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Abstract  

 

In Ethiopia, many researches were done on characterizing 

expansive soils but only a very limited number of studies were 

conducted on Addis Ababa expansive soil, exists on the unsaturated 

shear strength behavior. The present study addresses examining 

expansive soils in Arba Minch – a town in the Rift Valley with great 

portion of its terrain covered by the same soil but not considered 

previously. Laboratory-testing program was planned and performed 

on undisturbed soil samples taken from 10 locations for swelling 

pressure testing; and among these, one pit was allotted for 

unsaturated shear strength study. The laboratory test results 

revealed swelling pressure ranges from 74.53 to 571.29 kPa, 

Plasticity Index from 49 to 77%, Shrinkage Index from 81 to 117% 

and Free Swell from 94.0 to 165.0%. The results from unsaturated 

shear strength tests performed with a 50kN modified double wall 

triaxial machine on an undisturbed sample setting matric suction 

100 kPa, 150 kPa and 200kPa for an effective consolidation 

pressure of 200kPa have clearly indicated the saturated case to yield 

smaller shear strength than the unsaturated one. The maximum 

deviator stress showed to increase from 107.61kPa to 174.35kPa 

with an increase in matric suction but the shape of the stress-strain 

diagram remained identical. 

Keyword: Unsaturated Shear Strength, Expansive Soil, Laboratory 

Testing, Swelling Behavior 

1. Introduction 

1.1. The Present Problems of Expansive Soils 

The worldwide spread problematic expansive soils have got a 

great deal of attention due to its alarming amount of damage in the 

locality of its occurrence. Scholars have tried to tackle the problem 

focusing on examining the nature and mechanism of swell-shrink 

behavior and developing empirical equations to predict the swelling 

pressure from the basic soil index properties. However, several 

considerations within the past two decades or so have shown an 

increasing interest of geotechnical investigators in the unsaturated 

state of these soils upon the development of advanced testing 

equipment and techniques, which permit the control of pore- air 

pressure in the test sample. 

Expansive soils are clay soils with high plasticity (i.e. high liquid 

limit) known for their peculiar nature of expanding or shrinkage 

when exposed to moisture changes. During dry seasons, they shrink 

forming cracks and swell during wet periods causing most damage 

to structures particularly light buildings such as houses, apartments, 

warehouses, small industrial buildings, and pavements in several 

areas of the world. Aytekin [5] explained that, in the United States 

alone, expansive clay has been estimated to produce annual 

damages of $1.7 billion on streets and highways and more than $9.0 

billion on all structures on expansive soils. The damage turns to be 

more than double the cost associated with repair to damage from 

floods, hurricanes, tornadoes, and earthquakes [3, 11]. As well, in 

Sudan, expansive soils have caused an estimated annual damage of 

$6.0 million to irrigation systems, water lines, sewer lines, buildings, 

roads, and other structures [5]. 

The problems with expansive soils are still manifested globally. 

Ethiopia is among the countries that have reported internationally 

their problems at research conferences [1, 2, 11, 16, 33, 34]. The 

damages will be much greater in coming years if expansive soils are 

not recognized before builders start to build structures in/on 

expansive soils [5]. Sisay [30], under his study on damage 

assessment of buildings constructed on expansive soils of Addis 

Ababa, has found 64% of the randomly surveyed buildings to be 

adversely affected. Similarly, Sime [31] indicated that most of the 

roads constructed failed before their expected design life, in some 

cases after few months of completion and Teklu [35] on his study 

on swelling pressure of Addis Ababa expansive soil also 

enlightened a lot of damages being occurring to civil engineering 

construction due to expansive soils, even if no organized economic 

survey has been made in the country. 
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Resource Oriented Sanitation concepts for peri-urban areas in 

Africa – ROSA (2009) in their sanitation project in Arba Minch 

town indicated a significant portion of the town to comprise loose 

black cotton soil, which is an expansive clay with high potential for 

shrinking or swelling as a result of changing moisture content, in 

which pit collapse is a major problem. Additional researches Tests 

performed in Addis Ababa, Mekelle, Bahir Dar, Gambela and 

Hawassa confirm that much has been done on characterizing the 

behavior of the expansive soil and its distribution in Ethiopia [22, 

37, 41]. Moreover, the outcomes of these investigations forwarded 

various forms of empirical equations which relate swelling behavior 

to certain physical properties of the soil which are well understood 

by practicing engineers.  

The degree of expansiveness depends on whether the soil mass 

contains active clay minerals or not. The three most important 

groups of clay minerals are Montmorillonite, Illite, and Kaolinite, 

which are crystalline hydrous aluminosilicate. Of these groups, 

Montmorillonite is the clay mineral that is mostly present in 

expansive soil and responsible for its expansive nature. When these 

minerals are exposed to moisture, water is absorbed between the 

inter-layering lattice structures and exerts an upward pressure, 

which is the cause for most damages associated with expansive soil. 

The damages can occur within a few months following construction, 

may develop slowly over a period of about 5 years, or may not 

appear for many years until some activity occurs to disturb the soil 

moisture [11]. 

1.2. Motivation and Objective of the Study 

As mentioned above, in Ethiopia, most research works on 

expansive soils were concentrated around Addis Ababa whilst very 

little have been made on regional towns. The focus of the researches 

was somewhat inclined on its characterization, blending it with 

chemicals to mitigate its poor quality, the damages it resulted and 

its distribution in Ethiopia but Tilahun [37] in continuation to the 

work of Zewdie [41] studied its shear strength characteristic based 

on Unconsolidated Undrained triaxial tests (UU) performed on 

saturated and unsaturated samples apprizing that suction can have 

major influence on the shear strength. Recently, Gebre [17] has 

carried out the unsaturated shear strength characteristic and stress-

strain behavior of expansive soils still from Addis Ababa. However, 

depending upon the type of material, climate and topography, the 

engineering properties of expansive soils varies from place to place 

[11]; thus requiring the behavior of the same soil to be investigated 

in the other localities of the country. In this study investigation is 

done on the swell potential, swelling pressure and the unsaturated 

shear strength characteristic of expansive soils of Arba Minch – one 

of the towns where no such investigation has been conducted so far, 

even though expansive soil of residual deposit type covers most of 

its terrain.  

1.3. Description of the Study Area 

Arba Minch, with a population of 75,000 and annual population 

growth rate of 4.5% is one of the fast growing towns in Ethiopia. It 

was founded in 1960s and received its name from the abundant local 

springs which produce a groundwater forest. The town is located in 

Gamo Gofa zone, the Southern Nations, Nationalities and Peoples 

Region. To put this in a geographical positioning way, Arba Minch 

is located at the floor of the southern part of the East African Rift 

Valley between 6030’N to 6008’N latitude and 37 33’E to 37 37’E 

longitude at an elevation of 1285m above sea level [6,12]. 

Arba Minch town consists of the uptown administrative center of 

Shecha and 4km away the downtown commercial and residential 

areas of Sikela, which are connected by a paved road. Recently, it 

is divided into four sub-cities which are restructured into eleven 

administrative kebeles. The area administered by the municipality 

extends up to 20.8km2 and the expansion is fast particularly after 

1980’s due to the establishment of different institutions and rapid 

flow of rural migrants. The climate of Arba Minch area is 

categorized as semi-arid. The mean annual rainfall, temperature, 

humidity, sunshine hours are about 750mm, 25 C, 57%, 7.5 hours, 

respectively [6]. 

Geologically, the area belongs to the category of the Rift Valley 

system. The geological units in the Rift Valley region are mainly the 

result of volcanic activity during the Tertiary period. The whole Rift 

Valley is underlain by ancient basement rocks, which are defined as 

genesis grading in metamorphic granites, ignimbrites (consolidated 

hot-ash flows) and granodiorites. A more recent layer of volcanic 

rocks and ignimbrites has been added over the basement [15]. Förch 

[15] again referred basaltic flow and related spatter cones to be the 

major geologic units from which the well-known ’forty springs’ 

flow. ROSA (2009) in their sanitation project of the town indicated 

a significant portion of the town to comprise loose black cotton soil 

in which pit collapse is a major problem. They highlighted the other 

part by saying to have rocky ground where digging is very difficult. 

1.4. Scope of the Investigation 

In order to address the aforementioned purposes, ten test pits 

were dug in the town at different locations where expansive soils 

prevail as part of this work. The sites for the test pits were selected 

systematically and are depicted in Figure 1. Undisturbed and 

disturbed samples were extracted from each test pit for Swelling 

pressure, Shear strength, and Index property tests. Among the rest, 

one pit was chosen for further unsaturated shear strength 

characteristic investigation where only undisturbed samples being 

used for both the conventional and the modified triaxial testing. 

The depth of the pits varied from 1.0m to 2.5m (as it is frequent 

on the study area to place the foundation around these depths unless 

a basement construction forces further). The results from this 

research can be used in identifying and estimating the behavior of 

the expansive soil of the area so that possible measures can be taken 

to reduce the problems arising to the structures during and after 

construction. It can also serve as a resource for further investigation 

on expansive clay soil, especially the unsaturated state, in the other 

locality of the country. 

2. Expansive soils behavior, Laboratory Test 

Result and Discussion 

2.1. Identification and Classification of Expansive 
Soils 
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A major concern in geotechnical engineering is identification 

of expansive soils, either in the field (by their color, shrinkage 

crack, shiny surface etc. as stated in Murthy, [25,35]) or 

laboratory [such as mineralogical (X-ray diffraction, Differential 

thermal analysis, Dye absorption, Electron microscope, Base 

Exchange capacity, etc)], direct (actual physical measurement 

of swelling) and indirect (involving the use of indirect 

information from soil index and physical properties) 

identification techniques ( as stated in Chen, [11], and Tilahun, 

[37]) , and estimation of their swelling magnitudes when subjected 

to changes in environment so that problems posed by them can be 

counteracted [3]. Geotechnical engineers generally prefer the 

Unified Soil Classification System – USCS while the American 

Association of State Highway and Transportation Officials – 

AASHTO classification is common in state and country highway 

departments [13].  

 

 

Figure 1. Location of test pits. 

Accordingly, with USCS, the soils from AMU-HSC and that 

around Wubete Hotel touch the A-line with the rest falling near 

below it, based on laboratory tests. Similarly, AASHTO classifies 

the soil under interest as plastic clay having high volume change 

capacity between wet and dry states. 

According to Single Index Method of classification of Seed, 

Woodward and Lundgreen [11], Plasticity Index of the soil of the 

study area reveals that the soil falls in the range of very high swelling 

potential.

 

 

(a) 

 

(b) 

Figure 2. Plasticity chart of the study area according to (a) USCS and (b) AASHTO  

Moreover, Altmayer’s [11] measure of potential expansiveness 

based on Shrinkage Limit indicates the soils at the Edgetber kebele 

exhibit critical degree of expansion, those around Wubete Hotel, 

Woreda Firdbet, Shecha Highschool and Chamo kebele on a 

marginal state and the rest being non critical. 

2.2. Mechanics of Swelling 

Chen [11] deeply explained that effect of water on expansive soil is 
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the major concern to practicing engineers as the complex pattern and 

magnitude of expansion cannot be predicted by the classical elastic 

or plastic theory. In general, the swell-shrink potential is affected 

by the soil characteristics that influence the basic nature of the 

internal force field, the environmental factors that influence the 

changes that may occur on the internal force system, and the state 

of stress.    

The swelling pressure test was done according to Method A (Swell 

- Consolidation test) of ASTM D 4546 -96 with the seating pressure 

of 7 k Pa and AST M D422 -63 was followed to carry out wet sieve 

and hydrometer analysis on disturbed sample. BS -1377 -2: 1990 is 

followed for Atterberg limits testing and ASTM D 854 -83 for 

Specific Gravity test. The results are shown in Table 1.    

2.3. Unsaturated Soil Mechanics 

In tropical and arid regions, even in temperate climatic zones 

soils exist above the ground water table and remain partially 

saturated/ unsaturated. Tropical and arid regions of the world 

comprise more than one-third of the earth's surface. Soils in these 

regions are dry and desiccated near the ground surface. These 

conditions may exist to a considerable depth below the ground 

surface. Expansive soils are residual soils generally located in these 

regions and are usually in an unsaturated state [19]. Several 

International conferences on Expansive soils held to eliminate 

the excessive financial losses due to their problem have been 

the subject, if not the driving force, of unsaturated soil research 

since the early stages in the formulation of unsaturated soil 

mechanics principles [1, 32, 24]. The compacted soils used in 

several engineering constructions, such as earth dams, highways, 

embankments, and airport runways, are unsaturated soils. 

2.3.1. Concept of Soil Suction 

 
Soil suction, more often used in expansive soil studies, is a 

parameter describing the state of the soil and indicates the intensity 

with which it will attract water [11]. It is commonly referred to as 

the free energy state of soil water. The free energy of the 

soil water can be measured in terms of the partial vapor 

pressure of the soil water. The theoretical concept of suction 

was developed in early 1900’s and this concept was first applied to 

unsaturated soils by United States Road Research Laboratory, now 

known as United States Transport Research Laboratory [10]. 

Table 1. Laboratory test result for grain size distribution, Index properties and Swelling Pressure of the study area. 

Location 
Depth 
(m) 

Grain size distribution results of 

the study area (According to BS) 

Atterberg Limits, Free swell and Specific 

Gravity results  

Swelling Pressure Test results 

of the study area 
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AMU –
HSC* 

2.5 2.3 2.9 40.13 54.67 120 46 74 12 108 137.0 2.72 29.03 1.23 265.17 

Yetnebersh 2.0 2.0 2.4 31.99 63.63 107 49 58 12 96 137.5 2.69 33.65 1.31 571.29 
Muluwenge
l 

2.0 2.7 2.6 46.26 48.44 95 45 49 12 83 94.0 2.70 32.50 1.28 246.60 

Edgetber 
Kebele 

2.0 0.7 3.49 39.13 56.77 108 46 62 9 99 127.5 2.74 31.76 1.30 494.77 

Doysa 
Kebele 

2.0 0.4 0.9 30.22 68.48 129 52 77 12 117 165.0 2.63 26.82 1.29 464.90 

Wubete 
Hotel 

1.5 3.9 8.7 25.46 61.94 98 41 56 17 81 107.5 2.70 32.69 1.23 250.15 

Mesgid 1.0 4.7 6.8 39.44 49.06 104 51 53 11 93 95 2.66 39.19 1.18 74.53 
Woreda 
Firdbet 

1.5 2.0 5.1 34.69 58.21 108 47 61 12 96 105 2.74 35.77 1.26 481.77 

Shecha 
highschool 

1.5 0.9 4.0 33.65 61.45 102 48 55 13 89 147.5 2.80 40.78 1.22 458.28 

Chamo 
Kebele 

1.5 3.5 7.7 29.54 59.26 102 52 50 12 91 110 2.73 39.15 1.20 224.37 

*Sample was allowed to air-dry prior to testing for it has revealed no swelling. 

The soil suction as quantified in terms of relative humidity is 

commonly called “total suction (ht)”; which is the total free 

energy of the soil water determined as the ratio of the partial 

pressure of the water vapor in equilibrium with a solution identical 

in composition to the soil water, to the partial pressure of the water 

vapor in equilibrium with a pool of free pure water. It has two 

components (i.e., matric suction (hm) and osmotic suction ( )). 

ht  hm   

Matric suction (hm) is the component of free energy of the soil 

water, which is determined as the ratio of partial pressure of the 

water vapor in equilibrium with the soil water, relative to partial 

pressure of the water vapor in equilibrium with a solution 

identical in composition with a pool of soil water [16, 2]. It is 
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usually defined as the difference between pore-air pressure (ua) 

and pore-water pressure (uw) in the soil. 

Osmotic suction ( ) is a reduction in relative humidity in a pore, 

due to the presence of dissolved salts in pore water. For most 

practical geotechnical engineering applications, chemistry of pore 

fluids in the soil is not changed and soil–water content varies 

within a range in which concentrations of pore fluids are not 

altered significantly, and so osmotic suction appears not to be 

sensitive to changes in soil–water content [11, 28]. Therefore, 

for most geotechnical problems involving unsaturated soils, matric 

suction changes can be substituted for total suction changes, and 

vice versa. However, in the case where the salt content of the soil 

is altered by chemical contamination, it is necessary to consider 

osmotic suction as part of the stress state [16]. 

2.3.2. Stress State Variables for Unsaturated Soil 

 
Many geotechnical problems involving saturated soils have been 

successfully addressed in the conventional soil mechanics with 

the help of effective stress concept as all mechanical aspects 

(i.e., the volume change, seepage and shear strength behavior) of a 

saturated soil are governed by the effective stress. For such a soil, 

one stress state variable is enough to describe the behavior of two 

phases (solid and fluid/or gas) of the soil mass. The stress state 

= uw
uw is the pore-water pressure [36]. 

Unsaturated soil is normally considered as a three-phase 

system, i.e., solid, gas (air), and fluid (water). In 1977, Fredlund 

and Morgenstern added the contractile skin as a fourth phase and 

these four phases were used by these two authors in the stress 

analysis of unsaturated soil on the basis of continuum mechanics. 

Several authors tried to define a single stress state variable for 

unsaturated soil but soil properties were involved in the proposed 

equations. State variables used to describe the state of the stress 

have to be independent of soil properties [16, 28]. Bishop in 1959 

proposed the following single effective stress equation for 

unsaturated soil: 

(2.2) 

stress parameter) is a parameter that depends on the degree of 

saturation and usually assumes a value of unity for saturated soil 

and zero for a dry soil, but in rare instances, may exceed one [7]. 

In 1961, Bishop and Donald in Fredlund and Rahardjo [16] 

performed a set of triaxial shear tests on unsaturated silt where the 

total stress (i.e., cell pressure), pore-air pressure, and pore-water 

pressure were varied 3 ua) and (ua 

uw) constant. The result of these tests lent credibility to the use 

3 ua) and (ua uw) as valid stress state variables for this 

type of test. Fredlund and Rahardjo [16] stated that the stress state 

variables have to be created from the individual force components 

acting on the solid, water and air phases, and the air-water 

contractile skin. ua) 

and the matric suction (ua uw). Thus, following the multiphase 

continuum mechanics methodology, each of these independent 

stress variables in three – dimensional space can be represented 

by two independent stress tensors as follows

 &  

 

2.3.3. Shear Strength of Unsaturated Soil 

 
The shear strength of a soil can be related to the stress state in 

the soil. There is a general agreement on the use of the net stress 

ua) and the matric suction (ua uw) as a stress state 

variables for unsaturated soils [16], with the matric suction 

providing additional shear strength component which normally is 

referred to as apparent cohesion. 

Fredlund and Rahardjo [16] proposed the following equation to 

explain the shear strength of unsaturated soils as an extension of 

the shear strength equation of Terzaghi, 1943 for saturated soil: 

  (2.3) 

Where  =shear stress on the failure plane at failure 

=intercept of the “extended “Mohr –Coulomb failure envelope 

on the shear stress axis where the net normal stress and the matric 
suction at failure are equal to zero 

 =net normal stress state on the failure plane at 

failure 

=pore –air pressure on the failure plane at failure 

 =angle of internal friction associated with the net normal 

stress state variable,  

=matric suction on the failure plane at failure 

 =angle indicating the rate of increase in shear strength 

relative to the matric suction 

The above equation reverts to the equation for a saturated soil 

when the matric suction vanishes as the soil approaches saturation 

[24].  

2.3.3.1. Laboratory Measurement of Shear 
Parameters for Unsaturated Soil 

 

In unsaturated soil testing, conventional triaxial and direct shear 

test equipment require adjustment prior to use as it is essential 

)()(' waa uuu

azzyzx

yzayyx

xzxyax

u

u

u

wa

wa

wa

uu

uu

uu

00

00

00

ff

'c

faf u )(

afu

'

faf u )(

fwa uu )(

b



56

Journal of Geotechnical and Transportation Engineering - 2016 vol. 2 (2)

to control the pore-air pressure within the sample independently 

of the pore-water pressure. This can be achieved by using ceramic 

discs which in the case of full saturation enable water to pass but 

prevent air from passing through it. This value of air pressure at 

which the air can pass through the ceramic disc is called the air 

entry value of the disc (AEV). At this point, air enters the water 

compartment, which no longer maintains continuity between the 

pore-water and the water in the measuring system. The measuring 

system then becomes filled with air bubbles. Ceramic discs are 

available with deferent diameters, thicknesses, and air-entry values 

[16]. 

The other issue of concern is how to apply high values of matric 

suction (i.e. how to apply high negative pore-water pressure within 

the soil specimen). This can also be overcome by using the axis 

translation technique with modification applied to the conventional 

soil testing equipment. The term axis translation, which is based 

on the work by Hilf’s [20], refers to the practice of elevating 

pore air pressure in unsaturated soil while maintaining the pore 

water pressure at a measurable reference value, typically 

atmospheric [16]. As such, the matric suction variable may be 

controlled over a range far greater than the cavitation limit for water 

under negative pressure. The origin of reference, or “axis” for the 

matric suction variable is “translated” from the condition of 

atmospheric air pressure and negative water pressure to the 

condition of atmospheric water pressure and positive air pressure 

[24]. The main amendment on testing equipment is to provide 

ceramic discs to facilitate the application of the matric suction. 

Encompassing this improvement, the modified direct shear 

devices and triaxial apparatuses are being in use to measure the 

shear parameter of unsaturated soil [16]. As part of this work, only 

triaxial tests are presented and for the modified direct shear testing 

details, interested reader is directed to Fredlund and Rahardjo, 

[16]. 

2.3.3.2. Triaxial Tests 
 

Various triaxial test methods are defined on the basis of drainage 

conditions during the application of the confining pressure, 3, and 

the drainage condition upon the application of deviator stress, ( 1-

3) through the loading ram in contact with the top of a cylindrical 

soil specimen enclosed in a rubber membrane placed in the triaxial 

cell filled with water. The methods are usually given a two word 

designation or abbreviated to a two- letter symbol with the first 

letter indicating the drainage condition prior to shear whereas 

the latter referring to the condition during shear [16].  

The valves A, C and D in Figure 3 (a) are used for applying pore 

water pressure and pore air pressure on the sample. By closing or 

opening them one controls the type of the test being conducted. For 

the current work, due to the very low permeability characteristic of 

the soil under study and the long time duration needed for 

unsaturated testing, Consolidated Undrained test will be presented 

and for the rest, the interested reader is referred to Fredlund and 

Rahardjo [16] for further information. 

Initially, unsaturated samples either undisturbed or compacted 

must be saturated prior to testing. The objective of the saturation 

stage is to ensure that all the voids are filled with water without 

producing undesirable prestressing of the specimen or allowing the 

soil to swell. This is often achieved by raising the pore pressure in 

the specimen to a level high enough for the water to absorb into 

solution all the air originally in the voids. There are two methods of 

saturating a sample: a) applying compression under undrained 

condition; or b) back-pressuring de-aired water into the soil 

specimen (BS – 1377-8: 1990). Saturation by compression the 

specimen is not as efficient as applying a backpressure to the water 

phase [16]. In the test series presented here, the saturation of the soil 

specimen was accomplished by using the backpressure technique. 

The consolidation stage was then followed to bring the specimen 

to the state of effective stress and matric suction required for 

carrying out the compression test. Here, the pore air pressure was 

controlled to the value which is the sum of the required matric 

suction and the pore water pressure at the end of the saturation stage 

by opening the pore air line. The pore pressure record was made 

when a steady value (ui) (in kPa) is reached and the reading of the 

volume-change indicator was taken. At a convenient moment, the 

consolidation stage was started by opening the back pressure valve 

and the readings of the volume-change indicator was recorded at 

suitable intervals of time until there is no further significant volume 

change. When consolidation was complete, the total change in 

the reading of the volume-change indicator. Then, the pore pressure 

uc (in kPa) was recorded and the compression stage was proceeded 

to axially load the samples in compression keeping the cell pressure 

constant and monitoring drainage valves. The tests were performed 

with a 50kN modified double wall triaxial machine with a 5 bar 

capacity high air entry the ceramic disc on an undisturbed sample. 

2.3.3.3. Consolidated Undrained (CU) Test 
 

In this method of triaxial testing, the soil specimen is 

consolidated first and then sheared by increasing the deviator 

stress ( 1   3) until failure; maintaining the pore- air and pore 

–water under undrained conditions during shear. The developing 

excess pore- air and pore- water pressures should be measured 

during the shearing process. The net confining pressure, (  3  ua ) , 

and the matric suction, (ua  uw ) , are altered throughout the test 

due to the changing pore- air and pore-water pressures. At failure, 

the magnitude of the net major and minor principal stresses and 

the matric suction are a function of the pore –pressures. 

Figure 4 points out the increase in shear strength of the soil 

due to an increase in initial effective confining pressure for the 

soil under saturated condition. Nevertheless, for the same effective 

confining pressure, the stress strain diagram of unsaturated 

specimen is observed to be higher than that of saturated soil sample 

whilst its shape being maintained. 
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Table 2. Test parameters used for consolidated undrained test (for unsaturated and saturated soil case). 

Test pit 
Sample 
Number 

Effective Consolidation 
Pressure (kPa) 

Initial Matric 
suction, hm (kPa) 

AMU-
HSC site 

S-1 200 0 

S-2 250 0 

S-3 300 0 

S-4 200 100 

S-5 200 150 

S-6 200 200 

Figure 3. (a) Longitudinal section of Modified triaxial equipment for testing of unsaturated soils after Fredlund and Rahardjo 
(1993); (b) Applied stresses during the test.

Figure 4. Deviator stress vs axial strain for saturated soil under the effective consolidation stresses of 200 kPa, 250 kPa and 300 kPa. 

What is more, from both deviator stress versus axial strain diagram 

(Figure 4) and Table 6, the values of the deviator stress increase 

when the matric suction of the soil increases. This is because as air 

enters the pores, a contractile skin begins to form around the points 

of contact between the particles. The capillary action arising from 

the suction around the contractile skin increases the normal forces 

at the inter-particle contacts. This additional normal force will 

enhance the friction and cohesion at the inter-particle contacts. As 

a result, the unsaturated soil exhibits more strength than that of 

saturated soil. 

The failure envelope for saturated soils is represented on two-

dimensional plots. But the shear strength of unsaturated soils are 

dependent on the two stress state parameters (i.e. the normal stress 

and the matric suction axis) as a result of this the failure envelope 
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Figure 5. Deviator stress vs axial strain for effective consolidation stress of 200 kPa varying matric suction. 

Table 3. Parameters used to draw the Mohr circles for saturated soils (results obtained from the consolidated undrained test). 

Site Sample No 3 
Excess pore water 
uw 

3) 1 1 1 w 3= 3 w 

AMU-
HSC 

S-1 200 108.76 107.61 307.61 198.85 91.24 

S-2 250 115.83 133.23 383.23 267.40 134.17 

S-3 300 127.95 149.19 449.19 321.24 172.05 

Table 4. Parameters used to draw the Mohr circles for unsaturated soils (results obtained from the consolidated undrained test). 

Site 
Sample 
No 

3 hm
Excess pore 
air a 

Excess pore 
water w 

h
failure) 

3) 1 1 1 a 
3= 3-

ua 

AMU-
HSC 

S-4 200 100 106.47 133.13 73.34 138.24 338.24 231.77 93.53 

S-5 200 150 98.92 129.64 119.28 157.22 357.22 258.30 101.08 

S-6 200 200 89.76 113.30 176.46 174.35 374.35 284.59 110.24 

Table 5. Summary of the results obtained for the shear strength parameters. 

Test pit 
Sample 
no. 

Effective consolidation 
pressure(kPa) 

(kPa) 
(for hm=0) 

C (kPa) 
Matric suction, 
hm (kPa) 

'(deg.) 
(for hm =0) 

b(deg.) 

AMU-HSC 
Site 

S-4 200 

25.6 

36.9 73.34 

11.7 

8.8 

S-5 200 43.9 119.28 8.6 

S-6 200 49.1 176.46 7.2 

Table 6. Comparison of failure deviator stress for saturated and unsaturated case  

Test pit 
Sample state before shear 
commencement 

Effective consolidation 
pressure(kPa) 

Deviator Failure stress(kPa) 

AMU-HSC 
site 

Saturated soil sample 

200 

107.61 

Matric suction 100 KPa 138.24 

Matric suction 150 KPa 157.22 

Matric suction 200 KPa 174.35 
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Figure 6. Failure envelopes for unsaturated soil from AMU-HSC area. 

2.4. Comparison with Previous Works on Expansive 
Soils 

2.4.1. Swelling Pressure Predictive Models 

 
Since the laboratory-swelling test is a difficult and an expensive 

process for practicing engineers and small builders, empirical 

methods that make use of the routine index and/or physical 

properties have got increasing popularity [3]. However, each 

empirical equation needs to be applied to the site for which they 

are developed in order to give fair evaluation as the swell potential 

is dependent on the geology, environmental factors, soil 

characteristics and many other factors, which vary from place to 

place [38]. The following are developed in our country: 

i) Daniel Teklu [35] based on Addis Ababa expansive soils 

proposed:  

(2.4) 

 

 (2.5) 

Where  is the swelling pressure in kPa; , LL, and PL are 

the natural moisture content (gravimetric), liquid limit and plastic 

index, respectively in percentage; and is the dry density in 

kg/m3. 

ii) Dagmawe Nigussie [27] suggested the following equation 

from index tests performed on Bahir Dar expansive soils: 

(2.6) 

Where,  is in gm /cc;  is natural moisture content 

(gravimetric) in % and the swelling pressure in kPa. 

Komornik and David [22] ; Vijayvergiya and Ghazzaly [39] and 

Nayak and Christensen [26] based on experimental data, proposed 

relationships for swell potential and swelling pressure involving 

both placement conditions and index properties. Though these 

were developed for temperate climatic condition, their validity 

has been verified in the African tropical black clays like Tanzanian 

soils and Gebrehiwot [18] has used the equations as there is a 

similarity of prevailing soil conditions in Tanzanian and the East 

African occurrences, like the Ethiopian [18]. The relationships 

have been selected for their simplicity, wide acceptance and 

practical significance to field applications [18]. 

Komornik and David [22] proposed the following correlation for 

swelling pressure of undisturbed clay: 

(2.7) 

Where,  is the swelling pressure in kg/cm2, is the liquid 

limit in %,  is the dry density in kg/m3, and i the initial 

moisture content (gravimetric) in %. 

Vijayvergiya and Ghazzaly [39] proposed the following 

correlations for swelling pressure of undisturbed samples tested 

under a surcharge of 10 kPa. 

(2.8) 

Where,   is the swell pressure in tons/ft2,   is the dry 

density of the soil in lb/ft3,  is the liquid limit in %. 

Nayak and Christensen [26] gave statistical relationships for 

swelling pressure as: 

(2.9) 

Where,  is the swelling pressure (kN/m2), PI is the plasticity 

index, C is the clay content, and  is the initial water content 

(%). 

Nonetheless, it is worthwhile to test the aforementioned 

suggested equations on soils of the study area and to evaluate the 

outcome; but unfortunately, none of the equations predict well the 

swelling pressure for the soil under consideration, as can be 

observed from table 7. This could mainly be due to variation of 

the nature of the soil, environmental, climatic condition and 

geologic formation of the region where the relation is developed 

to the study area. 
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2.4.2. Development of New Predictive Model 

In order to take into account the combined effects of the soil 

properties on swelling parameters and to obtain predictive 

equations with higher coefficients of correlation than those obtained 

from simple regression, multiple regression analyses was carried 

out using SPSS16.0 computer software. Out of these, equations 

with higher correlation coefficient were selected as presented below 

with equations from 2.10 up to 2.14 and using these equations the 

swelling behavior of the soil of the study area were calculated and 

presented in comparison with the previously developed models in 

table 7. 

dp PISLog 28.4003.0059.3
  (2.10) 

Where Sp is the swelling pressure (kN/m2), d  is the dry unit 

weight in g/cm3; PI is the plasticity index in %, R2=0.578. 

Prediction using equation 2.10 relates to the measured swelling 

pressure with simple coefficient of correlation 0.76.      

dip LLSLog 826.5009.0029.0744.6
(2.11) 

where Sp is the swelling pressure (kN/m2), d  is the dry unit 

weight in g/cm3, i  is natural moisture content in %, R2=0.754   

The approximation accuracy of this equation with the measured 

swelling pressure is expressed with simple coefficient of correlation 

0.87.               

CSISLog dp 02.0004.0002.0122.3  (2.12) 

where Sp is the swelling pressure (kN/m2), d   is the dry unit 

weight in kg/m3;  C is the clay fraction finer than 0.002mm in %, 
R2=0.652  

This relationship predicts the measured value with simple 
coefficient of correlation 0.81.          

dip PILLSLog 394.6042.0019.0058.0908.7

(2.13) 

where Sp is the swelling pressure (kN/m2), d   is the dry unit 

weight in g/cm3, i  , is natural moisture content in %,  LL is 

liquid limit in % & PI is the plastic limit in %, R2=0.891.  

The relationship between the measured and predicted swelling 
pressure for this equation gives a simple coefficient of correlation 
0.94.  

dcip ASLog 005.00212.0007.0831.3     (2.14)  

where Sp is the swelling pressure (kN/m2), d   is the dry unit 

weight in kg/m3; 
C

PI
Ac

 is activity, PI is the plastic limit in %, 

and C is the clay fraction finer than 0.002mm in %R2=0.593. It 
yields a simple coefficient of correlation 0.77. 

The results from the above relations are tested to see how well 

the developed equations have predicted the swelling pressure and 

among these equations, the relation described by equation 2.13 

better closes to the measured swelling pressure with about 6 per cent 

unexpected uncertainty based on the simple coefficient of 

correlation. 

 However, all the above proposed new swelling pressure 

predictive equations are best applicable to the study area under 

consideration. Therefore, it is recommended that their 

application to other sites shall be verified prior to using them. 

2.4.3. Unsaturated Shear Strength 
 

The shear strength characteristics of an expansive silty clay from 

china were studied by Zhan and Ng [42] with suction controlled 

direct shear test on both compacted and natural specimens. 

Gebre [17], under his study on unsaturated expansive clay soils of 

Addis Ababa, has compared his result with natural specimens 

from Zhan a nd Ng [42] for the contribution of suction to shear 

strength and the variation of 
b 

angle with suction. He found the 

result of Zhan and Ng [42] to be higher even though he obtained 

the trend for the suction to shear strength curve similar at low 

matric suction. From Figure 7 and Figure 8, it can be noticed that 

the result of comparison by Gebre [17] shows similar suction to 

shear strength curve both being higher than the soil under study for 

low matric suction. Figure 7 shows the contribution of matric 

suction to shear strength of the soil samples. 

The data points were obtained by taking the shear strength 

measured at zero suction as a reference datum. Figure 8 also shows 

that the variation of the b angle with suction for AMU-HSC 

together with Bole and CMC area soils of Gebre [17] and Zhan and 

Ng [42] China soil samples. 

3. Conclusion and Recommendation 

3.1. Conclusion 

The Regression Analysis showed that there is a relationship 

between Index Properties and Swelling Characteristics of 

Expansive Soil of Arba Minch. However, the assessment on the 

existing swelling pressure predictive equations suggested by 

various authors reflected the need for developing specific equations 

for specific areas. All the formulated models in this study predict 

the swelling pressure with various degrees of accuracy. Testing the 

validity of the new models provides reasonable results for equation 

2.10 and 2.11.  

For detail investigation, swelling pressure should be determined 

from oedometer tests on a sample that has an expected initial 

conditions that could yield maximum swelling pressure rather than 

expecting the prediction from empirical relationships to give 

accurate results. For small projects and for preliminary design 

purpose of any size of building the equations developed can be used 

to predict the swelling pressure. Based on the results obtained from 

the consolidated undrained triaxial tests performed on expansive 

soils of AMU-HSC site for an unsaturated soil, it can be concluded 

that, when matric suction of the soil increases from 0kPa to 

200kPa, the deviatoric stress of the soil increases from 107.61kPa 

to 174.35kPa for the effective consolidation pressure of 200 kPa.
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Table 7. Comparison of previously developed swell prediction equations with measured values and newly developed predictive model. 

 Previously Developed Swell Prediction Equations Predicted by the new models 
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AMU–HSC 2.5 265.17 329.35 250.26 140.77 679.92 134.32 247.01 266.83 220.72 474.26 283.13 172.49 

Yetnebersh 2.0 571.29 259.61 650.76 701.38 460.87 109.59 113.88 527.53 674.78 
1581.6
9 

667.41 576.43 

Muluwengel 2.0 246.60 288.58 408.25 322.74 138.85 68.84 63.42 369.56 320.83 633.37 276.62 380.34 

Edgetber 
Kebele 

2.0 494.77 257.80 586.95 543.63 464.05 106.38 132.58 491.18 531.54 
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1 

625.09 456.55 

Doysa 
Kebele 
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Chamo 
Kebele 

1.5 224.37 261.64 139.50 106.21 139.77 70.63 53.92 168.47 200.90 481.17 153.34 183.97 

Figure 7. Contribution of suction to shear strength for AMU-HSC 
site together with Bole and CMC area soils of Gebre (2010) and 

China soils of Zhan and Ng (2006) 

Figure 8. Variations of b angles with matric suction for AMU-
HSC together with Bole and CMC area soils of Gebre (2010) and 

China soils of Zhan and Ng (2006)

The shape of the stress-strain curve is kept unaltered for the raise 

in matric suction. Furthermore, as the matric suction of the soil 

increases, the shear strength of the soil increases nonlinearly for the 

applied matric suction ranges (i.e., 100kPa to 200kPa). However, 

the rates of increase in the apparent shear strength due to increase 

in matric suction, as expressed by the angle 
 
shows to decrease. 

4. Recommendation 

Although it is not expected to have an accurate swelling 

pressure result from empirical equation, an improved model can 

be fitted by increasing the database from tests done on a number 

of undisturbed samples during driest season. For preliminary 

estimation of the swelling characteristics of the study area, the 

formulated equations can be utilized. In addition, their application 

to other soils shall be carefully checked for their suitability before 

utilizing partly and/or as a whole.   

Further detail investigation on the unsaturated state can be 

carried out by taking more number of samples and conducting the 

test on matric suctions out of the limit used (i.e., lower than 100kPa 

and higher than 200kPa) in order to see the effect. The 

nonlinearity of the shear stress versus matric suction becomes 

more noticeable when soils are being tested over a wider range of 

matric suctions. 
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