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ABSTRACT 

Unsaturated soil can raise many geotechnical problems upon wetting and drying resulting in 

swelling upon wetting and collapsing (shrinkage) in drying and changing in the soil shear strength. 

The classical principles of saturated soil are often not suitable in explaining these phenomena. In 

this study, expansive  soil (bentonite and sand) were tested in different water contents and dry unit 

weight chosen from the compaction curve to examine the effect of water content change on soil 

properties (swelling pressure, expansion index, shear strength (soil cohesion) and soil suction by the 

filter paper method). The physical properties of these soils were studied by conducting series of tests 

in laboratory. Fitting methods were applied to obtain the whole curve of the SWRC measured by the 

filter paper method with the aid of the (Soil Vision) program. The study reveals that the initial soil 

conditions (water content and dry unit weight) affect the soil cohesion, soil suction and soil 

swelling, where all these parameters marginally decrease with the increase in soil water content 

especially on the wet side of optimum. 

 

Key words: expansive soil, swelling, filter paper, SWRC, swelling pressure.  
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لخلاصةا  

ًشثعح ًٚكٍ اٌ ذثٛش انعذٚذ يٍ انًشاكم ذحد ذاثٛش انرشطٛة ٔ انرجفٛف يسثثح الاَرفاخ ذحد ذاثٛش انرشطٛة ٔ انانرشتّ غٛش 

ٔذغٛٛش فٙ يقأيح انقض نهرشتّ. انًثادئ الاساٚح نهرشب انًشثعح ْٙ عادج غٛش يُاسثح فٙ ذفسٛش يثم  الاَكًاش ذحد ذاثٛش انرجفٛف

يٍ ْزِ انظٕاْش. فٙ ْزِ انذساسح, انرشتح الاَرفاخٛح يٍ )انثُرَٕاٚد ٔ انشيم( ذًد دساسرٓا فٙ يحرٕٖ يائٙ ٔ كثافح أنّٛ يخرهفح 

ٔيح انقض ارٕٖ انًائٙ عهٗ خظائض انرشتح )انضغظ الاَرفاخٙ, يعذل الاَرفاخ,يقيُحُٙ انشص انًخرثش٘ نذساسح ذاثٛش ذغٛش انًح

)ذًاسكٛح انرشتح( ٔ اجٓاد انًض نهرشتح تطشٚقح ٔسق انرششٛح(. انخظائض انفٛزٚائٛح نهرشتح ذًد دساسرٓا تالاسرعاَح تانعذٚذ يٍ 

ٙ ٔ اجٓاد انًض فٙ انرشتّ ئكايم نهعلاقح تٍٛ انًحرٕٖ انًاانفحٕص انًخرثشّٚ. ذى اسرخذاو انًعادلاخ انركًٛهٛح لاٚجاد انًُحُٙ ان

(. تُٛد انذساسح تاٌ ظشٔف انرشتح الاترذائٛح )انًحرٕٖ انًائٙ ٔ انكثافح الأنّٛ( ذؤثش عهٗ Soil Visionتالاسرعاَح تثشَايج )
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ثٛش تزٚادج انًحرٕٖ انًائٙ الاترذائٙ تشكم ك ذًاسكٛح انرشتح ٔ اَرفاخٛرٓا ٔ اجٓاد انًض فٛٓا حٛث اٌ ْزِ انخظائض انثلاثح ذقم

 خاطح عهٗ انجٓح انشطثح يٍ يُحُٙ انشص انًخرثش٘.

 ذشتح اَرفاخٛح, الاَرفاخ, ٔسق ذششٛح, انضغظ الاَرفاخٙالكلمات الرئيسيه : 

 

1.  INTRODUCTION 

The soil forming at shallow depths in the arid and semi-aired regions and the compacted soil used in 

highways, earth dams, embankments and airport runways are in unsaturated conditions. Whenever 

water interacted to such soils, volume changes could happen. Such a reaction between the soil and 

the water may cause collapse or swelling to soils depending on soil conditions. Usually these 

volume changes are small in magnitude. However, for particular types of soils (expansive soils), 

these volume changes are of considerable order. Such soils either suck in or lose a large amount of 

water during hydration or dehydration process. For shallow foundations, soil swelling and soil 

shrinkage may cause considerable problems, because the wetting may cause a reduction in the soil 

shear strength and an increase in the soil hydraulic conductivity and shrinkage may cause cracks in 

different parts of the structure, Abed, 2008. 

Many financial losses are reported all over the world due to the lack of the correct 

understanding of the behavior of expansive soil. To close the knowledge gap in this field, serious 

research on this topic started in the middle of 1960s. Several conferences have been held since then 

and produced the so called " the unsaturated soil mechanics" as an independent science with 

extended rules as compared to classical soil mechanics. Today studying the expansive soil cannot be 

separated from the unsaturated soil mechanics, Smith, 2003.In Iraq, expansive soils spread in large 

area in the north, middle and south of Iraq.   

 

2.  UNSATURATED SOILS 

Unsaturated soils may be defined as the soil which has four phases: soil, water, air and air-water 

interface or the "contractile skin". The contractile skin is considered as a fourth phase since it has 

definite bounding and different properties from the contiguous materials". The presence of small air 

in soil renders the soil to be unsaturated, Fredlund, and Rahardjo, 1993. The soil below the water 

table is fully saturated and the pore water pressure has a positive value. The ground water table is 

considered as the line at which the pore water pressure will be equal to zero (relative to 

atmospheric). Above the water table the soil will be in an unsaturated state where the pore water 

pressure has a negative value. 

 
2.1 Soil Suction 

Porous materials like soil have the ability to absorb and retain water. This property has an 

engineering definition which is "suction". Suction may be defined as the free energy of soil water. 

Suction in soil consists of two components matric (matrix) suction and osmotic suction, Fredlund, 

and Rahardjo, 1993. In unsaturated soil mechanics, the matric suction is notably defined as the 

difference between the pore air and pore water pressure (ua-uw).  The summation of these 

components gives the total suction. Matric suction generates from capillarity, texture, and surface 

adsorption forces, while the osmotic suction comes from the effect of the dissolved salts in the soil 

water. According to, ,Fredlund, 1969, the osmotic suction is always neglected. This relation can be 

formed in an equation as follows: 
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ht = hm + hπ                                                                                                                               (1) 

 

where ht = total suction (kPa),  

    hm = matric suction (kPa),  

             hπ = osmotic suction (kPa). 

The magnitude of soil suction ranges from a lower limit equals to zero when the pore water pressure 

equals to zero and theoretically no dissolved salts in soil water and an upper limit which equals to 

1,000,000 kPa. This case occurs when there is zero water content (dry soil). 

 
2.2 The Soil Water Characteristic Curve (SWCC) 

The soil water characteristic curve may be defined as the graphical representation of the 

mathematical relation between the volumetric water content (the ratio of volume of water to the total 

volume of soil), gravimetric water (the ratio of the mass of water to the mass of solids) or the degree 

of saturation (S) and the matric suction, Fredlund, et al., 2001. In case of increasing the suction 

(drying) for initially saturated, slurry or compacted, soils the resulted curve is called the (SWCC), 

while in case of initial unsaturated state soils, the curve will identify as the soil water retention curve 

(SWRC) which has the same definition, ,Al-Badran, 2011.  The SWCC may be measured by 

different methods: a) experimental methods (i. e. the Fredlund and Xing and the van Genuchten 

equations used in this paper), b) estimated from the pore size distribution (PSD), c) experimental 

methods (i. e. the filter paper method used in this paper). 

 

2.3 The Filter Paper Method 

The initial water content of the compacted soil appears to have direct relationship to the soil matric 

suction, while the osmotic suction does not seem to be sensitive towards the changes in the soil 

water content. It is one of the indirect methods for measuring matric and osmotic suction, the filter 

paper will absorb the moisture from the soil until reaching the equilibrium state (by either liquid or 

vapor moisture exchange) where the water content will be equal in the filter paper and the soil, 

Bulut, et al., 2001. 

The liquid exchange will happen when the filter paper is in contact with the soil and in this 

case the matric suction will be measured, while the vapor exchange will happen when the filter 

paper is not in contact with the soil from which the total suction will be measured. This method 

however will need a calibration for suction versus water content relation in filter paper. The main 

advantages of this method are the low cost as compared to the other methods and the capability to 

measure wide range of suction (full range of suction in case of contact filter paper). The accuracy of 

the filter paper technique depends on the accuracy of the suction versus water content calibration 

curve. The filter paper used should be the ash free filter paper like the most commonly used ones 

Whatman No.42 and Schleicher and Schuell No.589 WH. 

 

2.4 Expansive Unsaturated Soil 

Expansive soil is that kind of problematic soil which shows a significant amount of volume changes 

upon wetting and drying. The amount of swell generally increases with the increase in soil's 

plasticity index, Ameta, et al., 2008.  

Expansive soil problems to foundations are heaving, cracking and break up to light structures 

like pavements. The effect of heave is to reduce the soil shear strength and thus reducing the 
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stability of the structure and causing total and differential settlement, Sridharan, et al., 1987. It is 

true to consider the expansive soil as soft soil under wet condition. Swelling soil can virtually 

control the behavior of any soil type if the amount of clay is more than 5% by weight, Rogers, et 

al., 1993. The clay minerals containing montmorillonite show significant swelling upon wetting as 

compared to the clay soil containing other clay minerals like kaolinite or illite which shows 

significant decrease in volume upon drying but limited increase in volume caused by wetting, Chen, 

1975. 

 

2.5 Mechanism of Swell 

Mitchell, 1993. showed that soil swelling happens due to several factors: 

1-Capillary Imbibition: The surface tension caused by air in the unsaturated soil and the soil 

suction caused water adsorption to the soil system. 

2-Osmotic Imbibition: The double layer acts as semi permeable membrane with difference in 

the ion's concentration inside and outside of it causing the flow of water and increase in the 

soil volume.  

3- Hydration of Exchangeable Cations: as described previously the cations attracted to the 

negatively charged soil surface causing an increase in the volume of the double layer. Then 

these cations will be hydrated causing an increase in the ion's volume and as a result an 

increase in the soil volume. 

4-Van Der Waals forces: these forces are secondary in-directional forces and less strong than 

the hydrogen bonding and they connect the montmorillonite sheets, when adsorption of water 

happens a repulsion between these forces will happen leading to an increase in the volume of 

soil. 

The objective of the present work is to model the behavior of the expansive soil in the framework of 

unsaturated soil mechanics. This work was used to predict the volume changes associated with the 

changes in soil suction. 

 

3. EXPERIMENTAL WORKS AND MATERIAL USED 

In this study, the aim was to study the effect of initial water content on the properties of compacted 

expansive soil. Different mixtures of bentonite (brought from Al-Falouja city west of Baghdad ) 

with sand (from Ali Al-Gharbi city south of Baghdad)  were tested till getting the mixture of 80% of 

bentonite to 20% of sand (B-S) by dry weight depending on the required plasticity indices. The 

physical and chemical properties of these soils are presented in Table 1. and Table 2. respectively. 

Fig. 1 shows the grain size analysis of the soils by the wet sieving method according to ASTM D 

1140-00 for bentonite and the (B-S) soil and the dry sieving according to ASTM D 422-02 was used 

to the sand soil.  Fig. 2 shows the compaction curve of the soils. 

Four points were chosen from the compaction curve, Fig. 2 (two from the dry side, the 

optimum moisture content and one from the wet side). Table 3, shows the water content and the dry 

unit weight used to prepare the samples. The oven dried soil was left to cool down at room 

temperature and then mixed with the required water to get the targeted water content. The samples 

were left to cure in two plastic bags for one day as followed by ,Agus, et al., 2010, and then 

prepared by the moist tamping system recommended by ,Chao, 2007.  
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3.1 Measurements of Soil Suction 

The test was done according to ,ASTM D, 5298-03. The soil samples were remolded in two 

odometer rings 75 mm in diameter and 19 mm in height, three filter papers (Whatman 42) were 

sandwiched between these two soil samples and two filter paper were separated from the soil sample 

by a PVC ring of 2.5 cm in thickness as followed by ,Fattah, et al., 2013. a and b. This group of 

soil samples and filter papers were placed in glass cylinder where the samples filled about two third 

of the cylinder space as recommended by ,Bulut, et al., 2001. to reduce the equilibrium time. The 

samples were left to get the equilibrium condition for about ten days ,Sridharan et al., 1987. Then 

the wet filter papers were weighed to the nearest 0.0001gm quickly as possible, the filter papers 

were placed in a jarred tins and inserted in the oven of 105 
0
C for six hours and weighed again as 

recommended by ,Chao, 2007. 

 

3.2 Unconfined Compression Test 

The unconfined compression test was done according to the ,ASTM D, 2166-00. The soil samples 

were remolded in the unconfined compression tube 3.8 cm in diameter and 15 cm in length, the 

extracted samples were cut to produce a soil sample of only 7.6 cm length which will be tested in 

the triaxial machine at a rate of 1.5 mm/minute. This test is basically used to quickly find the 

unconfined compression strength (qu) of the soil by which the shear strength of the soils can be 

computed as: 

 

c = qu/2                                                                                                                                      (2) 

 

where c is the soil cohesion. 

 
3.3 The Swelling Test  

The test was done according to ,ASTM D, 4829-03. In these tests, the oven dried soil passing 2mm 

sieve was mixed with the required amount of water and were remolded at the oedometer ring (75 

mm in diameter and 19 mm in height) but the sample was prepared by a height equal to 14 mm to 

insure that the specimen will be laterally confined ,Al-Omari, et al., 2010. A load of about 7 kPa 

was applied as seating pressure, left for ten minutes then an initial reading was recorded. The soil 

sample was submerged with distilled water for 24 hours then the final reading was recorded. To 

measure the swelling pressure, weights will be added in increments to the soil sample to get the dial 

gage reading zero again. 

 

4. RESULTS OF TESTS 

4.1 Results of Unconfined Compression Test

Fig. 3 shows the relation between the unconfined compressive strength and the initial water content 

of the B-S soil. The figure shows that the unconfined compressive strength (qu) decreased with the 

increase in the soil water content from 479 kPa to 320 kPa when the water content increased from 

23% to 30.5%. Suction contributes to increase the soil strength which is reflected as the shear 

strength contribution due to suction (i.e., Ø
b
), the cohesion in unsaturated soil is combined of two 

components; the effective cohesion and the cohesion due to suction, Eq. (3), Fredlund, and 

Rahardjo, 1993. 
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          a –uw) tan Ø
b                                                                                                                                                                   

(3) 

 

However, the (Ø
b
) decreases with the increase in soil suction but in the case of undrained loading 

condition, the increase in the soil shear strength due to applying pressure is greater than the decrease 

in shear strength due to decreasing the matric suction, where the specimens tested with lower water 

contents have lower shear strength in drained loading conditions, these specimens show higher 

strength in the undrained condition, Vanapalli, et al., 1999. The initial matric suction of specimen 

compacted at dry of optimum and optimum water content is higher compared to specimen 

compacted wet of optimum. Due to this reason, specimen at dry side of optimum and at optimum 

show more resistance to deformation than specimen wet of optimum, where the soil strength and 

stiffness increases with the increase in soil suction  as stated by ,Nishimura, and Vanapalli, 2004. 

 

 4.2 Results of Swelling Tests 

Fig. 4 shows the relation between the swelling pressure and the initial water content, while Fig. 5 

shows the relation between the expansion index and the initial water content of soil suction. The 

figures show that the swelling pressure and the expansion index decrease with the increase in the 

soil initial water content and that could be attributed to the soil structure which is more dispersed at 

higher water contents and the natural desire of the soil to imbibe water to satisfy the double layer.  

This desire decreases with increasing water content, Sudjianto, et al., 2009. The results show that 

compacting the expansive soil on the wet side of optimum is capable of removing major component 

of swelling pressure from 275 to 162.5 kPa when the moisture changes by 7.5 %. According to 

,Ameta, et al., 2008. the swelling pressure increases with the increase in the dry unit weight and 

decreases with the increase in the initial molding water content, however the effect of the initial 

molding water content is more effective than the dry unit weight in reducing or increasing the 

swelling pressure especially on the dry side of optimum.  

,Zumrawi, 2013, showed that there is an inverse linear relationship of the swelling percent and the 

swelling pressure with the initial water content with constant dry unit weight, while a linear 

relationship may be obtained between the swelling percent and swelling pressure with the initial dry 

unit weight if the initial water content is constant. The same conclusion was obtained in this work 

but the relation is not linear since both the initial water content and the initial dry unit weight were 

not constant. 

 

4.3 Results of the Filter Paper Test 

Fig. 6 shows the relation between the initial soil water content with the total and matric suction, 

while Fig. 7 shows the relation between the filter paper water content and the total and matric 

suction. The figures show a linear relationship between the suction (total and matric) with filter 

paper water content for both soils showing a linear increase in suction with the decrease in the filter 

paper water content. The results also show that the suction (total and matric) decreases with the 

increase in the soil water content but this relation does not have a linear trend. The rate of increasing 

the water content is not equal to the rate of decreasing the soil suction. The inverse relationship 

between the water content or the soil degree of saturation with suction could be explained by the 

fundamental meniscus theory as follows, when the water content increases, the radius (Rs) of the 

meniscus will also increase. When (Rs) increases, the pressure difference between the pore air 
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pressures and the pore water pressure (matric suction) will decrease as illustrated in Eq. (4), 

,Ravichandran, and Krishnapillai, 2011.  

 

      ua- uw= 2Ts/Rs                                                                                                                                                                                               (4) 

 

where: Ts is the surface tension. 

 

Fig. 8 shows the SWRC as measured by the Fredlund and Xing equation with the aid of Soil Vision 

program after inserting the required soil properties (specific gravity, dry unit weight, grin size 

analysis and at least three points of water content with corresponding suction measured by the filter 

paper method). Fig. 9 shows the SWRC estimated by van Genuchten equation.  

 

4.4 Relations between the Soil Suction and the Unconfined Compressive Strength 

Fig. 10 shows the relation between the soil suction with the unconfined compressive strength of the 

soil where a nonlinear increase in the unconfined compressive strength with the both suction 

components due to the effect of suction to increase the soil resistance to deformation and increasing 

the soil strength. 

By increasing the soil suction the soil wetness decreased and the contact between the soil particles 

decreased causing reducing in the soil cohesion. 
 

5. CONCLUSIONS  

Based on the experimental results of the experimental work, the following conclusions may be 

obtained: 

1- The soil unconfined compressive strength increased with the increase in soil suction and with 

decrease the soil water content, where the soil cohesion decreased from 248.5 to 134 kPa 

when the initial water content increased by 7.5% due to the effect of matric suction which 

leads to increase the soil cohesion component of soil shear strength. 

2- The swelling potential of the soil increased with increase of soil suction and with the decrease 

in the soil initial water content and this increase is greater for samples prepared at the dry of 

optimum water contents. The swelling pressure decreased from 287.5 to 162.5 kPa and the 

expansion index decreased from 276 to 160.8 when the moisture changes by 7.5%. The 

natural desire of the soil to imbibe water to satisfy the double layer decreases with increasing 

water content. 

3- Both total and matric suction decreased with the increase in the initial soil water content and a 

linear relationship was obtained between the two suction components and the filter paper 

water content. 
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Table 1. The physical properties of soils prepared. 

Physical Properties B-S  Specification 

Specific gravity (Gs) 2.83 ASTM D 854 

Liquid Limit (L.L) 104 ASTM D 4318 

Plastic Limit (P.L) 41 ASTM D 4318 

Plasticity Index (P.I) 63 ASTM D 4318 

% clay 55 

ASTM D 1140, 

D 422-02 % silt 23 

% sand 22 

Activity (A) % 1.15 Budhu, 2011 

Optimum Moisture Content % (O.M.C) 28 ASTM D 698-12 

Maximum Dry Unit Weight (ɣdry)max (kN/m
3
) 

14.976 ASTM D 698-12 

Minimum Dry Unit Weight (kN/m
3
)

 
 

--- 
ASTM D 4254 

Cc, Cu for Sand 
--- ASTM D 4254 

e (void ratio) 
0.89 

---- 

Soil Symbols according to USCS CH ASTM D 2487 
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Table 2. Chemical 

properties of soils used. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.  Water content and dry unit weight of soil sample. 
 

Soil Type Water Content ɣdry (kN/m
3
) 

B-S mixture 23% 14.66 

B-S mixture 
25.5% 14.90 

B-S mixture 
28% 14.976 

B-S mixture 
30.5% 14.90 

 

Chemical Properties Bentonite Sand 

SO3 
2.27 0.05 

Organic 
0.59 Nil 

Gypsum 
4.7 0.1075 

TSS 
6.1 0.15 

SiO2 
51.92 55.55 

CaO 
1.96 11.25 

Na2O 
0.13 1.73 

MgO 
0.27 3.9 

Cl 
0.17 0.06 

pH 
9.14 8.65 
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Figure 1. The grain size analysis of soil used. 
 

 
 

Figure 2. compaction curve of soil used. 

 

 
 

Figure 3. Unconfined compression test results of B-S mixture. 
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Figure 4. Initial water content versus swelling pressure of B-S mixture. 
 

 
 

Figure 5. Initial water content versus expansion index.  
 

 
 

Figure 6. The relation of suction (total and matric) with the filter paper water content. 
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Figure 7. The relation of suction (total and matric) with the soil water content. 
 

 
 

Figure 8. The SWRC estimated by Fredlund and Xing equation. 
 

 
Figure 9. The SWRC estimated by Van-Genuchten equation. 
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Figure 10. The relation between soil suction (matric and total) and the unconfined compressive 

strength. 
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