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ABSTRACT

Collapsible soils, which are sometimes referred to as metastable soils, are unsaturated soils that

undergo a large change in volume upon saturation with or without loading which pose problem

to civil engineering structure. Many researches have been done and variety of methods and

techniques have been proposed for improving the engineering property of this soil to make

suitable for civil engineering structure built on it. Some techniques used for improving

collapsible soils are partial excavation and replacement with compacted fill, dynamic compaction

and chemical stabilization. Alternatively, use of other local abundant available pumice material

as a means improving is one method which reduce damages on structure.

This study was undertaken on collapsible soil sample taken from Ziway-Adamitulu Woreda. The

change in engineering properties of this soil investigated with addition of increasing percentage

of pumice. Pumice is the most locally abundant available material around the aforementioned

area. The preliminary investigation of the soil to be improved initially characterized and

classified based on indicative tests and found to be A-4 according to AASHTO and SM class of

soil according to USCS systems. Compaction, direct shear, CBR and collapsible potential tests

were used to evaluate engineering properties the improved soil. Field density tests also

conducted to determine the in-situ densities of the soil.

Analysis of the results shows that the collapse index of natural and compacted untreated soil

6.720% with moderate severe disorder soil at bulk and 2.235% with moderate disorder soil at

OMC respectively. Treating this soil with pumice reduce collapsible index from moderate

disorder soil (2.235%) to slight disorder soil (0.329) % at optimum content of 25 % pumice

according to ASTM D5333. Similarly, MDD decrease and CBR, Shear strength and OMC values

increased as pumice content is increased. Curing has significant effect on the geotechnical

properties of pumice-stabilized soil. Therefore, this experimental result contributes in solving the

problems of soil collapse by treating to enhance its resistance.
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CHAPTER ONE: INTRODUCTION

1.0 General Background

An increase in population levels has resulted in the extensive of land use for construction and

may face problematic soils, like collapsible one. Construction over problematic soils is a

common problem in many parts of the world. Therefore, it is critical for geotechnical engineers

to have adequate knowledge to deal with these problematic soils.

According to Evans (2004) there are numerous types of naturally occurring soils having the

potential to cause problems for a variety of reasons, including collapse, expansion, settlement,

low bearing capacity and other factors that would cause difficulties for the civil or geotechnical

engineer. Expansive clays, peat, quicksand, glacial deposit, and collapsible soils are all examples

of naturally occurring problem soils, as well as man-made problematic soils and fills. The

specific problems posed by naturally occurring soils with potential for collapse under loading

(for example by a building or during construction works) or wetting (such as during the rise of

groundwater) are an existing and on-going geological hazard that should be considered when

engineering work is planned, conducted or completed. Different types of problematic soils have

been recognized, however, one of the most significant ground related hazards to the built

environment is collapsible soils.

Collapsible soils are metastable, unsaturated soils with a porous structure. They are often in the

form of deposits. Because of the natural cementation between the grains, this type of soil can

withstand high loads in the dry state; but, even without the addition of loads, saturation causes

the inter-granular bonds to fail, resulting in a denser structure and the collapse of the soil. These

soils are generally composed of a predominant percentage of silts and a small percentage of fine

elements (Bellil et al., 2018).

Although collapsible soils can sustain high applied vertical stress without showing a significant

change in volume in an unsaturated condition, the settlements associated with the percolation of

water into the system often led to expensive repairs (Gaaver, 2012). This can yield disastrous

consequences for structures built on such deposits.
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Collapsible soils are found in many parts of the world, typically in arid and semi-arid climate

areas. (e.g. United States of America, Brazil, Egypt, Kuwait, South Africa, and China). (Al-

Rawas ,2000). Further to the natural collapsible soils, any type of soil compacted at ‘‘dry-of-

optimum’’ conditions and at a low dry density may develop a collapsible fabric or metastable

structure (Pereira et al., 2000).

A sudden reduction in volume, due to an increase in the water content, can cause damage to the

lightly loaded structure including houses, buildings, roads, and pipelines; a failure in earth dams,

and slope failure. There are several examples of construction failure associated with collapsible

soils that have led to tremendous maintenance costs. Damage occurring as a direct or indirect

result of collapse can be enormous, in terms of both economic and human loss (Lawton et al.,

1992). Therefore, the identification, characterization and, prediction of the collapsible potential

of the soil as well as proposing new solutions to mitigate the problems related to collapsible soils

are critical issues for geotechnical engineers.

Methods for remedying collapsible soil are generally replacing the collapsible soils by suitable

building materials, compaction of the soil, an appropriate drainage system to prevent the soil

from getting wet, chemical stabilization or injection, pre-wetting or wetting the soil in a

controlled manner, dynamic compaction, using pile foundations, using water explosion and

compaction of collapsible soils by explosion energy (Moayed & Kamalzare, 2015).

Among the above-mentioned methods, in this study, more emphasis is given to reduce and

minimize the effect of volume change and increase the bearing capacity and shearing resistance

of these soils by stabilization using natural pumice material. The purpose of soil stabilization is

to improve the engineering characteristics of the soil. A widely practiced method is to add

cement, lime, bitumen, or special additives to bind the particles of the soil or strengthening the

existing bonds. Nontraditional stabilizers such as Nano-silica and fly ash are also applied for soil

stabilization (Hosseini et al., 2019). The use of granulated slag and natural pozzolan to treat

collapsible soils resulted in a significant reduction in collapse potential (Ic) and a decrease in

suction (Ziani et al., 2019).
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Stabilization using naturally available materials has several advantages such as they are cost-

effective and preserve the environment. The method used is exclusively experimental and

conducted on samples of soils reconstituted in the laboratory. Such method has been selected for

this study to improve the characteristics of the collapsible soil and to indicate that it is possible to

reduce the collapse potential (Cp) to an acceptable level.

Very few researches were carried out here in our country to study the engineering properties of

collapsible soils. However, no attempt was made so far about improving the characteristics of

collapsible soil using pumice. This study investigates the engineering properties of collapsible

soil and identifies problems associated with such soils and the possible ways/mechanism of

improving soil collapse problem using natural pumice.

Tewodros (2019) discussed that no satisfactory research and investigation has been made and

published on collapsible soils found in Ethiopia. Many of the focus areas of the researches

undertaken so far have emphasized on expansive soils, among any other problematic soils, and

less attention is given on the existence of collapsible soils. Due to the above-mentioned reasons,

there is no extensive knowledge, even within the experienced engineering professionals, on the

methods of identification, classification, and treatment of collapsible soils.

To summarize; in our country this type of soil is not studied sufficiently, but now days different

infrastructures are under construction in areas where this soil is commonly found. So, in order to

use this problematic soil as a good foundation support, different stabilizing techniques should be

provided by researchers. Therefore, in this research an attempt was made to stabilize collapsible

soil using pumice.

1.1 Statement of the Problem

Collapsible soils are unsaturated soils that undergo a large change in volume upon saturation

with or without loading. Because of wetting, problems of collapse occur to civil engineering

structure built on it with large and sudden reduction in volume. So, prevention or minimizing of

damage due to collapse of such soil by improving its engineering characteristics make the

structure stable built on it. Some of the mitigation measure for improving collapsible soils are
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partial excavation and replacement with compacted fill, dynamic compaction and chemical

stabilization. Alternatively, Use of other local abundant available pumice material as a means

improving is one method which reduce severity of collapse on structure.

This study was undertaken on collapsible soil sample taken from Ziway-Adamitulu Woreda. The

change in engineering properties of this soil investigated in detail by mixing the collapsible soil

with an increasing percentage of pumice in the laboratory.

1.2 Research Objective

1.2.1 General Objective

The main objective of this research is improving the engineering properties of collapsible soil

using pumice.

1.2.2 Specific Objective

The specific objectives of the study are listed as follows:

 To assess the engineering properties of the natural collapsible soil by conducting index

and classification tests as well as strength tests.

 To investigate the effects of pumice on engineering properties of collapsible soil. Such

properties include compaction characteristics, collapse potential, CBR, and shear strength.

 To assess the collapsible potential of natural soil and to reduce the collapsible potential of

the soil after stabilization.

 To reduce or minimize the effect of volume change (settlement) of collapsible soils.

1.3 Scope of the Research

This study has been supported by secondary data and a series of experiments. The experimental

work carried out as part of this research consisted of field and laboratory investigation. The field

portion involved the determination of in-situ density and collecting disturbed and undisturbed

samples. The laboratory portion involved conducting different tests on untreated and pumice-
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treated samples. The tests included atterberg limits, specific gravity, grain-size analysis,

moisture-density relationship, collapsible potential, direct shear, and one-point CBR tests.

The findings of the study are limited to soil samples considered in the research which are

collapsible and specific to the type of additives used i.e. pumice. The research is limited to

Ziway area soil around Adamitulu Woreda from a single test pit.

1.4 Application of the Result

Due to the severe damage inherent in collapsible soils, a better understanding of the problem is

essential. Accordingly, a study of the natural behavior of collapsible soils and their possible

remedy would be important. Therefore, the results obtained from this research will be important

to overcome the problems associated with such type of soil, and reducing damages for the

structures constructed on this collapsible soil.

In addition; the results from this study can be used to understand better about the nature of the

collapse phenomenon through a detail investigation of the natural characteristics of collapsible

soil and to introduce the effectiveness of pumice treatment in solving the problem.

The study can also be used as a guide for experts in the field, as well as an indicating how to

improve collapsible soils in the construction industry while minimizing the initial costs of new

projects.

1.5 Methodology

The research was conducted using a literature review on collapsible soils, field observations,

collection of samples for laboratory tests, analysis of the laboratory test results.

The study started by reviewing secondary sources from the literature, journals, previous studies

and the internet. Both primary data (collected personally) from the source itself (such as

experiments, observations, and photograph records) and secondary data from different research

works are collected and used for the analysis. The analysis of the data collected is qualitative and

quantitative. In general, the following methodology is developed to achieve the objective of the

research.

Literature review: various academic sources; such as textbooks, academic journals, seminars

and research papers were reviewed in order to have different soil improvement techniques. Those
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literature reviews were conducted; to understand the engineering properties of collapsible soils,

to identify problems associated with such soils and to investigate possible ways of improving the

problematic nature of collapsible soils.

Sampling and laboratory testing

To assess the effects of collapsible soil improvement by pumice material, various tests have been

conducted on the soil samples collected from the Ziway-Adamitulu areas. Soil sampling and

testing methods are used to characterize the physical properties of the soil. These methods are

undertaken as per ASTM and AASHTO standards.

The laboratory tests conducted before improvement on natural soil samples include: specific

gravity, particle size determination, atterberg limits, moisture-density relationship, collapsible

potential test, direct shear test, and one-point CBR test. The laboratory test that was conducted

for blended samples are: moisture-density relationship, collapsible potential test, direct shear test,

and one-point CBR test.

Steps for laboratory testing

 Preparation of soil samples and stabilizers (pumice).

 Carry out different laboratory tests on the soil samples.

 Carry out tests on different types of treated samples.

Analysis of the results

Based on theoretical backgrounds and laboratory test results, the optimum amount of pumice

required to stabilize the soil under investigation was determined and, the engineering

characteristics of the soil have been assessed for the collapsible soil and its combination with

pumice. Using descriptive statistics, the data was analyzed and interpreted.

Conclusions and recommendations: are deduced based on critical interpretation of results.
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1.6 Organization of the Thesis

The presentation of this thesis work is organized into six Chapters.

 Chapter one contains the introduction part, which includes the background of study,

problem statement, objectives of the study, scope, methodology, application of the result,

and organization of the thesis.

 Chapter two presents a literature review: It includes genesis of collapsible soils, collapse

mechanism, characteristics of collapsible soil, identification of collapsible soils,

classification of collapsible soil, distribution of collapsible soils, problems associated with

collapsible soils, and mitigation measures against collapsible soils.

 Chapter three describes the study area according to climate, geology, and geographical

location.

 The fourth Chapter deals with the characterization of materials used for the study, field

and laboratory testing procedures followed.

 Chapter five comprises the test results obtained; analysis of results and discussions of

results with respect to the theoretical background and findings of previous studies.

 Chapter six presents conclusions and recommendations drawn from this research.
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CHAPTR TWO: LITERATURE REVIEW

2.1 Overview

Unfortunately, many soils can prove problematic in geotechnical engineering, because they

expand, collapse, disperse, undergo excessive settlement, have a distinct lack of strength, or are

corrosive. Soil compositions, the nature of their pore fluids, their mineralogy, or their fabric are

the factors responsible for such characteristics (Bell and Culshaw, 2001). The present study is

concerned on the collapsibility problems of soil.

This chapter is intended to review the literature about the collapse phenomenon, such as

definition, origin, and collapsible mechanisms, distribution of collapsible soil, problems

associated with collapsible soil, and mitigation measures against collapsible soil. It also covers

methods of identification of collapsible soils used to measures the degree of collapse.

2.2 Definition

Many definitions of collapsible soils can be found in the literature; hence it is essential to

demonstrate some of them for understanding its behavior. Collapsible soils can be defined as

follows:

‘’Collapsible soils are those unsaturated soils that can withstand relatively high pressure without

showing significant change in volume, however upon wetting; they are susceptible to a large and

sudden reduction in volume’’ (Gaaver, 2012).

“Collapsible soils are natural materials where the combination of particle type and sedimentation

mechanism give collapsibility. Collapsible soils are ones that appear to be strong and stable in

their natural state, but collapse rapidly when wet, resulting in large and often unexpected

settlements. This can yield disastrous consequences for structures built on such deposits. Such

soils are often termed “collapsible” or “metastable” and the process of their collapse is often

called any of “hydro-consolidation”, or “hydro-collapse.” (Abdelmohsen and Ali,2014).

Cementing agents that exist in the structure of collapsible soils stabilize the open and partially

unstable fabric, and thereby give the soil high bearing capacity in the unsaturated state. However,

the addition of water to the system, along with high pressure on top of the soils, softens the inter-

particle bindings and leads to a critical reduction in volume (Bigdeli, 2018).

.
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Pereira et al. (2000) outlined the factors that produce collapse as follows:

1. An open, partially unstable, unsaturated fabric

2. A high enough net total stress that will cause the structure to be metastable

3. A bonding or cementing agent that stabilizes the soil in the unsaturated condition,

4. As water is added to the soil, the bonding or cementing agent is reduced, and the inter-

aggregate or inter-granular contacts fail in shear, resulting in a reduction in the total volume of

the soil mass.

2.3 Characteristics of Collapsible Soils (Features of Collapsible Soils)

Zamani & Badv (2019) presented some of the common typical features that are found with most

collapsible soils. The following characteristics are useful in determining the causes of collapsing

soils:

 open physical structure

 high porosity (more than 40%)

 low dry density

 low saturation degree (less than 60%)

 young geological formations that had less time to obtain their natural density

 strongly affected by changes in moisture content or effective stress level

 high silt content (more than 30%, sometimes up to 90%) and low clay amount

 low resistance in inter-granular forces
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Figure 2. 1: Schematic view of the characteristics of collapsible soils before and after the
collapse

According to Houston et al. (2001) in addition to natural soils that exhibit some of the above

characteristics and can be classified as naturally deposited collapsible soils, engineered

compacted fills may exhibit volume moisture sensitivity if compaction specifications and quality

control are not appropriate. Compaction to low dry density of optimum produces the greatest

susceptibility to densification upon wetting, but almost any compacted soil can exhibit collapse if

the confining pressure is sufficiently high.

Water Infiltration Collapse
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- Partial saturation
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2.4 Conditions Leading to Collapse

Charles and Bruce (2007) have put some discussion on the conditions leading to collapse. In

their books, they explained that under normal circumstances naturally occurring collapsible soils

are not wetted to significant depth by precipitation. Rainfall either runs off or infiltrates only a

short distance and then evaporates to the surface, particularly in arid regions. Problems with

collapsible soils are almost always associated with man-induced changes in the surface water and

groundwater regime. This is often coupled with a failure to identify the collapse condition before

construction and/or a lack of knowledge of potential wetting sources. Collapse, triggered by

increased water content, can typically be linked to engineering modifications and alteration of

natural flow patterns. In some cases, the overburden stresses alone are sufficient to drive the

collapse process when wetting occurs. When cementation is very strong or the collapsible soils

are very shallow, additional stress due to a structure or foundation may be necessary for collapse

to happen. Often collapsible soils go undetected until a structure is already in place. Even if

collapsible soils are identified prior to construction, a lack of knowledge of potential sources of

wetting can lead to incomplete mitigation of the problem. For example, due consideration of

rising groundwater table may not be given, or infiltration may extend to a greater depth than

assumed.

2.5 Mechanism of Collapse

Since the first, recognition of the collapse phenomenon, a great effort has been made to

thoroughly understand the mechanism of collapse and the behavior of collapsible soils.

Al-Rawas (2000) has presented Casagrande’s (1932) demonstration which states that a portion of

the fine-grained fraction of the soil exists as bonding material for the larger-grained particles.

These bonds undergo local compression in the small gaps between adjacent grains resulting in

the development of strength.

Jennings and Knight (1957) substantiated and idealized Casagrande's concept to explain the collapse

mechanism. When the soil is loaded at its natural moisture content, the soil structure remains

reasonably unchanged and the bonding material compresses only slightly without relative movement

of the soil grains. When the loaded area is wetted and certain critical moisture content is exceeded,

the fine silt or clay bridges come to the stage where they can no longer resist the deformation forces.

Collapse of the grain structure takes place with reduction of the volume of the soil (Alfi, 1984).
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Barden et al. (1973) conducted a comprehensive electron microscopic study of the metastable

structure of different types of collapsing soils from various origins. The various possible

structures of collapsing soils are shown in Figure 2.2 Their study indicated that a common basic

collapse mechanism applies to the different types of soil ranging from sand to clay. Various

bonding between particles is possible. The most recognizable are capillary suction, silt and/or

clay bridges or buttresses, and cementing agents. Any combination of these bonding sources and

the various types of collapsing soil structures will form a collapsing mechanism. There are three

main bonding mechanisms present in collapsible soils.

i. In cases when the soil consists of sand with a fine silt binder, it is assumed that simple

capillary forces provide the silt-silt and silt-sand bond. Figure (2.2a & 2.2 b).

ii. Clay plates in the bonds between bulky sand and silt grains, on the other hand, are

responsible for the majority of collapsing soils. Depending on the geologic origins and

history of the soil, a number of structural arrangements of the clay plates are possible. As

shown in Figure (2.2c), when the clay is formed in place by authigenesis, it may form a

parallel plate onion-skin effect around the quartz particles. Alternatively, if the clay was

originally in suspension in the pore water, then gradual evaporation would cause the clay

plates to retreat with the water into the menisci at inter-particle contacts. Knight (1960)

indicates that under such conditions the clay would form a random flocculated structure as

illustrated in Figure (2.2d), giving a buttress type of support to the bulky grains.

iii. Chemical cementing agents such as iron oxide, calcium carbonate, and others, which are

often the main agent in loessial soils, may have a significant bonding effect in certain

collapsing soils. Figure (2.2e & 2.2f).

In all cases, the clay bond possesses high dry strength, which is reduced upon saturation. The

reduction of strength may be due to loss of capillary tension, increase in water content, and

physicochemical action; however, it is not known how much is due to each (Alfi, 1984).
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Figure 2. 2 :Typical collapsible Soil mechanism after Barden (1973): (a) capillary tension; (b)

silt bond; (c) aggregated clay bond; (d) flocculated clay bond; (e) mudflow type of separation; (f)

clay bridge structure.

2.6 Causes of Collapse

Kalantari (2013) describes that, Collapsible soils such as loess sands consist primarily of silt

sized particles loosely arranged in a cemented honeycombed structure (Figure 2.3). Small

amounts of water-softening or water-soluble cementing additives, such as clay minerals and

calcium carbonate, hold the loose structure together. The introduction of water dissolves or

softens the bonds between the silt particles and allows them to take a denser packing under any

type of compressive loading.

The addition of water is a widely used for triggering soil collapse. Collapse can also occur,

however, as the result of load application, or wetting, or both. Thus, collapse can occur either by

increasing the stress above the soil strength or by lowering soil strength below the stress.

Whatever; the physical basis of the bond strength, all collapsible soils are weakened by adding

water. Decreased strength is immediate in cases where the grains are held together by capillary

suction, slow in the case of chemical cementing, and much slower in the case of clay buttresses.
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Thus, it may take long periods of time, even years, for the total collapse to take place (Knodel,

1992).

Figure 2. 3: a) Dry soil with honeycombed structure before inundation (b) Soil structure after
inundation

2.7 Genesis of Collapsible Soils

According to Houston et.al. (2002), climates of arid regions and the typical soil types found in

these areas give rise to soil collapse problems. In arid climates, evaporation greatly exceeds

rainfall. Only the relatively near surface soils become wetted from normal rainfall. It is the

combination of depositional processes and climatic conditions that lead to the formation of

collapsible soils.

In addition to naturally deposited collapsible soil, this soil can be formed artificially through

poor compaction control or where compaction is dry of optimum (Pereira, 2000).

2.8 Identification of Collapsible Soils

Identification of collapsible soils requires a special consideration because such soils are often

overlooked during soil investigations. However, they have certain distinctive characteristics.

According to Al-Rawas (2000) the first task that a Geotechnical Engineer should perform in the

evaluation of collapsible soils is to visually examine the soil encountered at a particular site. This

step is followed by the evaluation of the soil behavior using index tests to determine the

likelihood of the soil for collapse. Once the soil has shown indications of collapse by visual

examination and index tests, further laboratory tests are required to determine the magnitude of
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collapse. Several collapse criteria based on some parameters such as dry density, atterberg limits,

moisture content, void ratio, clay content and porosity.

2.8.1 Geological Reconnaissance

Local site geology and depositional processes should be considered first in assessing the collapse

potential of the soil profile. Together with climatological data, this information can be a very

useful tool in planning the site investigation. In the case of an existing roadway, the

geomorphological clues can be coupled with knowledge of performance to help identify possible

problem soil conditions. Geographical and geological information is strongly correlated with

collapsibility and collapse potential. Engineering experience and familiarity with local

infrastructure performance and geological conditions is an essential element of the site

characterization (Houston and et al., 2002).

2.8.2 Indirect Correlations

Qualitative and semi-quantitative correlations have been developed between collapse potential

and various index properties. Of course, a low initial density is a good predictor of collapse

potential, but some soils with moderately high density have also exhibited significant collapse.

The water content at saturation is another index property that is closely related to density. When

the water content corresponding to full saturation significantly exceeds the liquid limit, major

collapse potential is indicated. Correlations with seismic velocity, SPT N-values, and CPT tip

resistance have also been attempted with low to moderate success. Many of these correlations

with index properties have the drawback that they are typically weak, with considerable scatter,

and in most cases the quality of the collapse potential prediction is not high enough to be

reasonably used for subsequent settlement analyses (Houston et al., 2001).

Several investigators have proposed various methods for evaluating the physical parameters of

collapsing soils for identification. Das (2011) provided a summary of some soil collapse criteria

based on different parameters. Some of these methods are discussed briefly in the next section.

 Abelev (1948) was the first to suggest the following criterion for evaluation of soil collapse

potential due to variation of soil void ratio before and after saturation as follows:

(Esmaeli ,2008).
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δs = (Δe / (eL+ 1)) % (2.1)

Where: Δe = void ratio reduction during soil saturation

eL= void ratio before soil saturation

Regarding the above criterion If δs is greater than 2 percent then the soil will be susceptible to

collapse.

 Denisov (1951) used the void ratio at liquid limit to natural void ratio as follows:(Das,2011).

K = void ratio at liquid limit / natural void ratio

K=Coefficient of subsidence

If, K= 0.5 – 0.75: highly collapsible soil;

If, K= 1.0: non collapsible loam;

If, K= 1.5 – 2.0: non collapsible soil

 Priklonski (1952) identified the collapsible soil by the follows: (Das, 2011).

KD = (Wn - PL) / PI (2.2)

where KD= Liquidity Index, Wn= natural moisture content, PL= plastic limit, and PI=

plasticity index

If, KD< 0: highly collapsible soils

If, KD> 0.5: non collapsible soils

If, KD> 1.0: swelling soils

 Clevenger (1958) proposed a criterion based on dry density, that is, if the density is less than

12.6kN/m3, then the soil is liable to significant settlement. On the other hand, if the dry

densiy is greater than 14.1kN/m3, then the amount of collapse should be small, while at

intermediate densities the settlements are transitional (Al-Rawas, 2000).

 Holtz and Hilf (1961) suggest that the density of collapsible soils together with their liquid

limits (LL) may be used to estimate collapse potential. They provide a chart to evaluate

collapsibility of various types of soils (Figure 2.4). The graph shows that soils that plot above

the line are prone to collapsing when wet, and that as their dry densities decrease, the severity

of collapsibility increases (Kalantari, 2013).

 Gibbs and Bara (1962) used the dry unit weight and liquid limit as criteria to distinguish

between collapsible and non-collapsible soil types. The method is based on the premise that a
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soil, which has enough void space to hold its liquid limit moisture content at saturation, is

susceptible to collapse up on wetting (Charles and Bruce, 2007).

Collapse ratio = (water content at saturation)/liquid limit

A soil with a collapse ratio equal to or greater than unity will be near a liquid state when

saturated and therefore subject to collapse.

Figure 2. 4: Identification of collapsible and non-collapsible soils (After Holts and Hilf, 1961),
Gs, specific gravity of soil material

 USSR 1962 Building Code. The soil is considered susceptible to collapse upon wetting if the

in-situ degree of saturation (S) is less than 60 percent and λ≥-0.1(Das, 2011).

λ = (eo- eL/ 1+eo) (2.3)

Where (eL) is the voids ratio corresponding to liquid limit and (eo) is the natural voids ratio.

 Feda (1964) identified collapsible soils as follows :( Das, 2011).

KL= (wo/Sr)–(PL)/(PI) (2.4)

Where: wo= natural water content, Sr= natural degree of saturation, PL =plastic limit, and PI =

plasticity index

For Sr< 100 %, if KL> 0.85, the soil is collapsible.
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 The percentage clay content or the ratio of liquid limit to saturation moisture content,

according to Handy (1973), may be used to determine collapsibility (Das, 2011).

 Clay content of less than 16 percent had a high probability for collapse;

 Clay content of between 16 and 24 percent were probably collapsible;

 Clay content between 25 and 32 percent had a probability of collapse of less than 50

percent;

 Clay content which exceeded 32 percent was non-collapsible.

 Zur and Wiseman (1973) used the density versus liquid limit as a collapse criterion given by

as follows:( Hamid, 2012).

Do / DLL< 1.1; soil prone to collapse

Do / DLL> 1.3; soil prone to swell

Where Do is the in-situ dry density and DLL is the dry density of soil at full saturation and at

moisture content equal to the liquid limit.

 Sabbagh (1982), According to (Zamani & Badv, 2019).

Cp= ∆H/H0 (2.5)

∆H is the difference between the initial height of the sample (before saturation) and the final

height of the sample (after saturation) and also H0 is the initial height of the sample in the

oedometer test

If 0 < Cp ≤ 2%, the soil is low collapsible (LC)

If 2% < Cp ≤ 5%, the soil is moderately collapsible (MC)

If Cp > 5%, the soil is highly collapsible (HC)

 According to Lin and Wang (1988) criterion the collapsibility index of soil in self weight

condition is defined as follow:

iCZ= hZ – hZS/h1 (2.6)

Where hZ and hZS are the soil sample thicknesses in odometer test regarding overburden pressure

in natural and saturation conditions respectively and h1 is initial soil sample thickness. The soil

condition and tendency to be collapsed are summarized below: (Esmaeli, 2008).

o (0-1)% - No Collapsibility

o (1-5) % - Medium Collapsibility

o (5-10) %- High Collapsibility

o (10-20) % -Very High Collapsibility
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o (>20) % - Extremely Collapsible

2.8.3 Direct Evaluation of Collapse Potential

Prediction of collapse potential and measurement of collapse strain could be outlined, either in

laboratory by performing oedometer test or in field by performing plate load test.

2.8.3.1 Laboratory Testing

The most common laboratory collapse test is the one-dimensional response-to-wetting test,

which is performed with conventional consolidation equipment.

However, performance of laboratory response to wetting tests on undisturbed specimens likely

represents the most widely used and economical method for identification of collapsible soils. Of

course, the quality of the nature specimen used in the laboratory oedometer test is of concern in

making quantitative estimates of collapse potential.

Double Oedometer Test

Double oedometer method is conducted based on an assumption that the “deformations induced

by wetting are independent of the loading-wetting sequence” (Lawton et al. 1992).

This method uses two parallel oedometer tests on identical samples, one being tested at its

natural moisture content, whilst the other is tested under saturated conditions, the same loading

sequence being used in both cases (Charles and Bruce,2007). The results of such tests are shown

in Figure 2.5. Two stress versus strain curves will be generated, one for the “dry” soil and one

for the saturated soil. If the soil is strongly hydro collapsible, the stress-strain response for the

saturated curve will be significantly different than that of the dry soil. The vertical distance

between the tests results represents the potential hydro-collapse strain. The advantage of the

double-oedometer test is that through a single test one can obtain a large amount of data without

repeating single oedometer tests at different stress levels.



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 20

Figure 2. 5: Results of a double‐oedometer test on a hydro‐collapsible soil.

Single Oedometer Test

The single-oedometer test is conducted based on the ‘‘soaked-after-loading method’’ (Lawton et

al. 1992). The undisturbed soil specimen at natural moisture content loaded in the conventional

oedometer up to a given load. At this point the specimen is flooded and the resulting collapse

strain, if any, is recorded (Figure 2.6). Then the specimen is subjected to further loading. The

result of a single oedometer test will indicate whether a soil is collapsible and at the same time

give a direct measure of collapse strain potential (Charles and Bruce, 2007).

Figure 2. 6: Typical results from a single oedometer test on a hydro‐collapsible soil specimen.

ASTM D5333 describes the procedure for the single odeometer test to measure the collapse

potential of soils. The standard also introduces the collapse index (Ie), which is the wetting

induced strain measured at a reference stress level of 200 kPa and the collapse potential (Ic),

percent-relative magnitude of soil collapse determined at any stress level. ASTM D5333

specifies the severity of collapse based on the value of the collapse index according to Table 2.1.
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Ie=∆h/ho*100 (2.7)

Where: ∆h = change in specimen height resulting from wetting, mm (in.) and ho = initial

specimen height, mm (in.).

Table 2. 1: Classification of the degree of collapse using collapse index in accordance with
ASTM D5333-03 standard

Degree of Specimen Collapse Collapse Index Ie, %
None 0
Slight 0.1 to 2.0

Moderate 2.1 to 6.0
Moderately severe 6.1 to 10.0

Severe >10

2.8.3.2 Field Testing

Field tests are often used to help identify and characterize collapsible soil deposits.

A. Sausage test
A very simple field test is the “sausage” test. A block of soil of about 500 cm3 is taken from the

test trial pit and broken into two pieces, and each is trimmed until they are approximately equal

in volume. One specimen is then wetted and molded in the hands to form a damp ball. This ball's

volume is then compared to the volume of the undisturbed specimen. If the wetted ball is

obviously smaller, then collapse may be suspected. This test is only a guide as to whether or not

a soil can collapse (Al-Rawas, 2000).

B. Plate load test

The most common field tests for evaluating allowable foundation pressures are plate load tests.

Normally, these tests are carried out near the ground. Water is added to the loaded soil in this test,

and the resultant displacement due to wetting is recorded.

Charles and Bruce (2007) reported that, in situ methods of testing for collapsible soils include

shallow plate load test and down-hole plate load test. In situ measurements appear promising for

identification of collapsible soils, particularly for difficult-to-sample materials. In general,

sample disturbance may be greatly reduced, and a quantitative measure of collapse potential can

be obtained. A quantitative measure of collapse potential in terms of strain is somewhat more

difficult to obtain from in situ tests because the degree and extent of wetting, and therefore the
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zone of influence, is not routinely determined. Ideally, an adequate number of points within the

profile can be tested so that a reasonable engineering estimate of collapse settlement potential

can be made.

2.9 Classification of Collapsible Soils

Numerous soil types can fall in the general category of collapsible soils, including natural soils

and compacted soils. Coduto (2001) reported that, collapsible soils are natural deposits formed

by several geologic processes such as aeolian deposits, alluvial deposits, colluvial deposits and

residual deposits. Lawton (1992) added that, collapse can occur also in compacted fills.

Figure 2. 7: General classification of collapsible soils (Rogers, 1995)

2.9.1 Natural Collapsible Soils Deposits

2.9.1.1 Collapsible Alluvial and Colluvial Soils

Some alluvial soils (i.e., soils transported by water) and some colluvial soils (i.e., soils

transported by gravity) can be highly collapsible (Coduto,2001).

Alfi (1984) explained that, Alluvial deposits consist mainly of loose water-laid deposits, which

include alluvial fans, flood-plain deposits, and mudflows. A major part of the flood-plain

deposits is loess like deposits, which are sometimes mistaken for loess. Colluvial deposits are
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formed from deposits of loose rock debris that has accumulated at the base of a cliff or slope due

to gravity effects only.

2.9.1.2 Collapsible Aeolian Soils

Soils deposited by wind are known as aeolian soils. These include windblown sand dunes, loess,

volcanic dust deposits, as well as other forms. Loess (an aeolian silt or sandy silt) is the most

common aeolian soil and it covers much of the Earth’s surface. Collapsible loess has a very high

porosity and a correspondingly low unit weight. Loess deposits are generally much less erratic

than other types of collapsible soils, but they are often much thicker (Coduto, 2001).

2.9.1.3 Collapsible Residual Soils

Residual deposits are the product of weathering and mechanical alteration of the components of

parent rocks in place. This process can sometimes involve the disintegration of rock minerals

into clay minerals, which can then be leached away, leaving a honeycomb structure with a high

void ratio. The soil is prone to collapse as this structure develops. The largest amount of spatial

variation is likely to be found in residual soils, making it more difficult to predict the collapse

potential (Coduto, 2001).

2.9.2 Collapsible Compacted Fills

Some deep fills can collapse even when they have been compacted to traditional standards. This

suggests that the hydro-consolidation potential is dependent on both the void ratio and the

normal stress. Very loose soils will collapse upon wetting even at low normal stresses, but denser

soils will be collapsible only at higher stresses. It appears that this phenomenon is most likely to

occur in soils that are naturally dry and compacted at moisture contents equal to or less than the

optimum moisture content. We can reduce the collapse potential by compacting the fill to a

higher dry unit weight at a moisture content greater than the optimum moisture content (Coduto,

2001).

2.10 Problems Associated with Collapsible Soils

The key geotechnical problem with collapsible soils to is the substantial loss of shear strength

and volume reduction that occurs when they are exposed to water from any source (Ali, 2016),
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(Kalantari, 2013) discuss that foundations for various structures or pavements constructed on

collapsible soils might undergo rapid and considerable amounts of settlement. When the

foundation subsoil becomes saturated due to various forms of water intrusions, such as leakage

from broken pipelines, sewer lines, pools and basins, as well as water from runoff or irrigations,

these deformations occur.

According to Houston et al. (2002), non-homogenous subgrades, which include materials with

varying degrees of collapse potential, and non-uniform distribution of wetting in subgrades

materials cause differential collapse settlement across roadway sections. When subgrade soils

differentially collapse, the consequence is a rough, wavy surface and potentially many miles of

extensive damage highway. There have been several reported cases for which collapsible soils

have been cited as the cause of excessive pavement waviness or highway bridge problems. Some

examples include Interstate 10 near Benson, Arizona, sections of Interstate 25 in the vicinity of

Algadonas, N.M., and the Steins Pass, Arizona bridge foundation problems.

The mechanism of wetting from downward infiltration is more likely to result in a shallow depth

of wetting than wetting to great depth. The probability of relatively shallow partial wetting from

sources such as landscape irrigation and broken pipelines is very high. In addition, increased

infiltration due to urbanization can effectively change an arid or semi-arid climate into a humid

climate. For example, in connection with a forensic investigation in San Diego, California, the

annual precipitation was about 30 cm before a residential subdivision was built, but about 170

cm (counting landscape irrigation) after it was built. Significant settlements of the underlying

compacted fill were caused by the change in the effective precipitation level. Despite the fact that

this subdivision was situated in a semi-arid area, the lawns were spongy to walk on, and the

street side curbs had moss growing on them due to the excessive landscape watering. In another

example, in semi-arid New Mexico, a commercial building won an award from the city for the

year’s most beautiful lawn and landscaping. However, they also suffered about US$0.5 million

dollars in foundation damage owing to differential settlement, having wetted the collapsible

foundation soils to a depth of 15 m in some locations (Houston et al., 2001).

In addition, Ziani et.al. (2019) reported that recently, in Algeria, troubles due to the collapse

phenomenon have been observed in several regions. In Algiers region, a collapse affected two

buildings in of El Achour city and part of the Ben Aknoun highway in 2009 and 2013
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respectively. In Sétif region (300 km east of Algiers), a hole of 5 m in diameter and 12 m in

depth appeared an agricultural land because of the presence of a collapsible soil. The collapse

which occurred in 2009 in Cheria, near Tebessa in the far east of Algeria, causes settlements of a

magnitude of two and a half meters of dozens of buildings. Furthermore, in the south-east of

Biskra region, the infiltration of water induced the degradation of several residential buildings.

2.11 Mitigation Measures Against Collapsible Soils

The methods for treating collapsibility of soils fall into two groups: (i) Mechanical remediation

methods, which are mainly focused on increasing the compaction of loess soil and rearranging

the soil particles to reduce collapse; and (ii) chemical remediation methods, which use chemicals

to alter the behavior and improve the strength and stability of collapsible soils. Recently, a

combination of the two methods using compaction of soil followed by chemical stabilization has

been used to treat problematic soils (Bigdeli, 2018).

(Al-Rawas, 2000) summarized that some of the most common techniques with an explanation of

the advantages and disadvantages of each method as shown below.

A. Partial excavation and replacement with compacted fill

Excavation, removal of collapsible soil, and replacement with compacted soil with improved

mechanical properties is one of the easiest methods for dealing with collapsible soils. Only if the

layer of problematic soil is thin and close to the surface can this approach be used (Bigdeli,

2018).

Rollins and Rogers (1994) reported that this method has three benefits: it reduces the amount of

collapsible material in the zone of significant stress, it increases the depth to which water must

percolate before reaching collapsible material, and it reduces the induced stress to which

collapsible soil is subjected. This reduction in the induced stress many keep the stress below the

critical value necessary to produce significant collapse settlement. Furthermore, this technique

minimizes the differential settlement under the footing.

Ali (2016) proved that by replacing sand/crushed stone in collapsible soils, it is possible to

control/mitigate the risk of sudden settlement when exposed to water. She also discovered that

replacing soil with compacted cohesion less soil decreases foundation settlement by about half

and increases bearing capacity by about (80%-100%). To achieve good results of higher bearing
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capacity and low and uniform settlement, the subgrade should be improved with compaction and

pre-wetting before placing the top compacted sand replacement. Within the tested range, the

most effective thickness for the compacted sand layer was found to be equal to the plate width.

B. Pre-wetting

This method the collapsible soil is wetted with water via boreholes, trenches, or ponding. It has

been routinely used to stabilize collapsible soils prior the structure is built, so that soil collapse

will be minimized after the structure is built. Although pre-wetting is useful for canals and

roadways where the induced loads are small, pre-wetting without preloading is not sufficient to

prevent future foundation settlement. Pre-wetting causes the soil to collapse under its existing

overburden pressure. Therefore, additional loads imposed by the foundation are not compensated

for and will result in additional settlement (Rollins and Rogers, 1994).

C. Controlled wetting

Controlled wetting is similar to prewetting, except it takes place after the structure has been

placed. The quantities of water should be approximately measured and added in increments

When a structure suffers damage or tilts as a result of differential settlement, this technique is

often used. To correct the tilt, the added water should be introduced in a carefully-monitored

manner to correct the tilt (Al-Rawas, 2000).

D. Moisture control: This method purports to prevent water ingress into the ground. Controlling

wetting can be accomplished by: (a) controlling water irrigation, (b) placing landscaping in

watertight planter boxes, (c) restricting landscape vegetation adjacent to structure, (d) placing

pavement or buried geo-membranes around the perimeter of the structures, (e) placing effective

surface and buried drainage systems, (f) informing occupants of buildings of the problems

associated with collapsible soils (Al-Rawas, 2000).

E. Compaction control

Compaction is one of the most practical and efficient methods of minimizing soil collapse.

Compaction has been used for both shallow and deep collapsible soils. In southern California

(USA), collapsible soil deposits of 6 and up to 10 m deep are frequently removed and re-

compacted. However, the compaction process is expected to be effective only up to about 5 m

depth, with the greatest improvement in the upper 3 m. If sufficiently large weights are dropped
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from sufficiently great heights, then the effectiveness can extend somewhat deeper. Compaction

can be achieved by use of rollers, displacement piles, heavy tamping (dynamic compaction), and

vibration (vibroflotation or deep blasting) (Al-Rawas, 2000).

F. Heat treatment and small explosions Gas and fuel are burned in pressurized boreholes to

heat treat loess in this method. The boreholes are closely spaced and temperatures are generated

up to 1000 °C, producing a stabilized soil column with a diameter of 1.5 - 2 m (Al-Rawas, 2000).

G. Chemical stabilization

Chemical stabilization is the modification of the soil properties to improve its engineering

performance. Chemical stabilization with additives including sodium silicate and calcium

chloride has been attempted for years with varying degrees of success. The method creates

cementation within the soil structure, which prevents it from collapsing when wet.

Penetration of chemical solutions into the desired depth is essential for the success of the

operation. The method is most applicable to fine sand deposits. Silicate’s stabilization is

generally costly. The injection of sodium silicate solution has been used extensively in the

former Soviet Union and Bulgaria. Pre-wetting with a 2% sodium silicate solution will

significantly reduce the compressibility and increase the strength of collapsible loessial soil

deposits, according to field and laboratory tests performed in the former Soviet Union. This

approach is used for both dry and wet collapsible soils that are supposed to subside as a result of

the added weight of the structure to be constructed (Al-Rawas ,2000).

Lime stabilization and cement stabilization are the most common chemical stabilization methods.

Cement, lime, fly-ash, polymers, silicates, and other stabilizing additives have all been tested for

their ability to remediate collapse. Traditional stabilizers: Cement-based stabilizers were the first

chemicals used to stabilize collapsible soils. Fly ash, cement kiln dust, and a combination of fly

ash and rice husk ash have all shown promise in preventing soil collapse. However, a careful

check must be done to ensure the cementitious materials have penetrated to the desired depth to

strengthen the particles’ bonding upon wetting (Bigdeli, 2018).

The stabilization of a collapsible soil by granulated slag and natural pozzolana carried out by

(Ziani et.al. 2019) has been able to show that the influence of the addition of granulated slag and

natural pozzolana on the collapsible soil led to a significant reduction in the collapse potential

(Cp) followed by a decrease of suction. In this work, pumice is used as a stabilizing material to

increase the strength of collapsible soils.
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Table 2. 2: Summary of mitigation measures' benefits and drawbacks (Rollins and Rogers, 1994)

Treatment method Advantage Disadvantage
Pre-wetting Low cost

Ease of application
Excessive settlement without
preloading
Over excavation
Failure to densify surface layers
Differential settlement likely

Partial excavation and
replacement with
compacted fill

Relatively low cost
Ease of application
Reduction of induced stress
on collapsible soil
Minimal settlement for small
volumes of water
Minimization of differential
settlement

Excessive settlement following
wetting of deep zones

Dynamic Compaction at
Natural Moisture

Dramatic reduction in
collapse settlement
Decrease in hydaulic
conductivity
Improvement to significant
depths (>5 m)

Higher cost
Potential for damage due to
vibrations
Non-uniformity of treatment
Less contractor experience with
method

Dynamic Compaction after
Pre-wetting

Significant decrease in
collapse settlement
Increased compaction
efficiency prior to
liquefaction
Reduction in level of
vibrations
Greater uniformity of
densification
Decrease in hydraulic
conductivity
Improvement to significant
depths(>5 m)

Higher cost
Increase in creep (long-term)
settlement
Potential for liquefaction when
water content is high
Difficult to withdraw weight after
drop
Drying time following treatment
may be
excessive
Less contractor experience with
method
Difficult to measure improvement
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2.12 Factors Affecting Collapse

2.12.1 Index Properties of Soil

A. Soil type: The structure of collapsible soils consists of silt-size particles bound together with

clayey-bridge. In the unsaturated state, the clayey-bridge works as a cementitious agent between

the soil particles which increases the shear strength of the soil. The higher the amount of clayey

material, the higher the void ratio of the soil. Upon the addition of water to the system, the

clayey-bridges dissolve and the soil experiences collapse. Therefore, a higher amount of clayey

content results in a greater amount of collapse, the addition of clay to the soil leads to

expansibility behavior. Later studies on collapsible soils with a high amount of clay (more than

30%) proved that clay content is not the key factor and there is no monotonic relation to the

collapse potential of soil (Bigdeli, 2018).

B. Dry unit weight: The denser the soils are, the lower the initial void ratios are, thus, resulting

in less collapse upon wetting. Furthermore, a dense state of soil would reduce the relative

contribution of the metastable forces in supporting the soil structure. Although these forces,

when reduced upon water addition, would decrease the soil resistance to load, this decrease is

less profound when the density is higher (Basma and Tuncer, 1992).

C. Water content: The degree of saturation that causes collapse varies depending on the type of

soil. The soil’s initial moisture content as well as the applied pressure on the soil structure

influence this aspect. The meta-stable structure of collapsible soils is weakened as the moisture

content of the soil increases, allowing cementitious agents to dissolve. Consequently, the

structure of soil fails and triggers the collapse. It is noteworthy that an increase in moisture

content and applied load increases the collapse potential to a certain point beyond which no

substantial settlement happens. The fact that every form of soil, including collapsible soils, has a

maximum densification level explains this collapse behavior (Bigdeli 2018).
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2.12.2 Applied Pressure at Wetting

The applied stress at wetting has a significant effect on the behavior of soil. Collapse potential

increases with increasing wetting pressure up to a certain point (yield stress), after which

collapse potential remains the same or decreases with further increase in wetting pressure. This

can be attributed to the fact that there is a maximum degree of densification that collapse can

trigger that may be attained at a certain pressure level. Any further increase in pressure beyond

this level will, subsequently, cause little or no change in collapse potential. As the applied

pressure increases, larger particles crush to form smaller silt-size grains that can move into the

voids upon wetting, thus, reducing the void ratio and resulting in higher collapse (Lawton et al.

1989).

2.12.3 Suction of Soil

Stress state principal of soils can be used to describe the mechanical behavior of soils in both

saturated and unsaturated conditions. The two stress state variables of unsaturated soils has been

applied to investigations of volume change behavior caused by loading and wetting of

collapsible soils. Collapse is attributed to the loss of strength associated with suction decrease as

a result of wetting. To put it another way, collapse happens when the soil's stress state changes

from unsaturated to saturated (Li et al., 2016).

2.13 Distribution of Collapsible Soils

Collapsible soils could occur almost anywhere (Rogers, 1995). On a world map, one could mark

the most notable, and well known, sand deposits as:

 Granitic sands of South Africa.

 The collapsible Aeolian sands of the Saharan fringes.

 Kalahari sands of South Africa.

One can do the same for silt deposits, thus;

 Loess and volcanic dust of South America.

 Chinese loess.

 Eastern European and Central Asian loess.
 North American loess.
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However, to these should be added the loessial soils of India, Pakistan, Thailand and New

Zealand, to name but a few. Moving to finer soil;

 Volcanic ash of Japan and New Zealand.

 Quick clays of Scandinavia and Canada.

This list can easily be extended by considering the less well-known deposits that are found in the

literature such as:

 Australian parna, a carbonate cemented sandy clay that collapses on leaching.

 The gypsum soils of the CIS.

 The cemented soils of Northern Nigeria.

 The saline soils of China.

This summary has concentrated so far on natural deposits, but can be further widened by

including:

 Slide structures caused by slope instability, which can produce open structures.

 Soils compacted dry of optimum.

2.13.1 Distribution of Collapsible Soil in Ethiopia

The distribution of collapsible soil in Ethiopia was explained by ERA (2013). These can be

summed up as follows:

Collapsible soils are found in areas where there are loess deposits (windblown silts). Loess

deposits abound in Ethiopia's Omo River valley's southern portions.

Collapsible soils can also be found in the Ethiopian Rift Valley's central and southern sections, in

the form of silty loess-type deposits. These soils contain a large amount of void space, and

particles are held together by the clay component.

The existence collapsible soil in Ethiopia around Zeway, Shashemene and Hawassa is

manifested by the occurrence of ground cracks and potholes during heavy rains or floods due to

hydro-compaction. In Afar region, collapsible soils are present in the form of sand dunes

(Tewodros, 2019).
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2.14 Review of Improving of Collapsible Soil

The subject of collapsible soil and its improvement is relatively well researched in different parts

of the world.

2.14.1 Index and Mechanical Properties of Collapsible Soils (A Case Study on Ziway-Arsi

Negele Highway Project)

Tewodros (2019) studied index and mechanical properties of collapsible soils: A case study on

ziway-arsi negele highway project. The experimental study was made by field density test

atterberg limit test, compaction and collapsible potential tests. The findings and conclusions of

the study can be summarized as follows:

 Collapse potential test done for the samples remolded at their bulk densities and subjected to

stress level of 200 kPa have shown that the samples are moderately collapsible as per ASTM

classification.

 Collapse potential test done for the samples remolded at their maximum dry densities and

subjected to stress level of 200 kPa has shown that the samples are slightly collapsible as per

ASTM classification.

 The soils have moderate collapse potential at their natural state and does not exhibit any kind

of collapsibility at their compacted state.

 One-dimensional test results obtained at the same density but at different stress levels

revealed that, the magnitude of the loading stress level had effect on the collapse potential of

the samples. A higher stress level resulted a higher collapse index/potential.

 The collapse potential test results for samples remolded at their bulk and maximum dry

densities, it was learnt that the collapse nature of the samples can be highly enhanced by

improving their densities

2.14.2 Treatment of Collapsible Soils by Additions of Granulated Slag and Natural

Pozzolana

Ziani (2019) has made a study on the effect of adding granulated slag and natural pozzolana, at

different contents, on the suction and the collapse potential (Cp) of a soil. Suction and collapse

potential (Cp) tests of a soil were used. The conclusions and findings of the study are;
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 The obtained results showed that treated collapsible soils with granulated slag and natural

pozzolana, lead to a significant reduction in the collapse potential (Cp) followed by a

decrease of suction.

 Addition of granulated slag or natural pozzolan at dosages of [5−7%] by the weight of the

treated soil, cause the stabilization of the collapsible soil.

2.14.3 Improving Physical Characteristics of Collapsible Soil (Case Study: Tehran-Semnan

Railroad)

Moayed (2015) investigated the effect of using lime, cement and microsilca injection for

improving the physical characteristic of Collapsible soil. The conclusions and findings drawn

from the study are;

 Results of consolidation test on intact soil samples before and after injection show that the

collapsing potential of the soil would decrease up to 70, 63 and 40 percent for lime, cement

and microsilica injection respectively. It can be said that injection of proper materials

significantly decreases the collapsing potential of the soil.

 Injection would increase the soil bearing capacity and increase NSPT up to 85% while it

would decrease soil plasticity properties.

 Injection of lime, cement and micro silica considerably increase internal friction angle of soil

and consequently shear strength properties of soil.

2.14.4 Feasibility of Using Electrokinetics and Nanomaterials to Stabilize and Improve

Collapsible Soils.

Hosseini (2019) studied the utilization of an innovative method for stabilization and

improvement of Gorgan loessial soil. This method uses electrokinetics and nanomaterials to

instigate additives to move through soil pores, as an in situ remedial measure. The conclusion

and findings drown from the study are;

 The oedometer tests on samples improved by 3% lime and 5% nanomaterials show

considerable improvement of the collapse potential.

 The test results indicate that the resistance of the soil was highly dependent on the water

content and matric suction of the soil.
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2.14.5 Treatment of Collapsible Soils by Mixing with Iron Powder

Alshaba (2018) has conducted the major laboratory tests on natural collapsible soil and the

treated samples with different percentage of iron powder and come up with the following

conclusions;

 Mixing the collapsible soil with a specific ratio of iron powder results in an improvement of

the collapsibility characteristics, and reduction of the collapse settlement upon wetting.

 Series of single Oedometer tests showed that the collapse potential decreases with either

increasing the soil unit weight or adding iron powder with a specific ratio.

 Experimental tests using both Oedometer and laboratory experimental set-up show that the

optimal ratio of iron powder that may be mixed with collapsible soil ranges from 5% to 6%

of the soil weight.

2.14.6 Treatment of Collapsible Soil Using Bentonite–Cement Mixture

Bellil (2018) conducted the major laboratory tests on the natural collapsible soil and bentonite–

cement blended sample and come up with the following conclusions;

 According to the compressibility tests, the collapse potential Cp decreases when the water

content and the compaction energy increase. It is also found that the best optimum reduction

is obtained for contents of bentonite and cement equaling 4% and 8%, respectively.

 The results show that treatment with a bentonite–cement mixture improves the geotechnical

and mechanical characteristics, modifies the chemical composition of the soil, reduces the

collapse potential and the consistency limits.

2.16 Availability of Pumice in Ethiopia

Pumice is amorphous foam produced during volcanic eruptions. It is constituted mostly of silica

and alumina in relative amounts varying according to the geological area of origin, and also

includes other chemical species, such as different oxides and water. Pumice is a volcanic rock of

which porous structure is formed by dissolved gases precipitated during the cooling as the lava

hurtles through the air. The connectivity of the pore structure may range from completely closed

to completely open (Zerai, 2015). Following Italy, Chile and Ecuador; Ethiopia is the 4th leading

producer of pumice and scoria aggregates in the world (Melese, 2015).
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CHAPTER THREE: DESCRIPTION OF THE STUDY AREA

3.1Study Area Description

Ziway is a town and separate woreda in central Ethiopia. It is located on the road connecting

Addis Ababa to Nairobi in the East Shewa Zone of the Oromia Region of Ethiopia. Ziway has a

latitude and longitude of 7o56’N / 380 43’E with an elevation of 1643 meters above sea level.

Lake Ziway is the closest major Rift Valley Lake to Addis Ababa, 162 km south of Addis Ababa.

It is located on the rift floor with an altitude of 1636 m.a.s.l, the catchment area of 7380 km2, a

maximum depth of 9 m, a minimum depth of 2.5 and a volume of 1466 m3. It is one of the

freshwater Rift Valley lakes of Ethiopia. The woredas holding the lake's shoreline are Adami-

Tullu and Jido-Kombolcha, Dugda-Bora, and Ziway-Dugda. (Danait, 2015). However, the

study area is located in East Shewa Zone of Oromia Region, Adami-Tulu Woreda. Adjacent to

Lake Ziway, the economy of the town is based on finishing and horticulture. Ziway is also home

to a prison and a caustic soda factory.

Figure 3. 1: Location of sampling point area of collapsible soil on the map
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Figure 3. 2: Location of sampling point area of pumice on the map

3.2Climate

The climate of the area around Lake Ziway has arid characteristics for most of the year and

monthly average rainfall never exceeds evaporation. The mean annual rainfall is 760 mm

(MoWR, 2006). The mean daily temperature at Ziway is 19.3°C. The highest temperatures occur

between March and June prior to the start of the main rains, though seasonal variation in daily

temperature is relatively slight. The mean annual temperature of the area is within the range of

16-250C.Five years of Meteorological data was found from the Meteorological and Climatology

Directorate from the year 2010- 2014. The highest mean rainfall was in July-August. (Danait,

2015).

3.3 Wind

The Lake Ziway area is known for its strong and persistent daytime winds. During the afternoon

in the dry season, the prevailing northeasterly winds are reinforced to the west and south of the

lake by local on-shore airflow. (Meron, 2007).
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3.4Soil Type

The areas around Lake Ziway are composed of volcanic rocks, with alkaline lavas, ashes and,

ignimbrites, mainly of Tertiary and younger age. The sediments covering the volcanic rocks in

the area are generally mixed deposits of sandstone, limestone, and silts, with frequent

occurrences of evaporite minerals. In Ziway, area gentle levees are formed of sandy clay loams

(Meron, 2007).



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 38

CHAPTER FOUR: MATERIAL DISCRIPTION AND LABORATORY
METHODS

4.1 Introduction

In this chapter, the materials used and methods adopted for the research are briefly described

with regard to their sources and their physical properties. All laboratory investigations on

materials were done in Best Consulting Engineering laboratory. The properties of the selected

material including specific gravity, atterberg limits, particle size distribution, collapsible

potential, California bearing ratio (CBR), direct shear, and compaction characteristics are

presented. It also presents field density tests for the samples that were taken from the one test pit.

The engineering properties of the soil is assessed both for natural and improved soil samples

separately.

The experimental program is planned to achieve the objectives of the study and testing

procedures adopted for various laboratory tests are described in this chapter.

4.2Materials

Collapsible soil and pumice were the main materials used in this research.

A. Collapsible soil

The collapsible soil sample used for this research work is collected from Ziway at (464603.1E,

873392.2N) and (464631.7E, 873508.8N) from two-test pit. Both disturbed and undisturbed

collapsible soil samples are collected at (464603.1E, 873392.2N) with a depth of 1.7m for test pit

one and (464631.7E, 873508.8N) with a depth of 1.5m for test pit two from the natural ground

level. Samples were collected during dry season using pickaxe, shovel, and the samples have

been placed in bags and labeled, and transported to the laboratory.
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Picture 4. 1: Collapsible soil samples collected from the test pit

B. Pumice

Pumice as shown in Picture 4.2 was obtained from Meki town inside Dangote cement factory

quarry site, which is located in Oromia Regional State around Ziway (484212E &905275N). It

was properly packed in sacks and transported to the laboratory.

Picture 4. 2: Material site for pumice
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4.3 Method

The experimental testing procedure was carried out to investigate and determine the properties of

collapsible soils and analyze the effect of pumice stabilizer material on their geotechnical

properties. The experimental work consisted of a field portion and a laboratory portion.

4.3.1 Field Test Program

The field test program of the soil included field (visual) description of the soil, disturbed and

undisturbed soil sampling, determination of in situ density (field density test) and natural

moisture content determination for laboratory tests.

4.3.3.1 Undisturbed Samples

A laboratory testing program is performed on undisturbed samples to evaluate the collapsibility

index of the natural soil. According to (Alfi,1984), collapsible soils contain a large amount of air

in their voids. It was made every possible effort to obtain undisturbed soil samples, which makes

very difficult due to metastable structure. The low stability of the soil presents the danger of

breaking apart the soil sample while pushing down the sampler mold in the field while

transporting the sample to the laboratory, or while trimming the sample in the laboratory.

Picture 4. 3: Undisturbed sampling



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 41

4.3.3.2 Field Test

The natural dry density has been used as an indicator for the collapse potential in most of the

previously mentioned collapse criteria. The field density test was conducted at 1.7m depth by

using sand replacement method (sand cone method) according to ASTM – D 1668, to find out

the natural dry density and moisture content.

Picture 4. 4: Field density test using sand replacement method

4.3.2 Laboratory Test Program

The laboratory testing program was initiated by preparing the samples for testing to find out the

geotechnical properties of the soil. The conducted laboratory testing program on the disturbed

soil samples includes; compaction test to find out the laboratory maximum dry density and

optimum moisture content, particle size distribution tests to obtain the amount and distribution of

particles sizes, atterberg limits to find the liquid limit, and plasticity index, specific gravity,

direct shear, and CBR to achieve the objective of the research. Undisturbed soil samples

collected were also subjected to collapsible potential test at the bulk condition.



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 42

4.4 Sample Preparation

Considering the main purpose of the research and assessing the effects of different contents of

pumice on properties of the soil under investigation several treatments were prepared and tested.

Prior to laboratory tests and sample treatment, the sample was prepared in accordance with the

method described in AASHTO T87-86. This method involves

 Air drying of samples and/or oven drying at 60ºC or less;

 Breaking up the soil aggregates by rubber covered mallet. Then, sieve analysis is

performed to separate the dried soils into groups.

4.5 Standard Laboratory Testes

4.5.1 Grain- Size Analysis

The grain-size analysis test is carried out to determine the relative proportions of different grain

sizes which make up a given soil mass. The particle size distribution curve of the material was

established using the sieve and hydrometer methods. Sieving combined with hydrometer method

is the standard method to determine quantitatively the particle size distribution of soils. The test

includes the determination of the particle size distribution for the natural soil.

Wet Sieve Analysis

Wet sieve analysis was employed to determine the grain size distribution of the soil samples in

accordance with ASTM D 2217-85 Test Method for particle size analysis of soils.

Hydrometer Analysis
To determine the distribution of fine particles (silt and clay) 50g of air -dried soil sample passing

sieve 75 µm is used. The soil sample is socked in the chemical solution (Sodium hexa-meta

phosphate) for 24 hours. Hydrometer analyses indirectly measure the diameter of the fine-

grained soil based on their sedimentation time. After complete grain size analysis of both, the

relative proportion of different size groups in soil sample can be determined. The test was

conducted according to AASHTO T-11 96(2000).
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4.5.2 Specific Gravity
Specific gravity which is the measure of the heaviness of the soil particles is determined by using

the pychnometer method. It is the ratio of the mass in air of a given volume of soil particles to

the mass in air of an equal volume of gas -free distilled water at a stated temperature (20°C).

Determination of the specific gravity for the natural soil were done. The test is conducted in

accordance with ASTM D 854-98 testing procedure.

4.5.3 Atterberg Limits
The test is a consistency Limit identification test on the basis of moisture content. It includes the

determination of; the liquid limits, plastic limits, and the plasticity index for the natural soil. The

tests are conducted in accordance with ASTM D 4318 testing procedures.

Liquid limits

The liquid limit is the moisture content that defines where the soil changes from a plastic to a

viscous fluid state. The liquid limit (LL) is the water content at which soil in a standard cup cut

by a groove of standard dimensions will flow together for a distance of 13 mm when subjected to

25 shocks dropped from 10mm at a rate of two shocks per second.

Plastic limit

The plastic limit is the moisture content that defines where the soil changes from a semi-solid to

a plastic (flexible state) state. A portion of the soil mixes used for the liquid limit test was

retained for the determination of plastic limit. A small portion of the soil sample was put on a flat

glass plate and mixed thoroughly enough to be shaped into a small ball. The ball was then

moulded between fingers and then rolled on the glass plate with palm of hand into thread of

about 3mm diameter when the thread crumbles by shearing. The crumbled threads were

immediately put in a weighing pan for moisture content determination.

Plasticity index

The plasticity index of the natural soil and the soil–pumice mixture is the difference between the

liquid limits and their corresponding plastic limits. The plasticity indexes of the samples are

calculated as:

PI =LL –PL
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4.5.4 Moisture Content of the Soil

This test was conducted according to (ASTM D 2216-98). The moisture content of disturbed and

undisturbed soil samples was determined using the oven-drying method. Small representative

natural soil specimens are obtained and oven-dried at 105°C for 24 hours. The sample is the

reweighted, and difference in weight was assumed to be the weight of the water driven off during

drying. The difference in weight was divided by the weight of the dry soil, recorded as the initial

moisture content for the natural soil.

4.5.5 Compaction
This test includes the determination of the maximum dry density and the optimum moisture

content in accordance with ASTM D 698-91testing procedures. The test is conducted for both

the natural and soil-pumice mixture.

The determination of the dry density – moisture content relationship of the soil sample was

carried out using the standard proctor method. The air -dried soil samples were prepared and

made to pass through No. 4 (4.75mm) sieve for each test. In this method, the soil is compacted

by a 5.5 lb hammer falling a distance of one foot into a soil -filled mold. The mold is filled with

three equal layers of soil and each layer is subjected to 25 drops of the hammer.

The blows are uniformly distributed over the surface of each layer. The collar is then detached,

and the compacted sample is leveled off with a straight edge at the top of the mould. The leveled

sample is then weighted to the nearest 1g in the mold. One small representative sample is then

taken from the compacted soil for the determination of moisture content. The same procedure is

repeated until a minimum of five sets of samples is taken for moisture content determination.

The values of the dry densities are plotted against their respective moisture contents and MDD is

deduced as the maximum point on the resulting curves.

4.5.6 Collapse Index/Potential
In order to determine the collapse property of the soil, one -dimensional Oedometer test has been

carried out in accordance with testing procedures described in ASTM D 5333. The test method

consists of placing the soil specimen at natural water content in a consolidometer, applying a

predetermined applied vertical stress to the specimen, and inundating the specimen with fluid to

induce the potential collapse in the soil specimen.
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The collapsible potential is defined as the change in sample height (h) up on wetting compared to

the original sample height (ho).

The collapsible Index (Ic) of the soil is calculated as:

Ic= ∆h/(1+ho) (4.1)

∆h is the change in the height of specimen upon flooding

ho is the original height of the specimen

4.5.7 CBR (California Bearing Ratio) Test
The CBR test is conducted in accordance with AASHTO T193-93 for the natural soils and soil-

pumice mixture. The test is performed by measuring the force required to penetrate a soil sample

with a plunger of standard area.; it is aimed at determining the relationship between force and

penetration. 5.0kg of the natural soil and the soil-pumice mixture are mixed at their respective

optimum moisture contents in 2124 cubic centimeters mould. The samples are compacted in

three layers with 56 blows from the 2.5kg rammer. The CBR is a measure of shearing resistance

of the material under controlled density and moisture conditions. The CBR value for 2.54mm

and 5.08mm are recorded. This load is expressed as a percentage of standard load value at a

respective deformation level to obtain CBR value. One -point CBR test have been done for all

samples to determine the strength character of the soil alone and in the stabilized case.

CBR tests were conducted on the compacted specimens at the optimum moisture content using

standard compaction test. The compacted soil samples of the CBR mold are soaked for 96 hours

in a water bath to get the soaked CBR value and the CBR swell of the soil.

4.5.8 Direct Shear Test
The direct shear test is conducted in accordance with ASTM D 3080-03for the natural soils and

soil- pumice mixture. This test is conducted on a soil specimen in a shear box which is split into

two halves along a horizontal plane. The shear box is made of brass or gunmetal. It is square or

circular in plan. In situations which need the shearing strength of a soil, direct shear test applied.

The test can be performed on an undisturbed sample or remolded samples. The main advantage

of the direct shear test is its simplicity and smoothness in operation and the rapidity of the testing

program. But this test has the disadvantage that lateral pressure and stress on planes other than

the plane of shear are not known during the test.
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CHAPTER FIVE: TEST RESULTS AND DISCUSSIONS

5.1 Introduction

This chapter is concerned with the analyses and discussion of the results of the field and

laboratory experiments. The experimental results of two series of soils: natural collapsible soil

and natural collapsible soil mixed with different percentages of pumice were investigated. The

results are analyzed and discussed to give the insight of the research in terms of engineering

properties of collapsible soil. The tests include Atterberg limits, grain size analysis, moisture

density relationship (compaction), direct shear test, and CBR.

Additionally, it presents the analysis of the one dimensional single oedometer test results as

direct method for collapse index evaluation on undisturbed soil specimens at their natural

moisture content and on compacted disturbed/improved soil specimens at moisture content equal

to optimum moisture content. The results of these tests are discussed in this chapter.

5.2 Properties of Material Used in the Study

5.2.1 Natural Soil (Collapsible Soil)

The results of the tests conducted for identification and/or determination of properties of the

natural collapsible soil are presented in Table 5.1. As shown in Figure 5.1 in the particle size

distribution curve almost 49.7% of the soil is passing through No. 200 sieve. For repeated trials

in the liquid limit test, the soil closes in 11 or 13 blows. No trial requiring less than 15 or more

than 35 blows shall be recorded, according to the AASHTO T 089-96 testing procedure. And in

the plastic limit test, the soil starts to crumbles before it rolls to into a thread of 3.2mm diameter.

Accordingly, AASHTO T 090-96 recommends reporting a material non plastic when the plastic

limit or liquid limit cannot be determined. Hence, the soil can be described as non-plastic (NP)

silty sand with the symbol SM according to the USCS classification. According to AASHTO, the

soil falls under the A-4(3) soil class.

The average specific gravity of the soil solids was 2.57, which is in agreement with the

approximate value used for most soil computations. It is known that the specific gravity of the

soil depends on its predominant soil materials. In the mineralogy section, it will be shown that

the predominant mineral is potassium feldspar, the specific gravity of which is 2.57 (Das and
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Sobhan, 2017). They are major constituents of the sand and silt fractions of soil. Therefore, the

soil sample which is sandy and silty in nature according to a value of specific gravity.

The in situ dry density of the soil sample was determined by using the in-situ sand replacement

method as described in Chapter 4. The value was found to be 1.172 gm/cm3.The value is closer

to the lower limit for the dry density as indicated by (Cleavenger, 1958). He proposed a criterion

based on dry density, that is, if the density is less than 1.28 gm/cm3, then the soil is liable to a

significant settlement. And also Page-Green (2008) reported that typical collapsible soils have

densities of less than 1600 kg/m3 (mostly in the range of 1000 to 1585 kg/m3). So, small value

for natural dry density indicates that the soil is undesirable for foundation and liable to further

investigation. Without further investigation, the result may be questionable and may require

improvement before it can be used in any engineering project.

The in- situ water content of the soil sample was determined as part of the in-situ dry density test.

The average was 12.46%. The soil has a maximum dry density of 1.36 g/cm3, optimum moisture

content of 25%, soaked CBR value of 20.7%.

Shear strength parameters from the graph of shear stress versus displacement and maximum

shear stress versus applied vertical load respectively gives an angle of internal friction (∅) and

cohesion(C). From these results, the angle of internal friction and cohesion of the soil are (ɸ=

6.73° & c = 0.68kN/m2) at natural (bulk) condition and (ɸ= 31.48° & c = 9.23kN/m2) at MDD

respectively.

Finally, the results of single oedometer tests were carried out to investigate the behavior between

the vertical stress - strain as well as the collapse Index. The results of single oedometer show that

the collapse value (Ic= 6.72%), settlement=1.944 and (e0= 1.192) of natural untreated soil and,

the collapse value (Ic= 2.235%), settlement=0.950 and (e0= 0.919) of compacted untreated soil at

MDD. The values of the collapse index (Ic) classify the soil used from slight to severe disorder

soils, according to the classification of ASTM (D5333). Hence, these values of the collapse

potential (Ic) indicate that the soil is moderately severe disorder soil at natural(bulk) condition

and moderate disorder soil compacted at MDD. So, it is important to use soil improvement

methods to keep the soil stable and to reduce the magnitude of the collapse potential to an

acceptable level. For this purpose, laboratory tests on soil samples treated with pumice, have
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been carried out in order to determine the effect of adding these products on the collapse

potential (Ic).

Table 5. 1: Geotechnical properties of the natural soil

Property Soil Sample 1 Soil Sample 2

Natural moisture content, (%) 12.46 11.0

Specific gravity 2.57 2.59

Grain size Analysis
Percentage passing

No. 200 sieve, (%)

49.7 91.0

Atterberg Limit
Liquid limit, (%) NP NP

Plastic limit , (% ) NP NP

Plasticity index , (%) NP NP

Classification

AASHTO soil classification A-4 A-4

USCS SM ML

Compaction Characteristics
Maximum dry density, (g/cm3) 1.36 1.26

Optimum moisture content, (%) 25 27

CBR

Soaked CBR value , (%) 20.7 12

Shear strength of soil
Angle of internal friction at bulk, (0) 6.72o 2.31
Angle of internal friction at MDD, (0) 31.48 22
Cohesion at bulk, (kN/m2) 0.68 0
Cohesion at MDD, (kN/m2) 9.23 4.5
Collapsible potential
Collapsible potential at bulk, (%) 6.72 4.28

Collapsible potential at MDD, (%) 2.235 1.08

Settlement at bulk 1.944 1.188
Settlement at MDD 0.950 0.312

As seen on the table 5.1, Of the two test pits, test pit one was selected for this thesis for further
improving work because of the laboratory test result as shown in table 2, soil in test pit one
exhibit slightly more collapse severity than soil in test pit two.
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.

Figure 5. 1: Particle size distribution curve of the collapsible soil

5.2.2 Pumice

Pumice is a kind of glass formed and not a mixture of minerals. As shown in table 5.3 pumice is

composed of 70.74% SiO2, 17.81% Al2O3, 3.96% Na2O and 2.92 K2O.

The geotechnical properties of the pumice were used in the experimental program are shown in

Table 5.2. The pumice used in the present study is light in color. As shown in table the results for

the pumice are Atterberg limits test of NP, specific gravity of 2.023, % passing Sieve No.200 of

3.4, Optimum moisture content of (OMC) 59.7% and, maximum dry density (MDD) of 0.74.



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 50

Table 5. 2: Geotechnical properties of the pumice

Table 5. 3: Chemical composition of pumice

Description Symbol Percentage composition (%)
Silica SiO2 70.74
Alumina Al2O3 17.81
Iron Fe2O3 <0.01
Calcium CaO <0.01
Magnesium MgO <0.01
Sodium Na2O 3.96
Potassium K2O 2.92

5.3 Effect of Pumice on Engineering Properties of Collapsible Soil

5.3.1 Effect of Pumice on Compaction Characteristics

Standard compaction tests were performed to determine the optimum water contents and

maximum dry densities of natural and pumice treated soils. Table 5.4 shows the effects of

pumice on OMC and MDD of natural soil sample for uncured case. It was found that the

optimum moisture content, OMC, of the sample increases and, maximum dry density, MDD,

decreases as pumice content increases.

Properties Value
Specific gravity 2.023

Grain size Analysis

% passing Sieve No.200 3.4
Atterberg Limit
Liquid limit, (%) NP

Plastic limit , (%) NP
Plastic index, (%) NP
Compaction Characteristics

Optimum Moisture Content (%) 59.7

Maximum Dry Density, (g/cm3) 0.74
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Table 5. 4: Summary of MDD and OMC with application of different pumice contents (uncured
case)

Pumice Content (%) 0% 5% 10% 15% 20% 25% 30%

MDD(g/cm3) 1.36 1.31 1.26 1.24 1.2 1.19 1.16

OMC (%) 25 26.36 28.00 28.88 29.5 30.14 31

Maximum Dry density
The effect pumice on maximum dry density of the collapsible soil is shown in Figure 5.2. As

indicated in in the figure, the addition of pumice decreases the maximum dry density of the

natural soil from 1.36 g/cm3 to 1.16 g/cm3 for soil sample with increased pumice content from 0%

to 30% for uncured case. This result assures that there was a 15% decrease in the MDD of the

soil sample.

The decrease in the maximum dry density is mainly due to;

 The dominance of the low weight and specific gravity of the pumice, hence the total dry

weight of soil mixtures decreases.

 Pumice (with lower specific gravity) fills the soil voids and it contributes to a decrease in

density.

Figure 5. 2 : Pumice content vs. MDD (uncured case)
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Optimum moisture content

The effect pumice on optimum moisture content of the collapsible soil is shown in Figure 5.3.

The optimum moisture content increase from 25% to 31% for soil samples with increased

pumice content from 0% to 30% for uncured case. This result implied that there is a maximum

increase in the optimum moisture content of natural soil by 25%.

Figure 5. 3: Pumice content vs. OMC (uncured case)

The increasing in the optimum moisture content was mainly due to;

 The increase in OMC due to the addition of pumice caused by high absorption of water
by pumice.

 Increasing OMC will always lead to a decrease in the maximum dry density as the

specific gravity of soil and additives particles are more than water.

 Insufficient time required to complete reaction between the pumice with soil particle.

 Additional water is required to wet the large surface area of the pumice particles, or it is

absorbed by the fine pumice particles. The advantage of the increase in OMC and a

corresponding decrease in MDD of the soil is that it allows compaction to be easily
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achieved with wet soil. As a result, drying the soil prior to compaction to minimize

moisture content is no longer necessary.

Table 5. 5: Summary of MDD and OMC with application of different pumice contents (cured
case)

Pumice Content (%) 15% 20% 25% 30%

MDD(g/cm3) 1.22 1.18 1.16 1.13

OMC (%) 29.0 30.1 31.24 32.4

Cured case

For cured case, as shown in table 5.5 the OMC of the treated soil for 7 days curing of pumice

blended with collapsible soil increase and, MDD decrease in some extent. As indicated in the

Table, the addition of pumice decreases the maximum dry density of the natural soil from 1.36

g/cm3 to 1.13 g/cm3 and increases the optimum moisture content of the natural soil from 25% to

32.4 for 7 days cured case with increased pumice content from 0% to 30%.

Figure 5. 4: Summery of compaction curves with application of different pumice contents
(uncured & cured case)
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5.3.2 Effect of Pumice on CBR Characteristics

The variations of California Bearing Ratio (CBR) with different percentages of soil and soil-

pumice combinations are shown in table 5.6 for uncured case and table 5.7 for cured case. As

shown in the same tables, as the percentage of pumice increases the CBR value also increases.

The maximum California Bearing Ratio (CBR) value of 42.94 for uncured case and 43.7 for 7

days cured case at the combination of 30% pumice content under soaked condition. The

maximum California Bearing Ratio (CBR) value shows that the load- bearing capacity of the soil

sample increases with pumice treatment and this may be due to the pozzolanic reactions of

pumice with soil. As pumice is mixed with soil in the presence of water, a series of reactions

occurs, resulting in the dissociation of (CaCO3, one of the collapsible soil's bonding agents), and

(SiO2 & Al2O3, the most dominant mineral present in pumice) in the binders. As a result, the

formation of cementations and pozzolanic gels [calcium silicate hydrate gel (CSH) and calcium

aluminate silicate hydrate gel (CASH)]. These reactions are referred to as cementations and/or

pozzolanic reactions that result in the formation of cementation gels.

Table 5. 6 : Summary of CBR with application of different pumice content (uncured case)

Pumice
Content (%)

0 10 15 20 25 30

CBR 20.74 23.47 27.8 36.03 40.6 42.94

Table 5. 7: Summary of CBR with application of different pumice contents (cured case)

Pumice Content (%) 15 20 25 30

CBR 30.9 37.5 41.3 43.7
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Figure 5. 5: Variation of soaked CBR with application of different pumice contents (uncured &
cured case)

5.3.3 Effect of Pumice on Collapsible Potential the Soil

The results of the single oedometer tests are studied to determine the collapse potential value (Cp

[%]) for undisturbed natural collapsible soils, natural compacted soil and soil-pumice stabilized

sample as shown in Figure 5.7 for uncured and cured case.

The collapse potential of a single oedometer test for natural un-compacted soil ((Cp= 6.72) is

higher than when compared with natural compacted soil (Cp= 2.24) and, the natural compacted

soil has a low void ratio (e0= 0.919) compared with natural un-compacted soil (e0= 1.193). This

is due to the loose of structure or weak structure and large spaces between the particles of un-

compacted soil. This result shown that the compaction of collapsible soil affects its behavior and

reduces the problem of collapsibility and the results of collapse value of natural untreated

compacted soil decrease with range (2.17, 1.6, 1.2, 0.33, and 0.17) when mixed with 10, 15, 20,

25 & 30% pumice respectively for uncured case. For 7 days cured case, the results of collapse

value of natural untreated compacted soil decrease with range (1.35, 0.85, 0.19, 0.12) when

mixed with 15, 20, 25 & 30% pumice respectively.
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The decreasing in collapse Index (Cp) results indicating a decrease of deformation due to wetting

of the treated soil and thus improving the physical and mechanical characteristics of the treated

soil or due to pozzolonic reaction of pumice with soil. The pozzolanic reaction takes place as the

silica and alumina present in pumice with calcium from collapsible soil to form cementitious

products such as calcium-silicate-hydrates (CSH) and calcium-aluminate-hydrates (CAH).

Table 5. 8: Results of single oedometer test with the application of different pumice contents
(uncured case)

Pumice
Content (%)

0 at bulk 0 at MDD 10 15 20 25 30

Collapsible
Index

6.72 2.235 2.17 1.6 1.2 0.33 0.17

Table 5. 9: Results of single oedometer test with the application of different pumice contents
(cured case)

Pumice Content (%) 15 20 25 30

Collapsible Index 1.35 0.85 0.19 0.12

Figure 5. 6: Variation of collapsible potential with the application of different pumice contents
(uncured case)
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From the finding of test results, Collapse Index(Ic) of treated collapsible soil reduced

significantly when the Pumice content is 25%, which indicates that 25% pumice content is the

optimum amount to achieve the acceptable level of collapse index which is slight collapse

Potential according to ASTM D5333. Also this the optimum amount of pumice achieves the

highest strength and decrease of deformation due to wetting.

Figure 5. 7: Summary of collapsible potential with the application of different pumice contents
(uncured & cured case)
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5.3.3.1 Settlement

The settlement obtained from single oedometer test for natural un-compacted soil (Scol = 1.944)

is higher than when compared with natural compacted soil (Scol = 0.950). As it was expected,

compaction of collapsible soil affects its behavior and reduces the problem of settlement. The

results of settlement of natural untreated compacted soil decrease with (0.544, 0.5, 0.332, 0.326,

0.292) when mixed with 10, 15, 20, 25 & 30% pumice respectively for uncured case. For 7

days curing, the results of settlement decrease with (0.471, 0.320, 0.292, 0.248) when the natural

soil mixed with 15, 20, 25 & 30% pumice respectively.

It can be observed that the collapse settlement (Scol) for treated soil (uncured and cured case) is

considerably less than that for natural compacted soil. The results indicated that as the collapse

potential decreases, the settlement decreases. The results also confirmed that adding of pumice

on the collapsible soil improves its behavior and reduces the collapse settlement.

Table 5. 10: Summary of settlement with the application of different pumice contents (uncured
case)

Pumice
Content (%)

0 at bulk 0 at MDD 10 15 20 25 30

Settlement 1.944 0.950 0.544 0.5 0.332 0.326 0.292

Table 5. 11: Summary of settlement with the application of different pumice contents (cured case)

Pumice Content (%) 15 20 25 30

Settlement 0.471 0.320 0.292 0.248
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Figure 5. 8: Settlement with the application of different pumice contents (uncured case)

5.3.3.2 Settlement Versus Collapsible Index

The collapse index is directly proportional to settlement. The test results in Figure 5.9. Show that

as the collapse potential decreases, the settlement also decreases. Due to the increased in

surcharge pressure, the soil mixture settles gradually prior to inundation. This phenomenon can

be seen in the early stages of the oedometer test, where the addition of the pressure has a

significant effect on the settlement of the soil. As a result, the sudden settlement of the soil

during inundation (collapse) is less significant. It can be easily observed that the collapse

settlement (Scol) and the collapse index (Ie) for improved soil is considerably less than that for

natural soil.
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Figure 5. 9: Settlement and collapse index with the application of different pumice contents
(uncured case)

5.3.4 Effect of Pumice on Shear Strength the Soil

The direct shear tests were performed following ASTM D 6528 and were conducted on untreated

and pumice-treated samples compacted at the maximum dry densities and optimum moisture

contents. The effect of pumice on angle of internal friction and cohesion of collapsible soil is

shown in Table 5.12 and 5.13 for uncured and cured case respectively. The Addition of pumice

has a significant effect on shear strength on samples containing pumice.

Table 5. 12: Variation of the angle of internal friction & cohesion with an application of different
pumice contents (uncured case)

Pumice Content
(%)

0 at bulk 0 at
MDD

10 15 20 25 30

Angle of internal
friction

6.72 31.48 35.95 37.37 38.70 39.81 40.9

Cohesion 0.68 9.23 19.50 22.10 24.3 26.39 28



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 61

Table 5. 13: Variation of the angle of internal friction & cohesion with an application of different
pumice contents (cured case)

Pumice Content (%) 15 20 25 30

Angle of internal friction 37.6 39.15 39.94 41.01

Cohesion 23.59 25.45 27.6 29.15

The angle of internal friction for natural un-compacted soil ((ɸ= 6.720) is lower than when

compared with natural compacted soil (ɸ= 31.480). This is due to the loose structure or weak

structure and large spaces between the particles of natural soil. There is a considerable increase

in the angle of internal friction from 31.480 to 40.90 for uncured treated soil and from 31.480 to

41.010 for 7 days cured treated soil samples with increased pumice content from 0% to 30%.

Figure 5. 10: Variation of angle of the internal friction with an application of different pumice
contents (uncured case)
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The variation of cohesion with different percentage of soil and pumice combination is shown in

Figures 5.11 for uncured case. Addition of pumice had a significant effect on cohesion. There is

a considerable increase in cohesion in sample containing different percentage of pumice. The

improvement in the cohesion and internal friction angle value may be due to pozzolanic activities

and cementitious characteristics of pumice.

Figure 5. 11: Variation of cohesion with the application of different pumice contents (uncured
case)
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5.3.5 Evaluation of Collapse Potential by Indirect Method (Using Physical Property of the

Soil)

The evaluation of collapse potential or susceptibility of soil to collapse using the physical

properties of soil was reported in the literature as an indirect method for collapse potential

evaluation. Several collapse criteria have been proposed for predicting whether a soil is liable to

collapse upon saturation. The results of using these criteria are shown in Tables 5.14,5.15 & 5.16.

(Abelev, 1948) developed the first criteria for determining if the tested soils are collapsible. This

criterion uses variations in soil void ratio before and after saturation to determine the

susceptibility of soil to collapse. In terms of the above criteria, if δs is greater than 2 percent then

the soil will be susceptible to collapse. (The test results of Tables 5.14) shown that the studied

soils have δs>2 at (natural soil at bulk &, MDD, 10% pumice & 15% pumice) and this indicate

that Collapse is probable in the soils. The soil is not susceptible to collapse at 20, 25 & 30%

pumice content.

Table 5. 14: Evaluation of collapse potential using (Abelev, 1948) Criteria

Investigator, year Criteria Value &
Result

Pumice
Content(%)

Abelev, 1948
δs = (Δe / (eL+ 1) %

Collapse is probable

when: δs > 2%
δs

0% at
Bulk

9.72

0% at
MDD

4.75

10% 2.72

15% 2.50

20% 1.66

25% 1.63

30% 1.46
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The test result described according to Lin and Wang (1988) criterion is shown in the table 5.15.

below. The results of single oedometer show that the collapse value (icz = 6.72%) natural

untreated soil and the collapse value (icz = 2.235%) of compacted untreated soil at moisture

content equal to optimum moisture content. The collapse value of natural untreated compacted

soil decreases with range (icz = 2.17,1.602, 1.2, 0.329, 0.17) when mixed with 10, 15,20,25 &

30% pumice respectively. This indicated the soil is highily collapsible when natural soil at bulk

condition, medium collapsible when natural soil at MDD ,10 15, & 20% pumice content and, the

soil is not susceptible to collapse at 25 & 30% pumice content.

Table 5. 15: Evaluation of collapse potential using (Lin and Wang, 1988) Criteria

Investigator, year Criteria Value
&
Result

Pumice Content(%)

Lin and Wang
criteria (1988)

icz= hz – hzs/h1
when:

(0-1) % - No Collapsibility
(1-5) % - Medium Collapsibility
(5-10) %- High Collapsibility
(10-20) % -Very High Collapsibility
(>20) % - Extremely Collapsible

icz

0% at
Bulk

6.72

0% at
MDD

2.235

10% 2.17

15% 1.602

20% 1.2

25% 0.329

30% 0.17
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The test result described according to Sabbagh (1982) criterion is shown in the table 5.16. below.

The results of single oedometer show that the collapse value (Cp = 6.72%) natural untreated soil

and the collapse value (Cp = 2.235%) of compacted untreated soil at moisture content equal to

optimum moisture content. The collapse value of natural untreated compacted soil decreases

with range (Cp = 2.17, 1.602, 1.2, 0.329, 0.17) when mixed with 10,15 20,25 & 30% pumice

respectively. This indicated the soil is highly collapsible when natural soil at bulk condition,

medium collapsible when natural soil at MDD & 10% pumice content and, the soil is not

susceptible to collapse at 15, 20 25 & 30% pumice content.

Table 5. 16: Evaluation of collapse potential using (Sabbagh , 1982) Criteria

Investigator, year Criteria Value
&
Result

Pumice Content(%)

Sabbagh (1982)

Cp= ∆H/H0

when:

If 0 < Cp ≤ 2%, the soil is low
collapsible (LC)

If 2% < Cp ≤ 5%, the soil is
moderately collapsible (MC)

If Cp > 5%, the soil is highly
collapsible (HC)

Cp

0% at
Bulk

6.72

0% at
MDD

2.235

10% 2.17

15% 1.602

20% 1.2

25% 0.329

30% 0.17
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CHAPTER SIX: CONCLUSION AND RECOMMENDATION

6.1 Conclusion

Based on the study and results of the investigation, the following conclusions are drawn:

 Field and laboratory experiments on the collected soil samples showed that the soils have
low density at their natural state, mostly made up of sands and silts, and have a non-plastic
nature

 The increase of the pumice contents in the natural soil causes the reduction of the maximum

dry density and increases the optimum water content. The decrease in maximum dry density

is due to the domination of the low weight and specific gravity of pumice, hence the total

dry weight of soil mixtures decreases. The increase of the OMC is due to additional water is

required to wet the large surface area of the pumice particles, or it is absorbed by the fine

pumice particles.

 One-dimensional collapse potential tests performed on remolded samples at their bulk

densities and subjected to 200 kPa stress levels as well as in-situ stress levels anticipated at

site revealed that the samples are moderately severe disorder collapsible soil, according to

ASTM classification.

 One-dimensional collapse potential tests performed on samples remolded at their maximum

dry densities and subjected to 200 kPa stress levels as well as in-situ stress levels anticipated

at the site revealed that the samples are moderate collapsible soil, according to ASTM

classification. This shows that the collapse potential of the collapsible soil sample slightly

decreases with compaction.

 Results of One-dimensional collapse potential tests show that the collapse value of natural

untreated compacted soil decreases when mixed with different percentage of pumice content.

This may be attributed to changes in the soil's physical and chemical properties due to the

pozzolanic reactions of pumice with soil. As pumice is mixed with soil in the presence of

water, a series of pozzolanic reactions occurs. The pozzolanic reaction takes place as the

silica and alumina present in pumice with calcium from collapsible soil to form

cementitious products such as calcium-silicate-hydrates (CSH)and calcium-aluminate-
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hydrates (CAH). The decrease in collapse value and increase in strength were found to be

roughly related to the type and quantity of possible reaction products.

 Mixing the collapsible soil with a certain percent of pumice content results in an

improvement of the collapsibility characteristics, and reduction of the collapse settlement

upon wetting.

 The addition of pumice improved the CBR value. Hence, pumice can strongly improve the

strength of the collapsible soil. This may be due to the pozzolanic reactions of pumice with

soil.

 The angle of internal friction for natural un-compacted natural soil is slower than when

compared with natural compacted soil. This is due to the natural soil's loose or weak

structure and large gaps between the particles. And there is a considerable increase in the

angle of internal friction for soil samples with increased pumice content. Addition of pumice

had a significant effect on cohesion. There is a considerable increase in cohesion in sample

containing different percentage of pumice. The improvement in the cohesion and internal

friction angle value may be due to pozzolanic activities and cementitious characteristics of

pumice.

 Effect of 7 days curing on compaction, CBR, direct shear and collapsible potential tests for

treated soil sample have been observed.

 From the finding of test results, Collapse Index(Ic) of treated collapsible soil reduced

significantly when the Pumice content is 25%, which indicates that 25% pumice content is

the optimum amount to achieve the acceptable level of collapse index which is slight

collapse Potential according to ASTM D5333. Also this the optimum amount of pumice

achieves the highest strength and decrease of deformation due to wetting.
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6.2 Recommendation

The present work has attempted to obtain the optimum blending proportion of Pumice material

with collapsible soil which results a reduction in the collapsing behavior of these soil samples

collected from specific area of Ziway around Adamitulu Woreda. However, due to financial

constraints and time limitations the present research work did not cover the whole aspects of

collapsible soil treatment with pumice. As a result, the following recommendations for better use

of pumice material as a stabilizing agent for collapsible soils should be considered.

 Due to geological formation and some other factors collapsible soils may have different

properties from place to place. Thus, it is recommended that the performance of pumice as

stabilizing agent should be studied on collapsible soils of different origins.

 Intensive studies on the alternative treatment methods of collapsible soils based on the

magnitude of the collapsibility, the effectiveness of the methods and the cost to be

incurred have to be undertaken.
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APPENDIX
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APPENDIX A: SUMMARY OF TEST RESULTS OF THE STUDY
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1. Natural Collapsible Soil
1.1 Specific Gravity Test

Specific Gravity: ASTM D854-98

Trial 1 2 3

Pycnometer # 2 4 3

A. Mass of Pycnometer (empty, clean) 63.91 63.68 63.7

B. Mass of empty pycno + Dry soil 83.9 83.65 83.68

C. Mass of Dry Soil (No. 10 sieve) 19.99 19.97 19.98

D. Mass of Pycnometer full of water 172.65 165.96 165.98

E. Mass of pycno + Soil +full of water (boiled) 184.88 178.17 178.2

F. Volume of Sample=C+D-E 7.76 7.76 7.76

G. Specific Gravity=C/F 2.576 2.573 2.575

Average Specific Gravity ((1+2+3)/3) 2.57

1.2 Gradation
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1.3 Hydrometer Analysis
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1.4 Grain Size Analysis (Sieve and Hydrometer Analysis) Summary Result
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1.5 Moisture Density Relationship (Procter Test)
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1.6 Natural Moisture Content

1.7 Field density
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1.8 Californian Bearing Ratio (CBR) Tests
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1.9 Direct Shear Tests at bulk
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1.10 Direct Shear Tests at MDD
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1.11 Collapsible potential Tests at Bulk
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1.12 Collapsible potential Tests at MDD
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2.Pumice
2.1 Chemical composition of Pumice

2.2 Specific Gravity (Pumice)
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2.3 Gradation (Pumice)
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2.4 Compaction (Pumice)
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APPENDIX B: SUMMARY OF TEST RESULTS WITH VARIFING
PERCENTAGE OF PUMICE
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3. Pumice Blended Sample
3.1 Moisture Density Relationship (Procter Test)
5% pumice
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10% pumice
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15% pumice
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20% pumice
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25% pumice
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30% pumice
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3.2 CBR Test
10% Pumice

15% pumice
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20 % pumice

25%pumice
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30% pumice
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3.3 collapsible potential test
10% pumice
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15% pumice
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20% pumice
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25% pumice
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30% pumice
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3.4 Direct shear test
10% pumice
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15% pumice
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20% pumice
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25% Pumice
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APPENDIX C: SUMMARY OF TEST CURVES WITH VARIFING
PERCENTAGE OF PUMICE
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4. Summary of test results
4.1 Compaction test
Uncured case
Pumice Content (%) 0% 5% 10% 15% 20% 25% 30%
MDD(g/cm3) 1.36 1.31 1.26 1.24 1.2 1.19 1.16
OMC (%) 25 26.36 28.00 28.88 29.5 30.14 31

Cured case
Pumice Content (%) 15% 20% 25% 30%
MDD(g/cm3) 1.22 1.18 1.16 1.13
OMC (%) 29.0 30.1 31.24 32.4

4.2 CBR test
Uncured case
Pumice Content (%) 0 10 15 20 25 30

CBR 20.74 23.47 27.8 36.03 40.6 42.94

Cured case
Pumice Content (%) 15 20 25 30

CBR 30.9 37.5 41.3 43.7
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4.3 Collapsible Potential test

Uncured case
Pumice Content (%) 0 at bulk 0 at MDD 10 15 20 25 30
Collapsible Potential 6.72 2.235 2.17 1.6 1.2 0.33 0.17

Cured case
Pumice Content (%) 15 20 25 30

Collapsible Index 1.35 0.85 0.19 0.12
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4.4 Direct shear test
Angle of internal friction

Pumice
Content (%)

0 at
bulk

0 at MDD 10 15 20 25 30

Angle of
internal
friction

6.72 31.48 35.95 37.37 38.70 39.81 40.9
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Cohesion

Pumice
Content (%)

0 at
bulk

0 at MDD 10 15 20 25 30

Cohesion 0.68 9.23 19.50 22.10 24.3 26.39 28
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APPENDIX D: PHOTOS



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 112



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 113



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 114



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 115



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 116



Improving the characteristic of collapsible soil using pumice

AAiT School of Graduate Studies Page 117


	LIST OF TABLES
	LIST OF FIGURES
	UNITS
	ACKNOWLEDGEMENT
	ABSTRACT
	    CHAPTER ONE: INTRODUCTION 
	1.0General Background
	1.1Statement of the Problem
	1.2Research Objective
	1.2.1General Objective
	1.2.2Specific Objective

	1.3Scope of the Research
	1.4Application of the Result
	1.5Methodology
	1.6Organization of the Thesis

	CHAPTR TWO: LITERATURE REVIEW
	2.1Overview
	2.2Definition
	2.3Characteristics of Collapsible Soils (Features of 
	2.4Conditions Leading to Collapse
	2.5Mechanism of Collapse
	2.6Causes of Collapse
	2.7Genesis of Collapsible Soils
	2.8Identification of Collapsible Soils
	2.8.1Geological Reconnaissance
	2.8.2Indirect Correlations
	2.8.3Direct Evaluation of Collapse Potential
	2.8.3.1 Laboratory Testing
	2.8.3.2 Field Testing

	2.9Classification of Collapsible Soils
	2.9.1Natural Collapsible Soils Deposits
	2.9.1.1 Collapsible Alluvial and Colluvial Soils
	2.9.1.2 Collapsible Aeolian Soils
	2.9.1.3 Collapsible Residual Soils
	2.9.2Collapsible Compacted Fills

	2.10Problems Associated with Collapsible Soils
	2.11Mitigation Measures Against Collapsible Soils
	2.12Factors Affecting Collapse
	2.12.1Index Properties of Soil
	2.12.2Applied Pressure at Wetting
	2.12.3Suction of Soil

	2.13Distribution of Collapsible Soils 
	2.13.1 Distribution of Collapsible Soil in Ethiopi

	2.14 Review of Improving of Collapsible Soil 
	2.14.1 Index and Mechanical Properties of Collapsi
	2.14.2 Treatment of Collapsible Soils by Additions
	2.14.3 Improving Physical Characteristics of Colla
	2.14.4 Feasibility of Using Electrokinetics and Na
	2.14.5 Treatment of Collapsible Soils by Mixing wi
	2.14.6 Treatment of Collapsible Soil Using Bentoni

	2.16 Availability of Pumice in Ethiopia

	CHAPTER THREE: DESCRIPTION OF THE STUDY AREA
	3.1Study Area Description
	3.2Climate
	3.3 Wind
	3.4Soil Type

	   CHAPTER FOUR: MATERIAL DISCRIPTION AND LABORATO
	4.1Introduction
	4.2Materials
	4.3Method
	4.3.1 Field Test Program
	4.3.3.1 Undisturbed Samples
	4.3.3.2 Field Test
	4.3.2 Laboratory Test Program

	4.4Sample Preparation
	4.5Standard Laboratory Testes
	4.5.1 Grain- Size Analysis
	 Wet Sieve Analysis
	 Hydrometer Analysis
	4.5.2 Specific Gravity
	4.5.3 Atterberg Limits 
	4.5.5 Compaction
	4.5.6 Collapse Index/Potential 
	4.5.7 CBR (California Bearing Ratio) Test
	4.5.8 Direct Shear Test


	CHAPTER FIVE: TEST RESULTS AND DISCUSSIONS
	5.1 Introduction
	5.2 Properties of Material Used in the Study
	5.2.1 Natural Soil (Collapsible Soil)
	5.2.2 Pumice

	5.3 Effect of Pumice on Engineering Properties of 
	5.3.1 Effect of Pumice on Compaction Characteristi
	5.3.2 Effect of Pumice on CBR Characteristics
	5.3.3 Effect of Pumice on Collapsible Potential th
	5.3.3.1 Settlement
	5.3.3.2 Settlement Versus Collapsible Index
	5.3.4 Effect of Pumice on Shear Strength the Soil
	5.3.5 Evaluation of Collapse Potential by Indirect


	CHAPTER SIX: CONCLUSION AND RECOMMENDATION
	6.1 Conclusion 
	6.2 Recommendation 
	REFERENCES
	APPENDIX
	APPENDIX A: SUMMARY OF TEST RESULTS OF THE STUDY
	APPENDIX B: SUMMARY OF TEST RESULTS WITH VARIFING 
	APPENDIX C: SUMMARY OF TEST CURVES WITH VARIFING P
	APPENDIX D: PHOTOS


