be triggered by the lack of sample structure and the
removal of frictional elements (i.e., sand, roots and fibre). The crack expanded faster
in the NDS when the critical water content was reached and the evaporation started
to drop (i.e., the end of constant evaporation rate period; CRP);

(3) The soil water permeability was commonly related to the soil pore size distribution.
The RTRI and the DS contained significantly higher macropores (>50 um) than the
CTRO. The rate and the duration of the CRP in the RTRI compared to the CTRO was
related to the large pores (>50pm) and the potentially earlier forming cracks (at <100
kPa). This helped to explain the lower evaporation rate in the DS despite its high
cracking length;

(4) The cracks seem not to have affected the SWRC during the first drying, since they
arrived late (>100 kPa) in the curve (for both the CTRO and the DS). However, the
shrinkage observed brought about structural changes inside the sample even at a
lower suction. After the first drying, the cracks changed the pore size distribution of
the sample, which should affect the subsequent wettings and dryings.

The results of this study have revealed that soil disturbance (DS) changed the soil
cracking pattern while decreasing the rate of evaporation and probably reducing the soil
permeability. Therefore, care should be taken when analysing cracks through remoulded
samples. Moreover, despite the small differences among the undisturbed samples, the
RTRI presented slightly higher cracks, higher evaporation and higher macropores than the
CTRO. Future studies should include other agricultural practices (e.g., the use of biochar
or sticking mucilage, etc.) under laboratory and/or field conditions.
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Appendix A

Table A1. Parameters of soil water evaporation curve.

Treatment « (m-s—1) Werit (%) Qmax (cm3-Day—1)
RTRI 0.00221 4+ 0.00017 a * 0.2 +£0.016 181.28 +=14.09 a *
CTRO 0.00161 £ 0.00017 ab 0.2 £0.016 131.68 + 14.09 ab
DS 0.00111 £+ 0.00017 b 90.56 + 14.09 b

* Werit: critical water content; o mass transfer coefficient « (m/s); qmax: maximum drying rate (cm?-day—1);
N/A: not enough data.
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Appendix B
Table A2. ANOVA of pore size distribution (PSD) class.
Source DF Sum of Squares Mean Squares F Pr>F
Model 2 0.0083 0.0042 11.9010 0.0056
Error 7 0.0025 0.0004
Corrected
Total 9 0.0108
Appendix C
Table A3. Model parameters of van Genuchten [26] and Durner [27].
Treatment Os or wl?mP R?
RTRI (DB) 0.477 £+ 0.033 0.053 + 0.046 0.24 +0.182  0.999 + 0.001
CTRO (VG) 0.499 + 0.004 6.58107° + 8.7210° 1.275 + 0.055 0.989 4 0.009
DS (DB) 0.467 + 0.046 0.16 + 0.083 0.217 +0.204  0.998 + 0.002

a DB: bimodal model of Durner ?; VG: monomodal model of van Genuchten; 6s: saturated water content;
0r: residual water content; R?: determination coefficient. The value indicates mean =+ standard error.

Table A4. Detailed information about the model’s parameters.

Treatment 0s or w1 al/a ny/m a2 1o R?

RTRI-1 0.443 0.000 0.033 0.005 7.94 0.0016 1.30 0.99776
RTRI-2 0.481 0.075 0.315 0.019 1.7847 0.0008 1.46 0.99998
RTRI-3 0.508 0.083 0.372 0.018 1.5398 0.0006 1.48 0.99996
CTRO-1 0.496 8.85107 N/A 0.002 1.3284 N/A N/A  0.99829
CTRO-2 0.503 224107  N/A 0.004 1.219 N/A N/A  0.98094
CTRO-3 0.498 1.55107° N/A 0.002 1.2786 N/A N/A  0.98678

DS-1 0.471 0.050 0.294 0.079 1.3723 0.0003 1.33 0.99810
DS-2 0.428 0.145 0.470 0.038 1.4387 0.0004 1.42 0.99930
DS-3 0.531 0.205 0.038 0.122 27.659 0.0179 1.19 0.99775

R2: determination coefficient.
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Figure A1. Correlation coefficient and RMSE between observed and fitted water suction from SWRC.
Graph shows the linear correlation between predicted (from SWRC) and observed data. Slope = 1:
perfect estimation, Slope > or < 1: over and underestimation.
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Table A5. Correlation coefficient and RMSE between observed and fitted water suction from SWRC.
Characteristic and error between predicted/observed suction data.

Treatment Nb-Obs Slope R? RMSE
RTRI 58 1.07 0.9987 0.0603
CTRO 47 0.93 0.9992 0.0575
DS 27 1.27 0.9881 0.0696

Nb-Obs: number of observations; Slope: slope of the correlation between predicted versus observed data;
R?: correlation coefficient of determination; RMSE: Root Mean Square Error.
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