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Abstract 1 

Managed aquifer recharge is an efficient approach using surface water for groundwater 2 

recharge. However, soil clogging in the infiltration systems represents a critical problem that 3 

reduces the efficiency of recharge systems. In recent years, much research has been conducted 4 

to investigate clogging in subsurface and surface soil (cake). Cake prevents infiltration into the 5 

water table and can drastically reduce the recharge rate. In arid and semi-arid areas, alternation 6 

of humid and dry seasons has an effect on cake cracking. In the present research, the 7 

propagation of desiccation cracking and self-healing of unconsolidated soil (cake), placed in 8 

Plexiglas columns, was investigated using X-ray computed tomography (CT) during drying–9 

wetting (D-W) paths. The results showed that during the drying path, cracks initiated at the base 10 

of the soil by friction with the bottom of the column and then propagated to the top surface of 11 

the cake. As the drying time increased, evaporation at the top surface led to more cracks 12 

growing from the surface than from the bottom of the cake. However, the cracks at the bottom 13 

tended to stabilize because the water content was greater than at the top surface. The initiation, 14 

propagation, and expansion of the cracks developed in the saturated condition of the cake. 15 

During the wetting path, some cracks were closed while others appeared. The cracks tended to 16 

close progressively with wetting time, highlighting the self-healing phenomenon, probably due 17 

to the high plasticity index of cake soil. The results showed that cake swelling is mainly related 18 

to an increase of the void ratio due to a decrease in suction between particles. The results 19 

demonstrate the capacity of the X-ray CT technique to investigate the evolution of cracks during 20 

D-W paths. 21 

Keywords: Soil cracking, Desiccation, Self-healing, Drying–wetting paths, Suction, X-ray 22 

computed tomography 23 

 24 

 25 
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1. Introduction 26 

Climate change is a major global concern. Variations in seasonal meteorological 27 

conditions affect the water content of soils, especially in arid and semi-arid environments 28 

(Janetos et al., 1997; Komuscu et al., 1998; Longobardi, 2008; Wang et al., 2019). During dry 29 

periods, clay soils tend to deform and shrink (Pasricha et al., 2009; Tang et al., 2011a; Vogel et 30 

al., 2005). Shrinkage often leads to crack if the stresses, due to the prevented strain, are higher 31 

than the soil strength (Gribniak et al., 2007). Desiccation cracking modifies the mechanical 32 

properties (Tang et al., 2011b) and hydraulic properties (Albrecht and Benson, 2001; Chaduvula 33 

et al., 2007; Costa et al., 20013; Omidi et al., 1996; Rayhani et al., 2007) of the soil. In arid and 34 

semi-arid areas, which are characterized by high summer temperatures and overexploitation of 35 

water resources, managed aquifer recharge (MAR) remains an alternative solution that aims 36 

protects surface water (dams, rivers, etc.) from evaporation, by increasing the groundwater 37 

recharge from the surface and maintaining piezometric levels by injection into aquifer storage 38 

and recovery (ASR) wells, as well as by infiltration through infiltration basins, streambeds, etc. 39 

(Bouwer, 2002; Missimer et al., 2015). However, the rate of soil infiltration in MAR systems 40 

decreases over time due to the high sedimentation rate during recharge periods, dam releases, 41 

and/or flooding (Blaschke et al., 2003; Hatch et al., 2010; Rehg et al., 2005; Zaidi et al., 2020). 42 

This reduction in the infiltration rate occurs mainly at the surface of infiltration systems due to 43 

clogging of the porous medium by the deposited cake (Hutchison et al., 2013). In situ soils, in 44 

MAR facilities, are subject to diurnal changes and seasonal rainy and sunny weather, thus 45 

undergoing periodic drying-wetting cycles (Tang et al., 2011a). During dry periods, and for 46 

clayey soils, desiccation cracks considerably facilitate infiltration by creating rapid and deep 47 

percolation paths (Baram et al., 2012; Dunkerley, 2008; Topp and Davis, 1981) which in turn 48 

can contribute to groundwater recharge. The development of the desiccation crack is the result 49 

of the coupling between three factors: (i) the variation of the water content due to drying soil, 50 
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(ii) the stress equilibrium of deformation field corresponding to the inhomogeneous volume 51 

shrinkage, and (iii) the energy dissipation in the soil associated with the crack formation (An et 52 

al., 2020). 53 

The shrinkage and desiccation cracks developed during dry periods in clays heal partially or 54 

completely during the subsequent wet periods (e.g. precipitation and recharge events), which is 55 

attributed to the self-healing property of clays (Leeds-Harrison et al., 1986; Cordero et al., 2014; 56 

Julina and Thyagaraj, 2020; Wang et al., 2017), leading to a decrease in hydraulic conductivity 57 

(Eigenbrod, 2003; Liu et al., 2003; Rayhani et al., 2008). Self-healing is an intrinsic behaviour 58 

in many nature’s materials. For clayey soils, self-healing is mainly the result of soil swelling 59 

due to the presence of expanding clay minerals, i.e. smectite and montmorillonite (Favre et al., 60 

1997), and/or the filling of cracks with solid particles or organic matter transported by flow 61 

(Joshi et al., 2017; Wang et al., 2014). Soil swelling and crack closure can be related to the 62 

increase in the void ratio as soil water content increases (Estabragh et al., 2013). A study 63 

conducted by Rayhani et al. (2008) on clay soils of different plasticity revealed that for highly 64 

plastic soils, hydraulic conductivity decreases with an increase in the plasticity index, during 65 

the wetting cycle. This behaviour can be explained by the self-healing of soil cracks after 66 

wetting. This result showed that self-healing occurs in highly plastic soils due to the high 67 

swelling potential of the soil, which allows open cracks to close, thereby reducing the hydraulic 68 

conductivity ratio. As a result, the hydraulic conductivity of highly plastic clay soils would no 69 

longer be controlled by the cracks that developed during drying. Eigenbrod (2003) explained 70 

the self-healing of cracks in fine-grained soils by three mechanisms: (i) an increase in effective 71 

stress above the undrained shear strength level of the intact soil; (ii) the sealing of fractures by 72 

eroded particles on the crack surfaces (suffusion) during percolation for non-plastic or low-73 

plasticity soils; and (iii) the swelling of clay particles near the crack surfaces in highly swelling 74 

clays. Wang et al. (2018) showed that cracks perpendicular to the direction of infiltration block 75 



5 

 

continuous capillary flow as an air barrier that retards the infiltration compared to non-cracked 76 

soils, whereas longitudinal cracks (propagating in the direction of infiltration) serve as 77 

preferential flow paths and facilitate initial infiltration. The duration of preferential crack flow 78 

is controlled by the rate of swelling of the soil aggregates; this preferential flow becomes 79 

progressively slower as the cracks heal, due to the swelling dynamics of the soil matrix during 80 

the wetting process.  81 

Most recent studies conducted on cracking are largely qualitative, based on observation 82 

tools such as digital cameras (Peron et al., 2009; Shokri et al., 2015; Tang et al., 2010), optical 83 

microscopes (Liang et al., 2019), and Scanning Electron Microscopy observations (Louati et 84 

al., 2018). To study the mechanisms of crack propagation inside the specimen, it becomes 85 

necessary to digitize the crack patterns and to make a quantitative assessment of the main crack 86 

characteristics such as geometric and micro-morphological parameters (e.g. crack area ratio, 87 

crack length, crack width, and crack depth). Thus, X-ray computed tomography (CT) imaging 88 

provides a powerful tool for identifying the nature and spatial configuration of soil components 89 

(Taina et al., 2008). X-ray CT allows accurate high-resolution visualization of the internal 90 

structure of specimens (Mees et al., 2003). Given the high contrast in the X-ray attenuation of 91 

soil cracks (or pores) and grains, their differentiation in X-ray CT is possible; which allows 92 

quantifying the geometrical and micro-morphological features of the cracks in three 93 

dimensions. Previous studies using X-ray CT to investigate the dynamics of desiccation 94 

cracking on compacted soils focused on the cracking process during drying without quantifying 95 

their closure following the wetting path (Julina and Thyagaraj, 2019; Tang et al., 2019). 96 

This study continues the research carried out by Zaidi et al. (2020) related to evaluation 97 

of clogging of MAR in arid and semi-arid areas, as well as studying the effect of the presence 98 

of cracks in the cake on infiltration during dry seasons and post-wetting after rainfall. The 99 

objective of this study is to analyse the propagation of desiccation cracks using X-ray CT by 100 
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quantifying the geometrical parameters during drying–wetting (D-W) paths, in relation to the 101 

progressive 3D volume. For this purpose, crack propagation experiments were conducted on 102 

the cake during D-W paths. Also, this paper highlights the relationship between different 103 

parameters such as water content, void ratio, shrinkage, and swelling. Section 1 summarizes the 104 

state of the art. Section 2 presents the properties of the material, specimen preparation, and the 105 

research methodology. Section 3 discusses the results. Section 4 summarizes the major 106 

conclusions and points out future research directions. 107 

 108 

2. Materials and methods 109 

2.1. Soil properties 110 

The Berrechid plain is located in the centre of Morocco (Fig. 1). It extends to 1500 km2. 111 

This region is characterized by an arid to semi-arid climate, with an annual average temperature 112 

of 18 °C. The annual average rainfall varies from 280 to 310 mm/year (El Assaoui et al., 2015). 113 

As shown in Fig. 1, the aquifer’s supply is mainly through direct rainfall infiltration and by 114 

wadi flows in the southern limit during flood events. El Himmer wadi extends 27 km in length, 115 

mainly supplied by flows from rainfall and releases from the dam upstream. This wadi has, 116 

since 2008, been equipped with a MAR system: two percolation tanks (S1 and S3) and two 117 

recharge releases (S2 and S4). After more than 10 years of use and despite some curing 118 

operations carried out to remove sediments transported by the flows, a high volume of these 119 

sediments settles along the wadi, particularly in percolation basins, thereby limiting 120 

groundwater recharge. A study conducted by Zaidi et al. (2020) showed that, despite the low 121 

rainfall (less than 1.4 mm/day) and short period (91 days) of the study, the deposit thickness 122 

exceeds 3 cm in a large part of the MAR. The hydraulic conductivity of the soil containing 123 

cracks, measured in situ during the drying period, ranged from 10−5 to 10−6 m/s, while the 124 
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hydraulic conductivity of the cake formed without cracks, measured in the laboratory, was 125 

10−8 m/s. 126 

Fig. 1 127 

The soil used in the present study was collected from recharge site S1. Its properties are 128 

summarized in Table 1. According to the French standard for the classification of materials for 129 

earthworks, NF EN 16907–2 (2018), the soil of the cake is type F3-FH (High plasticity fine 130 

soil). The clayey fraction of the soil, analysed with the help of X-ray diffraction, is composed 131 

of vermiculite, interstratified illite-vermiculite, and two kaolinite polytypes (halloysite 7Å and 132 

dickite). The halloysite :  dickite ratio was estimated using the RIR method as 15 : 2 (Zaidi et al., 133 

2020). The physical properties of the soil, such as liquid limit wL, plastic limit wP, and plasticity 134 

index IP were measured according to NF EN ISO 17892-12 (E) (2018). 135 

Table 1 136 

In order to characterize the sensitivity to soil dispersion due to wetting, three soil specimens 137 

were tested by the Crumb test method (ASTM D6572-20, 2020). The Crumb test was used to 138 

assess the reaction of the soil (dispersion) during the wetting phase. In this study, the Crumb 139 

test is used to evaluate the possibility of cracks filling with solid particles resulting from soil 140 

dispersion.  The experimental process permits the temporal follow-up of the geometry of a 141 

centimetric dry specimen soil placed in distilled water without any external mechanical effort, 142 

and recording images of it over time. The tendency of soil particles to disperse in the colloidal 143 

suspension is estimated by observing the suspended cloud formed 2 min, 1 h, and 6 h after 144 

submerging. The results showed a partial collapse (disaggregation) after 2 min of hydration and 145 

total collapse after 1 h and 6 h, without observing dispersive particles, which can classify this 146 

soil as non-dispersive. 147 

 148 

 149 
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2.2. Specimen preparation protocols 150 

The soil collected was oven-dried at 105 °C, crushed, and sieved through a 2 mm mesh 151 

sieve. To obtain the cake specimen, dry soil was homogeneously mixed with water to reach an 152 

initial water content of 200% corresponding to about three times the liquid limit. The water 153 

content of 200% was chosen to obtain homogeneous liquid slurry allowing cake formation. The 154 

liquid slurry was placed in Plexiglas columns of 50 mm inner diameter and 200 mm in height. 155 

The final height of each prepared sample was about 180 mm. Porous caps and filter paper were 156 

placed at the bottom of the columns to allow drainage. The surface was kept open to ensure 157 

water evaporation at ambient temperature. A total of five specimens were prepared. 158 

 159 

2.3. Testing methods 160 

2.3.1. Drying path 161 

The slurry specimens were kept in the laboratory to allow settling of the solid particles 162 

by gravity to form the cake (to simulate in situ cake formation). Specimens were conserved 163 

vertically under a constant temperature of 18.5 ± 0.5 °C. The surface layer of water (head) in 164 

the columns partially infiltrated through the specimen; the rest evaporated. This stage of cake 165 

formation took 3 weeks. Afterwards, the specimens were scanned by X-ray CT at different time 166 

intervals. The specimens were scanned eight times, during 49 days of the drying path. The scans 167 

were performed on the 4th, 11th, 18th, 21st, 29th, 33rd, 39th, and 49th days (Fig. 2). Also, the 168 

samples were regularly weighed with a balance (accuracy of 0.001 g) to determine the 169 

cumulative water loss and current total water content (w) of each specimen. The drying path 170 

was stopped when w = 12%. 171 

 172 

 173 

 174 
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2.3.2. Wetting path 175 

After the drying path, the specimens were immersed in water (from w = 12%). Note that 176 

the quantity of water used to immerse the specimens corresponds to the quantity necessary to 177 

obtain a water content of w = 100% corresponding to 1.5wL. A syringe was used to fill the 178 

columns carefully to avoid damaging the specimens. After that, the specimens were scanned 179 

with X-ray CT after 24 h and 7 and 15 days of immersion (Fig. 2). 180 

Fig. 2 181 

 182 

2.4. X-ray computed tomography 183 

The internal cracks formed during D-W paths were quantified using X-ray CT scanning 184 

(Fig. 3) and image processing with ImageJ software (Fiji). This non-destructive technique 185 

consists of measuring the progressive attenuation of X-rays due to absorption and scattering 186 

when the beam traverses a material placed in its pathway. The X-ray CT technique produces 187 

3D images of the X-ray absorption distribution in a specimen. 188 

Fig. 3 189 

X-ray scanning experiments were performed using an EasyTom 150 scanner (RX 190 

Solutions, France) at the LOMC laboratory (University of Le Havre-Normandie). The scanner 191 

was equipped with a 150 kV tungsten X-ray tube. In this study, samples were operated with an 192 

accelerating voltage of 110 kV and a current of 376 µA. The data acquisition system recorded 193 

1440 projections distributed over 360° along the vertical axis of the soil specimen with an 194 

average of 10.5 images per second. The spatial resolution was 45 μm. Reconstruction of 195 

projections was achieved with a cone-beam filtered back-projection algorithm (Feldkamp et al., 196 

1984) implemented in XAct software (RX Solutions) and the circular artefacts were attenuated 197 

with a polynomial function for enhancing the image quality. 3D projections were reconstructed 198 

from cross sections of horizontal and vertical planes. 199 
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 200 

 201 

 202 

2.5. Image processing 203 

Image processing was performed using the open-source software ImageJ and a 204 

collection of plugins included in Fiji (Schindelin et al., 2012). Several image processing 205 

techniques were used to quantifying cracks propagation and soil structure (Chaduvula et al., 206 

2007; Lakshmikantha et al., 2009; Liu et al., 2011; Levatti el al., 2017).  207 

As mentioned in section 2.3, eleven scans were performed during the D-W paths. 208 

However, for the present paper, only five scans were selected based on the water content in 209 

order to better represent the different D-W stages of the specimens. A total of 50 (± 3) slices 210 

(2D) representing the horizontal cross sections of each specimen were chosen at equal distances 211 

along the depth of the sample for further analysis. Sometimes, the contrast of an image was not 212 

sufficient to view the image in detail. Therefore, the quality of the images was improved by 213 

increasing the brightness and contrast, and a median filter with a radius of 2 voxels was then 214 

applied to reduce noise in the images. A set scale was applied to all images based on the 215 

resolution imposed during X-ray CT scanning (45 µm/pixel). The outline of the columns has 216 

been removed to allow visualization of the specimens’ volume in 3D as well as the distribution 217 

and connectivity of deep cracks. 218 

An image obtained by X-ray CT is a digital image of the grey values (matrix). The 219 

histogram of the grey value distribution can be extracted from a reconstructed 3D volume. The 220 

internal voids (cracks and pores) can be extracted when a suitable segmentation value is fixed 221 

in this histogram by using the image thresholding technique (Duan et al., 2020). Many 222 

thresholding approaches available in Fiji software were tested on all 3D images (stacks) to 223 

identify a global representative threshold value. Most of each thresholding method was 224 
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validated by visually inspecting all the processed images. The majority of the methods provided 225 

good results for the images obtained during drying paths. However, for the wetting path images, 226 

and due to the presence of water in cracks, neither of the automatic methods showed acceptable 227 

results. Therefore, a manual thresholding method was chosen, by giving a set value for all 228 

images obtained during the drying path and a set value for images obtained during the wetting 229 

path. 230 

 231 

2.6. Analysis of cracks 232 

To quantify the variation of crack shape and change in specimen volume according to 233 

the water content during the D-W paths, the following parameters were calculated for each slice 234 

of X-ray CT images: 235 

i. Specimen area 236 

The specimen area represents the total area of the specimen. 237 

ii. Crack ratio 238 

The crack ratio is defined as the ratio between the surface area of the cracks and total area of 239 

the specimen (Peng et al., 2016; Zhang et al., 2013). This parameter reflects the extent of 240 

cracking in the soil. 241 

iii. Average crack width and total crack length 242 

Crack width is one of the important indices for characterizing the shape of a crack. It is closely 243 

related to crack propagation (Cheng et al., 2020). Crack width was calculated using the product 244 

of the distance map and the skeleton of the thresholded binary image (Fig. 4). The distance map 245 

shows for every pixel inside the crack the distance to its outer contour (edge of the crack). This 246 

distance has its maximum in the middle of the crack (Fig. 4c). This maximum value showed 247 

the distance from the mid-line to the edge of the crack. In other words, it represents the half-248 

width of the crack. The maximum line can be obtained using the function Skeletonize. 249 
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However, the skeleton image showed only the position of the maximum line and did not contain 250 

any distance information. That is why the skeleton image was changed to a binary image with 251 

an intensity = 0 for the background and an intensity = 1 for the points of the line. Then, the 252 

distance information in ‘distance map image’ was multiplied by the line position in ‘skeleton 253 

image’. All information about the maximum, the mean of the half-width of the crack, and the 254 

crack length were obtained from the histogram image. 255 

Fig. 4 256 

To visualize the network of cracks in depth and the change in specimen volume during 257 

the drying and wetting paths, 3D images were reconstructed from 2D projections using the 258 

volume Viewer plugin available in ImageJ. 259 

 260 

2.7. Drying–wetting paths 261 

To highlight the shrinkage and swelling behaviour of the soil (cake), experiments on D-262 

W paths were carried out. The drying path consisted of imposing on the saturated slurry, 263 

prepared with an initial water content equal to 1.3 times the liquid limit wL, a series of increasing 264 

suctions until reaching a dry state. The wetting path consisted of imposing on the dry soil a 265 

series of decreasing suctions until quasi-saturation was achieved. 266 

In order to sweep a wide range of suction pressure, two experimental techniques were 267 

used: i) the osmotic control technique for suction varying from 50 kPa to 8 MPa, and ii) the 268 

saturated salt solution technique for suction varying from 13 to 300 MPa. A brief description 269 

of the theoretical principle of these two techniques is given by Blatz et al. (2008) and Fleureau 270 

et al. (1993). 271 

The osmotic technique is based on the use of semi-permeable membranes and an 272 

aqueous solution of polyethylene glycol (PEG) organic molecules. Since water can pass through 273 

the membrane, while PEG molecules in solution cannot because of their large size, a specimen 274 
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is brought into contact with a semi-permeable membrane behind which PEG solution flows 275 

subjected to osmotic suction. As the suction increases, PEG concentration also increases. Two 276 

PEG solutions, PEG 20,000 and PEG 6000, with an appropriate semi-permeable membrane, 277 

respectively SPECTRA/POR No. 4 and No. 3, were used (Kassiff and Ben, 1973; Zur, 1966). 278 

The saturated salt solution technique that controls suction through the vapour phase is 279 

based on Kelvin’s law relating the suction to the relative humidity. It consists of placing a 280 

sample in a confined atmosphere with controlled relative humidity in a desiccator and allowing 281 

water transfers in the vapour phase until equilibrium is reached. Relative humidity can be 282 

controlled using a given saturated salt solution (Blatz et al., 2008; Delage et al., 1998; Tang and 283 

Cui, 2005). In the present study, the saturated salt solutions used are summarized in Table 2. 284 

Table 2 285 

Once equilibrium was reached, the specimens were weighed and then were submerged 286 

in non-wetting oil (Commercial Kerdane) for a minimum of 2 h to fill the pores without swelling 287 

the specimens. The volume of the specimens was then determined from the difference between 288 

the weight after imbibition and the apparent weight when immersed in oil. Finally, the dry 289 

weight was obtained after evaporation of the oil and water at 105 °C for 24 h in an oven. Then, 290 

the void ratio (e), the degree of saturation (Sr), and the water content (w) were deduced. 291 

 292 

3. Results and discussion 293 

3.1. Shrinkage and swelling on drying–wetting paths 294 

In this section, the behaviour of soils during D-W paths is analysed in order to highlight 295 

the shrinkage and swelling behaviour of the cake in relation to water content (w), suction (s), 296 

void ratio (e), and degree of saturation (Sr). 297 
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Fig. 5a shows the shrinkage curve in the [w, e] plane. On the drying path, the slurry first 298 

follows the saturation line (� = ������	) as the water content decreases (γs is the solid bulk 299 

density and γw the water bulk density). The void ratio becomes quasi-constant when the water 300 

content reaches the shrinkage limit (wSL = 20%) which is located at the intersection of the 301 

saturation line with the asymptote of the constant void ratio plateau. The wetting path, starting 302 

from zero water content, is overlaid with the drying path. 303 

Fig. 5b presents the compressibility curve, i.e. variation of the void ratio as a function 304 

of the logarithm of suction [log(s), e]. On the drying path, a change in void ratio results in a 305 

quasi-linear decrease in log(s), corresponding to a normally consolidated compressibility path, 306 

to also reach a horizontal plateau. The intersection of drying and wetting paths defines the 307 

suction of shrinkage limit sSL = 104 kPa and corresponds to stabilization of the void ratio. The 308 

wetting path from 296 MPa indicates quasi-reversibility of the drying path along this horizontal 309 

step until sSL =104 kPa. For suctions lower than sSL, there is a hysteresis between the drying and 310 

wetting paths, due to the plastic strain undergone by the soil. As reported by Goh et al. (2014), 311 

under the same state of stress, a soil can behave differently during drying and wetting cycles 312 

because of hysteresis. The relationship between D-W paths and hysteresis cycle was discussed 313 

in detail by several authors (Auvray et al., 2004; Fleureau et al., 1993; Wang et al., 2017; 314 

Wheeler et al., 2003). 315 

The evolution of the degree of saturation (Sr) as a function of water content (Fig. 5c) 316 

highlights the domain where Sr = 100%. When the water content decreases below the air entry 317 

point (wAE), the degree of saturation drops significantly almost linearly with the water content, 318 

as long as the void ratio stays roughly constant (Fig. 5a). The air entry point (wAE = 20%) is 319 

equal to the shrinkage limit (wSL = 20%). Other researchers have reported this quasi-equality 320 

between wAE and wSL (Fleureau et al., 2002; Li et al., 2017).  321 



15 

 

Fig. 5d shows the variation in the degree of saturation (Sr) with suction (log(s)). The 322 

cake remained saturated between 50 and 300 kPa, and the degree of saturation decreased to 323 

about 5% when suction reached 296 MPa. It appears that the suction effect on the void ratio is 324 

largely related to the saturation of the soil: the stage of maximum compressibility occurs when 325 

the soil is practically saturated, whereas the void ratio becomes almost constant for a degree of 326 

saturation below about 95%. The air-entry suction (sAE =104 kPa) is roughly equal to the 327 

shrinkage limit suction (sSL = 104 kPa). Therefore, the shrinkage limit may be considered as the 328 

transition point between the quasi-saturated and unsaturated domains. 329 

Fig. 5e corresponds to the soil–water characteristic curve (SWCC). Changes in the water 330 

content are mainly due to variations in the void ratio for suction below 104 kPa. Above this 331 

value, the water content decreases significantly and a large reduction in the degree of saturation 332 

leads to a drop in the water content of the soil below the shrinkage limit, with a corresponding 333 

change in the slope of the curve. The wetting path in the [log(s), w] plane shows hysteresis 334 

when the suction is lower than the sSL value, and is due to an increase in the void ratio (Fig. 5b) 335 

and to the so-called ‘ink bottle’ phenomenon (Fleureau et al., 1993; Horgan and Ball, 2005). 336 

Fig. 5 337 

The analysis of the whole curves in Fig. 5 shows that the drainage path indicates two 338 

fundamentally different phases: (i) the first one, where variations in the void ratio are important, 339 

corresponds to a saturated state of the soil where water is continuous inside the sample and fills 340 

the entire pore space. The effect of suction, in this case, is identical to the isotropic stress which 341 

results in inclined contact forces that tend to rearrange the particles, causing plastic volume 342 

variations. (ii) In the second part, where the void ratio is almost constant, the water is 343 

discontinuous and localized at the points of contact between particles. The presence of the 344 

meniscus generates forces normal to the tangent planes at the contacts that compress the 345 

particles without causing a rearrangement of the particles, thus stopping the plastic volumetric 346 
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variation that reaches the shrinkage limit. From the shrinkage limit, the increase in capillary 347 

pressure no longer affects the volume variations but continues to increase the contact forces 348 

between particles, thus stiffening the soil. 349 

 350 

3.2. Crack propagation 351 

3.2.1. Shrinkage and cracking during drying path 352 

A time series of 20 projections is shown in Fig. 6 to highlight the evolution of crack 353 

propagation during the drying path as a function of water content. For clarity, only projections 354 

for four water content (64%, 52%, 35%, and 12%) are presented. Also, the X-ray CT images 355 

projected were chosen at 0% (top surface), 25%, 50%, 75%, and 100% depth (bottom surface). 356 

The first crack appeared when the water content (w) decreased to 68% (noting that the liquid 357 

limit, wL = 66%). As shown in images corresponding to w = 64%, the first crack was initiated 358 

at the bottom surface and then progressed inside the specimen. A second major crack 359 

propagated laterally and joined the first crack, separating the specimen into two portions (cf. 360 

images for w = 52% and w = 35%). With the continuing drying process, secondary cracks 361 

appeared as ramifications of the major cracks, and propagated in different directions along the 362 

primary crack (w = 35% and w = 12%). Cracks reached their maximum opening after 49 days 363 

of drying, corresponding to a water content of 12%. Note that the initiation, propagation, and 364 

expansion of the cracks developed in the saturated condition of the cake up to a water content 365 

of about 20% (cf. Fig. 5c). 366 

Drying resulted in an overall volumetric shrinkage, with a significant reduction in the 367 

average height of the specimen from 44 to 36 mm between w = 64% and w = 12%, respectively. 368 

As shown in Fig. 5a, void ratio becomes quasi-constant when the water content is less than 369 

20%. That is why the drying process was stopped when the water content reached 12%. 370 

Fig. 6 371 
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 372 

3.2.2. Crack pattern evolution during wetting path 373 

Once the specimen reached w = 12%, it was wetted until w = 100%. To achieve that, 374 

the specimen was submerged under a few centimetres of water head, simulating water loading 375 

conditions in recharge sites. Three scans were performed during the wetting path: after 1, 7, and 376 

15 days. Fig. 7a shows the morphology of the desiccation cracks in the dry state (w = 12%) with 377 

the presence of two separate portions and a major open crack. After wetting, the small portion 378 

of the specimen immediately collapsed (Fig. 7b). Fig. 7c and 7d represent the area of the non-379 

collapsed portion. Several factors may be responsible for specimen collapse (disaggregation) 380 

associated with hydration, such as mineralogy, initial water content, wetting rate, and particle 381 

size (Truman et al., 1990; Zhang and Norton, 2002). In the case of rapid wetting, which is the 382 

case in the present study, differential swelling and air compression coupled with the weakening 383 

of interparticle forces may cause aggregate failure (Grant and Dexter, 1990). 384 

Desiccation cracks tend to close increasingly due to swelling of the specimen (Fig. 7b 385 

and 7d). However, some new micro-cracks induced by wetting appeared after 24 h at the edges 386 

of the major crack and the edges of the specimen (yellow and blue circles in Fig. 7d). 387 

Differential swelling pressures and internal stresses during the wetting process are among the 388 

main factors that cause these new cracks to appear. During drying process, the water contained 389 

in the pores is replaced by air. The trapping and compression of air in the capillary openings 390 

cause tensile forces. However, during wetting, the specimen adsorbs water, differential stresses 391 

are created, causing weakness of specimen and the appearance of new cracks 392 

(Doostmohammadi et al., 2009; Seedsman, 1993; Taylor and Spears, 1993).  393 

Fig. 7 394 

Fig. 8 shows images from the wetted specimen after 1, 7, and 15 days. The major crack 395 

tended to close progressively with the wetting time. Also, the micro-cracks that appeared at the 396 

edges of the specimen after 15 days of wetting were totally healed (Fig. 8c). As the clay 397 
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specimen was wetted, water infiltrated and penetrated the interparticle spaces, causing a 398 

decrease in suction between particles and resulting in progressive swelling of the specimen as 399 

shown on the wetting path in Fig. 5. 400 

Fig. 8 401 

To understand crack sealing following wetting processes, many studies have referred to 402 

the phenomenon of self-healing and its relationship to the physical parameters of soil particles. 403 

Rayhani et al. (2008) studied crack closure by measuring the permeability of soils of different 404 

plasticity index during the drying and wetting cycles. Their results showed that for some highly 405 

plastic soils, hydraulic conductivity decreases with an increase in permeation time, which is 406 

attributed to self-healing of the cracks. As reported by Cripps and Parmar (2015), although more 407 

cracks develop in high-plasticity clay soils, the self-healing phenomenon when the specimen is 408 

wetted is greater than in low-plasticity clays. 409 

In the present study, the plasticity index Ip equals 34% (cf. Table 1). The crack closure, 410 

calculated from the average crack widths, indicates an average reduction of 38% between 411 

w = 12% (dry path) and w = 100% (after 15 days of wetting). Thus, the high plasticity index of 412 

the specimens tested in this study probably had a significant effect on the self-healing of the 413 

cracks. 414 

 415 

3.3. Volume variation 416 

Two-dimensional reconstructed projections were transformed to three dimensions to 417 

obtain a full 3D volume of the specimen. As indicated above (cf. section 3.2.2), only the large 418 

portion of the specimen remaining after wetting was retained for this analysis. Fig. 9 shows the 419 

variation in the volumetric deformation with D-W paths of the soil specimen (cake) at different 420 

water content (52%, 35%, 12%, and 100% after 24 h of wetting). It is clearly shown that the 421 

volumetric shrinkage of the cake was considerably accentuated during the drying path. The total 422 
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volume decreased from 56, 49, and 34 cm3, respectively, for the water content of 52%, 35%, 423 

and 12%. During the wetting path, the cake swelled up. The volume of the specimen was 424 

increased by 41% after 15 days of wetting compared to the last scan at w = 12% (Fig. 10). In 425 

the absence of expanding clay minerals such as smectite and montmorillonite in the studied 426 

soil, swelling of the specimen was mainly related to an increase in the void ratio during wetting 427 

due to the decrease in suction which attracted soil particles (Fig. 5a). The crack network 428 

obtained from the 3D images provided a new insight into the appearance and development of 429 

desiccation cracks in the cake, which was more interesting than the classical two-dimensional 430 

analysis based on surface cracks only. It can also be mentioned that 90% of the specimen 431 

swelling occurs after 24 h of wetting. 432 

Usually, desiccation cracks are initiated at the top surface of the soil and continue to 433 

progress inside the specimen (Julina and Thyagaraj, 2019; Tang et al., 2019). This is mainly 434 

explained by the continuous removal of water from the surface by evaporation (Tran et al., 435 

2019; Wan et al., 2018) and tensile stress being at its maximum at the surface (Jenkins, 2005). 436 

Furthermore, the formation and propagation of cracks are conditioned by (i) the evaporation 437 

process governed by atmospheric conditions, (ii) the material properties, (iii) the specimen 438 

dimensions (e.g. size, shape), (iv) and the existing or imposed physical boundary conditions 439 

(An et al., 2020; Bažant, 1984; García-Álvarez, 1997; Gui and Zhao, 2015; Lakshmikantha et 440 

al., 2012 & 2018; Lin el., 2020; Sánchez et al., 2014; Shit et al., 2015). The nominal strength 441 

of geometrically similar structures can decrease with increasing size; and the crack patterns 442 

may be controlled by the existing boundary conditions and the type of soil-boundary interface 443 

(Lakshmikantha et al., 2012 & 2018). 444 

In the present study, it is clearly shown from Fig. 9a and 9b that desiccation cracks are 445 

initiated at depth and propagate upwards to the surface, even though the water content at the 446 

bottom of the specimen is higher than that at the top surface. As mentioned in section 2.2, a 447 
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filter paper was placed at the bottom of each specimen, allowing drainage during the drying 448 

path. This filter paper generated friction (stress concentration) with the bottom surface of the 449 

specimen. This suggests that, although water evaporation begins at the exposed top surface, 450 

cracks nucleate at the bottom due to friction between the specimen and the filter paper. This 451 

behaviour has already been observed by Zeng et al. (2020). 452 

Fig. 9c shows that when the water content reaches 12%, the development of lateral 453 

cracks is observed. After wetting the specimen (Fig. 9d), these cracks opened significantly, and 454 

others appeared. As mentioned above (section 3.2.2), the appearance of these new lateral cracks 455 

is probably due to rapid hydration of the specimen, and the opening of pre-existing cracks is 456 

due to the increase in the specimen volume. These new lateral cracks may not participate in 457 

water infiltration because, as reported by Wang et al. (2018), cracks normal to the direction of 458 

infiltration block continuous capillary flow, like an air barrier, and retard water infiltration, 459 

whereas longitudinal cracks (propagating in the direction of infiltration) serve as preferential 460 

flow paths and facilitate initial infiltration. 461 

Fig. 9 462 

Fig. 10 463 

 464 

3.4. Quantitative analysis of crack evolution 465 

A series of crack measurements were performed to assess the effects of D-W paths on 466 

the development of cracks in the soil specimen (cake). The geometrical parameters used in the 467 

analysis were introduced in section 2.6 (see also Fig. 4). The shrinkage of the cake, and the 468 

crack network were analysed in terms of surface area change, crack ratio, total crack length, 469 

and average crack width. This last parameter represents the average width measured along the 470 

entire crack length. A detailed data of surface area change, crack ratio, total crack length, and 471 

average crack width were presented in Table S1 and S2 in “Supplementary material”. As shown 472 
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in Fig. 11a, the surface area decreased with a decrease in water content. The decrease was 11% 473 

for w = 35% and 37% for w = 12%, compared to the state at w = 52%. Therefore, in wet 474 

conditions with w = 100%, the specimen swelled to reach, after 15 days of wetting, a surface 475 

area close to that at w = 35%. 476 

The crack ratio for different water contents revealed similar trends (Fig. 11b), increasing 477 

with decreasing water content. Between 0 and 27 mm depth, the crack ratio is zero for w = 52% 478 

because the cracks have not fully propagated to the top surface of the specimen (Fig. 9a). 479 

Beyond this depth, the crack ratio curves change drastically due to damage of the cake at the 480 

bottom. The crack ratio decreases after wetting the specimen and evolves in the same way as 481 

during the drying path. 482 

Fig. 11c and 11d show, as discussed in section 3.3. (Fig. 9a), that the cracks started at 483 

the bottom and continued to propagate to the top surface of the specimen (cf. the curve for 484 

w = 52%). During the drying path, for depth between 0 and 27 mm, opening of the desiccation 485 

cracks increased with decreasing water content (Fig 11c) while, for depth between 27 and 486 

45 mm, crack opening did not change much, particularly for w = 35% and w = 12%. This 487 

behaviour can be explained by the difference in water content between the top and bottom of 488 

each specimen tested in this study. In other words, during the drying path, crack width and 489 

length are sensitive to the local water content (the specimen was drier on the top than on the 490 

bottom). During the wetting process, the average crack width decreased over all depths of the 491 

cake specimen (Fig. 11c). However, it was observed that the crack length increased (Fig. 11d) 492 

after 1 day of wetting then decreased after 15 days. This increase in crack length can be 493 

explained by the appearance of instantaneous new cracks due to rapid wetting of the specimen, 494 

as discussed in sections 3.2.2 and 3.3. Between 1 and 15 days of wetting, the cake was swollen 495 

and the cracks gradually shortened until reaching the same length as for w = 12%. 496 

Fig. 11 497 
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 498 

4. Conclusion 499 

A series of experimental investigations were conducted to study the cracking of the cake 500 

formed in MAR. Desiccation cracking and self-healing of the cake were analysed using X-ray 501 

CT during drying and wetting paths, respectively. An image processing technique was used to 502 

quantify the crack network and changes in cake volume. The results showed that, during the 503 

drying path, cracks were initiated at the base of the specimen due to friction with the bottom of 504 

the column, and then propagated to the top surface of the cake. As the drying time increased, 505 

evaporation at the top surface led to more cracks growing from the surface than from the bottom 506 

of the cake. However, the cracks in the cake bottom tended to stabilize because the water 507 

content was more important than at the top surface. The initiation, propagation, and expansion 508 

of the cracks developed in the saturated state of the cake. 509 

During the wetting path, rapid wetting of the specimen generated lateral cracks and the 510 

vertical ones were partially closed. In the absence of expanding clay minerals such as smectite 511 

and montmorillonite in the studied soil, swelling of the specimen was mainly related to an 512 

increase in the void ratio due to the decrease in suction between particles. The cracks tended to 513 

close progressively with the wetting time, highlighting the self-healing phenomenon, probably 514 

due to the high plasticity index (34%) of the cake’s soil. 515 

The results presented in this investigation show that the cake formation in MAR, even 516 

after a period of dryness and therefore cracking, can have a harmful effect on water infiltration 517 

during wet periods. As shown in this study, after only 24 h of humidification, the cake swelled 518 

by almost 40% and crack openings were reduced by 38%. Considering the in situ factors present 519 

during wet periods, such as the contribution of fine particles deposited in these cracks and 520 

eventually cake collapse, it is probably that the infiltrability of these sites (MAR) will be greatly 521 

affected. 522 
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The results demonstrate the capacity of the X-ray CT technique to investigate the 523 

evolution of the cracks during D-W paths. However, to complete this study, further experiments 524 

are necessary, such as to increase the number of D-W cycles. Also, during wetting paths, it is 525 

important to evaluate the effect of water content at the beginning of the wetting process on cake 526 

self-healing. 527 
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Figures 

 

 

 

 

 

 

 

 

Fig. 1. Managed aquifer recharge sites located along El Himmer wadi. Inset photo indicates the desiccation 

cracks of the cake formed in the wadi bed 

 

 

 

 

 

 



 

 

 

 

 

 

   Fig. 2. Schematic drawing of D-W paths applied to the specimens 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Fig. 3. Inner view of the X-ray tomography scanner used in this study  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Procedure of CT images processing, (a) original CT image, (b) binary image, (c) maximum distance, and 

(d) crack skeleton 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Fig. 5. Synthesis of drying-wetting paths of the cake 

 

 

 



 

 

 

 

 

Fig. 6. X-ray CT scan of horizontal cracking pattern during dying path at different depths of the specimen for 

different water content 

 

 

 

 

 

 

 



 

 

 

 

Fig. 7. Image of cracks (a) at w=12%, and (b) after 24h wetting. Images (c) and (d) represent the area of the non-

collapsed portion  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Fig. 8. Evolution of crack healing during the wetting path after (a) 24 hours, (b) 7 days, and (d) 15 days  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Fig. 9. 3D reconstruction of the soil specimen (cake) during D-W paths at different water content (w): (a) w= 

52%, (b) w=35%, (c) w=12%, and (d) w=100% (after 24 h of wetting)  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Fig. 10. Global swelling kinetics during wetting path 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Fig. 11. Evolution of the crack parameters of the soil specimen (cake) during D-W paths. (a) Specimen area, (b) 

crack ratio, (c) average crack width, and (d) total crack length 

 

 

 

 

 



Tables  

 

Tab. 1. Properties of the soil  

Soil property Value 

Density of solid grains (g/cm3) 2.7 

Atterberg limit  

Liquid limit (%) 66 

Plastic limit (%) 32 

Plasticity index (%) 34 

Bulk- rock mineralogy (%)  

Quartz  50 

Calcite  20 

Dolomite  10 

Clay 20 

Particle size (µm)  

d90 400 

d60 48 

d50 25 

d10 2.4 

Organic matter content MO (%) 3 

 

Tab. 2. Used saturated salt solutions   

Salt Relative Humidity (%) Suction (MPa) 

CaSO4 90.2 13.1 

NaCl 75.8 38.1 

NH4,Cl 42.0 113.5 

LiCl 12.7 296.4 
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