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Effect of pore fluid quality on the behaviour of a kaolin–bentonite mixture 

during drying and wetting cycles 

 

Abstract 

The behaviour of a kaolin–bentonite mixture with different pore water quality, i.e. distilled water, NaCl 

and CaCl2 solutions, was investigated through a number of cyclic drying and wetting tests. Experimental 

tests were performed on compacted samples of the expansive soil (mixture of 80% kaolin and 20% 

bentonite) in a modified oedometer with different pore water quality under a surcharge pressure of 10 

kPa. The vertical and radial deformations of the samples were determined during different stages of 

drying and wetting. In addition, the soil–water characteristic curve was established by the filter paper 

technique for samples with different pore water quality. The results indicate that the shrinking–swelling 

deformation was nearly the same when the equilibrium condition was attained. Furthermore, the paths of 

drying and wetting converged to an S–shaped curve at equilibrium condition. This curve consists of one 

linear and two curvilinear portions, and the majority of the deformation occurred in the linear section. The 

hysteresis phenomenon was also studied through the void ratio and suction, and the results indicated that 

the hysteresis is gradually disappeared with increasing the number of drying and wetting cycles. 

 

Keywords: Expansive soil; Drying and wetting cycles; Pore water quality; Suction; Soil–water 

characteristic curve; Void ratio; Hysteresis. 



1. Introduction 

Expansive soils, also known as shrink–swell or swelling soils, are a group of problematic soils the 

volume of which is changed due to variations in water content. Their volume is expanded by increasing 

water content and is shrunk when exposed to drying. Such soils rise or fall periodically when exposed to 

seasonal water content change, which causes severe damage to highways, structures and low-rise 

buildings. The annual cost of damage to structures built on expansive soils is estimated about £150 

million in the UK, $1000 million in the United States and billions of dollars worldwide (Gourley et al. 

1994). The Association of British Insurers has estimated that the average cost of shrink–swell-related 

subsidence to the insurance industry stands at over £400 million per year (Driscol and Crilly 2000). Chen 

(1975) and Nelson and Miller (1992) reported that the magnitude of swelling and shrinkage is an 

important factor in the safe and reliable design of foundations. There are many factors that govern the 

mechanism of swelling, e.g. amount and type of clay minerals, specific surface area, amount of non-

expansive materials, dry unit weight, water content and the magnitude of surcharge pressure. Some 

researchers such as Abdullah et al. (1999), Alawaji (1999), Pusch (2001), Musso et al. (2003), Di Maio et 

al. (2004), Rao and Shivananda (2005) and Siddiqua et al. (2011) concluded from experimental tests that 

pore water quality influences the behaviour of expansive soils. Rao and Thyagaraj (2007a and 2007b), Li 

et al. (2014) and Estabragh et al. (2013 and 2015a) showed that the quality of inundating water also 

influences the swelling behaviour of soils. 

Expansive soils are periodically exposed to cyclic drying and wetting in nature. Therefore, 

understanding the behaviour of expansive soils during cycles of drying and wetting is of great 

importance, particularly in arid and semi-arid regions. During cycles of drying and wetting the potential 

of swelling may decrease or increase. Dif and Bluemel (1991), Al-Homoud et al. (1995), Basma et al. 

(1996), Tripathy et al. (2002), Alonso et al. (2005), Estabragh et al. (2015b) and Soltani et al. (2017) 

indicated that the potential of swelling is reduced by increasing the number of cycles until it reaches a 

constant value. This behaviour was explained in the context of continuous rearrangement of soil particles. 



On the contrary, some researchers such as Popescu (1979), Osipov et al. (1987) and Day (1994) have 

reported an opposite effect in which the magnitude of swelling is increased with the number of cycles. 

Cyclic drying and wetting of expansive soils can be conducted by controlling the suction (e.g. Wheeler et 

al. 2003; Alonso et al. 2005; Nowamooz and Masrouri 2008). Alonso et al. (2005) concluded from 

experimental results that the samples experience progressive irreversible deformation during drying and 

wetting until they reach a constant value. A review of the literature shows that the majority of research on 

cyclic drying and wetting has been done on samples with natural pore water and inundated with natural 

water. An exception is the work of Estabragh et al. (2013 and 2015a) who conducted experimental tests 

on samples with different quality of inundating water. Meanwhile, expansive soils can have a range of 

dissolved salt concentrations in their pore water (Rogers et al. 1994; Brady and Weil 1998). Pore water 

with different dissolved salt concentrations can be provided by natural or artificial causes such as 

infiltration of landfill leachate, infiltration from brine and chemical spillages from industrial operations 

(Barbour and Yang 1993; Rao and Shivananda 2005). The existing research works in the case of pore 

water quality are concentrated only on the swelling behaviour of expansive soils, while the mechanical 

properties of such soils have not been investigated during cycles of drying and wetting. Therefore, the 

main objective of this study is to investigate the effect of different pore water quality on the behaviour of 

an expansive soil during drying and wetting cycles. Experimental tests were conducted on samples 

prepared with different quality of pore water, i.e. distilled water, sodium chloride and calcium chloride 

solutions. Distilled water was used as the inundating water for all the samples during wetting. The results 

of this study will be presented in terms of vertical/radial deformation and void ratio–water content/suction 

shrink–swell paths. 

2. Experimental work 

2.1. Materials 

2.1.1. Soil 



A suitable soil to be used in this research work would be a highly expansive clay. Therefore, a number 

of kaolin–bentonite mixtures with different proportions were selected, and a series of samples were 

prepared according to the method that will be presented in the subsequent section. The swelling potential 

for the prepared samples was measured in accordance with the ASTM D4546-14 standard, and a suitable 

mixture with a high potential for swelling and shrinkage was chosen as per the classification criteria 

proposed by McKeen (1992). The chosen mixture was a mixture of 80% kaolin and 20% bentonite. 

Hereafter, this mixture will be simply referred to as soil. The physical, mechanical and chemical 

properties of the chosen mixture are provided in Tables 1 and 2. Based on the information provided in 

Table 1, the soil is classified as clay with high plasticity, i.e. CH, in accordance with the Unified Soil 

Classification System (USCS). 

X-ray diffraction (XRD) tests were carried out on the samples of kaolin, bentonite and their mixture 

(i.e. 80% kaolin and 20% bentonite) to identify the mineralogical composition of the soils, and the results 

are shown in Figures 1 and 2. The minerals of kaolin include quartz, calcite, Na/Ca–feldspar, K–feldspar 

(see Figure 1(a)), and clay minerals group consisting of illite, chlorite and montmorillonite (see Figure 

2(a)). Figures 1(b) and 2(b) show that the minerals of bentonite consist of quartz, calcite, cristobalite, 

zeolite, dolomite, halite, and clay minerals group of illite and montmorillonite. The minerology of the 

chosen kaolin–bentonite mixture is similar to that of kaolin accounting for the addition and exclusion of 

K–feldspar and chlorite, respectively (see Figures 1(c) and 2(c)). 

2.1.2. Pore water and inundating water 

Three types of liquids were used for preparing the samples: i) distilled water with pH=7.2 and 

electrical conductivity EC=0.14 dS/m; ii) 250 g/L sodium chloride solution (molar concentration M=4.28 

mol/L) with pH=8.2 and EC=390 dS/m; and iii) 250 g/L calcium chloride solution (M=2.25 mol/L) with 

pH=9.3 and EC=390 ds/m. Distilled water was used for inundating the samples at various stages of the 

tests. 

2.2. Sample preparation 



Standard Proctor compaction tests were carried out on the soil with different pore water quality, i.e. 

distilled water, 250 g/L NaCl and 250 g/L CaCl2 solutions, in accordance with the ASTM D698-07 

standard, and the compaction curves were established for all scenarios. For each pore water quality, 

samples for the cyclic drying and wetting tests were prepared at dry of optimum condition (i.e. 

approximately 5% less than the optimum water content and its corresponding dry unit weight; see points 

1, 2 and 3 in Figure 4). The procedures that were used in preparing the different samples are as follows: 

The required amount of liquid, either distilled water or salt solutions, corresponding to the desired 

water content (i.e. 5% less than the corresponding optimum water content) was added to the soil, and 

thoroughly mixed by hand. The moist mixtures were then kept in closed plastic bags and were allowed to 

cure for 24 hours. This allowed the moisture to evenly distribute throughout the soil mass. The static 

compaction technique was used for preparing the samples. Static compaction was done in a special mould 

by applying static pressure, using a loading machine (Estabragh et al. 2013). The dimensions of the 

mould was exactly the same as the oedometer ring, and was accommodated by detachable collars at both 

ends. Samples were prepared by static compaction of the moist soil in the mould in three layers. Each 

layer was compacted to a defined load at a fixed displacement rate of 1.5 mm/min until the desired dry 

unit weight was achieved (i.e. points 1, 2 and 3 in Figure 4). The load was the same for each layer, 

however, its value was dependent on the adopted pore water. The required load for each layer of the soil 

with a specific pore water was determined by trial and error. The values of applied load for each layer 

were 1190 kPa, 1528 kPa and 1530 kPa for samples with distilled water, NaCl and CaCl2 solutions as the 

pore water. Prior placing the next layer, the surface of the compacted layer was scarified to ensure a good 

bond between adjacent layers of the sample. All samples were compacted in an identical fashion to 

provide the same dry unit weight and the same initial fabric in the samples. 

2.3. Apparatus and test procedure 

A conventional oedometer was modified to allow tests to be conducted under controlled temperature 

and surcharge pressure (Estabragh et al. 2013). This apparatus is similar to the one previously used by 



Tripathy et al. (2002). The apparatus consists of a fixed ring with a modification to allow conducting 

shrinkage and swelling tests under controlled temperature and surcharge pressure as shown in Figure 3 

(Estabragh et al. 2013). Before starting the main tests, the apparatus was calibrated for temperature using 

a thermometer. The prepared soil sample with the desired pore water quality was placed in the ring 

between two porous stones with the load plate resting on the upper porous stone. The sample was loaded 

to a surcharge pressure of 10 kPa, and the pressure was maintained until full settlement was achieved. 

The sample was set at a temperature of 45oC. During heating, the water was gradually expelled from the 

sample and the volume of the sample decreased. The duration of this stage was about 7 days. The 

swelling stage was conducted by inundating the sample with distilled water, and the sample was allowed 

to swell under the same surcharge pressure of 10 kPa. The combination of one shrinkage and the 

subsequent swelling stage is denoted as a shrink–swell cycle. After wetting, a drying stage was 

implemented. The water flowed out from the cell by opening the drainage valve. the temperature 

controller was fixed at 45oC and the drying stage was repeated. The vertical deformation was recorded 

from the dial gauge readings during drying and wetting cycles. During drying, shrinkage of the soil 

sample caused the sample to decrease in diameter and height. Therefore, the volume change of the sample 

during the cycles of drying and wetting was three-dimensional. In order to plot the variations of void ratio 

with water content along a drying or wetting path within each cycle, at least six or seven duplicated 

samples of different pore water quality were tested for drying or wetting. The tests were performed in 

conventional oedometers. During the drying stage, the ring of the oedometer with the sample were 

transferred to an oven fixed at a temperature of 45oC with the same 10 kPa surcharge pressure as the main 

tests. The duplicated samples were dismantled at various stages, and further tested for height and 

diameter measurements. The diameter was measured at least in three points and the mean of the 

measurements was considered. The water content of each duplicated sample was also measured. 

Therefore, the variations of void ratio with water content during drying and wetting cycles was 



determined by using the information from measuring the dimensions and corresponding water contents of 

the duplicated samples. 

2.3.1. Chemical tests 

At the end of each swelling stage, a 10 cm3 sample of water was taken from the oedometer reservoir 

and was used to determine the pH and electrical conductivity EC of the inundating water. The duplicated 

samples (identical samples that were prepared with similar initial conditions as the main samples and 

subjected to drying and wetting) were dismantled using the ASTM procedure for extracting the pore 

water of the sample for measuring pH and EC. 

2.3.2. Soil–water characteristic curve 

The soil–water characteristic curve (SWCC) can be defined as the relationship between degree of 

saturation or water content (either gravimetric or volumetric) and soil suction (either total or matric). 

Determination of the SWCC is often done by the filter paper or pressure plate method. McQueen and 

Miller (1968) reported that the filter paper method can be used for measuring suctions ranging from a few 

kilopascals to several thousand kilopascals. It is possible to measure both the matric and total suctions by 

this method, so when the filter paper is not in contact with the sample the total suction is measured. The 

filter paper method was used according to the ASTM D5298-10 standard for measuring the matric suction 

of the samples with different pore water quality. The Whatman No. 42 filter paper was placed in contact 

with the sample in an airtight container for 7 days to achieve moisture equilibrium between the soil 

sample and the filter paper. Then by measuring the water content of the filter paper, the matric suction 

was determined by a calibration curve. 

3. Results 

The results of the compaction tests on samples with different pore water quality are shown in Figure 

4. The maximum dry unit weight for the samples with distilled water, NaCl and CaCl2 solutions were 

16.0 kN/m3, 16.9 kN/m3 and 17.1 kN/m3, respectively. The optimum water content for these samples was 

measured as 22.0%, 19.0% and 17.5%, respectively. As depicted in Figure 4, there is an increase in 



maximum dry unit weight and a decrease in optimum water content for the samples with NaCl and CaCl2 

solutions compared to that of distilled water. The vertical deformation of the samples is expressed as the 

change in the height (ΔH) of the sample during either swelling or shrinkage as percentage of the initial 

height at the beginning of the first shrink–swell cycle. By plotting the vertical deformation of a sample for 

several shrink–swell cycles, the trend of variations in height of the sample during cycles of drying and 

wetting was observed. Variations of vertical deformation during cycles of drying and wetting for the 

samples prepared with different pore water quality is shown in Figure 5. The vertical deformation of the 

samples decreased during drying, which is due to thermo–hydro–mechanical (THM) coupling. The values 

of deformation for the samples with distilled water, NaCl and CaCl2 solutions are 2.43%, 0.75% and 

1.68%, respectively. These results show that the deformation for the sample with distilled water is more 

than those prepared with salt solutions. During wetting in this cycle, i.e. cycle 1, the vertical deformation 

was increased, which was observed as 12.08%, 12.70% and 13.00% for the samples with distilled water, 

NaCl and CaCl2 solutions as the pore water, respectively. Therefore, the swelling potential is 14.51%, 

13.45% and 14.68% for distilled water, NaCl and CaCl2 solutions, respectively. By increasing the number 

of cycles, the potential of swelling and shrinkage is reduced. In cycle 3, for instance, the values of 

swelling potential for the samples were changed to 9.16%, 8.97% and 8.73% for distilled water, NaCl and 

CaCl2 solutions, respectively. A comparison of these values with those in cycle 1 indicates that the 

swelling potential decreased by increasing the number of drying and wetting cycles. The swelling 

potential attained a nearly constant value with increasing the number of cycles (i.e. cycle 4). The 

deformations due to drying in the first cycle were 2.43%, 0.75% and 1.68% for distilled water, NaCl and 

CaCl2 solutions, respectively. In the second cycle and due to THM coupling, the shrinkage potential was, 

respectively, changed to 9.04%, 9.33% and 8.38%. In the third cycle, these values were changed to 

8.56%, 8.48% and 7.67%, and during the final cycle, i.e. cycle 4, they were further reduced to 7.80%, 

7.85% and 7.26%, respectively. Therefore, the results show that the potential of deformation due to 

drying was reduced by increasing the number of cycles until it reached a nearly constant value. Figure 6 



shows the variations of radial deformation during cycles of drying and wetting for the samples with 

different pore water quality. The information on the variations of radial deformation was obtained from 

the duplicated samples. In the first cycle of drying, the changes in radial deformation were 1.20%, 0.60% 

and 0.93% for distilled water, NaCl and CaCl2 solutions, respectively. A comparison of these results with 

the vertical deformations at the same cycle (i.e. 2.43%, 0.75% and 1.68%, respectively) indicates that the 

radial deformations were less than the corresponding vertical deformations. During wetting, the radial 

deformation was reduced until it reached zero deformation condition (the same as the internal diameter of 

the oedometer ring). During the subsequent drying cycle, reduction in radial deformations occurred, so at 

the end of this stage they were 6.32%, 6.20% and 5.06% for distilled water, NaCl and CaCl2 solutions, 

respectively. The results show that the radial deformation was decreased (similar to vertical deformation) 

until it reached a nearly constant value. 

Typical results of void ratio versus water content, along with various constant saturation lines, for the 

samples prepared with NaCl solution as the pore water are shown in Figures 7(a)–7(d). In these figures, 

the changes of void ratio e with water content w is shown from the initial (as compacted) condition to the 

fourth cycle of drying and wetting. Points B, D, F and H show the position of the samples at the end of 

shrinkage (drying) stages in different cycles, while points C, E, G and I indicate the position of the 

samples at the end of swelling (wetting) stages. Point A in Figure 7(a) shows the initial or as compacted 

void ratio and water content of the sample. In the first cycle, drying occurred from point A to B followed 

by wetting from point B to C (see Figure 7(a)). It is resulted from Figure 7 that the soil reached nearly 

full saturation in all stages of wetting, and that all the drying and wetting curves were S–shaped. The 

tendency to converge to the same S–shaped curve was evolved by repeating the cycles of drying and 

wetting. Figure 8 illustrates void ratio–water content shrink–swell paths at equilibrium condition for the 

samples with different pore water quality. As shown in this figure, the paths of drying and wetting for the 

samples with NaCl and CaCl2 solutions nearly coincide with each other. 



Figure 9 shows the soil–water characteristic curve for the samples with different pore water quality. 

Villar (1995), Alonso et al. (2005) and Estabragh et al. (2013) expressed the variation of water content 

with suction using a linear relationship. In the present study, an attempt was made to find the best-fit 

relationship and hence the following relationship was proposed: 

)exp( cSbaw   (1) 

where w=water content (in %); S=suction (in kPa); and a, b and c=fitting parameters which are dependent 

on pore water quality. The values of the fitting parameters for different pore water quality are as follows: 

i) a=1.638, b=35.36 and c=9.22×10–5 for distilled water; ii) a=0.011, b=45.56 and c=4.36×10–5 for NaCl 

solution; and iii) a=0.785, b=42.78 and c=4.72×10–5 for CaCl2 solution. 

By using Equation (1), it is possible to relate water content (as shown in Figure 7) to suction, and 

hence find the corresponding relationship between void ratio and suction for a given pore water quality. 

4. Discussion 

The surfaces of clay particles carry unbalanced negative charges in dry or wet condition. They attract 

cations (positive ions) that are tightly attached to the clay surface. In addition to the cations needed to 

neutralize the electrical charge on the clay surface, there are some salt precipitates comprising of a 

combination of cations and anions. By adding water to the soil, these ions go into solution. Desorption of 

cations from the clay surface leads to a higher concentration of cations near the clay surface, which 

promotes a tendency among cations to diffuse away. This tendency for diffusion, however, is restricted by 

the attractive forces between the cations and the surface of the negatively charged clay particle. The 

outcome of these opposing actions promotes the development of an ion distribution in the vicinity of the 

clay particle. This system of distributed ions along with the negatively charged surface of the clay is 

termed as the diffuse double layer or DDL (Mitchell and Soga 2005). Changes in the thickness of the 

DDL can lead to different fabric of soil. The isomorphous substitution phenomenon may occur in clay 

soils where the cations can be attached to the surface of the clay. These are termed as exchange cations, 

since they can be changed with other cations. The replacement of one type of cation by another depends 



on many factors such as valence and ion size. The cations of higher valance are adsorbed on the clay 

surface with a higher force compared with the cations of lower valance. 

 Bowders and Daniel (1987) and Abdullah et al. (1999) reported that many chemical solutions tend to 

reduce the thickness of the DDL, thereby reducing the repulsive forces among particles and thus forming 

a flocculated soil fabric. Musso et al. (2003) indicated that changes in the chemical composition of the 

pore fluid have different effects on clay soils. They reported that these effects can be exchanges of cations 

between the mineralogical units or variations in the electro-chemical forces acting between different 

platelets, and variations in osmotic pressure. The results of the compaction tests for the samples with 

NaCl and CaCl2 solutions as the pore water showed that the maximum dry unit weight increased (i.e. 16.9 

kN/m3 and 17.1 kN/m3, respectively) and the optimum water content decreased (i.e. 19.0% and 17.5%, 

respectively) in comparison to that of distilled pore water (i.e. 16.0 kN/m3 and 22.0%). This change in 

maximum dry unit weight and optimum water content can be resulted from reduction in the thickness of 

the DDL surrounding the clay particles. The reduction of the DDL thickness brings the particles closer, 

and decreases the water holding capacity that causes the optimum water content to decrease. 

The results in Figure 5 shows that the vertical deformation upon the first drying cycle is greater for 

distilled pore water than that of NaCl and CaCl2 solutions, and that for the sample with NaCl it is less 

than CaCl2. This can be explained with aid from the DDL concept. As it was discussed above, the effect 

of chemical solutions can change the thickness of the DDL, which may result in particles being pasted to 

each other leading to coarser particles. The results of the compaction tests for samples with salt solutions 

also showed that the maximum dry unit weight and optimum water content, respectively, increased and 

decreased in comparison with distilled water. These variations indicate reduction in thickness of the DDL. 

The thickness of the DDL is dependent on factors such as valence and concentration of the cations 

(Mitchell and Soga 2005). Comparing the results for NaCl and CaCl2 solutions indicates that the effect of 

NaCl in reduction of the deformation due to drying in the first cycle is less than CaCl2 and distilled water. 

During drying or wetting, the surcharge pressure was the same for all samples with different pore water 



quality. By adding NaCl solution for preparing the sample, the processes of exchange of ions increase the 

attractive forces and leads to reduction of the DDL thickness, and thus a structure for the soil is formed 

with low void ratio. In the case of CaCl2, the processes of exchange of ions also leads to reduction of the 

DDL thickness; however, it is not the same as the effect of NaCl, since more sodium ions may be 

adsorbed to the clay particle compared with calcium ions. Therefore, for the samples prepared with CaCl2 

solution, the degree of flocculation is less and the void ratio between particles is more compared with the 

samples prepared with NaCl. This results in more deformation under constant load for the pore fluid with 

CaCl2 than with NaCl. A comparison of the results for the samples with NaCl and CaCl2 solutions 

indicated that the effect of NaCl in reducing the deformation due to drying is less than CaCl2. This 

indicates that the effect of NaCl in shrinking the DDL is more than CaCl2. The subsequent wetting stage 

in this cycle showed that the swelling potentials for samples with NaCl and CaCl2 solutions are 13.45% 

and 14.67%, respectively. This shows that the swelling potential of the sample with CaCl2 solution is 

more than that of NaCl. This is probably because, during wetting, the bonding that was created between 

the particles during sample preparation and drying breaks more in the presence of CaCl2 compared to 

NaCl. The mechanism of swelling can be explained as follows: 

Expansive soils are generally in unsaturated condition due to desiccation. They have two components 

of suction, namely matric suction S and osmotic suction π. Matric suction can be considered as the 

negative pore water pressure due to surface tension effects. Osmotic suction results from the dissolved 

salt concentration in the pore fluid of the sample. Prior inundation, the sample is in unsaturated condition. 

Upon inundating the sample, water flows from the reservoir to the sample and the initial matric suction is 

gradually reduced until full saturation is attained. The osmotic suction appears in the sample after 

saturation. Water follows to the sample due to osmotic suction, thereby increasing the pore water pressure 

in the sample. The following relationship can be used to describe the effect of variations of pore water 

pressure: 



wuσσ   (2) 

where σ′=effective stress; σ=acting surcharge pressure on the sample that is constant during the test (=10 

kPa in this study); and uw=pore water pressure the changes of which can be due to osmotic suction. 

Therefore, for a constant σ, an increase in uw results in a decrease in σ′, which causes changes in the 

thickness and ion concentration of the DDL. As a result, swelling occurs in the sample. 

The chemical test results, i.e. pH and electrical conductivity EC, of the liquid samples taken from the 

reservoir water and extracted from pore water of the duplicated samples at the end of each cycle are 

presented in Tables 3, 4 and 5 for distilled water, NaCl and CaCl2 solutions, respectively. As shown in 

Table 3, the values of pH and EC for both the reservoir water and extracted pore water decreased from 

their values at the end of the first cycle (e.g. EC decreased from 3.52 dS/m at the end of the first cycle to 

1.80 dS/m at the end of the fifth cycle for the reservoir water). A similar yet more pronounced decreasing 

trend can also be seen in Tables 4 and 5 for the samples containing NaCl and CaCl2 solutions as the pore 

water. Based on the results presented in Tables 3, 4 and 5, it can be concluded that migration of salt from 

the samples to the reservoir has occurred. After the first cycle, the subsequent cycle begun with drying. In 

this case, the potential of drying was increased in comparison with that observed in the first cycle. It can 

be said that after wetting in the first cycle, the pores between the particles were increased and during 

drying, since the volume of solids is constant, the volume of pores was reduced and caused an increase in 

the potential of drying. This can be due to the increase in the spaces between particles during swelling 

due to repulsive forces. The amount of shrinkage during drying is more for NaCl solution than the other 

solutions. These findings are in agreement with the results that were reported by Dif and Bluemel (1991), 

Day (1994), Al-Homoud et al. (1995), Tripathy et al. (2002), Subba Rao and Tripathy (2003) and Alonso 

et al. (2005). On the other hand, other researchers such as Chu and Mou (1973) have reported an opposite 

effect in which the swelling potential increased with the number of successive cycles. All these tests show 

that elastic equilibrium can be attained at the end of several cycles. This can be attributed to the 

reconstruction of the clay micro-structure upon completion of the first or second cycle (Dif and Bluemel 



1991; Sridharan and Allam 1982). Bell (1992) suggested that repeated wetting and drying can cause 

aggregation of soil particles in residual soils. According to Bell’s suggestion, drying initiates cementation 

by formation of aggregation, leading to some relatively large inter-pores formed between the aggregated 

soil lumps. These large inter-pores reduce the soil’s absorption rate along a certain range of wetting paths. 

At equilibrium condition, the micro-structure becomes even more uniform in nature, thus ensuring lesser 

water absorption resulting in lesser swelling. This inevitably causes a reduction in the magnitude of 

swelling and shrinkage compared with the first and second cycles (Zhang et al. 2006). 

It is generally known that clay soils can crack during drying. Cracks occur when the tensile stresses 

developed within the soil due to drying exceed the tensile strength of the soil. Tensile stresses develop 

only when the soil is restrained in some way against shrinkage (Kodikara et al. 2000). The formation and 

development of cracks is enhanced by the availability of clay (Mitchell and Soga 2005). In high plasticity 

soils, self-healing may result in closing up of cracks during wetting. The determination of the crack 

dimensions is an important factor in understanding the behaviour of expansive soils as it affects, for 

instance, hydraulic conductivity and variations of void ratio with water content. There is no standard 

method for measuring the crack dimensions at the end of drying. Image processing techniques have been 

suggested by some researchers such as Peng et al. (2006). Rayhani et al. (2008) used a digital calliper for 

measuring the length and width of the cracks. In this work, the existence of cracks was examined using 

the duplicated samples. At the end of drying for various cycles a few surface cracks were observed. The 

average depth of these cracks were less than 1.0 mm. The extension of the cracks was reduced by 

increasing the cycles. Since the number of the cracks were not considerable, no measurements was taken. 

Researchers such as Dif and Bluemel (1991), Al-Homoud et al. (1995), Basma et al. (1996), Subba Rao et 

al. (2000) and Tripathey et al. (2002) who have worked on studying the behaviour of soils during cycles 

of wetting and drying did not report the existence of any cracks at the end of drying stages. 

It is resulted from comparing the vertical and radial deformations (compare Figures 5 and 6) that the 

radial deformations are less than the corresponding vertical deformations at different cycles of drying and 



wetting. By increasing the number of drying and wetting cycles, the radial deformations are decreased 

similar to that observed for the vertical deformations. Tang et al. (2008) defined the isotropic condition as 

a condition where the vertical and radial strains are equal for the sample during deformation. Based on the 

obtained results in this work, it is concluded that the soil samples had an anisotropic behaviour. 

As typically shown in Figure 7, all of the samples reached nearly full saturation during the wetting 

stages and during drying they gradually moved away from the full saturation line and became more 

unsaturated, resulting in reduction of water content and very small changes in void ratio. The drying 

continued until the degree of saturation was less than 40%. The results show that all of the drying and 

wetting curves are S–shaped, and thus consist of three sections, i.e. two curvilinear portions at the top and 

bottom, and a linear portion in the middle. The variations of void ratio and water content at the top and 

bottom of the S–shaped curve are insignificant. The middle section of the curve, however, is linear and 

nearly parallel with the full saturation line with high variations of void ratio and water content. A 

comparison of the results in Figures 7(a)–7(d) shows that the distance between the drying and wetting 

curves is decreased by increasing the number of drying and wetting cycles. Figure 8 illustrates void 

ratio–water content paths for the samples with different pore water quality at equilibrium condition. It is 

shown that the drying and wetting curves coincide, and thus can be represented by a unique S–shaped 

curve. These results are in agreement with the results that were reported by Hanafy (1991) and Tripathy et 

al. (2002). All of the curves are similar in shape (all are S–shaped), and the curves for NaCl and CaCl2 

solutions nearly coincide with each other. However, the curve for distilled water is located above the 

other two at a considerable distance. The difference between the positions of the void ratio–water content 

curves for the samples prepared with distilled water and those prepared with salt solutions (see Figure 8) 

can be attributed to the difference in thickness of the DDL in these samples. As shown in Figure 8, the 

linear portion of these curves are not ideally parallel to the line of 100% saturation, and they are located 

within the saturation degrees of 60% and 90% at equilibrium condition. 



It is resulted from Figure 9 (the soil–water characteristic curves) that for a specific water content, 

particularly for water contents less than 25%, the matric suction for the samples prepared with distilled 

water is less than those prepared with salt solutions. As mentioned above, the total suction of a soil is 

composed of two components, i.e. matric suction and osmotic suction. Changes in total suction can be 

caused by a change in either one or both components of the suction. The osmotic suction for the samples 

with NaCl and CaCl2 solutions is more than that of distilled water. Therefore, the total suction of the 

samples with NaCl and CaCl2 is more than the sample with distilled water. This increase is resulted from 

increases in both the osmotic and matric suctions, however, the contribution of increasing matric suction 

is more than osmotic suction. Using data from different soils Fredlund et al. (2012) reported that an 

increase in total suction causes a greater increase in matric suction compared to  osmotic suction. This 

could explain the increase in matric suction for the samples prepared with salt solutions compared to 

those prepared with distilled water. 

The hysteresis phenomenon is a behaviour where a soil having the same water contents corresponding 

to drying and wetting paths does not have the same suction. Differences in the contact angles during 

drying and wetting can be the reason of hysteresis (Dineen 1997). Fredlund et al. (2012) considered the 

hysteresis to be due to the existence of entrapped air in the soil. Yong and Warkentin (1975) explained 

the hysteresis phenomenon in terms of the ink–bottle effect for granular soils. Hysteresis for soils is often 

explained with the soil–water characteristic curve. Many researchers have attempted to correlate some 

other hydraulic or mechanical properties of unsaturated soils with the water retention behaviour (Fredlund 

et al. 2012). However, it should be noted that the water retention behaviour is significantly influenced by 

the void ratio of unsaturated soils (Gallipoli et al. 2003). Changes in void ratio has an important effect on 

the position of the main drying and wetting curves. Therefore, the soil–water characteristic curve is 

significantly affected by changes in void ratio. Kawai et al. (2000), Romero and Vaunat (2000), Gallipoli 

et al. (2003) and Wheeler et al. (2003) proposed equations for the soil–water characteristic curve that 

include the void ratio of the soil. Based on Equation (1) and the information which was partially 



illustrated in Figure 7, the variations of void ratio with suction was established during drying and wetting 

cycles for the samples with different pore water quality. Typical void ratio–suction shrink–swell paths at 

the first cycle for the sample with distilled pore water is shown in Figure 10(a). In addition, Figure 10(b) 

illustrates void ratio–suction paths for the samples with different pore water quality at equilibrium 

condition. As shown in Figure 10(a), the variations of void ratio and suction are not the same for the first 

cycle of drying and wetting. However, at the final cycle the paths of drying and wetting nearly coincide 

with each other, and thus can be represented by a unique curve (see Figure 10(b)). It is resulted that when 

the samples attain equilibrium condition the effect of hysteresis is eliminated. Therefore, at equilibrium 

condition not only the plastic deformations but also the hysteresis are diminished. 

Expansive soils often exhibit volume change upon drying and/or wetting due to variations in water 

content. The volume change can cause extensive damage to structures, particularly light buildings and 

pavements. There are different methods to reduce the volume change potential of these soils, i.e. chemical 

and mechanical techniques. The results of this work indicate that it is possible to reduce the potential of 

volume change in expansive soils by conducting drying and wetting periodically. This method has many 

advantages including the ease of implementation and lower cost in comparison with other methods. 

Laboratory tests should be conducted on samples to find the suitable duration of drying and wetting for 

different expansive soils and pore water qualities. 

5. Conclusions 

Cyclic drying and wetting tests were performed on samples of an expansive soil prepared with 

different pore water quality, and inundated with distilled water. The following conclusions can be drawn 

from the results of this work: 

1. Plastic deformation was observed during drying and wetting for samples with different pore water 

quality. The irreversible deformation diminished after three or four cycles when the equilibrium 

condition was achieved. 



2. During the initial cycles of drying and wetting, the potential of shrinking and swelling is dependent on 

the pore water quality; however, by increasing the number of cycles they reach the same value for 

different quality of pore water. 

3. The drying and wetting paths in the space of void ratio and water content are S–shaped curves. Each 

S–shaped curve consists of one linear and two curvilinear portions. For the samples with salt solutions 

as the pore water, these curves nearly coincide with each other at equilibrium condition, and the 

reduction in volume of them is more compared to the samples with distilled pore water. The drying 

and wetting curves for the samples with salt solutions are closer to the 100% saturation line compared 

to the sample with distilled pore water. The majority of the sample’s volume change was observed in 

the linear section of the S–shaped curve. 

4. The shape of the soil–water characteristic curve (SWCC) is dependent on the pore water quality of the 

soil sample. The hysteresis phenomenon is seen during drying and wetting cycles, and it is eliminated 

by increasing the number of cycles. 
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Table 1. Physical and mechanical properties of the used soil. 

Properties Value 

Specific gravity, Gs 2.75 

Grain–size distribution 

Gravel (%) 0.0 

Sand (%) 26.0 

Silt and Clay (%) 74.0 

Consistency limits 

Liquid limit, LL (%) 81.0 

Plastic limit, PL (%) 27.5 

Plasticity index, PI (%) 53.5 

USCS classification CH 

Compaction characteristics 

Optimum water content, wopt (%) 16.0 

Maximum dry unit weight, γdmax (kN/m3) 22.0 



 

Table 2. Chemical composition of the used soil. 

Chemical components Amount 

pH 8.4 

EC* (dS/m) 13.9 

Na+ (meq/L) 142.0 

Ca2+ (meq/L) 21.0 

Mg2+ (meq/L) 6.0 

Cl– (meq/L) 49.0 

HCO3
– (meq/L) 7.5 

SO4
2– (meq/L) 112.0 

* Electrical conductivity.



 

Table 3. Chemical composition of the extracted pore water and the reservoir water at the end of each 

cycle for the sample with distilled water as the pore water. 

Condition Extracted pore water Reservoir water 

Number of cycle pH EC* (dS/m) pH EC (dS/m) 

1 7.9 9.17 7.8 3.52 

2 8.1 6.33 6.2 2.38 

3 7.9 7.25 5.4 1.98 

4 8.2 5.00 6.5 1.81 

5 8.0 8.12 6.4 1.80 
* Electrical conductivity.



 

Table 4. Chemical composition of the extracted pore water and the reservoir water at the end of each 

cycle for the sample with NaCl solution as the pore water. 

Condition Extracted pore water Reservoir water 

Number of cycle pH EC* (dS/m) pH EC (dS/m) 

1 7.9 12.24 7.4 17.67 

2 8.0 6.31 7.8 4.97 

3 8.1 3.42 8.1 3.39 

4 8.0 3.20 8.0 3.31 
* Electrical conductivity.



 

Table 5. Chemical composition of the extracted pore water and the reservoir water at the end of each 

cycle for the sample with CaCl2 solution as the pore water. 

Condition Extracted pore water Reservoir water 

Number of cycle pH EC* (dS/m) pH EC (dS/m) 

1 7.5 24.40 7.1 11.40 

2 7.8 9.11 6.6 11.61 

3 7.8 8.16 7.1 8.87 

4 7.4 7.90 7.0 8.72 
* Electrical conductivity. 
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Figure 1. X-ray diffraction (XRD) plots: (a) Kaolin; (b) Bentonite; and (c) Mixture of kaolin and 

bentonite.
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Figure 2. X-ray diffraction (XRD) plots of clay minerals: (a) Kaolin; (b) Bentonite; and (c) Mixture of 

kaolin and bentonite.
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Figure 3. Layout of the apparatus.
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Figure 4. Standard Proctor compaction curves for the samples with different pore water quality (points 1, 

2 and 3 show the initial state of the prepared samples).
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Figure 5. Vertical deformation (in %) during drying and wetting cycles for the samples with different 

pore water quality.
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Figure 6. Radial deformation (in %) during drying and wetting cycles for the samples with different pore 

water quality. 
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Figure 7. Void ratio–water content shrink–swell paths for the sample with NaCl solution as the pore water: (a) Cycle 1; (b) Cycle 2; (c) Cycle 

3; and (d) Cycle 4.
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Figure 8. Void ratio–water content shrink–swell paths at equilibrium condition for the 

samples with different pore water quality.
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Figure 9. The soil–water characteristic curve (SWCC) for the samples with different 

pore water quality.
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Figure 10. Void ratio–suction shrink–swell paths: (a) Cycle 1 for the sample with 

distilled water as the pore water; and (b) Equilibrium condition for the samples with 

different pore water quality. 

 

 


