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1 INTRODUCTION 

The presence of cracks in soils is a major concern 
in geotechnical engineering. Many experimental 
studies have been conducted to understand the 
crack patterns and scale (Konrad et al. 1997; 
Lakshmikantha et al. 2009; Mizuguchi et al. 2005; 
Shorlin et al. 2000; Li et al. 2009). Cracks affect 
the hydraulic properties of soils forming landfill 
liners, slopes and dams (Talbot et al. 1993; Xu & 
Zhang 2009; Trabelsi et al. 2012). The 
development of cracks in the soil can increase the 
hydraulic conductivity and evaporation (Albercht 
et al. 2001; Drum et al. 1997; Miller et al. 1998; 
Omidi et al. 1996; Phifer et al. 1995; Rayhani et 
al. 2007; Krisnanto et al. 2014; Krisnanto et al. 
2016; Trabesli et al. 2014). However, the study on 
the hydraulic properties of a cracked soil is rather 
limited. 

Firstly, results from the third cycles were 
measured to represent the permeability of cracked 
clay. This study explores also the influence of 
more various cycles (6 cycles) on the infiltration 
properties. Secondly, the average length of cracks 
in the crack network was 2.6 cm (Elghezal et al. 
2015). To characterize the hydraulic properties of 
the cracked soil as a continuum, a soil sample with 
dimensions larger than the representative 
elementary volume (REV) of the crack network 
should be used. Li et al. (2010) reported that the 
dimensions of the soil sample should be about 5 

times the average crack length. The depth and 
spacing of crack induced by desiccation in variant 
soil types were roughly 5-50 mm and 10-100 mm 
(Rayhani et al. 2008). To prevent the problem of 
scale effect which may occur with smaller 
samples, the diameter of the sample should be 
≥150 mm, as well as the size of compacted clay 
samples should commonly be large enough (about 
100 or 150 mm in diameter) (Cazaux & Didier 
2000). The dimension of the existing 
permeameter, which is generally smaller than 150 
mm, may not satisfy the REV requirement for a 
cracked soil sample. In order to prevent the 
problem of discontinuity that may take place in 
highest sample, the measurement of the sample’s 
length should be about 50 mm then, the 
permeameter’s length is 50mm (Daoud, 1996). 
Hence, a new larger test apparatus (150 x 150 x 50 
mm) was developed to measure the permeability 
of a cracked soil in the laboratory. Wetting-drying 
cycles could also lead to change in void ratio, 
porosity and density of soils (Day et al. 1995). 
The impacts of the geochemical (mineralogy and 
chemical composition), macrostructure (crack 
intensity factor, length, and cracks opening) and 
micro structural (porosity, density) on hydraulic 
conductivity have been addressed. 
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ABSTRACT: The aim of the present research is to assess the variation of saturated hydraulic conductivity            
of clayey soil during wetting-drying cycles. The paper summarizes some results of tests performed on a 
series of clayey samples, reconstituted at various densities and subjected to cyclic humidification desiccation 
according to controlled and repeatable environmental conditions, to reproduce the natural environmental 
ones. Measuring permeability for cracked soils is difficult, as the full development of cracks generally 
requires a large apparatus to accommodate the representative elementary volume of a crack network (REV). 
The experimental work goal was to develop a new apparatus, 150 x150 x 50 mm, to measure clay 
permeability considering the developed desiccation crack network. The impact of wet-dry cycles on 
geochemical, macrostructure and microstructure, was also highlighted. 



2 MATERIALS AND METHODS 

2.1 Material properties 

The study was performed on a clayey soil whose 
properties are summarized in Table 1. The mineral 
compositions of the clay without drying (F0), 
which were determined by the X-ray diffraction 
test, include smectite, illite, and kaolinite in the 
dominant order. The difference of each mineral 
content between specimen without cycles and that 
after 6 cycles (F6) is given in Table 2, which 
indicated that the effect of wet-dry cycle on the 
mineral content of this clay is negligible. 
 
Table 1. Physical parameters of the clayey soil 

Physical properties                                       

Standard compaction tests 
γd (max), gr/cm3 (ASTM D-698) 
w (opt), % (ASTM D-698) 

Density of solids grains (g/cm3) (ASTM D854-
0,2000) 
Atterberg limits 

Liquid limit, LL (%) (ASTM D4318-00, 2000)  
Plastic limit, PL (%) (ASTM D4318-00, 2000)  
Plasticity index (%) (PI = LL−PL)  
Shrinkage limit (%) (ASTM D-4318)  

Activity                                                                           
Granulometry 

<80 𝝻m (%)  
<2 𝝻m (%) 

Organic matter content MO (%)  
Calcium carbonate content (%) (NF X31-106)  
Value of blue methylene (%) (NF, P94-068) 
Unified soil classification system (USCS, ASTM 
D2487). 
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Table 2. Difference of mineral content between specimen 

without wetting-drying cycles (F0) and that subjected to 6 

cycles of wetting and drying (F6)  

Specimen 
Smectite 

(%) 
Illite (%) 

Kaolinite 

(%) 

F0 62 22 16 

F6 59 24 17 

2.2 Sample preparation 

The clayey soil mix to the moisture content of 
25% (at wet of optimum), after compaction, the 
dry density of the samples reached the target value 
(Table 3).  
 
 

 

 

 

 

 

 

 

 

Table 3. Initial state of specimens used for permeability 

measurement. 

Specimen 

No 

Nb of 

cycles  

ni Wi Sri 

d0.8 6 0.703 25 0.28 

d0.9 6 0.66 25 0.46 

d1 6 0.59 25 0.53 

d1.2 6 0.55 25 0.54 

d1.27 6 0.53 25 0.61 

D1.35 6 0.5 25 0.67 

d1.5 6 0.44 25 0.84 

Note ni,wi, and Sri is the porosity, water content and degree 

of saturation at initial condition. 

The samples were kept at constant temperature 
(T=30°C±1°𝐶) and relative humidity (Hr 
=50± 5%). After, the samples were saturated 
from the bottom up, permeability testing was 
carried out by using a constant-pressure head. 
Testing was completed when the water outflow 
became constant. Each sample was exposed to 6 
wet-dry cycles, and the permeability was 
measured at the end of each cycles. 

We used the binary image after wetting-drying 
cycles to obtain crack patterns such as total area of 
cracks, total length of cracks, crack average width, 
length of cracks per unit area and crack intensity 
factor (CIF). We use the software Image J to 
determine these parameters. 

A cylindrical sample with a height of 2.5 cm 
and a diameter of 5 cm was used to measure the 
porosity and density. At the end of drying, the 
sample reached equilibrium, the soil sample was 
divided into different parts (Fig. 2a). These parts 
were immersed into the liquid kerdane. Fig. 2 
shows the different steps for measuring the 
porosity and density. In the experimental setup, a 
plastic container with liquid kardane inside was 
placed onto an electronic balance. First, the soil 
sample was immersed into liquid kerdane (Fig. 
2c). This step is aimed at removing the bubble on 
the surface of soil sample with liquid kerdane. 
Second, the immersed sample was taken out, 
wiping the excess kerdane residue on sample’s 
surface with a tissue (Fig. 2d). The sample was 
then carefully placed in the electronic balance. 
The variation of mass measured by an electronic 
balance was the mass of liquid kerdane displaced 
by soil samples.  Knowing the density of liquid 
kerdane used in the experiment, the volume of 
measured soil sample can be obtained, their dry 
weight was measured after evaporation of both 
water and oil in an oven at 105°C for 24 h (Fig. 
2e). After finishing the above steps, the porosity 
and density of soil sample at equilibrium can be 
calculated. 
 
 
 



a)  

 
b)  

 
Figure 1. Experimental set up:a)Schematic view of the new 

apparatus for the measurement of permeability 1) Pot of 

accumulation 2) electronic balance 3) outlet of water 4) 

entrance of water 5) fissured compacted clay 6) burette 7) 

clamping system; b) Cross-section of the permeameter 1) 

top pedestal 2) base pedestal 3) aluminum frame 4)Valve 5) 

clamping system 6) metal porous disc 7) metal porous disc 

8) clamping system 9) valve 10) o-ring 

 
At the end of the wet-dry cycle, a 10-ml of water 
was extracted from the pot of accumulation and 
used to determine the electric conductivity (EC) 
and the pH of the water. 
 
 

 

 
Figure 2. Measurement of the porosity and density by the 

immersion of the kerdane at the end of each cycles. 

3 RESULTS AND DISCUSSION  

3.1 Macrostructure analysis 

Variations in the crack intensity factor (CIF) with 

cycles are shown in Fig. 3. Figures 4 and 5 present 

the variation of the crack length (LF) and width 

(Wmacro) for soils prepared at different initial 

density. It is noticed that the CIF increases 

gradually with the wet dry cycles (until 3 cycles), 

the desiccation cracks could be more limited for 

dense sample, d0.8 had the highest CIF of 6.69% 

by the first cycle which is estimated because it had 

the big crack formation. The micro-aperture 

gradually melted, and limited cracks could be 

visually noticed on the sample surface (d0.8 to d 

1.27) accompanied by the reduction of the CIF 

between 4 to 6 cycles. Due to consolidation, the 

desiccation crack’s reduction for loose sample led 
to decrease of permeability in the fourth cycles. 

During the 3 cycles, it was observed that the crack 

increased and reached a peak value that decreased 

in the fourth cycles.  However, the CIF continued 

to boost and the crack length and width kept a 

stable value for high compacted clay (d1.35, 

d1.5). Number of cracks in specimens is directly 

related to the density. With an increasing density, 

the compression due to shrinkage increases in the 

specimen during drying. Because of this increased 

compression, CIF value is found to increase. 
 



 
Figure 3. Variation of the crack intensity factor at various 

densities during the drying cycles. 

 

Figure 4. Variation of the crack width at various densities 

during the drying cycles. 

 

Figure 5. Variation of the length of cracks at various 

densities during the drying cycles. 

3.1.1 Change in dry density and porosity 
 

 

Figure 6. Density versus the number of wet-dry cycles for 

clayey soil at different initial densities. 

 

 

Figure 7. porosity  versus the number of wet-dry cycles for 

clayey soil at different initial densities. 

 

For the loose samples (d0.8 to d1.27), dry density 
increased with an increasing number of wet-dry 
cycles, whereas for the dense samples 
(d1.35,d1.5), their dry densities decrease during 
the wet-dry cycles. The calculated porosity was 
shown in figure7, noting that they were opposite 
to the dry densities. For the dense samples, the 
porosity increased with increasing wet-dry cycles. 
For the loose samples, the porosity decreased. It 
can be found that wet-dry cycles detach the dense 
samples (d1.35, d1.5) and densify the loose 
samples (d0.8 to d1.27).  
 
 
 
 



3.1.2 Microscopic observation 
 

 

                      

Figure 8. SEM-images of clayey soil d0.9 after different 

wetting-drying cycles ((a)-(c) represent clay sample 

subjected to1, 2, 6 cycles. 

For the loose sample ,the SEM shows (Fig. 8) the 
reduce of void space during drying , the reduction 
of porosity for these loose soils was considered as 
a result of wet-dry consolidation, which primarily 
depended on initial density and lead to decrease of 
permeability but the observations from SEM 
images (Fig. 9) show the evolution of the clay 
structure after one cycle and the appearance of 
microcracks and micropores of different sizes, a 
new cracks appear which causes the increase of 
the permeability. 
 

 

                       

Figure 9. SEM-images of clayey soil d1.35 after different 

wetting-drying cycles (a)-(c) represent clay sample 

subjected to1, 2, 6 cycles. 

3.1.3 Chemical analysis 
The variation in pH and electrical conductivity 
(EC) of the soil samples is given in Table 3. The 
results of the chemical analysis show that for the 
sample inundated with distilled water, the initial 
pH (7.2) and the EC(14 μS/cm) increased. The 
increase in EC of the reservoir water indicates an 
increase in the concentration of salt in the 
reservoir. The results also show that the value for 
EC decreases with an increase in the number of 
cycles of wetting and drying and its variation is 
moderately slow when the equilibrium condition 

is attained. It can be concluded that the migration 
of salt to the reservoir has occurred. 
 
Table 3. Chemical composition of water at the end of each 

cycle. 

density D0.9 D1.35 

cycles 0 2 5 6 0 2 5 6 

PH (-) 6.7 7.4 7.5 8.1 6.7 7.4 7.3 7.5 

EC(µs/

cm) 

2.7 678 273 108 2.7 511 380 252 

Salinit

y (Psu) 

- 218 87 33 - 164 121 80 

3.2   Permeability test  

Wet dry cycles generally increased the saturated 
permeability (figure 10) of the soil samples 
(between 1 to 3 cycles).The saturated permeability 
values tended to be dependent on the initial 
density besides increasing density, are believed to 
the changes in the soil structure, porosity, pore 
size distribution and microcrack propagation. 
Such changes in soil structure facilitate water flow 
through soil samples during the permeability 
experiment. The variations in the permeability 
values (Kcycled/Kinitial) against W-D cycles are 
presented in figure 11. Before starting W-D tests, 
the water flow percolated through the soil pores 
and could be considered as a porous flow.  
 

 

Figure 10. Variation of permeability during wetting-drying 

cycles.  

 

During W-D cycles, the water percolated through 

soil pores and the microcracks that developed 

during these cycles. Thus, the difference between 

these types of flow caused the water permeability 

values to vary, and this difference represents the 

absolute variation in water permeability values 

(i.e. Kcycled/Kinitial). Values larger than unity 

indicate a permeability increase and 

correspondingly values smaller than unity indicate 

a decrease in permeability as a result of wet-dry 

cycles. The increase in permeability values is 



attributed to the propagation of microcracks which 

were clearly visible. The clay’s drying engenders 
the creation of micro-cracks. On the other hand, in 

low compacted clay, water loss leads to a 

diminution of the pores and thus to a hardening of 

the soil (matrix is denser), then the permeability 

dropped slightly for low compacted clay (d0.8 to 

d1.27). 
 

 

Figure 11. Hydraulic conductivity ratio during wetting-

drying cycles for samples with different density. 

4 CONCLUSION 

In order to investigate the effects of wet-dry 
cycles on engineering properties of compacted 
clay used as fills of road embankments, the 
compacted clay samples in laboratory were 
exposed to wet-dry cycle.  During drying, visible 
macrospores and fissures could be identified in the 
soil samples with image J and in the SEM images. 
For dense samples, volumes increased rapidly. 
During drying cycles, dry densities of the samples 
changed significantly; loosening process occurred 
for dense samples and densification process 
occurred for loose samples. The permeability 
increased for samples during the 3 cycles; but it 
was observed that for loose samples, permeability 
decreased during the following cycles. 
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