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Abstract 

The cyclic swell and shrinkage behaviors of expansive soils due to environmental 

changes result in several structural problems. This study investigates the behavior 

of expansive soil under wetting-drying cycles for natural and lime-stabilized 

specimens. An experimental program was directed to evaluate the swelling 

potential, cyclic swell percent under wetting-drying conditions, wave velocity, 

pH, electrical conductivity, unconfined compressive strength, and soil-water 

characteristics curve for natural and lime treated expansive clay specimens. Soil 

specimens were treated with 4% lime and cured under 40 0C for different curing 

periods extended to 56 days. The results showed that lime addition causes a 

significant reduction in free swell potential. In addition, swelling percentages 

decrease markedly for specimens stabilized by lime and they were related to 

curing periods. swelling potential increases significantly at the end of the first 

cycle of wetting-drying, the amount of swelling increases in natural clay 

specimens is 5.75% and they are 0.8%, 0.6%, 0.16% for lime-treated specimens 

curried for 2, 7, 14 days, respectively. Furthermore, it was noted that after the 

first cycle, the highest reduction in free swell potential occurs, especially for the 

natural soil specimens. Unconfined compressive strength and wave velocity 

values of lime-treated soil specimens increased significantly with curing times, 

due to the cementing materials produced from the pozzolanic reaction. Electrical 

conductivity and pH values of lime stabilized soil specimens decreased rapidly 

during the first 7 days of curing, then decreased gradually. Increases in 

volumetric water content with curing periods were observed. 

Keywords: Expansive clay, Lime stabilization, Swelling, Wetting-drying. 
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1.  Introduction 

The swelling of expansive soils considers one of the special problems that civil 

engineers are faced. This type of soil is widely distributed in many countries around 

the world. Expansive soils exhibit volume change due to their swelling and 

shrinkage responses resulting in many structural problems and damage hazards; 

especially, in infrastructures such as railways, motorways, and highways. On the 

other hand, expansive clay soils in nature under cyclic volume change (swelling 

and shrinkage) due to the change in the water content, this phenomenon has a 

significant effect on the expansive soil properties. In addition, the cyclic volume 

change leads to foundation movements and may result in cracking and structural 

damage. Several researchers investigated the influence of cyclic swelling and cyclic 

wetting-drying on the characteristics of expansive soils [1-7]. Some of them 

concluded that the swelling potential of expansive soils decreases with subjected 

cycles of wetting and drying [1, 3, 4, 7]. On the other hand, few of researches 

showed that the cycles of wetting-drying increase the swelling potentials of 

expansive clays [8,9]. 

Expansive soils were classified as problematic soils that have an adverse 

response and high swelling potential results in low bearing capacity and shear 

strength, especially in a saturated state. Therefore, geotechnical engineers directed 

their research to improve shear strength and mitigate the swelling amounts of the 

expansive clay to control the volume change and foundation movements. The 

improvements techniques are usually mechanical, chemical, and techniques were 

combined with both previous methods. In general, chemical stabilizations by 

cementing agents, such as cement, fly ash, lime, and salts were widely used in soil 

treatments [10- 91 ]. Lime stabilization has been one of the important techniques for 

clayey soil stabilization. However, some researchers have focused their studies on 

the effect of lime on the swelling characteristics of expansive clays [20- 32 ]. For 

example, Hamza [23] concluded that the addition of 5% lime decreases the 

plasticity and swelling potential of expansive soils. Bell [12] also indicated that 

mixing of the lime corresponding to optimum percentage with expansive soil, 

decreases the swelling percentages and he reported that further addition of lime 

does not change the swelling potentials while increasing the engineering properties 

of expansive soil. 

The treatment of clayey soils with lime in the humid medium result in several 

reactions that make changes in soil properties [24]. Some of these reactions are 

short-term reactions and others are long-term reactions. The short-term reactions 

include cation exchange and flocculation. The chemical reaction that includes an 

exchange of similar cations is called cation exchange [11, 12, 25]. As mentioned 

by Mitchell and Soga [26], lime and water addition to clayey soil increase 

immediately pH values to 12.4 which results in the dissolution of alumina and 

silica. The exchangeable ions that are available around clay minerals like Na+ and 

K+ displace Ca++ ions, in which Ca++ has resulted from the dissolution of lime in 

water. The flocculation process occurs due to an increase in the concentration of 

Ca++ ions around the clay particles which led to form of a floc.  

In addition, this process made the clay particles to agglomerate. Short-term 

reactions modify soil properties by decreasing plasticity and increasing soil 

workability [27-30]. Long-term reactions include carbonation and pozzolanic 

reaction; due to lime addition to clayey soil in the presence of water, a highly 
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alkaline environment was generated. Then, the alumina and silica from the clay 

minerals react with calcium from lime. This reaction produces cementing material 

in the form of calcium silicates or calcium aluminates (calcium aluminosilicate 

hydrates, CASH; calcium aluminate hydrates, CAH; and calcium silicate hydrates, 

CSH), this reaction provides bonds between clay particles [11, 12, 27, 13 ].  

The pozzolanic reaction is time-dependent and contributes to strength increases 

with time. In general, cementation results from lime stabilization processes, 

increase shear strength, reduce permeability, decrease swelling potentials, and 

modify the water retention ability of clayey soils [12, 20, 32]. The percentage of 

lime used for soil treatments depends on the type of treatments if its modification 

or stabilization. Therefore, some researchers suggested the amount of lime needs 

for lime modification is between 1% to 3%, while others found the optimum lime 

content for stabilization between 2%-8% [11, 12, 33]. 

The effect of lime stabilization considering curing periods and temperature on the 

physic-chemical and geotechnical properties of clay was studied by [30, 34]. For 

example, Boardman et al, [30] performed several tests for clay and lime mixtures 

cured in different periods ranging between 7 to 301 days. The curing process was 

conducted in a closed area and under 11.50° C temperature. They concluded that a 

curing period lower than 7 days did not result in significant cementation from the 

pozzolanic reaction, except for some short-term modifications that occur in clay 

properties. Bell [34] illustrated that the use of higher curing temperature made 

accretion in the curing process and increase the strength. While, delays in the soil 

modification occur when the curing process was conducted at a lower temperature. 

This paper will direct the program of the experimental work to investigate the 

effect of wetting-drying cycles on the swelling potential of natural and lime treated 

expansive clay samples, which is the primary purpose of this study. On the other 

hand, secondary experimental studies were aimed to study the effect of the lime 

addition and curing time on unconfined compression strength, shear wave velocity 

through specimens, pH value, electrical conductivity, and water-retention behavior 

of the stabilized soil specimens. 

2.  Materials and Experimental Methods 

2.1. Materials 

Soil: The type of soil used during the experimental work was clay. Clay samples 

were quarried from the Al-Sedeeq region, Mosul city, Iraq. Clay samples were 

obtained from a depth varying between (0.5-1.0 m) under the ground surface. 

According to the grain size analyses of the clay (sieve analysis and hydrometer test). 

The grain size distribution curve for natural soil was presented in Fig. 1. Some index, 

chemical, and physical properties of natural clay were illustrated in Table 1. The clay 

soil was classified as high plasticity clay (CH) according to the unified soil 

classification system (USCS) based on the results of the grain size analyses and 

Atterberg limits values. 

Lime: Hydrated lime was used as a stabilizing agent to treat clay soil in all tests 

during the laboratory work. The lime was obtained from Meshrag Sulphur factory, 

Mosul, Iraq.  The lime powder was sieved through # 40 sieve, which has a 0.425 

mm opening. The activity of hydrated lime was found to be 74%. Table 2 shows 

the chemical compositions of hydrated lime. 
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Fig. 1. Grain size distribution of natural soil. 

Table 1. Index, chemical, and physical properties of natural soil. 

Properties Values 

Liquid Limit (%) 86 

Plastic Limit (%) 32 

Plasticity Index (%) 54 

Linear Shrinkage (LS) (%) 20 

Total Soluble salts (%) 2.97 

Gypsum (%) 1.39 

Electrical Conductivity (mS/cm) 1.2 

pH 7.97 

Specific Gravity 2.75 

CEC* (meq/100 gm of soil) 33 

Activity (%) 1.1 

Sand (%) 5 

Silt (%) 46 

Clay (%) 49 

(USCS) Classification, Soil symbol CH 

Soil name Fat Clay 

                          *CEC is cation exchange capacity  

Table 2. Lime properties and chemical compositions. 

Composition L.O.S* H2O SiO2 MgO Ca(OH)2 CaO CaCO3 AL2O3 Fe2O3 

Lime  1.09 0.07 8.41 4.3 74.0 6.5 5.4 0.2 0.03 

*Loss of Ignition 

2.2. Experimental work and testing apparatus 

A series of mechanical, physical, and free swell tests were conducted in a soil 

mechanics laboratory on natural and lime stabilized expensive soils, these tests were 

directed to estimate some geotechnical properties and the effect of the wetting-drying 
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cycles (WDC) on the swelling potential of the natural and lime stabilized expansive 

soil specimens. 

2.2.1. Sample preparation, pH value test. 

Stabilized soil specimens were treated with 4% of lime which is corresponding to 

optimum lime percentages for this type of soil. This percentage was selected 

according to the pH value method that will discuss in detail in sections of results and 

analysis.  The optimum lime percentage was obtained according to the method 

suggested by Eades and Grim and was recorded in ASTM (D6276) [35, 36]. At the 

beginning of the testing program, the soil specimen was prepared by drying it in a 60 
0C oven for two days. The soil specimens were sieved using a 4.75 mm opening sieve. 

to obtain the compaction characteristics of the natural and lime stabilized soil, lime 

and clayey soil samples were mixed thoroughly in the dry state until the mixture 

become homogenous. Then, the required amount of the water was added to the 

mixture (water content equal to 5% of the dry weight), and thoroughly mixing is 

essential for better and uniform distribution of the water. The processes were repeated 

for samples with different water content (10, 15, 20, 25, and 30 % of the dry weight). 

Wet mixture samples were kept inside plastic bags for 24 hours for natural clay 

samples and 1 hour for lime stabilized clay samples as a mellowing period. Then, 

homogenous samples were placed inside compaction mold and compacted under 

standard compaction effort based on (ASTM D-698) [37] procedure.  

2.2.2. Unconfined compressive strength and shear wave velocity tests 

In order to obtain the shear strength response of the natural and lime stabilized clay 

and to correlate it with the shear wave velocity, unconfined compression test, and 

ultrasonic wave velocity test was conducted. Cylindrical samples having 50 mm 

diameter and 100 mm height were prepared using a specially designed mold. Samples 

of the natural and lime stabilized clay soil were compacted inside the mold using 

static compaction effort; the compaction effort was applied at the rate of 1mm/min. 

Soil samples were compacted in water content and dry density corresponding to 

maximum dry density and optimum moisture content.  

Stabilized soil samples were kept in a closed medium by wrapping them with 

cling film and coating them with a thin layer of paraffin wax to eliminate the moisture 

loss. Stabilized soil specimens were cured for 2, 7, 14, 28, and 56 days at 40 °C 

temperatures (The temperature was selected at 40 °C due to this temperature is the 

maximum value before the wax melts to keep the specimens in a close medium). At 

least three trials were performed for each stabilization percent for repeatability 

checks. All soil samples were first tested to obtain the wave velocity and then tested 

in an unconfined compression machine based on the method recorded in (ASTM D-

5102) [38].  

The ultrasonic wave tests were conducted using a PUNDIT device under a 

frequency of 50 kHz. The direct transmission method was performed for measuring 

the wave velocity through soil specimens which is more sensitive than other methods 

[39]. Wave velocity was estimated from the travel distance and travel period of the 

wave. Then, specimens were tested in the unconfined compression device. The 

stabilized specimens were tested to obtain the electrical conductivity and their 

variations with the curing times. A small part of failed unconfined compression 

specimens was taken to determine the electrical conductivity (EC) of specimens. 
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2.2.3.  Swelling test 

The primary objective of this paper is to determine the free swell potential of natural 

and lime-stabilized clay and to study the influence of the wetting-drying cycles on 

the swelling potential in the two cases. Free swell tests were performed according to 

the procedure recorded in the ASTM standard (D-4546) [40]. A standard one-

dimensional Oedometer device was used for swelling tests. Soil samples for natural 

and stabilized clay were statically compacted inside a rigid stainless-steel ring. In the 

beginning, samples of natural clay and samples of clay with lime were mixed with 

water in percentages corresponding to optimum moisture content (OMC) and 

thoroughly mixed until getting a homogenous mixture. Then, soil samples were 

pressed until the unit weight corresponds to Max. dry unit weight at a strain rate of 1 

mm/min. The rings have a 63.5 mm diameter and 19 mm height. In addition, swelling 

test specimens of lime stabilized clay were cured in different curing periods (2, 7, 14, 

28, and 56 days) in a closed area under a temperature of 40 °C. Specimens of natural 

clay were tested directly after their preparation, while the specimens of the lime 

stabilized clay was tested when curing times were completed.  

Soil specimens were placed between two dried porous stones inside the 

Oedometer cell; then dial gauge was assembled on the top cap of the cell for vertical 

displacement measurement during the test. A contact pressure equals to (6.9 kPa, 

which is equivalent to the standard load of 1 Psi), was applied and then the initial 

reading was recorded. After that, the specimen was submerged with water and 

allowed to swell. The dial gauge readings were continuously recorded. The process 

was stopped, and the final reading was recorded when the specimen swelling was 

completed. In this study, the swelling period was fixed in 24 hours. The free swell 

potential of the specimens was estimated as (swell potential = ΔH/H *100, where ΔH 

is the vertical displacement and H is the initial height of the soil specimen). 

The second part of the swelling tests was conducted on natural, and lime stabilized 

specimens (4% lime) after exposition to wetting-drying cycles. At the end of the 

curing periods (2, 7, 14, 28, and 56 days), the specimens were subjected to cycles of 

wetting-drying, this process was performed inside the oedometer cell. The number of 

wetting-drying cycles was five for natural and lime stabilized specimens. The wetting 

process consists of submerging the specimen for about 24 hours inside the cell, then 

the specimens were dried gradually at room temperature for 1 hour and then dried for 

24 hours inside 60°C ovens. The specimens were dried gradually to save them from 

any damage. According to ASTM (D559) the wetting-drying cycle is completed 

within 48 hours.  

2.2.4. Suction measurement 

The effect of curing time of stabilization on soil water characteristics curve (SWCC) 

was investigated during the experimental work. In general, soil suction can be 

determined using a direct method or indirect method for SWCC construction. In this 

study, an indirect method was selected. This method includes three methods for a 

suction range of 0 to 1000000 kPa. These methods include tensiometric plates, vapor 

equilibrium technique, and osmotic membrane. Soil samples of natural clay and lime 

stabilized clay were compacted at dry density and moisture content correspond to 

maximum dry density and optimum moisture content, respectively. Then the 

compacted samples were cut and trimmed into pieces until they were 1 cm in 
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thickness. The pieces of stabilized clay specimens were kept for 7, 14, 28, and 56 

days as a curing time and then tested for SWCC generation. 

The first part of SWCC was measured using tensiometric plates method that 

covers a suction range of 10 to 20 kPa. The suction value of the soil specimen for this 

part was determined by calibrating the water column level in equilibrium with the air 

level inside the ceramic disk; the time required for each soil specimen to reach 

equilibrium was 21 days. Suction values in soil specimens are determined directly as 

a function of water height (for example 10 kPa suction amount has corresponded to 

1 m water level in the column) [41]. While the suction range of 100 kPa and 1500 

kPa (second part of SWCC) was estimated by the osmotic membrane method.  

In this method, a soil specimen was covered by a semi-permeable membrane; 

after that, the soil specimen that was covered by a membrane was submerged in a 

solution of polyethylene glycol (PEG) with different concentrations for various 

values of suction determination (ranging between 100 to 1500 kPa). In this step, the 

time required for soil specimens to reach equilibrium was 28 days. The vapor 

equilibrium technique was followed in the determination of the high suction ranges 

of SWCC. In this method, the relative humidity in the airspace above a salt solution 

is determined. Therefore, chemical compositions unique and their concentration are 

important during this step. Then soil specimens were placed inside a closed medium 

(desiccator) and the chemical solution was calibrated with the correct target relative 

humidity. During this step, this solution will absorb or produce water vapor in the 

airspace until the system come to equilibrium.  

The total suction using Kelvin’s formula was calculated when the relative 

humidity was in equilibrium within the airspace. After that and during approximately 

50 days, suction equilibrium was reached inside the closed medium due to soil 

specimens-moisture absorption and desorption. Finally, all previous methods and 

procedures were performed at room temperature (250 C) and under null pressure. 

3. Results and Discussion 

The results of this study are divided into two parts; the first part presents results 

related to the effect of the lime addition and wetting-drying cycles on the swelling 

properties of the expansive soils, which are the primary objectives of this work. 

The second part presents the results related to other geotechnical properties of 

expansive clay soil with lime and curing time, which are the secondary objectives 

of this research.  

3.1. Estimation of lime stabilization percent using pH method 

The optimum percentage of lime that was used to mitigate swelling potential and 

improve the shear strength response of expansive soil has been obtained according 

to [35-36]. Fig. 2 presents the variation of pH values with the lime content. It is 

clearly observed from the figure that pH values increase with the lime content and 

become in equilibrium as the lime percentage achieves 4%. Therefore, this amount 

of lime was taken as a stabilization percentage for the soil under study.  

The changes in pH values with the curing period of stabilized specimens are 

presented in Fig. 3. It is clearly observed that there are significant reductions in the 

pH values as curing time increases until 14 days. After that, pH values gradually 

decrease and become in equilibrium with the curing period. The reason for this 
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behavior might be the lime consumption during cation exchange and pozzolanic 

reactions [30]. Similar results were obtained by Aldaood et al. [42] and they 

justified this behavior to the reaction between the lime and soil during the curing 

time which produces a new form of hydrated silicates. 

 

Fig. 2. pH values variation versus lime content. 

 

Fig. 3. Variation of pH values of stabilized specimens with curing period. 

3.2. Electrical conductivity of stabilized clay specimens 

The stabilized specimens were tested to evaluate the electrical conductivity and 

their variations with the curing times, in order to get a better observation of 

stabilized specimens. The addition of the lime increased the electrical conductivity 

from 1.2 to 8.82 and 9.66 mS/cm for stabilized specimens as lime content increased 

to 4 and 6 percent, respectively (see Fig. 4). The reason for this behavior might be 

the increase in the amount of calcium ions (Ca++) and hydroxyl ions (OH-) during 

lime addition. Also, it was noted that the electrical conductivity decreases 
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significantly as the curing time increase until 7 days curing period. While at higher 

curing periods the variation becomes gradually, and the electrical conductivity is 

near equilibrium with the curing time as shown in Fig. 5. This response can be 

attributed to the concentration of the exchangeable cations and lime-clay reactions 

which produce ettringite, which was affected by pozzolanic reaction continuity 

with time [42]. 

 

Fig. 4. Electrical conductivity variation with lime content. 

 

Fig. 5. Electrical conductivity variation  

with curing time of stabilized specimens. 

3.3. Swelling potential variation with WDC 

The variations of the swelling percentages versus elapsed time for specimens 

subjected to different wetting-drying cycles (WDC) are presented in Fig. 6. The 

swelling amount increased by about 5.75% during the first cycle. While the range of 

the increase in the swelling percentages becomes gradually lower as the wetting-



176       I. M. Alkiki et al. 

 
 
Journal of Engineering Science and Technology        February 2023, Vol. 18(1) 

 

drying cycles increase. The swelling amount with the cycle number will be in 

equilibrium and close to the swelling percentages of clay specimens without wetting-

drying cycles. The reason for this behavior might be the reduction in pore voids 

during the wetting-drying cycles which reduce the ability of soil particles to suck 

more water in the next cycles [43]. Also, the generation of the cracks as the wetting-

drying cycles increase mitigates the swelling ability of the specimens.  This finding 

is similar to the result obtained by Chu [44], in which swelling percentages increased 

with the wetting-drying cycles. On the other hand, Estabragh et al. [22] concluded in 

their study that the swelling amount decrease as the cycles of wetting-drying increase. 

 

Fig. 6. Swelling percentages vs elapse time for  

several wetting-drying cycles (WDC) of natural clay. 

Variations of swelling amount versus elapsed time for different WDC of natural 

and lime stabilized specimens for different curing periods were presented in Figs. 7-

9. Lime-treated specimens were curried for different curing periods. In general, 

swelling potential decrease as the soil stabilized with lime, this response is related to 

the curing periods, the swelling pressure decreases as the curing period increases. 

Also, welling percentages for natural clayey soil and lime-treated soil specimens 

increase as the elapsed time increases. swelling percentages for untreated soils 

increase rapidly with elapsed time and become in the balance after approximately 100 

minutes as presented in Fig. 6. While in the cases of treated specimens swelling 

percentages increase gradually and become in balance with time after 200-300 

minutes (see figs. 7-9). The reason for this behavior is that the pozzolanic reaction of 

the lime produces cementing materials (calcite and calcium-silicate-hydrate “CSH”) 

that make bonds between soil particles from one hand, Also, cementing materials gel 

that results from lime reactions covers soil particles and eliminates the water attach 

to these particles from other hands. These processes slow down the time of the 

swelling potential of the clay particles. 
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Fig. 7. Swelling percentages vs elapse time for several wetting- 

drying cycles (WDC) of stabilized clay and curried for 2 days (DC). 

 

Fig. 8. Swelling percentages vs elapse time for several wetting- 

drying cycles (WDC) of stabilized clay and curried for 7 days (DC). 
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Fig. 9. Swelling percentages vs elapse time for several wetting- 

drying cycles (WDC) of stabilized clay and curried for 14 days (DC). 

Variations of the swelling potential of natural clay and lime-treated specimens 

with the wetting-drying cycles are illustrated in Fig. 10. In general, swelling potential 

increases significantly during the first wetting-drying cycles, the amount of these 

increases is 5.75% for natural clay specimens and about 0.8%, 0.6%, 0.16%, and 

negligible value for lime treated values curried for 2, 7, 14, 28, 56 days, respectively 

(see Figs. 6-10). This behavior may be attributed to the reduction in voids volume of 

the specimen after the first wetting-drying cycle. While, after the first WDC, the 

swelling amount decreases gradually as the number of cycles increases. In addition, 

the figures show that amount of the swelling percent decrease significantly as the 

curing periods increase, this behavior might be due to the amount of the cementing 

material increasing with time. Also, cementing bonds resulting from lime reactions 

become stronger as the curing period increase. Similar results were obtained by Al-

Daood [39]. This interpretation was supported by the results of the XRD analyses for 

a natural and lime-treated specimen for different curing periods, see Fig. 11. The 

amount of the calcite and CSH increase significantly in a treated specimen and 

especially in specimens that were cured for long curing periods. 

 

Fig. 10. Swelling potential variation with the  

wetting-drying cycles for different curing times. 
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(a) Natural clay sample, no curing. (b) Clay+lime sample, 7 days curing. 

  

(c) Clay+lime sample, 14 days curing. (d) Clay+lime sample, 28 days curing. 

 

(e) Clay+lime sample, 56 days curing. 

Fig. 11. XRD patterns of lime stabilized  

samples cured during different periods. 

Figure 12 presents photos of specimens after tests. It is clearly observed that there 

is significant crack propagation in the natural soil specimens, while there are no 

cracks or micro-cracks shown in treated specimens for all curing periods. During 

drying cycles, cracks were resulted along weak planes within soil mass due to internal 

stresses, soil volume change, and mass decreases. During wetting, the specimen 

volume increases, the cracks are closed, and the swell was occurred [45]. 

Furthermore, soil structure collapse was resulted due to these cracks and especially 

at the initial stages of the wetting; this process closed the cracks and decrease soil 

volume. This problem was treated using lime stabilization that produces cementing 

material (calcite and calcium-silicate-hydrate “CSH”) [39]. The cementing material 

covers soil particles and makes bonds between them as can be seen using microscopic 

analyses for the treated samples (See Fig. 13). 
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Fig. 12. Photos of the swelling samples for several curing periods. 

  
(a) Natural soil. (b) Clay+lime, 7 days curing. 

  
(c) Clay+lime, 14 days curing. (d) Clay+lime, 28 days curing. 

 
(e) Clay+lime, 56 days curing. 

Fig. 13. Scanning electron microscopy pictures of lime  

stabilized clay samples for several curing periods. 
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3.4. Unconfined compressive strength and wave velocity of stabilized 

specimens   

A series of unconfined compression tests and ultrasonic wave velocity tests were 

conducted for stabilized specimens with 4% lime, in order to get a better 

observation of the improvements in the strength response of soil specimens. These 

improvements have resulted from modifications in soil structure in which 

cementing materials make bonding between soil particles which mitigates soil 

swelling potential. The improvement in the unconfined compressive strength of the 

stabilized specimens with the curing period is presented in Fig. 14. It is observed 

from the analysis of this figure, that a significant increase in unconfined 

compressive strength as specimens cured for a long time until 14 days. Furthermore, 

the rate of increase in unconfined compressive strength becomes gradually and near 

to equilibrium. During high curing periods, it can be observed that unconfined 

compressive strength reaches 8.5 times the strength of natural clay specimens. 

Moreover, it is observed that the strength of the specimens was duplicated as the 

curing period increased from 2 to 56 days. This behavior may be due to an increase 

in the cementing material resulting from the pozzolanic reaction on one hand, in 

which the percentages of calcium silicate hydrate and calcium aluminate increase 

in the mixture of soil and lime. The strength of the cementing material itself 

improved and produces better bonding among soil particles on the other hand. 

Similar results were obtained by Calik and Sadoglu [17]. 

 

Fig. 14. Unconfined compressive strength variation versus curing times. 

The wave velocity tests were conducted corresponding to unconfined 

compression tests. Fig. 15 presents the variation of wave velocity versus curing 

time for the stabilized specimens. In general, there is a pronounced increase in the 

wave velocity through specimens until 7 days. After that, the rate of increase in the 

velocity becomes gradually at times close to 56 days. Actually, the same trends 

were observed in the variation of the unconfined compression strength with curing 

time, Therefore, the same reasons may be result in these behaviors as mentioned 

above, the pozzolanic reaction produces cementing material that makes bonds 
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between soil grains. Better contact between soil grains and low voids resulted due 

to an increase in the amount of cementing material, which may facilitate wave 

propagation through stabilized specimens.  Similar results were obtained by 

Yesiller et al. [39, 46]. They recorded that increases in the wave propagation 

through specimens with curing time are due to an increase in both specimen 

stiffness and cementing agent stiffness itself. Fig. 16 illustrates the correlation 

between the unconfined compressive strength and wave velocity. In general, wave 

propagation velocity increases as the strength become higher. In addition, it was 

clearly observed that there is a high-quality linear curve fit between them (with R2 

value of 0.99). However, a very small scatter in the relation has appeared, this might 

have resulted from the homogenizing process of soil and lime mixtures during the 

preparation of samples. Therefore, wave propagation velocity can be used as an 

indicator for the strength, cementation among particles, and other soil properties. 

 

Fig. 15. Wave velocity through specimen variation versus curing times. 

 

Fig. 16. Correlation between the unconfined  

compressive strength and wave velocity. 
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3.5. Soil-water characteristics curve for stabilized specimens 

A series of tests were directed to investigate the influence of curing time on the 

soil-water characteristics curve SWCC of stabilized specimens, the results are 

presented in Fig. 17. The results of the soil-water characteristics curve were 

modeled using the software program suggested by Khattab and Al-Taie [20]. The 

constructed models produce a good correlation with R2 values greater than 0.99 

between the experimental and modeled SWCC curves. It was clearly observed, that 

in spite of similar trends in the results of lime-treated specimens that were cured 

for a different time, soil specimens of 56 curing period showed higher volumetric 

water content value than the specimens cured for other curing periods, and this 

value increase as curing period increases. In addition, the difference in the 

volumetric water content becomes close as suction pressure becomes higher. These 

behaviors may be that lime addition to clayey soil is associated with high moisture 

loss under curing temperature during the curing period. Furthermore, the results 

showed that air entry values (AEV) of treated soil specimens become higher as the 

curing period increase. The reason for this behavior might be the pozzolanic 

reaction of lime treatment during the curing period results in more cementing 

materials. The cementing materials fill the pores and capillary channels. 

 

Fig. 17. Soil-water characteristics curves of soil samples  

with curing times (continuous lines represent the best fitting  

while the points represent the experimental data). 

4. Conclusions 

Based on the experimental work and analyses of tests results for the natural clay 

and lime treated specimens, the following conclusions can be drawn: 

• The swelling potential increase significantly during the first cycles of wetting-

drying, the amount of these increases is 5.75% for natural clay specimens and 

about 0.8%, 0.6%, 0.16%, and negligible value for lime treated values curried 

for 2, 7, 14, 28, 56 days, respectively. While the increase in the swelling 

percentages decreases gradually and becomes in equilibrium and close to 

swelling percentages of clay specimens without wetting-drying cycles. 

• The swelling potential decrease as the soil stabilized with lime, this response 

is related to the curing periods, the swelling pressure decreases as the curing 

period increases. 
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• Significant crack propagation in the natural soil specimens were observed with 

wetting-drying cycles, while there are no cracks or micro-cracks shown in 

treated specimens for all curing periods. 

• The addition of lime increased electrical conductivity and pH values of the soil 

to 4% and then become in equilibrium, while there is a significant reduction in 

these values as the curing periods increase. 

• Significant improvements were observed in unconfined compression strength 

and wave velocity in lime-treated specimens and related to curing periods. In 

addition, a good correlation was observed between unconfined compression 

strength and wave velocity. 

• The volumetric water content increases with curing periods and especially at a 

high curing period of 56 days. 

References 

1. Dif, A.E.; and Bluemel, W.F. (1991). Expansive soils under cyclic drying and 

wetting. Journal of Geotechnical Testing, 14(1), 96-102.  

2. Basma, A.A.; Al-Homoud, A.S.; Malkawi, A.I.H.; and Al-Bashabsheh, M.A. 

(1996). Swelling-shrinkage behavior of natural expansive clays. Journal of 

Applied Clay Science, 11(2-4), 211-227. 

3. Al-Homoud, A.S.; Basma, A.A.; Husein Malkawi, A.I.; and Al Bashabsheh, 

M.A. (1995). Cyclic swelling behavior of clays. Journal of Geotechnical 

Engineering, 121(7), 562-565. 

4. Rao, S.M.; Reddy, B.V.V.; and Muttharam, M. (2001). The impact of cyclic 

wetting and drying on the swelling behaviour of stabilized expansive soils. 

Journal of Engineering Geology, 60(1-4), 223-233. 

5. Estabragh, A.R.; Parsaei, B.; and Javadi, A.A. (2015). Laboratory investigation 

of the effect of cyclic wetting and drying on the behaviour of an expansive soil. 

Journal of Soils and Foundations, 55(2), 304-314. 

6. Ye, H.; Chu, C.; Xu, L.; Guo, K.; and Li, D. (2018). Experimental studies on 

drying-wetting cycle characteristics of expansive soils improved by industrial 

wastes. Journal of Advances in Civil Engineering, special issue. 

7. Soltani, A.; Deng, A.; Taheri, A.; Mirzababaei, M.; and Vanapalli, S.K. (2019). 

Swell–shrink behavior of rubberized expansive clays during alternate wetting 

and drying. Journal of Minerals, 9(4), 224. 

8. Osipov, V.I.; Bik, N.N.; and Rumjantseva, N.A. (1987). Cyclic swelling of 

clays. Journal of Applied Clay Science, 2(4), 363-374. 

9. Day, R.W. (1994). Swell-shrink behavior of compacted clay. Journal of 

Geotechnical Engineering, 120(3), 618-623. 

10. Clare, K.E.; and Cruchley, A.E. (1957). Laboratory experiments in the 

stabilization of clays with hydrated lime. Journal of Geotechnique, 7(2), 97-111. 

11. Ingles, O.G.; and Metcalf, J.B. (1972). Soil stabilization principles and 

practice. Butterworths. 

12. Bell, F.G. (1996). Lime stabilization of clay minerals and soils. Journal of 

Engineering Geology, 42(4), 223-237. 



Effect of Lime Treatment on Swelling and Some Geotechnical Properties . . . . 185 

 
 
Journal of Engineering Science and Technology        February 2023, Vol. 18(1) 

 

13. Ramesh, H.N.; Manoj Krishna, K.V.; and Mamatha, H.V. (2010). Compaction 

and strength behavior of lime-coir fiber treated Black Cotton soil. Journal of 

Geomechanics & Engineering, 2(1), 19-28. 

14. Azadegan, O.; Li, J.; and Jafari, S.H. (2014). Estimation of shear strength 

parameters of lime-cement stabilized granular soils from unconfined 

compressive tests. Journal of Geomechanics & Engineering, 7(3), 247-261. 

15. Striprabu, S.; Taib, S.N.L.; Sa’don, N.M.; and Fauziah, A. (2018). Chemical 

stabilization of Sarawak clay soil with class F fly ash. Journal of Engineering 

Science and Technology (JESTEC), 13(10), 3029-3042. 

16. Cabalar, A.F.; Karabash, Z.; and Mustafa, W.S. (2014). Stabilising a clay using 

tyre buffings and lime. Journal of Road Materials and Pavement Design, 

15(4), 872-891. 

17. Calik, U.; and Sadoglu, E. (2014). Classification, shear strength, and durability 

of expansive clayey soil stabilized with lime and perlite. Journal of Natural 

Hazards, 71(3), 1289-1303. 

18. Phai, H.; and Eisazadeh, A. (2020). Geotechnical properties of rice husk ash-

lime-stabilised Bangkok clay. Journal of Engineering Science and Technology 

(JESTEC), 15(1), 198-215. 

19. Rastegarnia, A.; Alizadeh, S.M.S.; Esfahani, M.K.; Amini, O.; and Utyuzh, 

A.S. (2020). The effect of hydrated lime on the petrography and strength 

characteristics of Illite clay. Journal of Geomechanics and Engineering, 22(2), 

143-152. 

20. Khattab, S.A.A.; and Al-Taie, L.K.I. (2006). Soil-water characteristic curves 

(SWCC) for lime treated expansive soil from Mosul City. 4th International 

Conference on Unsaturated Soils (pp. 1671-1682), Carefree, Arizona, United States 

21. Khattab, S.A.; Al-Mukhtar, M.; and Fleureau, J.M. (2007). Long-term stability 

characteristics of a lime-treated plastic soil. Journal of Materials in Civil 

Engineering, 19(4), 358-366. 

22. Estabragh, A.R.; Pereshkafti, M.R.S.; Parsaei, B.; and Javadi, A.A. (2013). 

Stabilised expansive soil behaviour during wetting and drying. International 

Journal of Pavement Engineering, 14(4), 418-427. 

23. Hamza, O. (2014). Treatment of expansive subgrade soils using lime and fly ash. 

M.Sc. dissertation, Department of civil Engineering, University of Khartoum. 

24. Thompson, M.R. (1966). Lime reactivity of Illinois soils. Journal of the Soil 

Mechanics and Foundations Division, 92(5), 67-92. 

25. Sherwood, P. (1993). Soil stabilization with cement and lime. H.M. Stationery Office. 

26. Mitchell, J.K.; and Soga, K. (2005). Fundamentals of soil behavior (Vol. 3). 

New York: John Wiley & Sons. 

27. Little, D.N. (1995). Stabilization of pavement subgrades and base courses with 

lime. Kendall Hunt Pub Co, Dubuque, Iowa. 

28. Holt, C.C.; Freer Hewish, R.J.; and Hewish, R. (1998). the use of lime-treated 

British clays in pavement construction. part 1: the effect of mellowing on the 

modification process. Proceedings of the Institution of Civil Engineers-

Transport (Vol. 129, No. 4, pp. 228-239). Thomas Telford Ltd. 



186       I. M. Alkiki et al. 

 
 
Journal of Engineering Science and Technology        February 2023, Vol. 18(1) 

 

29. Afès, M.; and Didier, G. (2000). Stabilization of expansive soils: the case of 

clay in the area of Mila (Algeria). Bulletin of Engineering Geology and the 

Environment, 59(1), 0075-0083. 

30. Boardman, D.I.; Glendinning, S.; and Rogers, C.D.F. (2001). Development of 

stabilisation and solidification in lime–clay mixes. Journal of Geotechnique, 

51(6), 533-543. 

31. Diamond, S.; and Kinter, E.B. (1965). Mechanisms of soil-lime stabilization. 

Journal of Highway Research Record, 92, 83-102. 

32. Osinubi, K.J.; and Nwaiwu, C.M. (2006). Compaction delay effects on 

properties of lime-treated soil. Journal of Materials in Civil Engineering, 

18(2), 250-258. 

33. Basma, A.A.; and Tuncer, E.R. (1991). Effect of lime on volume change and 

compressibility of expansive clays. Transportation Research Record, (1295). 

34. Bell, F. (1993). Engineering treatment of soils. CRC Press. 

35. Eades, J.L.; and Grim, R.E. (1966). A quick test to determine lime 

requirements for lime stabilization. Highway Research Record, (139). 

36. ASTM, D. (2006). Standard test method for using pH to estimate the soil-lime 

proportion requirement for soil stabilization. ASTM D6276-19, ASTM, West 

Conshohocken, PA. 

37. ASTM, D. (2012). Standard test methods for laboratory compaction 

characteristics of soil using standard effort. ASTM D698, ASTM, West 

Conshohocken, PA. 

38. ASTM, D. (2009). Standard test method for unconfined compressive strength of 

compacted soil-lime mixtures. ASTM D5102, ASTM, West Conshohocken, PA. 

39. Aldaood, A.; Bouasker, M.; and Al-Mukhtar, M. (2014). Geotechnical properties 

of lime-treated gypseous soils. Journal of Applied Clay Science, 88, 39-48. 

40. ASTM, D. (2014). Standard test methods for one-dimensional swell or collapse 

of soils. D4546-14, ASTM, West Conshohocken, PA. 

41. Aldaood, A.; Bouasker, M.; and Al-Mukhtar, M. (2014). Soil–water 

characteristic curve of lime treated gypseous soil. Journal of Applied Clay 

Science, 102, 128-138. 

42. Aldaood, A.; Bouasker, M.; and Al-Mukhtar, M. (2014). Impact of wetting–

drying cycles on the microstructure and mechanical properties of lime-

stabilized gypseous soils. Journal of Engineering Geology, 174, 11-21. 

43. Basma, A.A.; and Tuncer, E.R. (1991). Effect of lime on volume change and 

compressibility of expansive clays. Transportation research record, (1295). 

44. Chu, T. (1973). Volume change characteristics of expansive soils determined 

by controlled suction tests. Proceeding of the 3rd Int. Conf. on Expansive Clay 

Soils, Haifa, Israel, 177-185. 

45. Tang, C.S.; Cui, Y.J.; Shi, B.; Tang, A.M.; and Liu, C. (2011). Desiccation and 

cracking behaviour of clay layer from slurry state under wetting–drying cycles. 

Journal of Geoderma, 166(1), 111-118. 

46. Yesiller, N.; Hanson, J.L.; and Usmen, M.A. (2001). Ultrasonic assessment of 

stabilized soils. In Soft Ground Technology, Noordwijkerhout, Netherlands, 

170-181. 


