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Building cracks and road infrastructure failures are severe problems in many urban areas and always entail the loss of life, 

property, and environment that cause an impact on socio-economic development and progress. These problems are most evident 

in Arba Minch town, Southern Ethiopia, due to potentially expansive soils and rocks. The current study aims to understand the 

most affecting causes and mechanisms of the development of cracks in buildings and other engineering structures. In the study, the 

road failures and building cracks occurring in Arba Minch town were analyzed based on the available data and the Engineering 

geological investigation was carried out to characterize the soils and rocks in that area. The Geotechnical engineering properties 

of soils, rocks, and condition of rock discontinuity and groundwater concerning the infrastructure development were also 

analyzed. Rock mass description and classification were done to assess rock mass quality. The soil gradation (percent gravel, 

sand, silt, and clay) ranges from 0-5.6, 1.7-58.3, 16.9-69.1, and 19.1-69.5%, respectively, and can be classified as silty clayey sand. 

Liquid and plastic limit values range from 28.5-88.2 and 17.4-45.9, respectively, with a plasticity index value range of 9.2-42.3%. 

The free swell value ranges from 2-140 %. Internal friction angle and cohesion of direct shear strength range from 3.1-12.1o and 

15.3-30.9 kPa, respectively. The soil in the study area is predominantly low to high plasticity inorganic clay and low plasticity 

inorganic silt. Rock quality designation and Rock mass rating values show that the rock is very poor to excellent and fair to good 

in quality, respectively. The results indicate that engineering geological problems are mainly causing infrastructure failures in 

most parts of the town. This investigation also reveals that the soils resulted from mafic and ultra-mafic rocks that affect 

infrastructures during and after construction because of their low shear strength and plasticities, which should be put into 

consideration during the design process and construction stages. 
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1. INTRODUCTION 

Most of the engineering structure failures are due to the 

inability to understand the characteristics of geological 

materials and their dynamic behavior, and structural 

design [1,10,12,18]. The structural failures, including 

buildings, roads, dams, bridges and other infrastructure 

has led to the loss of lives and damage to the economy of 

the country as many engineers in the world have been 

focusing on only complex structural design but not 

considering other factors. In many developing 

countries, these failures are always attributed to the 

nature or type of soils and rocks in the area without 

considering the most influencing factors. The causes of 

foundation design problems may be summarized based 

on the unequal settlement of the sub-soil and masonry, 

horizontal movement of the soil adjoining the structure, 

shrinkage due to withdrawal of moisture from soil 

below the foundation, lateral pressure tending to 

over-turn the structure, the action of the atmosphere 

and lateral escape of the soil below the foundation 

[10,11]. The engineers should also consider their internal 

and external geodynamic nature during the design and 

construction phases based on the ground exposure 

because of excavations [1], and significantly, these areas 

need special consideration [4]. The seismic event 

characterization for engineering structures design of 

towns in Ethiopia's rift system is crucial [2] since the 

most Ethiopian towns like Arba Minch, Adama, 

Hawasa, Shashemene, Ziway, Meki, Adama, Metehara, 

etc., are densely populated urban areas founded within 

the rift. However, in Ethiopia, adequate investigations 

and understanding of geological, engineering 

geological, geotechnical and hydrogeological factors 

concerning infrastructure failures are not a prime focus 

by local authorities, planners, designers, and investors, 

and thus the roads, buildings, bridges, and other 

infrastructure built on problematic soils do not provide 

the expected performance. The potentially expansive 

soils are prevalent in Ethiopia and cause a greater 

financial loss to property owners, which must be 

recognized as a serious problem [19]. The effect of soil 

shrinkage and swelling causing damage to 

infrastructures in the country were recorded. 

The Arba Minch town is currently expanding in 

northeast and southwest directions and is also becoming 

a commercial center for which Infrastructures like roads, 

buildings, bridges, and culverts are being constructed. 

However, the engineering geological studies in those 

areas have not been well studied yet to identify and 

understand the potentially expansive soils and rocks 

(i.e. degree of weathering, discontinuity, fractures, etc.). 

Studies of the soils and rocks as construction materials 

that are used to build with or on and as a material of the 

environment that can affect engineering structures are 

extremely important for a town [16,19]. Producing 

geological and engineering geological maps based on 

engineering geological properties of soils and rocks in 

the study area is necessary for developing long-lasting 

serviceability of infrastructures. Hence, our study 

focused on identifying the causes of infrastructure 

failures considering the soil and rock properties for the 

safe, stable, and economical design of engineering 

structures in Arba Minch town from a geological and 

engineering geological perspective. 

 

2.0 MATERIALS AND METHODS 

2.1 Description of the study area  

The study area is located approximately between 662000 

to 672500 Northings and 337000 to 343000 Eastings in 

UTM zone 37 N, with an average elevation of 1300 m 

above mean sea level (a.m.s.l) and 465 km southwest of 

Addis Ababa built on Quaternary volcanic terrain 

(Fig.1). The marked contrast in topography across the 

Ethiopian plateau appears largely controlled by 

divergent tectonic conditions that caused variations in 

climate occurring over short distances. The precipitation 

in the region follows a bimodal distribution (wet season 

with two rainfall peaks), with a short rainy season 

occurring from March to May, and from August to 

October [15, 16]. The wettest month is April at one peak 

(whereas high rainfall occurs from April to May) while 

at another peak, October is the wettest month (whereas 

high rainfall occurs from September to October). 

 
Fig. 1 Location, accessibility, and drainage map of the 

study area 



  

 

 
104  International Journal for Modern Trends in Science and Technology 

 

 

Daily Rainfall and temperature records of the study sites 

for a period of 16 years (2002-2017) were considered for 

analysis of trend variability and their mean rainfall and 

temperature patterns. The mean monthly rainfall of the 

study sites ranged from 60 to 140 mm in one rainfall 

peak of the wet season while in the other rainfall peak, it 

ranged from 49.1 to 122.0 mm (Fig. 2). The mean 

monthly maximum and minimum temperature of the 

study area for the period 2002 -2017 are shown in 

figure.3. The month of March has the highest average 

temperature recorded as 34оC while December month 

has the lowest average temperature recorded as 15.6оC. 

The average monthly maximum and minimum 

temperature ranged from 34-27оC and 19-14оC, 

respectively. The study area is in the southern segments 

of the Main Ethiopian Rift System (MER) composed of 

Tertiary and Quaternary volcanic products and 

quaternary sediments or deposits [9]. 

 

Fig. 2 Mean monthly rainfall distribution   and;   Fig.3 

Mean monthly average maximum and minimum 

temperature of Arba Minch area during 2002-2017. 

 

2.2  Methods 

This study approaches a variety of methods, desk study, 

field survey, data collection, and laboratory analyses. 

We reviewed the problematic soils and collected the 

data of the present study area from aerial images, and 

performed fieldwork including visual identification of 

soils and measuring of the soil thickness, specifically 

along streams and road cuts, and from a description of 

the site condition including the color of soils, layers, 

softness, firmness, and types of soils. Undisturbed soil 

samples were collected using a core cutter within the 

study sites for the determination of bulk density, 

consolidation, and direct shear test (Fig.4). Auger and 

other traditional approaches like test pits were used to 

collect the disturbed soil samples at a depth of 2.5 -7 m. 

The American Society for Testing of Materials (ASTM) 

guidelines were followed for collecting these soil 

samples from test pits and trenches.  

The description of physical characteristics of rocks and 

their classification, such as types of rock unit and their 

contact, textures, orientation, strength, quality, and 

discontinuity were performed using the methods of 

Schmidt hammer and Scanline. The rock mass 

classifications (RQD and RMR) were also conducted to 

characterize the slope stability. 

From the laboratory analyses, various properties of soils 

and rocks were characterized, such as the index 

properties (moisture content, grain size analysis, 

Atterberg limits, free swell, specific gravity, bulk 

density, and shrinkage limit) as well as engineering 

properties (direct shear, unconfined compressive 

strength test, compaction, California bearing ratio 

(CBR), and consolidation test) of soil. 

 
Fig. 4 Sample distribution map  

 

2.3 Input field data  

The input data for this study have different sources, but 

most data were collected from the field and few were 

compiled from the literature. The geological map was 

produced from previous geological works carried out in 

the study and, pertinent field observations and findings 

(Fig.8). It shows various lithological units: One minor 

and five major lithologic units are namely Colluvial and 

alluvial deposits, and Rhyolite, Aphanitic Basalt, and 

Vesicular Basalt.   

 

 2.3.1 Colluvial to Alluvial deposits 

These deposits are formed partially caused by gravity in 

the northwestern parts of the study area. It consists of 

boulders, gravels, sands, and other fine-grained 

materials like silt and clay, and gulley erosion is 
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developed on this lithologic unit that causes small-scale 

mass movement (Fig.5a). 

2.3.2 Rhyolite 

This lithologic unit is exposed in the southwestern parts 

of the study area. It is fine-grained and light pink to 

reddish and light-yellow color of its fresh and 

weathered piece, respectively (Fig 5b). This lithologic 

unit is overlain and underlain by vesicular and 

aphanitic basalt. 

 

 

Fig.5 Colluvial to alluvial deposits with boulders/rock 

fragments (a) and fresh to highly weathered rhyolite (b), 

which is exposed at the southwestern parts of the study 

area 

 

2.3.3 Aphanitic Basalt 

It is well exposed in northwestern, southwestern parts, 

and some parts of the plain land of the study area. It has 

a color of light and dark grey of fresh and weathered 

parts, respectively cumulatively characterized as an 

aphanitic texture. This unit is moderate to highly 

weathered rock exposed around the road and stream 

cuts (northwestern parts of the study area). 

Vertical/columnar joints are dominant; these joints 

weaken the strength and quality of the rocks, resulting 

in fracturing and disintegrating of rock units causing 

potential expansive soils (Fig. 6a). 

2.3.4 Vesicular Basalt 

This rock unit is an abundant rock type exposed in most 

study areas. The low viscosity of the vesicular basalt 

enables it to flow on the earth's surface, covers a sizeable 

plain land area, and has a fresh and weathered color of 

light grey and dark grey, respectively. It is a light in a 

grey-colored rock unit. Its texture is highly vesicular, 

with narrow open spaces of highly weathered, which 

shows exfoliation type of weathering (Fig.6b) and 

exposed in southeastern, central, and northeastern parts 

of the study area. The exfoliation type of weathering 

(Fig.6b) shows gradual disintegration and weathering 

that result in potentially expansive soils. 

2.3.5 Geological Structures 

Geological structures are described as primary and 

secondary based on their mode of formation. These 

structures have also existed in the study area. Most of 

the geological structures (strikes) are oriented NE 

direction following the Main Ethiopian Rift System 

(Fig.7). The rock discontinuity can dramatically affect 

the mechanical properties of rocks and later play a 

significant role in the origin and formation of soils 

having different engineering properties. 

 

Fig.6 Aphanitic basalt with columnar joints (a) and 

vesicular basalt with exfoliation type of weathering (b) 

exposed at central and southwestern parts of the study 

area 

 

Fig.7 Rose diagram of joints produced using the 

measured strike values of joints 
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Fig.8 Geological map and its cross-section (A-B) 

 

3. RESULT AND DISCUSSION   

3.1 Natural Moisture Content 

The natural moisture content of the soil is the ratio of the 

mass of pore water in a given mass of soil to the mass of 

dry soil and is expressed as a percentage. The natural 

moisture content of soils of the study area was 

determined after submission of the sample to the 

laboratory immediately after being collected from a field 

sealed with plastics. The moisture content of soils varies 

from16.6 to 38.6 % (Table 1). The soil's natural moisture 

content results especially test pits (TP 1, 2, 3, 4. 7, 8, 9, 12, 

and 14 shown in Fig.4) lie within the range of 26.8 to 38.6 

%). 

Table 1. Summary of index properties test results (natural 

moisture content, grain size, Atterberg limit, and specific 

gravity) and field observation 

Test 

Pits 

Dept

h 

(m) 

Color  NM

C 

(%) 

Grain size analysis 

(%) 

 

Atterberg limit (%) GS 

G* Sand  Silt  Clay  LL PL PI SL 

TP 1 2.5 Dark 31.7 1.1 1.7 27.7 69.5 82.4 44.2 38.2 12 2.7 

TP 2 3.5 Dark 36 1 6.6 31.2 61.1 62.3 27.8 35.2 15 2.7 

TP 3 4 Reddish 35 4.2 6 33.8 56 62.1 27 35.2 9.8 2.7 

TP 4 4 Dark 36 3.8 4.7 35.3 56.2 88.2 40.2 48.0 13.6 2.8 

TP5 2.5 Gray 24 2.5 2.3 41.4 53.7 42.4 29.6 12.8 6.1 2.7 

3.4 Gray 19 5.6 58.3 16.9 19.1 28.4 19.1 9.2 2.3 2.7 

TP 6 3 Gray 23 0 3.7 48.2 47.5 43.3 28.3 15 10.5 2.7 

TP 7 3.5 Reddish 27 0.3 1.6 31.9 66.2 55.6 30 25.6 12.5 2.6 

TP 8 3 Dark 31 2.8 10 62.7 24.6 55.0 27.1 27.9 13.9 2.6 

TP 9 2.5 Dark 30 1.8 10.5 49.2 38.5 55.3 28.2 27.1 9.9 2.7 

TP10 3 Brown  18 1.1 9.8 69.1 20.1 28.4 17.4 11.0 4.2 2.5 

7 Reddish 17.6 0.3 5.4 61.7 32.6 39.2 24.8 14.4 9.5 2.6 

TP 11 3 Dark  16.6 1.9 7.7 57.1 33.3 42.2 25.6 16.6 7.6 2.7 

TP 12 2.5 Dark  24 1.4 10.9 50 37.7 60.3 24 36.3 11 2.7 

TP 13 2 Brown  18 2.4 7.5 59.4 30.6 40.5 20.8 19.7 8.6 2.6 

TP 14 3.5 Dark  38.6 3 4.1 31.9 61 54.5 27.6 26.8 18.0 2.6 

TP 15 3 Gray 19 2.5 7.7 48.4 41.4 36.2 18.5 17.8 3.9 2.7 

NMC= Natural moisture content, G*=Gravel, LL= Liquid 

limit, PL=Plastic limit, PI= Plasticity index, 

SL=Shrinkage limit, GS= Specific gravity considerable in 

southwestern parts of the study.  

3.2. Grain size analysis 

Particle size distribution of the soil's samples was 

carried out by wet sieve and hydrometer methods. Wet 

sieve analysis was employed for particle sizes larger 

than 0.075 mm (No. 200) in diameter, whereas 

hydrometer analysis was conducted for smaller than 

0.075 mm in diameter. During hydrometer analysis, 

Sodium Hexametaphosphate was used as a dispersion 

agent to differentiate silt from clay, and the analysis was 

done following the ASTM D 422 test procedure. The 

percentage of coarse-grained soils (gravel and sand) is 

tiny, and the dominant is silt and clay, as verified from 

the particle size distribution curve. It is characterized by 

fine-grained soils with poorly graded (Fig. 9). This test 

result is important for classifying soils based on the 

unified soil classification system (USCS) and the 

American Association of State highway Transportation 

Officials (AASHTO) classification scheme. The percent 

of gravel ranges from 0 to 5.6 %, and 1.7 to 58.3 %, silt 

16.9 to 69 %, and clay 19.1 to 69.5 (Table 1). As the soil is 

fine-grained (from the wet sieve and hydrometer 

analysis), the soil is potentially expansive and can affect 

infrastructures, such as buildings and roads. 

Fig.9 Grain size distribution curve of Arba Minch area 
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3.3 Atterberg limits  

The consistency represents the degree of firmness of the 

soil that is shown by fingernail tests in the field, which 

can be described roughly as soft, firm, stiff, or hard. 

Liquid limit is when the soil is changed from a liquid 

state to a plastic state with particular shear strength and 

the moisture content corresponding to 25 numbers of 

blows done in the laboratory (Fig.10). The Atterberg 

limits (Liquid limit (LL), plastic limit (PL), and plasticity 

index (PI) values were calculated. The result of the LL 

and PL of the soil ranges from 27.8 to 88.2 % and 17.4 to 

45.9 %, respectively (Table 1). The calculated plasticity 

index (PI) value ranges from 9.2 to 42.3 and is 

characterized by low to very high plasticity behavior. In 

most parts of the town, residential houses and building 

cracks (floor, wall, and windows) can be caused by such 

soil types.  

 

Fig.10 Liquid limit chart 

The results show that the swelling potential of the soils 

of Test pits (TP) 1, 2, 3, 4, and 12  are high and also have 

higher plasticity index (PI) values (Table 2 and Fig.4). 

This reveals the soil behaves with high plasticity and 

compressibility, low shear strength, high shrinkage, and 

cracking is developed in dry and wet samples as the 

volume of soil changes. The soil is also characterized by 

low to high swelling potential and low to high degree 

expansiveness. This parameter was determined during 

the liquid and plastic limit tests at 25 blows following 

the American Society for Testing of Materials (ASTM 

D-427) test procedures. This test result shows high 

shrinkage values and significant volume change in clay 

soils and, cracking and shrinking.  

It was observed that the causes of failures or problems 

with infrastructures (buildings, residential houses, 

roads, and walkways) are considerable in the 

southwestern parts of the study area. The shrinkage 

limit (SL) parameter is essential for studying linear 

structures like roads and walkways, and the test results 

of the soils of the study area range from 2.3 to 18 % 

(Table1). Therefore, most of the soil samples taken 

especially from northwestern and southwestern parts of 

the study area (Test pits (TP) 1, 2, 14) revealed 

considerable shrinkage behavior that shows the change 

in volume of the soils (Fig.4). These soils are potentially 

expansive that can cause infrastructure failures, 

including walkways and roads constructed in the study 

area. The engineering geologists and geotechnical 

engineers should consider this during the site 

investigation stage, design stage, and even after 

construction to minimize the failure of engineering 

structures (roads).   

Table 2. Summary of relationship of PI, SP, PI, FS, FS 

characteristics& degree of expansiveness 

Pits  Depth 

(m) 

PI Plasticity Swell  

potential 

FS% FS 

characteristics  

Degree of 

expansiveness   

TP 1 2.5 38.23 High  High  95 Medium  Medium  

TP 2 3.5 35.19 High  High  70 Medium  Medium  

TP 3 4 35.17 High  High  55 Medium  Medium  

TP 4 4 48.01 Very 

high 

High  140 High  High  

TP5  

 

2.5 18.81 Medium   Low 45 Low Low 

3.4 9.22 Low Low 2 Low  Low  

TP 6 3 15.09 Medium   Low  38 Low  Low  

TP 7 3.5 26.27 High  Low  60 Medium  Medium  

TP 8 3 28.15 High  Low  56 Medium  Medium  

TP 9 2.5 27.18 High  Low  72 Medium  Medium  

TP10 

 

3 10.80 Medium  Low  5 Low  Low  

7 14.5 Medium   Low  35 Low  Low  

TP 11 3 16.89 Medium  Low  25 Low  Low  

TP 12 2.5 36.12 High  High  80 Medium  Medium  

TP 13 2 19.94 Medium  Low  33 Low  Low  

TP 14 3.5 26.77 High  Low  115 High  High  

TP 15 3 17.31 Medium  Low  42 Low  Low  

 

3.4 Free Swell  

The difference between the final and initial volume 

expressed as a percentage of initial volume is the value 

of the soil's free swell (FS) [6,8]. The free swell test 

results of the collected soil samples range from 2 to 140 

% (Table 2). According to the classification of free swell 

by David et al. (2004) [5], the soils were generally 

classified and characterized by low to a high degree of 

expansiveness (Table 2). Most of the soil samples (Test 

pits (TP) 1, 2, 3, 4, 7, 8, 9, 12, and 14) had a free swell 

value greater than 50% (Table 2 and Fig.4). Cracks in 
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buildings, walkways, roads, and distresses, even 

swelling-shrinkage can happen during wet and dry 

conditions. It shows sticky nature even difficult to 

walkover, causing the development of heave (uplift 

pressure) leading to occurrences of swelling and when 

dry.  

3.5 Direct shear test  

The direct shear strength test determined the internal 

friction angles of soils of Test pits (TP) 5, 6, 10, 11, 13, 

and 15 (Fig.4). The soil samples' internal friction angle 

and cohesive values were calculated from the slope and 

intersection point of the line of maximum shear stress 

and shear load graph (Fig.11a & b). The direct shear 

strength test results (cohesion, C and internal friction 

angle, ф) of the soil samples ranged from 15.3 to 30 kPa 

and 3.1 to 12.1 degrees, respectively. It is manifested that 

the soil shows a high to very high cohesive nature with 

significant cohesion (C) value and is very loose in terms 

of strength [14]. The direct shear test results reveal that 

most soils (especially from southeastern parts) were silt 

dominant, followed by clay soils (Table 3). 

 

Fig11. a) Shear stress Vs horizontal displacement and b) 

maximum shear stress vs shear load  

Table 3. Summary direct shear test, unconfined 

compressive strength test result, and description 

Test 

Pits 
Shear strength parameter test 

result 

Unconfined compressive strength 

test result 

 Friction 

angle, ф 

(degree) 

Cohesion 

(kPa) 

Descrip

tion  

Pits UCS, 

kPa 

Cu, 

kPa 

Consistency  

TP5 8.1 15.27 Very 

loose 

TP 1 64.48 32.24 Medium  

6.93 16.21 Loose  TP 2 102.67 51.33 Stiff  

TP 6 8.6 30.91 Very 

loose 

TP 3 109.97 54.98 Stiff  

TP10 11.99 20.18 Very 

loose 

TP 4 82.18 41.09 Medium  

TP11 3.05 26.52 Very 

loose 

TP 8 103.67 51.83 Stiff  

TP13 12.13 24.85 Very 

loose 

TP12 149.1 74.55 Stiff 

TP15 9.83 27.17 Very 

loose 

TP14 147.8 73.9 Stiff  

 

3.6 Unconfined Compressive Test 

The unconfined compressive strength (qu) test is used 

widely to determine the consistency of clays (cohesive 

soils) [7]. It is widely determined in the laboratory, and 

the results of the unconfined compressive test are 

presented in (Table 3 and Fig.12). The unconfined 

compressive strength (qu) test result value ranges from 

64.48 to 149.1 kPa. According to Reddi et al.(2012) [14], 

the soils were classified and characterized as stiff on 

which their unconfined compressive strength (qu) value 

ranged from 64.5 to 149 kPa and characterized by 

medium and soft soil, respectively (Table 3). These soils 

Test pits (TP) 1 and 4) can cause infrastructure failures 

as they are characterized by medium-soft (behaves weak 

strength) having an expansive nature in wet conditions. 

 

Fig.12 Graph of unconfined compressive test result 

 

3.7 Modified Compaction 

The soil's maximum dry density and optimum moisture 

content for modified compaction were determined 

according to the American Society for Testing of 

Materials (ASTM D 1557) (1945) standard procedures. 

Accordingly, the modified compaction tests were 

conducted (Table 4& Fig.13). The modified compaction 

test result of Maximum dry density (MDD) and 

Optimum moisture content (OMC) values ranges from 

1.63 to 1.7 g/cm3 and 22.3 to 25.7 %, respectively (Table 

4). This test is usually conducted to characterize the 

sub-grade materials, especially for highway 

construction.  

a b 
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Fig.13 Modified compaction curve with MDD & OMC 

 

3.8 California Bearing Ratio (CBR) Test 

Reddi et al.(2012) [14] stated that the California bearing 

ratio (CBR) value for a soil depends upon its density, 

molding moisture content, and moisture content after 

soaking. For this test, the samples were collected 

following the main asphalt road, which runs from Addis 

Ababa to Arba Minch-Konso- Jinka. The maximum dry 

density (MDD) and Optimum moisture content (OMC) 

were determined from the modified proctor test, and the 

California bearing ratio (CBR) tests of the soil samples 

(TP 3, 4, 10, and 11) were determined after each soil 

sample was compacted with five layers of 56 blows and 

soaked for four days to assess sub-grade soils strength 

and swell potential. The soil sample's California bearing 

ratio (CBR) values were very small, where their value 

ranging from 0.66-2.97 % (Table 4 and Fig.14). The 

stress-strain curve is gently sloped, and this manifests 

that the soil behaves with weak bearing capacity and 

low strength as the soil is clay and silt with small 

percentages of sand and gravel (southwestern parts of 

the area) and are not suitable for sub-grade. 

 

Fig.14 Stress-Strain relationship curve for TP 4 

 

 

 

Table 4. Summary of CBR test and one-dimensional 

consolidation test results 

Test 

Pits 

MD

D 

 

(g/c

m3) 

OMC 

(%) 

CBR 

value ( 

%) 

Sw

ell 

 ( 

%) 

Te

st 

Pit

s  

Compr

ession 

index, 

Cc 

Swelli

ng 

index, 

Cs 

Pc 

(kPa) 

O.C.

R 

TP 3 1.62

6 

25.7 1.54 2.2

1 

TP 

2 

0.199 0.049

8 

98 1.96 

TP 4 1.66 25 0.66 3.8

7 

TP 

3 

0.266 0.052 100 2.0 

TP 

10 

1.67

2 

22.3 2.97 0.4

8 

TP 

4 

0.166 0.049 150 3.0 

TP11 1.64 25.4 1.15 0.8

2 

- - - - - 

 

3.8.1 The CBR Swell Values 

The characterization of the sub-grade soils, for their 

suitability to be used for pavement, was evaluated 

based on California bearing ratio (CBR), swell values, 

plasticity index, liquid limits, and maximum dry density 

(MDD). Hence, Test pits (TP) 3 and 4 are unsuitable for 

sub-grade materials as they show higher California 

bearing ratio (CBR) swell values of 2.21 and 3.87 %, 

respectively. Plasticity indices (PI) are also taken as the 

second main factor for classifying the sub-grade soils 

into suitable/unsuitable materials. Test pits (TP) 3 & 4 

are soils having plasticity index (PI) values above 30 % 

and are classified as inappropriate for sub-grade.  

3.9  Consolidation   

According to Reddi et al. (2012) [14], the primary 

purpose of consolidation tests on soil samples (clay soil) 

is to estimate the compressibility properties of saturated 

soil. For the current study, undisturbed soil samples 

(clay soils) were collected from southwestern parts of 

the study area. One-dimensional consolidation tests 

were conducted following the American Society for 

Testing of Materials (ASTM) D 2435. From this test, 

compression index (Cc), recompression index (Cr), also 

called swelling index (Cs), and pre-consolidation 

pressure (Pc) were determined (Table 5 and Fig.15). 
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Fig.15 One dimensional consolidation test graph 

 

3.10 Engineering Classification of Soils 

Reddi et al., (2012)[14] explained that soils with similar 

properties might be classified and subgroups based on 

their engineering behavior. These classification systems 

provide a common language to express commonly the 

general characteristics of soils, which are infinitely 

varied, from engineering geological perspectives. Even 

though there are a variety of soil classification systems 

in the world from engineering geological and 

geotechnical perspectives, the most widely used and 

accepted soil classification systems for engineering 

purposes are the American Association of State 

Highway and Transportation Officials (AASHTO) and 

Unified Soil Classification System (USCS) [5,14].  

3.10.1 Unified Soil Classification System (USCS) 

 This classification system is based on the grain-size 

analysis and plasticity characteristics of soils. It is the 

most popular system nowadays for use in all 

engineering problems regarding soils [14]. Therefore, 

based on fifteen collected soil sample laboratory results, 

the soil falls under the low plasticity inorganic silt (ML), 

low plasticity inorganic clay (CL), and high plasticity 

inorganic clay (CH) region.  As per the unified soil 

classification system (USCS), the study area soils are 

more likely to be CH of sandy fat clay followed by CL of 

sandy lean clay and SC-SM of silty clayey sand (Table 5 

and Fig16). Soil samples of test pit (TP) 1, 2, 3, 4, 7, 8, 9, 

12, and 14 (Table 5 and Fig4) (southwestern part) are 

characterized and classified as high compressible soils.  

 

Table 5. Classification of soils of the study area based on USCS 

Test 

pits 

Depth(

m) 

Gravel(%

) Sand(%) Silt(%) Clay(%) LL (%) PI (%) Symbol Soil name 

TP 1 2.5 0.50 2.31 27.71 69.48 82.4 38.23 CH Sandy fat clay   

TP 2 3.5 0.40 7.24 31.22 61.13 62.25 35.19 CH Sandy fat clay 

TP 3 4 2.99 7.22 33.84 55.95 62.1 35.22 CH Sandy fat clay 

TP 4 4 1.92 6.65 35.28 56.15 88.19 48.01 CH Sandy fat clay 

TP 5 

 

2.5 1.61 3.22 41.43 53.74 42.43 12.82 ML Sandy lean clay 

3.4 

0.31 63.61 16.94 19.14 

28.45 9.22 

SC-SM 

Silty clayey 

sand 

TP 6 3 0.2 4.12 48.17 47.51 43.28 14.99 ML  Sandy lean clay 

TP 7 3.5 0.00 1.91 31.94 66.15 55.62 25.61 CH Sandy fat clay 

TP 8 3 0.80 11.96 62.69 24.55 55.05 27.93 CH Sandy fat clay 

TP 9 2.5 0.70 11.56 49.22 38.52 55.27 27.08 CH Sandy fat clay 

TP10 

 

3 0.40 10.45 69.07 20.07 28.45 11.02 CL Sandy lean clay 

7 0.00 5.72 61.73 32.55 39.2 14.4 CL Sandy lean clay 

TP 11 3 0.8 8.84 57.06 33.3 42.20 16.61 CL Sandy lean clay 

TP 12 2.5 0.5 11.84 49.99 37.7 60.28 36.28 CH Sandy fat clay 

TP 13 2 1.00 8.93 59.45 30.6 40.5 19.71 CL Sandy lean clay 

TP 14 3.5 1.40 5.72 31.86 61 54.5 26.85 CH Sandy fat clay 

TP 15 3 1.30 8.92 48.43 41.4 36.23 17.77 CL Sandy lean clay 
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3.10.2  AASHTO Soil Classification System 

According to this system, the soil is classified into seven 

major groups from A-1 to A-7. The soil classified under 

groups A-1, A-2, and A-3 are granular materials of 

which 35 % or less of the particles pass through the 

No.200 (0.075 mm) sieve. Most of the study area soils fail 

in A-7-6 groups except samples of TP 1 and 4, which fall 

under A-7-5. TP 10, 11, and 15 fail under A-6, 

characterized by fair to poor quality for sub-grade 

(Table 6 and Fig.16). The calculated group index values 

of the soil samples of the study area show that almost 51 

% of the samples are above 20, which is the worst 

material for sub grade, and other samples of the study 

area with a group index value of below 20 are 49. This 

shows the soil behaves in high plasticity behavior with 

high-volume change capacity in various conditions (dry 

and wet). This can cause considerable damage to roads 

(roads, cobblestones, and walkways) in the town.  

 

Fig.16 Plasticity chart of the study area according to 

USCS classification system 

 

Table 6. Classifications of soils based on the AASHTO classification system 

Pits Depth 

(m) 

Percent passing on sieves LL 

(%) 

PI 

(%) 

AASHTO 

classification 

Usual types of 

significant 

part materials 

General rating 

as subgrade No. 

10 

No. 

40 

No. 

200 

TP 1 2.5 98.89 98.08 97.18 82.4 38.23 A-7-5 (48) Clayey soils Fair to poor 

TP 2 3.5 99 96.18 92.36 62.25 35.19 A-7-6 (37) Clayey soils Fair to poor 

TP 3 4 95.77 92.88 89.79 62.1 35.22 A-7-6 (36) Clayey soils Fair to poor 

TP 4 4 96.17 94.05 91.44 88.19 48.01 A-7-5 (54) Clayey soils Fair to poor 

TP 5 

 

2.5 97.48 96.48 95.17 42.43 12.82 A-7-6 (22) Clayey soils Fair to poor 

3.4 94.39 88.18 36.09 28.45 9.22 A-4 (0) Silty soils Fair to poor 

TP 6 3 99.40 98.29 95.68 43.28 14.99 A-7-6 (17) Clayey soils Fair to poor 

TP 7 3.5 99.7 99.20 98.08 55.62 25.61 A-7-6 (31) Clayey soils Fair to poor 

TP 8 3 97.19 93.87 87.24 55.05 27.93 A-7-6 (27) Clayey soils Fair to poor 

TP 9 2.5 98.19 93.77 87.74 55.27 27.08 A-7-6 (27) Clayey soils Fair to poor 

TP10 

 

3 98.89 97.39 89.15 28.45 11.02 A-6 (8) Clayey soils Fair to poor 

7 99.7 98.9 94.28 39.2 14.4 A-6 (15) Clayey soils Fair to poor 

TP 11 3 98.09 94.98 90.36 42.20 16.61 A-6 (17) Clayey soils Fair to poor 

TP 12 2.5 98.6 93.68 87.66 60.28 36.28 A-7-6 (35) Clayey soils Fair to poor 

TP 13 2 97.59 94.28 90.07 40.5 19.71 A-7-6 (19) Clayey soils Fair to poor 

TP 14 3.5 96.99 94.88 92.87 54.5 26.85 A-7-6 (29) Clayey soils Fair to poor 

TP 15 3 97.49 94.49 89.78 36.23 17.77 A-6 (0) Clayey soils Fair to poor 

 

3.10.3 Possible Impact of Potentially Expansive Soils on 

infrastructures. 

Although the whole part of the study area is not 

generally characterized by expansive soils only, (the 

southwestern and northwestern parts) are characterized 

by potentially expansive soils. This can cause 

infrastructure failures and/or problems in engineering 

works like lightweight engineering works. When dry, 

such kind of soil develops cracking apart because of 

volume reduction and results in possible cracking on 

roads and buildings, including walkways within the 

town (Fig.17 &18).  
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       Fig.17 Cracked buildings and  houses    and; Fig.18  

Road distresses or failures in the study  

3.10.4 Rock classifications  

The classifications of rocks are based on the description 

of rocks in terms of physical characteristics such as 

wreathing of rocks, Schmidt hammer test in the field, 

and using the geological hammer. As described in 

section 2.3, the rhyolitic rocks are exposed in the 

northwestern parts of the study area. Their flow 

banding of primary structures characterizes them. They 

have a nearly light and light pink color, and the 

unconfined compressive strength of these rock units 

ranges from 50 to 68 MPa. The orientation of these 

fractures was measured, and the joints' strikes are 

almost the same as the strike of large structures 

(orientation of the Main Ethiopian Rift System). Two 

joint sets of strike N15оE and N25оE were slightly filled 

with soft materials. The general discontinuity (fracture 

density) of rock in the field is shown in Fig.19. This 

lithological unit is characterized by medium mass 

strength, and hence, the strength of intact rock is 

determined, and the results are plotted in Fig.20.  

 

Fig.19 Frequency of discontinuity of rock to estimate 

RQD and RMR 

 

Fig.20 Relationship among UCS, RQD & RMR of the 

rocks of the study area 

 

The textual description of this unit is aphanitic with a 

light grey color. Two sets of joints (SW and NE) are 

dominant, with 0.2 to 0.6 m joint spacing and 0.1 to 0.3 

m of the joint aperture, corresponding to NE joint sets. 

The joint set with the orientation of SW has joint spacing 

and aperture of 0.12 to 0.45 m and 0.05 to 0.15 m, 

respectively.  

This rock unit is highly fractured, and the degree of 

weathering is generally high. It can be the possible 

parent materials for forming potentially expansive soils 

(residual). These soils are then problematic and can 

cause infrastructure failures as they change the volume 

generated by the change in moisture content. The 

Schmidt hammer rebound tests were conducted on 

relatively fresh parts or intact rock surfaces. The 

unconfined compressive strength of intact rock varies 

from 66 to 90 MPa. Therefore, it is characterized and 

classified as medium-strong aphanitic basalt of medium 

mass strength (Table 7 and Fig.21). This rock unit is 

exposed to the southwestern parts of the study area 

(Fig.21). Its texture is aphanitic with dark and light grey.  

Columnar joints of wide spacing (0.30 to 1.60 m) and 

aperture (0.1 to 0.6 m) are most dominant on the hillside, 

especially on fresh to slightly weathered aphanitic 

basalt. Joints and fractures are recorded on this 

lithologic unit where the degree of weathering is low. 

Two sets of random joints (NW and NE) are dominant, 

which are nearly vertical with planar and rough joint 

surfaces. The strikes of two joint sets developed on 

relatively fresh aphanitic basalt are oriented as N30оW 

and N75оE. This rock unit shows a light to moderate 

degree of weathering and discontinuities. Schmidt 

hammer rebound test was conducted on this lithologic 

unit, and the unconfined compressive strength value 

ranges from 101 to 167 MPa of high rock mass strength 

(Table 7 and Fig.20).  
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 The field observation and Schmidt test characterized 

the rock units exposed in the northwestern study area 

(Fig. 21). Their texture is vesicular with sub-rounded to 

sub-angular vesicles and darkish to light color. Joints 

and fractures are recorded on this lithologic unit with a 

narrow aperture of 0.25 to 0.5m. This lithologic unit is 

highly weathered with frequent fractures 

(discontinuities). The joint spacing varies from 0.3 to 1.2 

m. The aperture of 0.1 m to 0.3 m and the strike of the 

joints are also oriented as N20оE. The Schmidt hammer 

rebound test values generally range from 29.27 to 30.6 

with converted UCS value, which ranges from 14 to 24 

MPa (Table 7 and Fig.20). This rock unit can be the 

source of potentially expansive soils (northwestern and 

southwestern parts). This can cause infrastructure 

failures because of the change in moisture content in dry 

and wet conditions. This results in crack development 

on buildings, houses, and roads and shrinkage-swelling 

development on roads.  

 It is dark to grey in the color of vesicular texture and 

moderately weathered. The Schmidt hammer rebound 

test was conducted, and the unconfined compressive 

strength value varies from 26 to 39 MPa of moderate 

and/or medium mass strength (Table 7 and Fig.21). Most 

of the joints that appeared on vesicular basalts are 

nonsystematic. However, the joint surfaces for the 

systematic once are planar and rough. A vesicular 

texture with light grey color characterizes the basalt 

exposed in the southeastern parts of the study area. The 

discontinuity spacing of this rock unit generally ranges 

from 0.2 to 0.5 m and an aperture of 0.02 to 0.2 m. 

Nonsystematic joints and fractures are commonly 

observed where the degree of weathering is relatively 

low. Schmidt hammer rebound test was conducted, and 

the unconfined compressive strength value ranges from 

108 to 167 MPa of high rock mass strength (Table 7 and 

Fig.21). Although this rock unit is slightly weathered, 

frequent fractures and joints are observed that facilitate 

in situ weathering caused by different agents and result 

from potential expansive soils.  

Table 7. Summary of UCS, RQD and RMR with description 

Lithology UCS 

(MPa) 

Strength (MPa), 

(ISRM, 1979a) 

RQD 

(%)  

Qualitative 

Description  

RMR Class  Quality 

Rhyolite    67.88 Fair 60 III Fair 

Rhyolite  68 Medium Strong 12.05 Very poor 48 III Fair 

Rhyolite  52 Medium Strong 31.23 Poor 50 III Fair 

Aphanitic basalt 50 Medium Strong 93.89 Excellent 72 II Good 

Aphanitic basalt 167 Strong 82.3 Good 68 II Good 

Aphanitic basalt 143 Strong 86.4 Good 68 II Good 

Aphanitic basalt 79 Medium strong 67.29 Fair 63 II Good 

Aphanitic basalt 71 Medium strong 96.83 Excellent 66 II Good 

Aphanitic basalt 73 Medium strong 90.8 Excellent 70 II Good 

Aphanitic basalt 77 Medium strong 19.87 Very poor 53 III Fair 

Aphanitic basalt 66 Medium strong 87.77 Good 73 II Good 

Aphanitic basalt 90 Medium strong 50.2 Fair 61 II Good 

Aphanitic basalt 106 Strong 31.68 Poor 63 II Good 

Aphanitic basalt 112 Strong 85.76 Good 66 II Good 

Vesicular basalt 109 Strong 19.89 Very poor 56 III Fair 

Vesicular basalt 101 Strong 13.79 Very poor 61 II Good 

Vesicular basalt 167 Strong 82.62 Good 72 II Good 

Vesicular basalt 151 Strong 95.5 Excellent 67 II Good 

Vesicular basalt 120 Strong 19.88 Very poor 44 III Fair 

Vesicular basalt 139 Strong 89.7 Good 61 II Good 

Vesicular basalt 108 Strong 49.61 Poor 48 III Fair 
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Vesicular basalt 26 Moderate 62.63 Fair 52 III Fair 

Vesicular basalt 28 Moderate 28.68 Poor 42 III Fair 

Vesicular basalt 39 Moderate 59 Fair 46 III Fair 

Vesicular basalt 24 Weak - - - - - 

Vesicular basalt 14 Weak - - - - - 

 

 

 Fig.21 Engineering geological map and its cross-section 

(A-B) 

 

3.10.4.1 Rock Quality Designation (RQD) 

Measuring all discontinuities intersecting a specific line 

(total length of rock mass) is appropriate and 

conducting this in the field was simple. The RQD value 

ranges from 12.05 to 96.83 % from very poor to excellent 

in terms of quality (Table7 and Fig.20). The rock units 

are characterized by low to high weathering and 

discontinuities based on rock quality designation (RQD) 

values. Thus, most parts of the discontinuities of these 

rock units aren't filled by infillings. Therefore, the rock 

quality (RQD) was determined on average Scanlines of 

3.5 to 25 m long which clearly shows the fracture density 

(frequency of discontinuity) that can be measured in the 

field (Fig.19). The rock quality designation (RQD) is a 

quick and inexpensive indicator that is applied for the 

current research, and the results are presented in (Table 

7 and Fig.20). This parameter can't be used alone as a 

sign of the geo-mechanical behavior of rocks.  

3.10.4.2 Rock Mass Rating System (RMR) 

Based on the rock mass rating (RMR) classification 

scheme, the ratings of the rocks of the study area range 

from 42 to 73 %, with classes of III to II. Hence, the rocks 

were described qualitatively as fair to well based on 

Bieniawski's (1989) classification system (Table 7 and 

Fig.20). When the rock units are affected by a high 

degree of weathering and highly affected by different 

discontinuities, their strength becomes low (Fig.19). 

Table 7. Summary of UCS, RQD and RMR with 

description 

Lithology 

UCS 

(MPa

) 

Strength 

(MPa), 

(ISRM, 

1979a) 

RQD 

(%)  

Qualitati

ve 

Descripti

on  

RM

R 

Clas

s  

Quali

ty 

Rhyolite    67.88 Fair 60 III Fair 

Rhyolite  68 

Medium 

Strong 12.05 Very poor 48 III Fair 

Rhyolite  52 

Medium 

Strong 

31.23 Poor 50 

III 

Fair 

Aphanitic 

basalt 50 

Medium 

Strong 

93.89 Excellent 72 

II 

Good 

Aphanitic 

basalt 167 Strong 

82.3 Good 68 

II 

Good 

Aphanitic 

basalt 143 Strong 

86.4 Good 68 

II 

Good 

Aphanitic 

basalt 79 

Medium 

strong 

67.29 Fair 63 

II 

Good 

Aphanitic 

basalt 71 

Medium 

strong 

96.83 Excellent 66 

II 

Good 

Aphanitic 

basalt 73 

Medium 

strong 

90.8 Excellent 70 

II 

Good 

Aphanitic 

basalt 77 

Medium 

strong 

19.87 Very poor 53 

III 

Fair 

Aphanitic 

basalt 66 

Medium 

strong 

87.77 Good 73 

II 

Good 

Aphanitic 

basalt 90 

Medium 

strong 

50.2 Fair 61 

II 

Good 

Aphanitic 106 Strong 31.68 Poor 63 II Good 
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basalt 

Aphanitic 

basalt 112 Strong 85.76 Good 66 II Good 

Vesicular 

basalt 109 Strong 19.89 Very poor 56 III Fair 

Vesicular 

basalt 101 Strong 13.79 Very poor 61 II Good 

Vesicular 

basalt 167 Strong 82.62 Good 72 II Good 

Vesicular 

basalt 151 Strong 95.5 Excellent 67 II Good 

Vesicular 

basalt 120 Strong 19.88 Very poor 44 III Fair 

Vesicular 

basalt 139 Strong 89.7 Good 61 II Good 

Vesicular 

basalt 108 Strong 49.61 Poor 48 III Fair 

Vesicular 

basalt 26 Moderate 62.63 Fair 52 III Fair 

Vesicular 

basalt 28 Moderate 28.68 Poor 42 III Fair 

Vesicular 

basalt 39 Moderate 59 Fair 46 III Fair 

 

3.10.5 Engineering geological mapping  

Engineering geological mapping is used for interpreting 

the ground conditions during the planning stage before 

site selection by describing the origin, engineering 

geological and geotechnical behavior of soils, degree of 

weathering, degree of discontinuity, and physical state 

of each rock unit. Problems resulting from unfavorable 

engineering geological conditions have confirmed that 

engineering geological mapping is a fundamental 

prerequisite for planning, designing, and managing as 

explained by [3]. stated that engineering geology gives a 

link between geology and engineering. This can be used 

to identify geological structures and related geological 

hazards plan effectively. Engineering geological 

investigation of the ground in an engineering context is 

vital for geotechnical risk assessment and design to 

construct stable engineering structures like roads, 

buildings, and bridges, which are basic infrastructure 

for the country's development. 

3.10.6 Groundwater Condition and its Impact on 

Infrastructures. 

Groundwater data were collected from Arba Minch 

Water and Mining Energy office and waterworks 

construction share company, and the groundwater level 

of the study area (southeastern part) is estimated 

(Fig.22). One borehole, BH 7, is drilled 50 m distance 

below the main asphalt road, and the road can be 

affected when the GW is overdraft with time.  

 

Fig 22. Distribution & location of groundwater borehole 

and groundwater contours 

4. CONCLUSION 

 The natural moisture content varies from 16.6 to 38.6 

%, and the percent of gravel, sand, silt, and clay 

generally ranges from 0 to 5.61, 1.71 to 58.31, 16.94 to 

69.07, and 19.14 to 69.48 %, respectively. The liquid limit 

(LL) and plastic limit (PL) values of the soil vary from 

28.45 to 88.19 and 17.43 to 45.94 %, respectively, with 

plasticity index (PI) values that range from 9.22 to 42.25 

%.  Based on the plasticity index, the soil behaves with 

low to extremely high plasticity property with low to 

high swelling potential. This causes infrastructure 

failures such as shrinkage- swelling, and crack 

development on building's floors, walls, houses, roads, 

walkways, and cobblestones during the dry and wet 

conditions. The free swell value of the soil is highly 

variable and ranges from 2 to 140 %. The soil behaves 

potentially expansive behavior of low to a high degree 

of expansiveness. This can cause considerable problems 

in infrastructures like roads and buildings in different 

conditions. The direct shear test's internal friction angle, 

ɸ, and cohesion, C ranges from 3.1 to 12.1о and 15.3 to 

30.9 kPa, respectively. This shows that the soil is 

potentially expansive with low strength. The 
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unconfined compressive test result of soil ranges from 

64.5 to 110 kPa. The modified compaction of maximum 

dry density (MDD) and optimum moisture content 

(OMC) ranges from 1.63 to 1.67 g/cm3 and 22.3 to 25.7 

%, respectively. California bearing ratio and swell value 

range from 0.66 to 2.97 % and 0.48 to 3.87 %, 

respectively. The soil plasticity index (PI) value and 

swell percent are high. In contrast, the California 

bearing ratio (CBR) value is low, which causes road 

failures and/or distress as the soil is potentially 

expansive. Based on the Unified Soil classification 

system (USCS), the soil is classified as CH, CL, and ML 

of clayey soils with silts and a minor percentage of sand 

and gravel. Based on the American Association of State 

Highway Transportation Officials (AASHTO) 

classification system, the soil falls under A-4, A-6, A-7-5, 

and A-7-6 of clayey soils with fair to poor quality 

sub-grade. 

The unconfined compressive strength of intact rocks 

was estimated and ranged from 14 to 167 MPa as low to 

high rock mass strength. The rock quality designation 

was estimated and varied from 12.05 to 96.83 %, with 

poor to excellent quality. The rock mass rating was 

estimated, and its value ranges from 42 to 73 % of class 

III & II with fair to good quality. Therefore, the possible 

engineering geological, and geotechnical problems that 

cause infrastructure failure in most parts of the town are 

found to be the existence of potentially expansive soils. 

Finally, bore starting construction areas included in this 

study have needed a possible solution for the 

problematic soils.  
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