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Abstract 

The focus of this study is on potential problems resulting from construction on expansive soils in 

Kibaha region, Tanzania.  For the fact that most of the affected structures are founded on 

expansive soils, a clear understanding of the soil behaviour and their interaction with structures, 

specifically as they relate to shallow foundations, has been of more interest to the study in order 

to evaluate properly the source of the problem.  

The geotechnical behaviour of expansive clay soils is investigated by looking into the 

geomorphologic, geological and climatic conditions and mineralogical composition of the soils in 

the study area. The geotechnical results are linked with the performance of the foundation as well 

as structures.  

Two sites, representative of known problem-areas in Kibaha were selected for geotechnical tests. 

Geotechnical site investigation consisted of open trial pits, profile description and the collection 

of both disturbed and undisturbed samples.  

The collected samples were submitted to soil laboratories at KTH and DIT for mineralogical 

composition tests, natural water content, density, Atterberg limits and swell tests (free swell and 

swelling pressure). The results of this investigation indicate that soil in Kibaha contains clay 

(31%), have high liquid limit (59%) and plastic limit (37%) which indicate high potential swell.  

Since swell potential and swell pressure are key properties of expansive soils, the swell 

parameters were measured by free swell tests and one-dimensional oedometer swell tests 

respectively. The free swell ranged from 100% to 150% and the swell pressure was in the region 

of 45 kPa.  

The properties of expansive soils were confirmed by the x-ray diffraction test which showed the 

presence of montmorillonite in the soil. It is from this fact that the source of the problem is in the 

expansive soils coupled with poor building materials.   

Physical conditions of the surveyed properties in the area confirmed the hypothesis of building 

damages due to poor building materials triggered by expansive soils. In support of the obtained 

data, the actual behaviour of the foundations is supplemented with prototypes of strip foundations 
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whose performances are to be monitored over a long period. Finally, suggested are the ways 

forward to solve the problem of foundation on expansive soil. 

Key Words:  Expansive soils, soil properties, potential swell, Soil-Structure Interaction (SSI), 

and superstructure and substructure. 
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Preface 

The purpose of this Licentiate research is to present preliminary geotechnical aspects of buildings 

on expansive soils in Kibaha, Tanzania. This preliminary study is the first part of a research 

project that shall result in a doctoral thesis. The work for this thesis is to great extent connected to 

actual observations from the performed preliminary field study presented in chapter 3.  

The inspiration for the thesis in Geotechnics traces back to the activities completed at the 

University of Hannover in early 1990s for the Master’s degree in Geotechnics. I should like to 

record my debt to the teaching staff on that course. On the other hand, the interest in the case 

study dates back to 1996 when I was commissioned by the government of Tanzania to carry out 

geotechnical investigations on the Regional Office Block for coast region at Kibaha, for the 

purpose of identifying, analysing and controlling the damages experienced. On top of that, the 

research is in line with the Sida/SAREC research capacity building in developing countries that 

aims at specific problem solving to contribute meaningfully to the society concerned. 

Important physical properties of expansive soils involve index properties, dry density and 

moisture content of soils. The theories are numerous that a meaningful coverage would demand 

more than one licentiate thesis.  

The licentiate thesis is divided into seven chapters, each of which is made up of a number of 

sections. Chapter one covers the introduction with the statement of the problem, objectives of the 

study, research methodology and limitation of the research. Chapter two provides an overview of 

previous literature related to the buildings on expansive soils.  Chapter three presents the central 

findings of the research for the framework used in this report. Chapter four offers a general 

overview of existing buildings in the case area. Chapter five focuses on discussion of relevant 

findings in the study and demonstrates the useful connection between the literature survey and 

the results from the actual research.  Chapter six deals with general conclusions and principal 

recommendations that have been drawn from literature and analysis. Finally, chapter seven takes 

a close look at further research work on this topic. 
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1. Introduction 
Plastic clays termed as expansive soils or active soils exhibit volume change when subjected to 

moisture variations. The soil found in the case study is over-consolidated with the significant 

amount of expansive clay minerals (montmorillonite), mainly darkish grey to reddish grey in 

colour.  The case study being in the coastal belt of the tropics in the semi-arid regions of East 

Africa, experiences two main seasons, the rainy and the dry seasons. During the rainy season, the 

expansive clay minerals attract water molecules resulting into massive change in volume.  

Numerous masonry houses especially lightweight structures on these expansive soils in Kibaha, 

have met with damages originating from differential heave. While the presence of expansive soil 

in the area can cause significant problem, the mere presence of it does not alone cause all the 

defects.  

Apart from the expansive soil, the defects may originate from inadequate design, poor materials, 

poor job-site construction or multiple of the factors. In order to understand fully the problem 

behind the poor performance of buildings in the case study, a top agenda item is to build-up 

knowledge of expansive soils both as an entity in its own right, but particularly as a critical 

component with myriad linkages (Soil-Structure Interaction) to the whole structure, namely 

foundation and superstructure (Figure 1.1). 

 

Figure 1.1: Sketch of cross-section of a building (superstructure and substructure) as an entity. 
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Generally, the structures include both superstructure (walls, floors and roofs) and substructure 

(foundation and soil). Foundations are in turn divided into two main categories: deep and shallow 

foundations (Figure 2.20).  

The structures most susceptible to swelling/shrinkage on expansive soils are those with 

foundations located at shallow depths. Damages experienced by these structures include cracks in 

the foundation and walls and jammed doors and windows. The degree of damage based on 

observed cracks ranges from hairline cracks, severe cracks, very severe cracks to total collapse. 

The pattern of the cracks depends on whether it is a dooming heave or a dish shaped lift heave 

(Figure 1.2). The dome effect results from the movement of the moisture from the perimeter to 

the centre of the house while the saucer effect results from the moisture moving from centre to 

the perimeter. 

 

Figure 1.2a: Crack patterns and heaving resulting from centre heave or dooming. 
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Figure 1.2b: Crack patterns and heaving resulting from edge heave or dishing of swell soils. 

Apart from the soil and types of foundations, defects can start off from the pitiable design and 

poor quality of construction materials. Building materials come in many forms, different sizes 

and different qualities. The problems of heave are more common in un-reinforced concrete or 

masonry due to their brittleness. The type as well as standard of material is always behind the 

poor performance of structures on expansive soils.  Many single-storey buildings in the case 

study are poor quality residential buildings. 

Although the problem of expansive soil has caused damages with respect to serviceability in the 

actual area, little has been done to address the magnitude of the problem on the expansive soils. It 

is from the above facts that the primary goal of this study is to investigate the crucial properties 

of expansive soil, where the majority of the problems originate, but also on the building 

structures because the magnitude of the damage is related to the interaction between the soil and 

the structure. 

This study therefore includes a literature review in the field, a survey of geology and climate of 

the sites, site investigations, laboratory tests, and physical survey of existing buildings to reveal 
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the exact causes and mechanisms of damages in Kibaha. The site investigations were used to 

gather general information of the soil profile and ground water condition in the open trial pits.  

The laboratory tests concentrated on the determination of the Atterberg limits (widely used index 

properties of soils), particle size analysis, swell test, and x-ray diffraction (XRD) test in order to 

identify the expansive clays. To gain a better insight into the swelling properties of the soil, 

detailed investigations and inspections were conducted at two buildings in Kibaha, where 

damages were very apparent.  

To support the above results, a physical survey to assess the condition of the physical fabric of 

existing buildings in the case study area was conducted.  The observed damages were linked to 

the laboratory and field test results. The physical survey was crucial to the clear understanding of 

the source of the problem. 

1.1 Statement of the Problem 

The presence of the expansive soils, also known as shrink-swell or swelling soils in coast belt of 

Kibaha where semi-arid clayey soils are predominant has caught many builders unawares. 

 Swelling or expansive clay soils are those that comprise swelling clay minerals such as 

montmorillonite (smectite), which expand when the moisture in the soil changes. In addition, 

expansive soils have high degree of shrink-swell reversibility with change in moisture content. 

A large number of structures especially lightweight structures found on these expansive soils 

have met with widespread problems associated with serviceability performance mainly in the 

form of cracks or permanent deformation.  

While very little work has been done to study the extent of expansive soils in Kibaha on one 

hand, on the other hand the damages in buildings founded on expansive soils have been very 

poorly documented. The scarce knowledge about the behaviour of foundations in swelling soils is 

obvious behind the damages of structures supported on the foundations mainly due to the uplift 

of the foundations (dooming or centre heave) following wetting of the soil.  

Although the accusing finger is mainly pointed at the expansive soils, other contributing factors 

such as poor design, poor construction, inadequate observation of the construction processes, 
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poor drainage, trees close to the building (human activities) and climatic factors have exacerbated 

the problem.  

There are many unanswered questions raised on the origin of the problem whose answers could 

be provided by practical experiments. The first question is whether this study could provide a 

solution to guard against the damages. Another question is whether it is possible to build on 

expansive soils free of deep-seated expansive problem. Figures 1.3a and 1.3b presents two cross-

sections of the houses of improper versus proper forms, the solution this study seeks to find.  

The origin of the problem is traced back to the pull factor of towns and cities which has given rise 

to a growing population in urban areas desire to own shelters. The high demand of 

accommodation has given opportunity to both homeowners and property speculators a loophole 

to making profit by providing cheapest and quickest means of accommodation to balance the 

supply and demand equation. 
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Figure 1.3a: Idealized building with problems. 
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Figure 1.3b: Hypothesized solutions to the problems. 

1.2 Objectives of the Study 

The primary objectives of this research study are to do the following: 

• study the engineering properties and mineralogical composition of the clay soils, together 

with their origin 

• study and understand the important soil properties for the soil swell/shrink potential 

• find out the causes of the swelling of the sub-grade soil 

• study and evaluate the performance of existing buildings in Kibaha region and 

recommend appropriate measures. 

Because identified damages in the field study are mostly attributed to shoddy construction and 

expansive properties of soils, it is important in this study to review the history of past 

construction, identify and characterize expansive soils, understand the in-depth of test methods to 

quantify swelling and find out treatment methods to reduce or eliminate soil swell. Development 

of an understanding of how the heave and damages occurred in the first place is also a crucial 

part of the current research agenda. 

The area of focus in respect of the above objectives is to develop an integrated approach to 

literature review, field observation measurement results and laboratory test results in order to 
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make a prognosis of the magnitude of heave/settlement. The end-result will serve as an essential 

tool to better understanding of the damages and the cost-effective choices in treating damages in 

the future. 

1.3 Research Methodology 

This research project is conducted by means of literature review on expansive soils, 

analytical/numerical modelling, field and laboratory testing and physical observations of the 

performance of existing buildings. It has employed both the case study and action research 

approaches.  

The literature review was undertaken in order to provide a framework of available information 

regarding expansive soils and buildings on them. Sources included hard copy journals, databases, 

periodicals, dissertations, books and online materials from the websites. It is from the literature 

review that the theoretical, conceptual and methodological background of the entire research was 

established.  

The case study was carefully selected to provide rich information on expansive soils. Action-

oriented research enabled the researcher to investigate a specific problem that exists in practice in 

order to come out with practical remedies. Primarily due to the complex behaviour of clayey soil 

in Kibaha region, the proposed project required integrating many sources of information based 

upon relevant data from documentary research, geological maps, observations and visits, 

interviews, structured questionnaire, field investigation and laboratory tests, to build up a tangible 

knowledge.  

A considerable amount of time was devoted to an arranged number of site visits in the case study 

area to ascertain the visible prevailing conditions. To back up the site visits, visual inspections 

and studies of construction details of the buildings were carried out. The aim of visual inspections 

was to observe different factors affecting the foundation structures, identify construction type and 

material, defects and signs of movement. Indicators of soil movement such as diagonal cracks in 

the walls, sticking doors and windows and cracks in the floors were identified. In case of 

incidence of cracks in the wall, telltales were stuck to the wall either side of the crack to see if it 

was either progressive or dormant. 
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In addition, laboratories and technical agencies dealing with foundation failures or damages in 

buildings were visited. The focal reason of these visits was to build up a picture on the 

procedures of earlier field and laboratory tests, inspection, investigation and methods of analysis. 

The field study also included visits to the soil laboratories at the University of Dar-Es-Salaam, 

Dar es Salaam Institute of Technology and Ministry of Works in Tanzania.  

1.4 Limitations 

Because characteristics of soil varies from one location to another, the behaviour of soils in the 

laboratory is likely to fall short of a close relation to the behaviour in their natural original state. 

It is from this significant undisputable fact that measurement errors due to insufficient control of 

testing procedures and equipment were inescapable. 

Due to the fact that soil plays a key role in the stability of foundation, the literature survey has 

shed a light on the general structure of soil. Most of the works reviewed pays moderate attention 

to the crucial complex behaviour of expansive soils. This has an implication that other complex 

soils not encountered in the case study are beyond the scope of this research. Since the study at 

hand directs its attention to the effect of expansive soils on lightweight structures, foundation 

settlement has been of small importance. 

Another limitation was on the type of foundation. Foundations in civil engineering are 

conveniently divided into two basic categories: shallow and deep foundations. This study is 

limited to shallow foundations, thus ‘foundations’ in this work refer to ‘shallow foundations’. On 

the other hand, particular attention was paid to single-storey to three storey masonry structures 

which are predominant in the case study area. 

For engineering soil properties and mineralogical composition, two case study sites could 

realistically be examined within the time frame and resources available. The relative small 

number of samples obtained means that many of the analyses in this research are indicative rather 

than definitive. A definitive study would have required more resources than I and my sponsor 

could bring to bear. On top of that, the individual results showed slight variations, but overall 

there was a fair degree of consistence. In the end, this small-scale study gave strong evidence of 

the presence of expansive soils in the case study area. Overall, the results of a large-scale study 

area would be both interesting and useful. 



Geotechnical Aspects of Buildings on Expansive Soils in Kibaha, Tanzania: Preliminary Study 
 

 
  

 
9

2. Literature Review 
2.1 Introductory Remarks 

The aim of this literature study is to provide a basic platform for better understanding of the 

problems associated with buildings on expansive soils. Throughout this chapter, relevant 

literature in the broad field of fundamentals of building damages associated with geotechnical 

aspects of expansive soils is surveyed.  

To gain a better understanding of the fundamentals of expansive soil as well as building damage 

aspects the major emphasis is put on the following imperative range of subjects:  

• Expansive soil theory and practice 

• Building systems (super- and sub-structure) on expansive soils 

• Building category 

• Construction materials 

• Damages in structures 

• Soil and soil-foundation interaction 

To obtain a better understanding of the building damages on expansive soil, the superstructure 

and sub-structure together with the subsoil/ground are treated as an entity. Having that in mind, 

the review is based on logical conceptual framework as illustrated in Figure 2.1.  

The first step is therefore identification of the expansive soils, the role of climate and 

hydrological conditions in the genesis of soils, and the types of structures and foundations found 

on soils. Furthermore, materials used for construction form a good reference to this study.   

For existing structure, which is the focus of this study, an increased attention has been paid to 

techniques for identifying and classifying the damages. Along with the identification of 

expansive soils and structural damages, the review also places an important emphasis on the 

interaction between soils and structures. 
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Figure 2.1: Logical conceptual framework for literature review. 
 

2.2 Expansive Soils 

2.2.1 Background 

Expansive soils exist all over the world and cause damages to foundations and associated 

structures (Kariuki, P. C., 2004). It has been ascertained that expansive clays cause billions of 

dollars damage every year in the USA, more than all other natural hazards combined (Jones and 

Holtz, 1973, Chen F. H., 1988 and Day, R. W., 1999).  The problem is also extensive in some 

areas of Tanzania but no statistics are available.  

Geotechnical engineers did not recognize damages associated with buildings on expansive soils 

until the late 1930s. The U.S. Bureau of reclamation made the first recorded observation about 

soil heaving in 1938 (Chen, F. H., 1988). Since then a number of researchers have pioneered 

researches into expansive soils. 
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Apart from increased research in expansive soil, design of shallow foundations to support 

lightweight structures on expansive soils is a potential problem than design of foundations for 

heavy loads (Meehan and Karp, 1994). The traditional design criteria of considering bearing 

capacity proves failure in expansive soils.  

Problem of expansive soils throughout the five continents results from a wide range of factors;  

(1) shrinkage and swelling of clay soils resulting from moisture change (2) type of the clay size 

particles (3) drainage– rise of ground water or poor surface drainage (4) compression of the soil 

strata resulting from applied load. Other factors include (5) pressure of the backfill soil, (6) soil 

softening (7) weather (8) vegetation and (9) the amount of aging (Chen, F. H., 1988, Lucian. C., 

1996, and Day, R. W., 1999).  

All these should be considered to come out with the choice of appropriate design criteria for 

careful selection of the proper type of foundation, type of structure and type of construction 

materials. With proper knowledge of the above indicatives, the potential for structural damage 

can be dramatically minimized or avoided.  

2.2.2 Structure of Expansive Soils 

Soils with a high percentage of swelling clay have a very high affinity for water partly because of 

their small size and partly because of their positive ions (Day, R. W., 1999). Expansive soils 

usually swell and stick when wetted, and shrink when dry developing wide cracks or a puffy 

appearance (desiccated clay).  

The swelling behaviour is usually attributed to the intake of water into the montmorillonite, an 

expanding lattice clay mineral in expansive soils. According to Chen, F. H. (1988), 

montmorillonite is made up of a central octahedral sheet, usually occupied by aluminium or 

magnesium, sandwiched between two sheets of tetrahedral silicon sites to give a 2 to 1 lattice 

structure. The three-layer clay mineral as shown in Figure 2.2 has a structural configuration and 

chemical makeup, which permits a large amount of water to be adsorbed in the interlayer and 

peripheral positions on the clay crystalline, resulting in the remarkable swelling of soil (Patrick, 

M. D. and Snethen, D. R., 1976). The presence of various minerals such as montmorillonite in 

the expansive soil is determined by the use of x-ray diffraction method, among other methods. 



Chapter 2       Literature Review 
 

 
 
 

12

 

 
Figure 2.2: Surface and interlayer water (montmorillonite) from Snethen, et al., 1975.  

2.2.3 Identification of Expansive Soils 

Identification of potential swelling or shrinking subsoil problems is an important tool for 

selection of appropriate foundation (Hamilton, J. J., 1977 and Van Der Merwe D. H., 1964). 

 Despite the lack of standard definition of swell potential (Nelson, J. D. and Miller, D. J., 1992), 

there exist various geotechnical techniques to identify the swelling potential of soils. Surface 

examination, geological and geomorphological description can give indicators of expansive soils. 

 The morphological description includes a host of many things such as ground water table 

situation, colour of the soil, soil consistence, soil texture, soil structure, texture groups etc. Most 

of the relevant physical and mechanical properties to give indicators of swell potential are 

obtained by performing geotechnical index property tests such as Atterberg limits, unit weights 

and grain size distribution. Other tests (direct tests) to determine the swell potential include 

volume change tests (free swell and swell in oedometer test), coefficient of linear extensibility 

(COLE) and mineralogical compositions by x-ray diffraction (XRD) test.  

The direct methods consist essentially of laboratory swelling tests while indirect methods base on 

the correlation of certain physicochemical properties and mineralogical composition of the soils. 

Empirically correlating soil parameters like water content, Atterberg’s limits, colloids etc. to the 

expansiveness is indirect method while tests like swell test and coefficient of linear extensibility 

(COLE) are direct methods. 
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2.2.3.1 Visual identification 

Field estimates of shrink-swell potential can be made by observing desiccation cracks (Figure 

2.3). The development of desiccation cracks in the ground surface is apparent during the dry 

periods. The degree of potential swell determines the size of the cracks (Day, R. W., 1999).  

Great potential swell is indicated by large and more frequent polygon arrangements of cracks 

while low shrink/swell means that potential for shrinkage cracks developing is low. Soils 

containing expansive clays become very sticky and plastic when wet and adhere to soles of shoes 

or tires of vehicles. They are also relative easy to roll into small threads.  

 

Figure 2.3: Expansive soil showing cracks (http://www.surevoid.com/..., 2006).  
 
The above preliminary visual identification is followed by general visual observations of any 

drainage problems as well as ponding of water. 

The completion of the above is followed by visual-manual descriptive of the soil according to 

ASTM D 2488-00 (2000). This standard insists, among other things, the reporting of the colour, 

moisture condition, consistence, structure and particle sizes as described in sections 2.2.3.3 and 

2.2.3.4 hereunder. 
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2.2.3.2 Geological description 

Geology provides good information about the method of forming a mass into size, shape and 

behaviour (Lambe, T. W. and Whitman, R. V., 1996). A good well-documented geological 

information will facilitate quick decision for the selection of relevant methods and the extent of 

geotechnical site investigations. It is the base to judge the efficacy of the test methods and assess 

the validity of the results.  

Geological description is usually obtained by the study of the site history and geological maps. 

Information on the maps can give valuable idea of the soil composition as the preliminary 

information for further investigation. 

2.2.3.3 Geomorphological description 

Ground water and moisture content 

The presence of free water at a particular depth and its seasonal variation in the soil has strong 

effect on the swelling potential of the soil. The benefit of proper prediction of trends in the 

groundwater table and fluctuations in soil moisture content cannot be overemphasized in 

establishing their effects on the swelling potential of soils.  

Soil colours 

The colour of soil is largely a result of the presence of organic matter or certain minerals, which 

could influence the swelling potential. The presence of organic matter results into dark coloured 

soils particularly towards the surface of the soil that diminishes with increasing depth of the 

profile.  

The presence of unhydrated iron oxides gives the soil a red colour (Haotough-Bouran et al., 

2006). Red soil colour generally promotes good drainage and aeration since unhydrated iron 

oxide, which produces the red colour is unstable in moist condition. A well developed red colour 

also indicates the soil is either well developed with clearly defined horizonation (mature) or 

subject to intense weathering.  

Soils that are light in colour or bright-coloured (e.g. yellow or reddish) have a low organic matter. 

The yellow colour indicates the presence of iron oxide. In addition, yellow colour on deeper layer 

usually indicates a somewhat moist soil climate.  
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Whitish or greyish coloured soils are usually strongly bleached and very low in organic matter 

and nutrients. Instead, they are rich in clay minerals carbonate of lime, magnesium, gypsum or 

various other salts and compounds of ferrous. Soil containing montmorillonite is usually white, 

grey, buff, bright pink or pink but may have tints of yellow, pink, or blue (Day, R. W., 1999 and 

Neaves, C., 2005).  

The colours of the soils are identified according to Munsell system colour chart. The chart is 

made up of about 250 different coloured papers, or chips, consistently arranged on hue cards 

according to their Munsell notations. The Munsell system consists of an alphanumeric 

designation for hue, value and chroma, such as ‘10YR5/3’ and soil colour description such as 

‘brown’. The most commonly used chart includes only about one fifth of the entire range of hues 

(measure of the chromatic composition of light that reaches the eye).  

Consistency 

Consistency is used to designate the degree of firmness or cohesion of intact fine grained soils 

(Day, R. W., 1999 and ASTM D2488-00, 2000) and it varies from ‘very soft’ to ‘very hard’ as 

indicated by the criteria in Table 2.1. 

Table 2.1: Criteria for describing consistency of in situ undisturbed fine-grained soils (ASTM 

D2488-00). 
Degree of firmness Pointer 

Very soft Thumb will penetrate soil more than 25 mm 

Soft Thumb will enter soil about 25 mm 

Firm Thumb will indent soil about 6 mm 

Hard Thumb will not indent soil but the thumbnail will readily indent it. 

Very Hard Thumbnail will not indent it 

 

In situ moisture content and density 

Index properties such as water content, bulk density and dry density (dry unit weight) also can be 

used to judge the compactness or hardness of soil particle packing in the samples.  High density 

implies hard soil while low density means soft soil. The bulk density is the measure of the 

amount of the total weight of the entire element (solid particles plus water) divide by the total 

volume, while the dry density is the measure of the weight of solid particles divide by unit 
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volume. The bulk density of most soils varies between 1.2 g/cm3 and 1.65 g/cm3 (Ley, T. W., et 

al., 2006). 
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where nw = natural water content 

            γ  = bulk density 

            dγ = dry density (dry unit weight) 

 sW = weight of the solid phase of the soil 

 wW = weight of water in the soil 

 V   = total volume 

The degree of packing (Figure 2.4) can also be designated by the relative density, rD  of soil that 

ranges from 0 to 100% (Sivakugan, N., 2000). The relative density is calculated as follows: 
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where maxe = void ration of the soil at its loosest possible state 

           mine = void ratio of the soil at its densest possible state 

           e     = current void ratio (i.e. at state where rD  is being computed) 

 

 

 

  Figure 2.4: Designation based on relative density (Sivakugan, N., 2000). 
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Soil groups 

The subject of soil groups is addressed using the six texture groups suggested by McKenzie et al. 

(2000) as shown in Table 2.2. The groups suggested by McKenzie et al. (2000) slightly compares 

well with the Soil Classification System (USCS) (Table 2.3) but the former is relatively easy to 

use. 

Table 2.2: Soil texture grades and groups after McKenzie et al. (2000). 

Estimated clay content Texture group number Texture group 

Min Mean Max 

Texture grade 

1 Sands 0 5 8 Sand

Clayey sand 

Loamy sand 

2 Sandy loams 8 15 20 Sandy loam 

Fine sandy loam 

Light sand loam 

3 Loams 10 20 30 Loam 

Loam, fine sandy silt loam 

Sandy clay loam 

4 Clay loams 20 30 40 Clay loam 

Silty clay loam 

Fine sandy clay loam 

5 Light loams 35 40 50 Sandy clay 

Silty clay 

Light clay 

6 Clays 45 55 100 Light medium clay 

Medium clay 

Heavy clay 
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Table 2.3: Engineering Unified Soil Classification System (USCS). 
Category Divisions Sub-divisions Group Laboratory 

classification 
USCS 
symbol 

Gravel, well 
graded  <5% fines GW Clean Gravel 

  Gravel, poorly 
graded  <5% fines GP 

Gravels, mixed, 
non plastic, fines >12% fines GM 

Gravels  
>50% of 
coarse fraction 
retained on 
No. 4 Sieve 
   
   
   

Gravel with 
Fines 
  Gravels, clayey-

plastic, fines  >12% fines GC 

Sands, well 
graded  <5% fines SW Clean sands 

  Sands, poorly 
graded  <5% fines SP 

Sands, mixed-
plastic, fines  >12% fines SM 

 Coarse grained 
soils 
more than 50% 
retained on 
No.200 Sieve 
  
  
  
  

Sands  
≥ 50% of 
coarse fraction 
passes No.4 
sieve 
   
   
   

Sand with fines 
  Sands, clayey-

plastic, fines  >12% fines SC 

Mineral silts, 
low plasticity  

PI<4 or plot below     
A-line ML Inorganic 

  Clays (mineral), 
low plasticity  

PI>7 and plots on or 
above A-line CL 

Silts and 
clays, liquid 
limit < 50 
  

 Organic Organic silts, 
low plasticity  

LL(oven dried)/LL 
(not dried)<0.75 OL 

Mineral silts 
(high plasticity)  Plots below A-line MH Inorganic 

  Clays (mineral), 
high plasticity  

Plots on or above A-
line CH 

 Fine grained 
soils 
more than 50% 
passes No.200 
sieve 
  
  

   
   
  Silt and 
clays, liquid 
limit > 50  Organic Organic clays, 

high plasticity  
LL(oven dried)/(not 
dried)<0.75 OH 

Highly organic soils   Peat  Pt 

 

2.2.3.4 Grain size analysis 

Particle size distribution (PSD) 

The inherent swelling potential of soil is directly related to the total amount of clay-mineral 

particles (particles that are <2μ m in diameter) in it. The swelling potential increases with the 

increase of clay minerals. Moreover, particle size distribution of soil mineral separates are critical 

for getting hold of many soil properties such as water holding capacity, rate of movement of 

water through the soil, kind of structure of soil, bulk density and consistency of soil. All these are 

important in the identification of expansive soils.  
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Classification of the soils for engineering purpose depends very much on the system used. In this 

study, use is made of the two systems; the USCS and BS 1377. The grain size and grain size 

distribution are according to USCS, while the wet sieve is according to BS1377: Part 2: Clause 

9.5: 1990.  That means the distribution of particle sizes larger than 0.002 mm is determined by 

dry sieve, while a sedimentation process using a hydrometer determines the distribution of 

particle sizes smaller than 0.002 mm (Figure 2.5). For both systems, a cumulative frequency 

distribution is determined for each sample to characterize the grain size distribution. 

 

Figure 2.5:  Grain size distribution for dry and wet sieve analysis.  

Particle size distribution in base two logarithmic  

Another technique to represent soil particle size distribution information is the base two 

logarithmic φ  (phi) scale. Logarithmic phi values (in base two) are calculated from particle 

diameter size measures in millimetres as follows (Pfannkuch, H. O. and Paulson, R., 2005): 
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10
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d
dφ ------------------------------------------------------------------------------ (2.3) 

where  φ  = particle size in φ  units  
d = diameter of particle in mm 

The end result is the preparation of particle size distribution curves for soils called cumulative 

weight percent curves. The cumulative percent frequency distribution curves represent the 

cumulative weight percent by particle size of the sample. Generally, the curves reveal how much 

of the sample is finer or coarser. 

The particle sizes can be judged statistically in terms of mean (average size), standard deviation 

(the spread/sorting of the sizes around the average), skewness (the degree of asymmetry of the 

grain sizes around their mean) and kurtosis (degree of the peakedness -broad or narrow- of the 

grains relative to the average). 
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where n    = number of occurrence 
          ix    = mid point of each class interval in metric 
          avgx = mean grain size 
          s     = standard deviation 
          C.V = coefficient of variation (uniformity of distribution) 

Blott, S. J. and Pye, K. (2001) give the alternative to the above statistical formulae according to 

Folk and Ward in 1957 in (original) graphical measures in phi (Table 2.4) as follows: 
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where xφ  = the grain diameter in phi units at the cumulative percentile value of x 

            mφ = mean grain size 
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Table 2.4: Description of limits of distribution of values – logarithmic (origin) graphical measures 

(Pfannkuch, H. O. and Paulson, R., 2005)  

Mean in phi Standard deviation 
in phi Skewness Kurtosis 

-12 to -8  boulder under .35  very well 
sorted  

from +1.00 to 
+0.30 

strongly 
fine skewed under 0.67 very 

platykurtic 

-8 to -6  cobble 0.35 - 0.50  well sorted  from +0.30 to 
+0.10 fine skewed 0.67 - 0.90 platykurtic 

-6 to -2  pebble 0.50 - 0.71  moderately 
well sorted  

from +0.10 to 
 -0.10 

near 
symmetrical  0.90 - 1.11 mesokurtic 

-2 to -1 granular 0.71 - 1.0  moderately 
sorted  

from -0.10 to 
 -0.30 

coarse 
skewed  1.11 - 1.50 leptokurtic 

-1 to 0.0  
Very 
coarse 
grained 

1.0 - 2.0  poorly sorted  from -0.30 to  
-1.00 

strongly 
coarse 
skewed  

1.50 - 3.00 very 
leptokurtic 

0.0 to 1.0  coarse 
grained 2.0 - 4.0  very poorly 

sorted  - - over 3.00 extremely 
leptokurtic 

1.0 to 2.0  medium 
grained over 4.0 extremely 

poorly sorted  - - - - 

2.0 to 3.0  fine 
grained - - - - - - 

3.0 to 4.0  
Very 
fine 
grained 

- - - - - - 

5.0 to 6.0  medium 
silt - - - - - - 

6.0 to 7.0  fine silt - - - - - - 

7.0 to 8.0  Very 
fine silt - - - - - - 

>8.0  clay - - - - - - 

 

The modification of the above measures is given in metric in Table 2.5 (Blott, S. J. and Pye, K., 

2000) as follows:  

3
lnlnln

exp 845016 PPP
Pm

++
= ----------------------------------------------------------------------- (2.12) 

s ⎟
⎠
⎞

⎜
⎝
⎛ −

+
−

=
6.6
lnln

4
lnln

exp 9558416 PPPP
------------------------------------------------------------- (2.13) 

Skewness = ( ) ( )525

50955

1684

508416

lnln2
ln2lnln

lnln2
ln2lnln

PP
PPP

PP
PPP

−
−+

+
−
−+

------------------------------------ (2.14) 
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Kurtosis = ( )7525

955

244
lnln
φφ −

− PP
------------------------------------------------------------------------------ (2.15) 

where xP  is the grain diameter and mP  is the mean in metric units 

Table 2.5: Description of limits of distribution of values – geometric (modified) graphical 

measures in metric (Blott, S. J. and Pye, K., 2000). 

Standard deviation Skewnes Kurtosis 

<1.27 very well sorted   from -0.3 to -1.0 very fine 
skewed  < 0.67 very 

platykurtic  
1.27 – 1.41 well sorted   from -0.1 to -0.3 fine skewed 0.67 - 0.90 platykurtic 

1.41 –1.62 moderately well 
sorted   from -0.1 to +0.1 near 

symmetrical 0.90 - 1.11 mesokurtic 

1.62 - 2.0  moderately sorted   from 0.1 to 0.3 coarse 
skewed  1.11 - 1.50 leptokurtic 

2.0 - 4.0  poorly sorted  from +0.30 to +1.00 very coarse 
skewed  1.50 - 3.00 very 

leptokurtic  

4.0 - 16.0 very poorly sorted  - - > 3.00 extremely 
leptokurtic  

> 16.0 extremely poorly 
sorted  - - - - 

2.2.3.5 Atterberg limits 

In the year 1911 Atterberg proposed the limits (liquid limit LL , plastic limit PL  and shrinkage 

limit SL ) of consistency in an effort to classify the soils and understand the correlation between 

the limits and engineering properties like compressibility, shear strength and permeability 

(Casagrande, 1932). The limits represent the water holding capacity at different states of 

consistency (Figure 2.6).  

The limits are the most popular procedures for gathering information on the expansive nature and 

mechanical behaviour of clay soils (Williams, A. A. B., 1958). The most useful classification 

data for identifying the relative swell potential are liquid limits (LL) and plasticity index (PI). 

The liquid limit is the water content at which a soil changes from the liquid state to a plastic state 

while the plastic limit is the water content at which a soil changes from the plastic state to a 

semisolid state (Figure 2.6). The plasticity index is calculated by subtracting the plastic limit (PL) 

from the liquid limit (LL). i.e., PI = LL - PL. It indicates the range over which the soils remain 

plastic. Soils that possess no clay minerals do not exhibit plasticity thus they pass directly from 

liquid limit (LL) to the semi-solid state when their moisture content is reduced.  
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Figure 2.6: Atterberg limits description, volume change and generalized stress-strain response of 

expansive soils. 

Liquid limit (LL) 

There are two methods to describe the liquid limit (LL) namely percussion cup method and fall 

cone method. In the percussion cup method, liquid limit is defined as the moisture content 

corresponding to a specified number of blows required to close a specified width of groove for a 

specified length (Casagrande, 1932 and 1958). The method however does not provide a uniform 

basis of comparison for fine-grained soils that differ in their reaction when subjected to a 

shrinking (dilatancy) test. Furthermore, there is a difficulty of cutting a groove in soils of low 

plasticity (i.e. silty soils) and the tendency of soil to slip rather than to flow.  

In the fall cone method, liquid limit is the moisture content corresponding to a specified depth of 

penetration for a cone of known geometry and weight (Farrell et al., 1997). There are two types 
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of cone penetration testing namely the British cone (30, 80 g, 20 mm penetration, Figure 2.7) and 

Swedish cone (60, 60 g, 10 mm penetration). Both types of cone penetrations testing essentially 

give almost the same results.  While the percussion cup method has been proved to have a 

relatively poor reproducibility, the fall cone method has good reproducibility.  
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Figure 2.7: Liquid limit test by cone penetration method. 

Plastic Limit (PL) 

Plastic limit is the water content at which the soil begins to crumble when rolled into 3 mm 

threads (Figure 2.8). 

Before After  

Figure 2.8: Plastic limit test. 
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Shrinkage limit (SL) 

The shrinkage limit is the water content dividing the semi-solid and the solid state of the soil. It is 

the water content at which further reduction in moisture content does not result into a decrease in 

volume of the soil mass (Figure 2.6). 

2.2.3.6 Indirect measurement of potential swell 

Classification of potential swell based on Casagrande’s plasticity chart 
The plot of plastic limit against liquid limit to detect the potential swell of soil is according to 

Casagrande’s plasticity chart (Figure 2.9). For example, a soil sample with liquid limit (LL) 40% 

and plasticity index (PI) 25% plots in the zone typical for montmorillonite (smectites) implying 

that it has a high potential for swelling. Soils that plot above the A-line are clays and those, which 

plot below it, are silts. The U-line indicates the upper bound for natural soils, thus no soil should 

plot above U-line 
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Figure 2.9: Plot of clay minerals on Casagrande’s chart (Chleborad, A. F., et al., 2005). 



Chapter 2       Literature Review 
 

 
 
 

26

 

Classification of potential swell based on plasticity table 
The change in moisture contents (Atterberg limits) of a soil sample can be used to indicate the 

degree for potential swell as presented in Table 2.6. A soil sample with liquid limit exceeding 

70% and plastic index greater than 35% is judged to have a very high potential swell. 

Table 2.6: Classification of potential swell based on plasticity (Holtz and Gibbs, 1956). 

Classification of potential 
swell 

Liquid limit 

(LL),  % 

Plasticity index 

(PI), % 

Shrinkage limit 

(SL), % 

Low 20-35 <18 >15 

Medium 35-50 15-28 10-15 

High 50-70 25-41 7-12 

Very high >70 >35 <11 

 
 
Classification of potential swell based on advanced physical properties of soils 
Some researchers (Seed, et al., 1960, Van Der Merwe D. H., 1964 and Skempton, A. W., 1953), 

established useful empirical relationships between expansion potential and physical properties of 

soils such as colloids contents (clay contents) and soil suction. A preliminary classification based 

on percentage clay fraction (soil particles less than 0.002 mm or 2 µm in φ , usually determined 

in hydrometer test) and plasticity index  can be used to categorize probable severity (Figures 2.10 

and 2.11). Generally, a soil having clay content in excess of 30 per cent and a plasticity index 

greater than 35 per cent is considered to denote a very high potential for shrinkage or swelling 

(active soil). On the other hand, a soil with clay content and a plasticity index in excess of 10 per 

cent may undergo at least slight swelling or shrinking with changed environment (inactive soil). 

The activity in Figure 2.10 is taken as the dimensionless ratio of plasticity index to colloids 

contents, both taken in percent. Thus;  

Activity (Ac) = plasticity index (PI)/% finer than 2µm-------------------------------------------- (2.16) 

Soil with activity less than 0.75 is inactive, that with activity between 0.75 and 1.0 is active, and 

above 1.0 is very active. 
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            Figure 2.10: Chart for evaluation of potential expansiveness (Seed, et al., 1960). 

 

Figure 2.11: Potential severity of volume change for clay soils (Van Der Merwe D. H., 1964). 
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Figure 2.12: Soil classification chart (Skempton, A. W., 1953). 

Another way of identifying the expansive soil is to use the activity method quoted by Cartel M. 

and Bentley, S. P., 1991. The proposed classification chart is shown in Figure 2.13. The activity 

term in the Figure is defined as follows: 

5−
=

C
PIAc ---------------------------------------------------------------------------------------------- (2.17) 

 where PI  is plasticity index  and C is colloids (or clay) content. 
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Figure 2.13: Classification chart for swelling potential proposed by Cartel et al., 1991. 

Cartel M. and Bentley, S. P. (1991) proposed an empirical equation to calculate the potential 

swell (Table 2.7) as follows: 

Swell (%) = ( ) 44.260 PIK ------------------------------------------------------------------------------ (2.18) 

where PI is the plasticity index  

and    K is the constant, equal to 3.6 x 10-5 

Table 2.7: Identification of potential swell based on plasticity (Carter and Benley, 1991). 

Classification of potential swell Plasticity index x1 (%) Plasticity index x2, (%) 

Low (0-1.5%) 0-15 0-15 

Medium (1.5-5%) 10-30 15-24 

High (5-25%) 20-55 25-46 

Very high (25+%) >40 >46 
1 Based on the relationship given by Seed et al., (1962) 
2 Values according to Krebs and Walker (1971) 
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2.2.3.7 Direct measurement of potential swell 

2.2.3.7.1 Swell test 
Swelling index tests point out the potential expansiveness of soils. Two common laboratory test 

methods to determine the swell of soil, namely free swell test and the swell in oedometer test are 

covered in this study. 

Free swell test 

 According to Holtz and Gibbs (1956), the free swell test is defined as the ratio of the increase in 

volume of the soil from a loose dry powder form to the equilibrium sediment when it is poured 

into water, expressed as the percentage of the original volume (Figure 2.14). The percent of free 

swell is expressed as: 

Free swell percent = ΔV/V*100% ------------------------------------------------------------------- (2.19) 

where ΔV =Vs-V= change in initial volume (V) of a specimen and 

V  = initial volume (10 mm3) of the specimen 

Vs = final volume of the specimen 

Before swelling After swelling

Soil volume V Soil volume Vs

 
Figure 2.14: Phase diagrams of free swell. 

Soils with free swell less than 50% are not likely to show expansive property, while soils with 

free swells in excess of 50 percent could present swell problems. Values of 100% or more are 

associated with clay which could swell considerably, especially under light loadings. 
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Free swell in the oedometer 
The swell pressure of soil is determined through the one-dimensional restrained swell test by 

utilizing the oedometer apparatus. The undisturbed soil specimen is cut at its in-situ moisture 

content, put in an odometer, saturated and brought to equilibrium under a surcharge of about 1 

kPa. The load on the specimen is increased periodically until the height of the specimen returns 

to origin. For each increment of load, the specimen is allowed to consolidate fully before the 

application of the next load.  

The amount of swell is recorded with the dial gauge and the maximum vertical stress necessary 

to attain original height of sample is the swelling pressure. A graph can be obtained of height or 

void ratio against stress (Figure 2.15). This test has the advantage that only one sample is 

required and apart from free swell, the consolidation characteristics can be determined. 

Height of sample after saturation 
(with swell restrained)

Original height of sample

10 100

Pressure required to attain 
original height of the sample 
(the swelling pressure)

Pressure (kPa) log10 scale
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Figure 2.15: Free swell under load in the oedometer. 

2.2.3.7.2 Measure of potential for swelling by the coefficient of linear extensibility (COLE). 

The coefficient of linear extensibility (COLE) is one of the important engineering properties of 

soils which relates the clay content and consistency to characterize the shrink-swell behaviour of 

soil. Undisturbed clods or cores are briefly immersed in a flexible resin and allowed to dry in 

laboratory. The resin coating must be impermeable to water but permeable to water vapour 
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(Thomas, P.M., 1998). The clods are put to field tension of 33 kPa or 10 kPa tension (1/3- or 

1/10-bar tension), weighed in air and water to determine weight and volume using Archimedes 

principle. The clods are brought to oven dryness, their weight and volume measured again. When 

coarse fragment are present, the COLE is calculated as follows: 
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where wsCOLE    = coefficient of linear extensibility on a whole-soil base in cm cm-1 
         mmd 233<γ     = dry density at 33 kPa water retention on a <2 mm base (g/cm3) 
                mmd 2<γ           = dry density, oven-dry or air-dry, on a <2 mm base (g/cm3) 
           mC             = coarse fragment (moist) conversion factor.  
 mC  is calculated as follows: 

mC = [volume moist <2 mm fabric (cm3)]/ [volume moist whole soil (cm3)] 
 or   Cm = (100-vol>2 mm)/100  

where vol>2 mm = volume percentage of the >2 mm fraction 

If no coarse fragments, mC =1, and the previous equation reduces to: 
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wsCOLE
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---------------------------------------------------------------------------- (2.21) 

The terms in equation (2.21) are as defined in equation (2.20). 

According to the calculated COLE, a range of soil swell-shrink potential can be distinguished 

based on data in Table 2.8. The quantitative swell potential can also be estimated by correlating 

the colloids content and the COLE using Figure 2.16. 

Table 2.8: Ranges of COLE to determine soil swell-shrink potential (Thomas, et al., 2000). 

Soil swell-shrink potential COLE 

Low <0.03 

Moderate 0.03-0.06 

High 0.06-0.09 

Very high >0.09 
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Figure 2.16: Expansion potential as a function of colloids and COLE (Hardcastle, J. H., 2003). 

2.2.3.7.3 X-ray diffraction (XRD) microscopy 

Identification of the presence of expanding clay minerals in soil is carried out by using different 

methods such as x-ray diffraction, electronic microscopy, differential thermal analysis and wet 

chemical analysis (Mitchell, 1993). In the x-ray diffraction test, x-rays are collimated and 

directed onto the sample, which has been ground to a fine powder (normally less than 10 

microns). Figure 2.17 shows the possible ranges of various methods of detecting particle sizes 

together with the range of x-ray.   
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Figure 2.17: Possible range of x-ray together with other methods of detecting particle sizes 

(Lambe, W. T. and Whitman, R, V., 1969). 
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In this study, the identification of the specific soil mineralogical composition is obtained by the 

use of x-ray diffraction (XRD) patterns following the method of Brown and Brindley (1984). 

 The x-ray diffraction is a primary tool used to identify and evaluate degree of crystallinity in 

specific clay minerals. As x-rays are refracted from the sample, a pattern of multiple peaks with 

varying intensities is produced representing specific clay minerals. The width of these peaks, at 

half-height, produces the value known as the Kubler Index (KI), which is a known indicator of 

degree of crystallinity in the sample. The KI value decreases as the width of the peak narrows. 

 The printed graphs show different changes in absorption features with changing content of 

minerals. Figure 2.18 shows the absorption feature of two minerals, kaolinite and 

montmorillonite (Kariuki, P. C., 2004). As shown in the figure, the peak of kaolinite tends to be 

sharper and more intense than that of smectite (montmorillonite). For all samples, the increase in 

kaolinite increases the peak in comparison to the previous sample with less kaolinite. 

 

Figure 2.18: Calculated reflectance spectral of mineral mixtures of kaolinite and montmorillonite 

-2µm (Kariuki, P. C., 2004). 

 



Chapter 2       Literature Review 
 

 
 
 

36

2.2.3.7.4 Potential swell by locating active zone 

Plasticity index, liquid limit and colloids alone do not adequately define the expansive potential 

of a soil profile. The depth of active zone is the one which accurately controls the expansive 

potential of the soil profile. 

The active zone or seasonal zone refers to the region that is near enough to the ground surface in 

which the soils experience a change in moisture content due to precipitation or evapo-

transpiration in tandem with the climate or seasons change (Hamilton, J. J., 1977, Day, R. W., 

1999 and Chen, F. H., 1988). Therefore, the depth of active zone (depth of desiccation) varies 

depending on soil type, soil structure, topography and climate, but it usually ranges between 1.0 

m and 4.0 m.  

Figure 2.19 shows the variation of moisture content in expansive soil to spot the active zone. The 

depth of active zone should be determined accurately to arrive at the depth of the expansive soil 

that needs to be removed or stabilized in order to achieve the stable moisture state. The depth of 

active zone is reliably located by running the soil suction measurement (Chen, F. H., 1988).  

The simple and cheap favoured method to conduct the suction test is by the use of filter paper in 

accordance with the ASTM D 5298 - 03. This involves collecting the undisturbed samples from 

ground profiles and taking them to the laboratory for testing. The samples are split across their 

diameter to form a series of soil disks, then the filter paper is inserted between the discs and 

sealed within an easily installed sensing chamber and stored for a specified time. After the filter 

papers have reached suction equilibrium with the surrounding soil, the moisture content is 

carefully measured and soil suction value is obtained from an established correlation. The 

suction measured by the probes is the total suction (Chen, F. H., 1998).  

i.e. total suction ct hhh += 0 -------------------------------------------------------------------------- (2.22) 

(assuming gravitational and external pressure effects are negligible)  

where oh is the osmotic suction and  

           ch is the matric suction 
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Figure 2.19: Suction variation with depth (http://web.umr.edu/~rogersda/expansive soils/...). 

2.2.3.8 Classification of potential swell based on empirical formula 
Weston (1980) presented a method of calculating swell based on the liquid limit which can be 

determined more accurately than plastic index. This method is an improvement on Van der 

Merwe’s method to take into account the moisture content. 

Swell (%) = 0.00041 ( ) ( ) ( ) 33.2386.017.4 −−
iLW wPW ----------------------------------------------------- (2.23) 

where ( ) ⎟
⎠
⎞

⎜
⎝
⎛ <

=
100

425.0% mmLLWLW  

 P     = vertical pressure in kN/m2 (kPa), under which swell takes place 

 iw    = initial moisture content (%) 

A more friendly-user empirical relation for the determination of free swell was proposed by 

Pidgeon (1987). The swelling potential is calculated as follows: 

Swell (%) = ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

sP
PFS

log
log1 ------------------------------------------------------------------------ (2.24) 

where FS = free swell(%) 

 P   = pressure induced by the foundation and the overburden (kPa) 

sP  = swelling pressure of the soil (kPa)        
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The model proposed by Vijayvergiya V. N. and Ghazzaly O. I. (1973) gives the following 
relationships: 

( )5.54.0
12
1log +−= nwLLs ------------------------------------------------------------------------- (2.25) 

( )5.13065.0242.6
5.19

1log −+= LLs dγ ------------------------------------------------------------ (2.26) 

where s = swell (%) 

         dγ = the dry weight density in kN/m3 

LL and nw are liquid limit and the natural water content in decimal figures. 

The above empirical methods (models) are very useful to determine the swelling properties of 

soils but cannot be precisely used for all types of clay. There is a need to collect enough data in 

each area in order to develop specific models for specific type of clay. 

2.2.4 Climate and Hydrological Conditions 

Climate, hydrological conditions, and geology govern the formation and behaviour of soils. The 

climate in particular is one of the most important factors in soil profile development. It helps 

change parent material into soil. Climatic factors, such as precipitation, temperature, wind and 

sunlight accelerate the formation of the basic material of soil. Soil is a mixture of minerals, air, 

water, and organic materials. Soils differ depending on how much of these different ingredients 

they contain, and climate contributes to those differences.  

Climate change will modify rainfall, actual evaporation, generation of runoff, groundwater level 

and soil moisture storage. Changes in total seasonal precipitation and in its pattern of variability 

are both important in the prediction of alternate cycles of swelling and shrinking.  

The local effects of climate change on soil moisture, however, will vary not only with the degree 

of climate change but also with properties of soil. Heavy clay soils are thought to have higher 

water holding capacity than coarse-textured soils. The water-holding capacity of soil will affect 

possible changes in soil moisture deficits; the lower the capacity, the greater the sensitivity to 

climate change. That means coarse textured soils dry or drain more rapidly than fine-textured 

soils. The evaporation time-lag in fine-textured soils gives them chance to swell slightly before 

shrinkage. Thus, heaving of expansive clay may occur even without the presence of free water. 
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 The occurrence of moisture stress during cycles of long dry spells results into shrinkage of 

expansive soils. When shrinkage in expansive soil occurs, it produces tensile forces and lines of 

weakness. If drying is severe, visible temperature and drying shrinkage (desiccated) cracks 

develop on the surface of the soils.  

During the rainy periods that follow the dry spells, water penetrates the surface cracks generating 

swell in the soil around and under the foundation resulting in expansion and structural foundation 

problems. In addition, the absorbed water increases the unit weight of the soil thus decreasing the 

resisting (shear) strength of the soil. With alternate cycles of wetting (swelling) and drying 

(shrinking) a progressive reduction of shear strength of expansive soil takes place. The problems 

caused by expansive soils are critical in areas of semiarid climate because of the broad change of 

climatic conditions over the year in these areas. 

 

2.2.5 Conclusions 

This part has shed some light mainly on the indicators of expansive nature of soils. It has shown 

that specific information to identify soil includes geology, soil classification, horizon designation, 

colour, density, texture, structure and consistency.  

From this perspective, two major phases of field exploration to identify soils, namely surface 

examination and subsurface exploration have been covered at a considerable depth as originally 

envisaged. The surface examination has been considered first because of its importance in the 

determination of the subsurface exploration. The surface examination has been followed by 

documentary evidence in form of geological information in the effort to review the science 

behind the evolution of the expansive soils. 

The aspect of geomorphologic has taken on particular importance of the study of the 

configuration of landforms. First, and perhaps most important, has been the nature of ground 

water because geotechnical behaviour of expansive soils is highly influenced by the degree of 

water content, water table and water table fluctuation. Furthermore, several tests to identify the 

soils have been put forward.   

Of particular importance have been grain size distribution, Atterberg limits, swell tests and 

mineralogical test.  Methods of empirically identifying the potential swell have been presented. In 
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most cases, charts and tables have been accompanied to make the concepts clear. The methods 

presented provide a guideline for more conclusive interpretation of laboratory test results in the 

coming chapter. 

Empirical models to handle expansive soils have been presented. However, the models should be 

used with a certain amount of caution because no conclusive model exists to define all expansive 

soils in the universe. 

Finally, a brief discussion on climate and hydrological conditions has been presented. The 

climate, hydrological conditions as well as moisture movement have a major impact upon soil 

formation and characteristics. This part has argued that a better understanding of climate and 

hydrological conditions could promote a better understanding of key soil properties and 

characteristics. 
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2.3 Structures (Super-Structures and Sub-structures) 

2.3.1 Morphology of Structures 

The major elements of a building include the structure system (foundation or sub-structure, and 

the superstructure including the exterior walls, interior walls, floors and roof) and service system. 

To understand the elements of a building the knowledge of the principle attributes of a structure 

such as building systems, materials, and loading is indispensable. This part focuses on the major 

parts of structures directly linked to Soil-Foundation-Structure Interaction, mainly foundations 

and walls. 

2.3.2 The Super-Structure Systems 

Building systems can be classified as single-storey, multi-storey buildings and hybrid buildings 

(tall/high-rise buildings or 'skyscrapers'), as thoroughly explained by Drysdale, R. G., et al. 

(1994).  

A single-storey (Figure 2.20a) is the building in one floor or level, usually on the ground, whose 

full width and height can be utilised throughout for maximum garaging, storage, living or 

workspace. 

The term multi-storey building encompasses a wide range of buildings that have more than one 

storey. However, for more clarity the building can be classified according to the levels it is built 

in. For example, a double-storey building is that built only in two levels or floors (Figure 2.20b). 

Likewise, a three-storey building is that which has three floors or levels.  

To simplify the classification, many buildings with multiple floors or levels are referred as multi-

storey. However, tall buildings with multiple floors equipped with elevators are singled out as 

high-rise buildings. Very tall buildings are referred as skyscrapers. Some of the skyscrapers in the 

world are taller than 400 m (Taipei 101 tower in Taipei, Taiwan, 509 metres; Sears tower in 

Chicago, 442 metres; Petronas twin towers in Kuala Lumpur, Malasia at 452 metres tall etc.). 
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Figure 2.20a: Single-storey building on 

shallow foundation. 

 
    Figure 2.20b: Double-storey building on 

deep foundation. 

 

 

Figure 2.20c: Structural components of a multi-storey building. 
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2.3.3 The Sub-Structure (Foundation) Systems 
There are two types of foundations used in construction: shallow and deep (Smith, G. N., 1992). 

Shallow foundation is that whose depth (D) below the finished ground surface is equal or less 

than the width (B). Strip footings, grade beam, pad footings and mat foundations fall into this 

category. Deep foundation is that whose depth is found very deep (depth greater than its least 

dimension) below the finished ground surface (Figure 2.20c). They include caissons, piles, piers 

and micro-piles. Normally the types of foundation and importance or types of the structure 

determine the extent and type of soil exploration for geotechnical tests.  

2.3.4 Conclusions 
A building consists of a superstructure and a substructure. The superstructure is considered as the 

portion of a building above the ground surface while the substructure is the portion below the 

ground level. Because the performance of superstructure depends on the substructure, therefore 

both portions have been considered in this study.  

In the contemporary style, there exist different building forms such as single-storey, multi-storey 

and hybrid. However, much emphasis has been placed on the single-storey type which makes up 

the largest stock of buildings in the case study area.  

While the substructure include both soil and foundations, attention in this part has been directed 

to the foundations. Depending on the depth of the load-transfer member below the super-

structure, the foundation systems have been classified as shallow or deep foundations. However, 

the shallow foundations have drawn special attention in the research because of their potential 

dominance in the case study area. 
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2.4 Category of Buildings 

2.4.1 General 

In general, there are three categories of buildings; A, B and C. Category A covers non-engineered 

buildings, category B contains semi-engineered buildings and category C takes in engineered 

buildings. Different categories of buildings behave differently under varying conditions of 

expansive soils. Some categories are less susceptible to damage while others are highly 

susceptible.  

2.4.2 Non-Engineered Buildings 

For the purpose of this study, non-engineered buildings are those designed and constructed 

without the attention of registered, professional engineers and architects. Almost all single-storey 

dwellings and simple public buildings fall in this category.  

In Tanzanian context, non-engineered structures cover traditional housing units with walls 

constructed of mud interspersed with wooden poles and pitched roof covered with grass on 

wooden framing as well as semi-modern  buildings with walls built of un-burnt/burnt bricks 

(masonry) in mud or cement mortar and pitched roofs covered with corrugated iron sheets or 

corrugated aluminium sheets on timber framing.  

All buildings in this category are single-storey. Modern single-storey single-family units with 

pitched roof covered with corrugated sheets or tiles and walls made of un-reinforced load bearing 

masonry (concrete solid blocks or burnt clay bricks in cement or mud mortar) and mostly on un-

reinforced concrete strip foundation also fall in this category. 

2.4.3 Semi-Engineered Buildings 

Semi-engineered buildings are those that receive marginal engineering design. They include 

buildings typically comprised of reinforced concrete flat roofs and slabs or pitched roof covered 

with corrugated iron sheets or aluminium sheets partly on load bearing walls (cement sand block 

masonry in cement mortar) and partly on reinforced concrete beams or columns.  

Few modern single-storey single-family units and modern double-storey buildings (residential 

buildings and office blocks) and light industrial buildings are in this category.   
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2.4.4 Engineered Buildings 

Engineered Structures are those designed and constructed with direct input of licensed 

professional engineers and architects. Likewise, engineered foundations are those designed and 

constructed based on geotechnical information by licensed professional engineers. The 

engineered buildings consist of reinforced concrete framed structures/steel structures with non-

structural masonry infill walls (cement sand blocks, concrete blocks or burnt clay bricks) or 

timber panel infill. Most of modern multi-storied multi-family housing (blocks of flats) and 

multi-storey office blocks are in this class.   

2.4.5 Conclusions 

This part has given an insight into the categories of buildings. The buildings in the presented case 

study have been grouped in 3 categories ahead of the physical survey. All factors being equal, 

marginally engineered or non-engineered structures would perform poorly than engineered 

structures.  

The physical survey of the properties will reveal how the different categories fair on the 

expansive soils. The primary suggestion is that all structures should incorporate engineered 

features to cut down many of the commonly observed damages in non-engineered structures. 
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2.5 Construction Materials 

2.5.1 General Consideration 

Construction materials for buildings come in all sorts of forms, different colours, sizes, designs, 

textures and shapes. The choice of which materials to use depends on many factors such as 

budget, stylistic  preference (taste), appearance or building forms, size of the building or roof 

span, climatic conditions, location, culture and custom, intended use, availability, local building 

codes, to mention but few.   

Understanding the properties or advantages and disadvantages of a particular material is the key 

element in proper selection of the material. According to the structural behaviour, construction 

materials can be classified mainly into three types, rigid, semi-rigid and flexible (Table 2.9). The 

three types of materials behave differently on the erratic behaviour of expansive soils. Some 

buildings are much susceptible to damage than others depending on the type of construction 

materials. 

2.5.2 Rigid Material 
Rigid materials tend to break very suddenly when bent. The more rigid the structure is the less it 

is tolerant to structural distortion or damage (Krebs, R. D. and Zipper, C. E., 1997). Masonry 

structures, which behave as brittle materials with relatively low tensile strength, can tolerate little 

distortion without cracking. 

2.5.3 Flexible Material 

Flexibility refers to the ability of a profile of a material to bend around various curves and radii 

without breakage. It is from this fact that no construction material is infinitely flexible, so every 

foundation deforms or bends to some degree. The way out is to go in for the appropriate type of 

material which strikes a balance between rigidity, flexibility, strength and serviceability. In this 

study, flexible construction refers to the profiles which tolerate small amounts of movement with 

acceptable deformation.   
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2.5.4 Semi-Rigid Material 

Semi-rigid material results when a virtually flexible material is encapsulated in rigid material. A 

good example is of steel rods embedded into concrete to form a reinforce concrete member which 

is semi-rigid in this context. Semi-rigid material relatively changes its shape with the movement 

of soils. The relative good dimensional stability, resiliency and high strength of semi-rigid 

material result from a unique combination of properties of both virtually flexible and rigid 

materials. 

 
Table 2.9:  Building structural systems and corresponding materials (After Krebs, R. D. and 

Zipper, C. E., 1997).  
Type of 
structure 

Description 

Rigid Pre-cast concrete, concrete block, or un-reinforced brick exterior walls; masonry or plaster interior 

walls; slab-on-grade acts as combined flooring and building support. 

Semi-rigid Reinforced masonry or brick reinforced with steel tie bars exterior; window and door openings 

reinforced to resist angular distortion; slab-on-grade isolated from walls. 

Flexible Steel or wood framing; exterior siding of brick veneer with articulated joints, or panels of metal, 

vinyl, or wood; interior walls of gypsum board or wood-base panels; vertically-oriented construction 

joints; strip windows or metal panels separating rigid wall sections with 25 foot spacing or less, to 

allow differential movement; all water pipes and drains into structure with flexible connections; 

suspended floor or slab isolated from wall. 

 

2.5.5 Conclusions 

Flexible materials and rigid materials dictate different levels of tolerance to distortion. The level 

of distortion can be light, medium or heavy depending on the type of materials used. In order to 

minimize the damage the level of rigidity in construction should be kept low and that of 

flexibility should be elevated. The potential solution to these scenarios lies in the careful use of a 

semi-rigid material. 
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2.6 Damages in Structures 

2.6.1 General Remarks  

All structures experience various levels of damages during their lifetime. For structures to be 

economical especially those made of concrete, a certain degree of cracking is inevitable. The 

damages are due to design faults or no design at all, cheap construction materials, poor 

workmanship or calamities, poor drainage characteristics, climatic condition and intricate 

behaviour of expansive soils. 

Not all deformations render the structure useless (Figure 2.21). From the earliest stages of 

deformation in stage I, the structure is still in full usefulness.  In stage II, the deformation shoots 

up and the usefulness associated with this deformation drops to limited usefulness. In stage III, 

the deformation is almost gradual but the structure is no longer useful. 

 

Figure 2.21: Decreased usefulness of deformation (Hintze, S., 1994). 

For all damages, the professional inspector must predict a complete set of causes and effects. To 

be established is also the acceptable degree of deformations or damages. The correlation between 

causes and effects call for experimental and analytical investigation. This part will dwell at length 

on techniques used to identify, localize and quantify the damages for structural performance 

evaluation. Damage evaluation based on different deterministic criteria in relation with angular 

distortion (Hintze, S., 1994, and Burland, J. B. and Worth, C. P., 1975) has formed the backbone 

of this section. 
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 2.6.2 Identification of Damage in Structures 
The most obvious identifications of damage to buildings are doors and windows that get jammed, 

uneven floors, and cracked foundations, floors, masonry walls and ceilings.  Moreover, different 

crack patterns mean different causes for different foundation materials. In most cases, cracks due 

to shrinkage and expansive clay usually run from corner towards adjacent opening and are 

uniform in width or v-shaped, wider at the top than the foundation wall (Mika S. L. J and Desch 

S. C., 1998 and Ransom W. H., 1981). This pattern of cracks happens when the moisture 

movement is from the perimeter to the centre of the house. Figure 2.22 shows the typical crack 

pattern in the concrete slab-on-grade concrete due to centre heaving of expansive soils (Day, R. 

W., 1999). 

PP Heavy foundation load resists expansive force

Slight differential 
movement common

Adjoining appurtences 
generally separate

Expansive soil uplifts the slab

A)  SECTION VIEW

B) PLAN VIEW

Stoop

Stoop

Patio

Patio

Cracks tend to parallel walls and run diagonally across 
corners. Cracks also frequently occur across the central 
portion of the slab section  

Figure 2.22: Typical crack pattern on a floor due to centre heave (Day, R. W., 1999). 
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In some cases, the cracks are wider at the bottom than the top due to dishing effect as opposed to 

dooming effect. This happens when the moisture moves from centre to the perimeter resulting 

into the saucer effect. In the dishing effect, the cracks are wider bottom than top because of the 

inwards tilt (Figure 1.2b). 

The identification is followed by the classification of the damage. The classification of the 

damage is very important to assess whether the building calls for strengthening, repair, 

renovation or demolition. Various researchers (Burland, J. B., et al., 1977, Boscardin M. D. and 

Cording E. J., 1989) put forward many definitions, specifications and guidelines for classification 

of damage in structures. Visible damages based on observed crack width as suggested by Burland 

and colleagues are reproduced in Table 2.10. 

Table 2.10: Categorization of visible damages in structures (Burland, J. B., et al., 1977). 

Category of 

damage 

Description of typical damage Approximate width of 

individual crack (mm) 

Negligible Hairline cracks <0.1 

Very slight Fine cracks that are easily treated during normal decoration. 
Isolated slight fracture in building and cracks in external brickwork 
visible on close inspection 

1  

Slight Cracks which are easily filled and redecorated. Several slight 
fractures may appear inside of the building. Cracks are visible 
externally and repainting may be required to ensure weather-
tightness. Doors and windows may stick 

<5 

Moderate Cracks that require some opening up and patching by a mason. 
Recurrent cracks that can be masked by suitable linings. Re-
pointing of exterior brickwork and possibly replacement of a small 
amount of brickwork. Doors and windows stick, service pipes may 
fracture and weather-tightness is often impaired 

5 to 15 or a number of 
cracks 

Severe Large cracks calling for extensive repair work involving breaking-
out and replacing sections of walls, especially over doors and 
windows. Windows and doorframes distort and floor slopes are 
noticeable. Leaning or bulging walls. Beams lose some bearing. 
Utility service disrupted 

15 to 25 but also depends 
on the number of cracks 

Very severe Major repair job involving partial or complete rebuilding. Beams 
lose bearing, walls lean badly and require shoring and windows are 
broken with distortion. There is a danger of structural instability 

>25 
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Generally, the evaluation has to base on experience and knowledge of the history of the building, 

construction details (detailed building materials and structural survey), crack patterns, 

construction pathology and existing physical condition. This is possible by means of walk 

through inspection to identify and categorize both distinct and hidden damages.  Unfortunately, 

the evaluation proposed by Burland and colleagues falls short of a link between deformation and 

critical strain criteria and damage category. Furthermore, the evaluation does not take into 

account the type of the building and the construction anatomy. 

To gain a better understanding of the serviceability limits based on crack width and degree of 

damage in structures, Hintze, S. (1994) quoted the work of Torburn and Hutchison as shown in 

Table 2.11.  

It is apparent from Table 2.11 that the work of Torbun and Hutchison improved the effort of 

Burland et al., 1977 (Table 2.10) to incorporate the type of structure according to the use. Again, 

this new effort is still wanting in attachment of damage with strain and distortion relationship as 

well as structural anatomy. 

Table 2.11: Proposed serviceability limits (Hintze, S., 1994). 

Degree of damage 

Crack width 
(mm) 

Dwelling Commercial or 
public 

Industrial Effect on structure and building use 

<0.1 Insignificant Insignificant Insignificant None 

0.1 to 0.3 Very slight Very slight Insignificant None 

0.3 to 1 Slight Slight Very slight Aesthetic only 

1 to 2 Slight to 
moderate 

Slight to moderate Very slight Accelerated weathering to external 
feature 

2 to 5 Moderate Moderate Slight Serviceability of the building will be 
affected, and towards the upper limit, 
stability may also be at risk 

5 to 15 Moderate to 
severe 

Moderate to severe Moderate   

15 to 25 Severe to 
very severe 

Moderate to severe Moderate to severe  

>25 Very severe 
to 
dangerous 

Very severe to 
dangerous 

Very severe to 
dangerous 

Increasing risk of structure becoming 
dangerous 
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Burland, J. B.  (1997) made modification to his earlier work to incorporate horizontal strain in 

relation with angular distortion into initial damage (Figure 2.23). However, his modification is 

limited to the cases of 1/ =Hl . 

0.0

0.1

0.2

0.3

0.4

M
oderate

Slight

0.1 0.2 0.3

Horizontal strain (%)

Δ /
i(%

)

Severe to very severe

 
 Figure 2.23: Relationship of damage category to central deflection ratio and horizontal tensile 

strain for hogging and 1/ =Hl after Burland, J. B. (1997). 

2.6.3 Allowable Limiting Angular Distortion to Avoid Potential Damage 

Some of the research studies leading to allowable settlements of buildings are those of Skempton 

and MacDonald (1956). According to these researchers, angular distortion is the governing 

variable in the assessment of permissible distortion. Angular distortion β=δ/ℓ is taken as a 

measure of differential settlement δ between two adjacent points separated by the distance ℓ, 

Figure 2.24.  

Skempton and MacDonald limited their studies to traditional steel reinforced concrete framed 

buildings as well as structures with load-bearing walls. Polshin and Tokar (1957) came out with 

the different mode of deflection from framed structures. They recommended that the relative 

deflection w/L, comprising the ratio of deflection to the length of the deflected part, should be the 

limiting criterion for masonry and un-reinforced load-bearing walls.  
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Table 2.12 shows the results of limiting values of angular distortion recommended by the above 

researchers as well as Meyerhof (1956) and Bjerrum (1963). It is evident from these 

oversimplifications that none of the suggestion has brought to light the correlation between 

deformation and degree of damage. 

 

 

 

Figure 2.24: Regular settlement (Skempton, A. W. and MacDonald, D. H., 1956). 

Table 2.12:  Limiting values of angular distortion β for framed buildings and reinforced load-

bearing walls by Bolteus L. (1984). 

 Skempton and 

McDonald (1956) 

Mayerhof (1956) Polshin and Tokar  

(1957) 

Bjerrum 

(1963) 

Structural damage 1/150 1/250 1/200 1/150 

Cracking in walls 

and partition 

1/300 (but 1/500 is 

recommended) 

1/500 1/500 (0.7/100 to 1/1000 for 

end bays 

1/500 

 

2.6.3 Conclusions 
Damages in buildings are varied; some insignificant, while others are very severe. Likewise, the 

causes of damages are varied ranging from construction materials and methods to type of sub-

soils. Categorization of visible damages in structures is critical for assessing the potential effect 

of expansive soils. This part has highlighted on different approaches to estimating potential 

damage categorization. Simplified criteria for assessment such as category and degree of 

damages, and angular distortion and deflection have been presented. The degree of damages is 

either slight, moderate or severe. The slight, moderate, and severe categories are in most cases 

based on crack size and pattern.  The assessment presented here will be employed together with 

the laboratory test results to judge the level of damages on the structures. 

∂

l
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2.7 Soil-Structure Interaction (SSI) 

2.7.1 General Remarks 

The geotechnical performance of foundation depends on the actions of the superstructure and the 

response of soil in contact. The interdependency between soil foundation and structure is the so 

called Soil-Structure Interaction.  

Soil-Structure Interaction is down-to-earth beneficial during the lifetime of the building 

foundations. All structures found on soil experience the Soil-Structure Interaction. It is from this 

fact that there are three important components to consider in this Soil-Structure Interaction study: 

the physical capacity of the foundation as a structural element to support applied stresses, the 

capacity limiting equilibrium of the soil minerals in contact and the change in moisture content or 

suction. All these mentioned elements are interrelated and it is imperative to recognize the 

interrelation.  

Foundations can hardly resist the loads subjected to them without utilizing the strength of the 

surrounding soil in a complex interaction triggered by the elasto-plastic characteristics of the soil. 

Apart from the soil behaviour, the Soil-Structure Interaction is largely affected by the 

construction materials, construction methods, stiffness of the structural components, size of the 

structure, type and nature of backfill and imposed loads.  

The interrelation is in most cases triggered by the presence of moisture in the expansive soils. 

When the soil takes in water or dries out, the slab on it distorts into either centre lift mode or an 

edge lift mode as shown in Figure 2.25, (Chen, F. H., 1988). The displacementΔ  in both heave is 

accompanied with vertical differential movement my  and horizontal moisture variation from the 

slab perimeter, me .  Responses to moisture change differ from one structure to another as well as 

from one site to another within the location.  
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Figure 2.25: Soil-Structure Interaction model, Chen, F. H. (1998). 

The horizontal edge moisture variation from the slab perimeter, me , is governed by both climatic 

conditions and soil properties. With a change in climate, it is most likely that the mode of such 

shift would reallocate. During the dry season, the perimeter dries up more than the centre 

resulting into falling down of construction edges (dooming of soil or seasonal shrinkage). On the 

other hand, the building edges are more lifted in comparison to the centre during the rainy season 

resulting into the cupping of the soil or seasonal heave. The whole process is directly linked to 

the so-called cycles of seasonal shrinking and swelling.  

The dish-shaped heave (cupping of soil) may also take effect when there is excessive water 

infiltration due to excessive leakage from water pipes or sewage drainage into the soil around a 

house. The design procedures based on the above model are localized in the United States where  

me  values are obtained from Post-Tensioning Institute (1996). 
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The major hurdle in predicting Soil-Structure Interaction is based on the actual fact that natural 

soil is non-elastic, non-homogeneous, and non-isotropic material and is invariably much weaker 

than the structure it has to support. The situation is more complex in edge lift than it is in centre 

lift. In edge lift the heaving soil supports the structure at the perimeter while the relatively 

moisture-stable soil supports it in the interior. The edge lift swell potential at the perimeter 

deflects the beam upward as shown by the model (Figure 2.25). The edge lift induces more 

deformation in rigid foundations than in flexible foundation. For centre lift, the soil pressure 

under the perimeter is frequently zero and high in interior.  

To obtain realistic solutions of Soil-Structure Interaction problems an accurate modelling of soil-

structure interfaces is imperative (Modaressi, et al., 2001). To have more insight into the complex 

nature of Soil-Structure Interaction and resulting movement some light is shed on non-linear 

modelling of both soil behaviour and structures.   

2.7.2 Soil-Structure Interaction Modelling 

2.7.2.1 Winkler model 

Winkler (1867) developed a model to simulate Soil-Structure Interaction. The interaction basic 

assumption is based on the idea that the soil-foundation interaction force p at a point on the 

surface is directly proportion to the vertical displacement zΔ of the point (Figure 2.26). 

Thus, zkp Δ=  ----------------------------------------------------------------------------------------- (2.27) 

where k is the stiffness or modulus of sub-grade reaction. 

p zΔ

 

Figure 2.26: Winkler foundation (Lucian, C., 1989). 
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The interaction of the structure and its soil is treated in Winkler model by representing the soil 

with the linear elastic spring model with specific geometrical and elastic properties. This is a pure 

analytical treatment of a structural model with fictional supports without taking into account the 

actual behaviour of soils.  

The following model (homogeneous, isotropic, elastic half-space model) handles some soil 

properties left over by the Winkler model. 

2.7.2.2 Homogeneous, isotropic, elastic half-space model  

Boussinesq model (Saleh, B., 2002) gives the vertical displacement zΔ at any point inside a 

homogeneous, isotropic, linearly elastic half-space due to a vertical concentrated point load 

acting perpendicular to the surface as follows:  
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where  x = vertical distance 

( )22 yx +=ρ  
y = horizontal distance 
ν = Poison’s ratio 
E = Young’s Modulus 
F = point load 

2.7.2.3 Janbu’s  Model  

Janbu’s generalized procedure of slices satisfies most of the conditions of equilibrium in Soil-

Structure Interaction (1B1434, 2006). The following expression can be used to estimate the 

settlement: 
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where δ    =  settlement 
vε   =  strain in layers 

hΔ  =  height of soil layer 

m   =  modulus number  

a    = stress exponent  
'
0vσ =  initial effective stress (stress at rest= z'*γ )  

'
fσ  =  final effective stress ( zi σσ Δ+' ) 

'
aσ   = reference stress =100 kPa~1atmosphere 

'σ    =  reference stress in layer 

'γ     =  effective unit weight 

z      =  reference depth 

zσΔ = change in stress at depth z  

m  in the above expression is calculate from the ratio of deformation modulus km to 
material coefficients mγ and nγ , thus 

nm

km
m

γγ
= ---------------------------------------------------------------------------------------------- (2.32) 

mγ ranges from 1.2 to 2.0 and nγ ranges from 1.0 to 1.2 depending on the soil 
 
In order to determine non-linear settlement at a particular point, the vertical stress at that point 

due to surface loads must be computed. The vertical stress in each layer at a point is calculated 

for various loads by the following expression: 

zizzz σσσσ Δ+Δ+Δ=Δ .......21 ---------------------------------------------------------------------- (2.33) 

iMz QI=Δσ -------------------------------------------------------------------------------------------- (2.34) 

where MI = influence factors 

          ziσΔ = stress at depth z due to load iQ  

The values for 1zσΔ are according to 1:2 method, thus:  

( )2

2

** zBBL
QB

z
+

=Δσ -------------------------------------------------------------------------------- (2.35) 

 

and 2zσΔ , 3zσΔ  …… znσΔ  are calculated according to Boussinesq’s equation, thus: 
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where r is horizontal distance from the reference point to the load. 

The total stress is determined from the summation of the stresses obtained from above, thus 

i

n

i
Mz QI .

1
∑
=

=Δσ ---------------------------------------------------------------------------------------- (2.37) 

Vertical stresses for all set of intensities of surface loads shall then be calculated. This is an 

important step of the iterative method for the analysis of Soil-Structure Interaction. The obtained 

values are used to calculate the final effective stress ( '
fσ  = zi σσ Δ+' ) which is used in Janbu’s 

equation to estimate the settlement.  

Because of the difference in settlements, section force redistribution from the superstructure to 

the supports will take place resulting into stress redistribution. It is however, not only the 

magnitude and redistribution of the loads that influences the distribution of pressures, but also the 

magnitude and distribution of settlements. Therefore, the analysis process should be repeated by 

varying load distributions on the foundation until the computed levels of equilibrium is reached 

between soil settlement and structure deformations. 

2.7.3 Conclusions 

Effort in this part has been directed to Soil-Structure Interaction relative to the response of 

buildings on expansive soils. It has been made known that there are three key components that 

come into play regarding the Soil-Structure Interaction: foundation (soil), foundation system and 

structure. Given the intimate relationship between elements, the interaction between them should 

be acknowledged in an appropriate way.  

A classic mechanical model for Soil-Structure Interaction has been presented to show the effect 

of moisture change in the expansive soils. Finally, interesting numerical models for analysis of 

displacement have been presented.  For good simulation of the structural response of lightweight 

masonry structures to expansive soil movements, the combination of Janbu’s and Boussinesq’s 

models captures the essential features of the structural response observed in full scale 

experiments. 
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2.8 Conclusions of the Literature Review 

The absence of quantitative studies on the expansive soils of Kibaha and methods of 

identification of swell characteristics are the main reasons behind this study. In absence of 

specific work in the case study, previous studies on expansive soils in different parts of the world 

have been extensively reviewed.   

The methods that identify soils are many and varied but efforts in this part have been directed 

toward reviewing the available relevant and affordable methods for identification of expansive 

soils.  Covered were the prominent indirect and direct tests to detect the potential severity for 

expansion of clay soils such as Atterberg limits, free swell index and x-ray diffraction. 

Furthermore, it has been shown in this study that the local climate and hydrological conditions 

contribute greatly to soil formation and characteristics. This has an implication that identification 

of soils should go hand in hand with the assessment of climate and hydrological conditions. 

In an effort to shed more light on the subject, particular attention has been paid to the structural 

systems as an entity. The buildings reviewed include both single-storey and multi-storey of 

various categories and construction materials. Foundations reviewed include both shallow 

foundations (strip, pad and raft) and deep foundations (piles or caissons), but particular attention 

has been paid to shallow foundations.  

Building components ranging from non-engineered to engineered and rigid to flexible have been 

the central areas of interest in this part. Since it is completely unrealistic to design the whole 

structure to remain un-cracked, serviceability limit state requirements based on crack width and 

degree of damage in structures have been put forward. 

Another key focus area has been to improve the understanding of the Soil-Structure Interaction. 

The structure on ground cannot stand without using the interaction between itself and the soils 

supporting it. The Soil-Structure Interaction of buildings founded on expansive soils is very 

complex and is influenced by many parameters. 
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3. Preliminary Geotechnical Field Study in Kibaha Region  

3.1 Introduction  
A primary goal of the effort in this study is to identify the key geotechnical information in the 

field studies. To accomplish this goal, the overall field study has been split into the following 

areas: 

• Soil geological and geotechnical studies 

• Geographical and climatic studies 

• Field investigation 

• Field test results 

• Laboratory test results 

• Empirical formulas to predict potential swell 

Field investigation is the most critical part of getting key answers to the performance 

measurement of buildings on the subsoil in the study area of Kibaha region, Tanzania. 

Understanding of subsoil conditions in the field should be preceded by collections of existing 

data on their geological, geotechnical and geophysical characteristics.  

The physical condition of soil is linked with the annual climatic variation. The knowledge of the 

geological and geotechnical structure of the site as well as the climatic conditions offers the 

possibility of selecting appropriate field and laboratory tests. In this work subsoil conditions are 

explored by digging shallow profiles and sampling followed by visual classification of soils. 

 Laboratory tests are carried out to attest the potential expansiveness of the soils by grain size 

distribution, Atterberg limits and free swell tests; and the presence of clay minerals by x-ray 

diffraction. Emphasis is given to comparisons and correlations between results derived from 

different methods of tests. 

3.2 Geological and Geotechnical Characteristics of Soils in Kibaha Region 
3.2.1 Geological Characteristics 

Although geology, sedimentation and arid climate influence the formation of the expansive soil 

in Kibaha, very little information exists about the morphology and sediment characteristics of this 

coastal soil. The work of Alexander, C. S. (1966) provides information about the major 
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characteristics of the shore but pays no attention to the morphology. Other researchers such as 

Ngusaru, A. S. (1995), Mpanda, S. (1997) and Muzuka, A. N. N. and Shaghude, Y. W. (2000) 

provide an insight into sediment characteristics of coastal soils in Tanzania. In general, Kibaha 

falls into the low coastal marine belt of western Indian Ocean.  

The surface geology of the coastal plain comprises a complex sequence of late Mesozoic and 

early Cenozoic sediments (Appendix 1). The sediments filling are composed of fluviatile and 

alluvial deposits that include clay, calcareous sandstones, limestones, marine marls, shells, mud, 

organic materials and conglomerates.  

Generally, soils tend to be sandy clay, although deposits of terrace gravels, marine clays and 

fossiliferous shells are common locally. The underlying basement consists of the crystalline and 

metamorphic rocks of the Mozambique Orogenic belt (Mpanda, S., 1997). The conglomerates 

vary in colour, but generally have a greyish hue. Largely, the soils reflect the geology and 

climatic conditions of the area. 

In general, the Mesozoic and Cenozoic sediments of coastal marine belt contain significant 

amount of the active clay minerals (montmorillonite), the most troublesome expansive clay 

mineral. Montmorillonite is remarkable for its very small fine particles which may be considered 

small colloid with dimensions as small as a few tens of Angstrom units. The small none-scale 

fine particles are agglomerated due to surface attraction of one particle to another.  Since 

montmorillonite minerals are very fine with large specific surface areas, their presence 

contributes to high degree of expansiveness of soil. Usually, the degree of expansiveness is 

proportional to the amount of montmorillonite or other expansive clay minerals present in the 

soil. 

3.2.2 Geotechnical Description 

The soils of Kibaha area are very complex with considerable variation at the local scale. They 

vary slightly from place to place and have, for the most part, irregular drainage and no definite 

water tables. The soils range from slowly permeable sandy loams; loams with unsatisfactory 

drainage; to clays with imperfect drainage. Generally, the soils have highest clay fractions on the 

ridge tops and along the valleys. There is also a trend towards decreasing clay contents at greater 

depths.  



Geotechnical Aspects of Buildings on Expansive Soils in Kibaha, Tanzania: Preliminary Study 
 

 
  

 
63

Results of the study conducted by Lucian in 1996 presented the stratigraphy of soil of one pit in 

Kibaha area as shown in Figure 3.1 and Table 3.1. Most soils have grey and grey brown colours. 

The top soil layer is characterized by dark brownish clay loam changing downward to yellowish 

light grey sandy loam with clay at the depth of 6.0 m. The soils display significant shrinking and 

swelling during drying and wetting cycles and are characterised by significant profile cracking 

when dry. They are very hard with a stiff consistency when dry and very sticky and plastic when 

wet. 

 
Figure 3.1: Soil stratigraphy from a typical bore log in Kibaha (Lucian, C., 1996).  
 
Table 3.1: Soil profile morphology of a pit in Kibaha area (Lucian, C., 1996). 

Depth (m) Type of soil 

0-0.3 Greyish brown clay loam of high plasticity 

0.3-1.9 Yellowish greyish silty clay loam of high plasticity 

1.9-3.5 Yellowish greyish hard fine sandy silt loam soil 

3.5-6 Stiff light greyish sandy clay loam fine sand soil 
 

• Key Profile Features: Clay throughout entire profile; surface cracks (desiccated clay). 
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Lucian, C. (1996) investigated some physical properties of the soils in the area. The grain size 

distribution analysis showed that gravel consisted 7.9%, sand was 47.2% and fines comprised 

44.8%. The data indicated that the soils had a liquid limit (LL) from about 51.6% to 68.8% and 

averaging 61.3%. The plastic limit (PL) fell between 16.6% and 28.4% with an average value of 

22.4%. The average plasticity index (PI) was found to be 39% with the range from 31.8% to 

45%. The data provided some clues for the presence of expansive soils in the area. 

3.3 Geography and climate conditions of the study area 

3.3.1 Geography 

The study area is positioned at an altitude 107 m above sea level and bordered approximately by 

geographic latitude and longitude of 06º46'S and 38º55'E respectively (Appendices 2 and 3 ). It is 

within the coastal belt where plastic clay soil is predominant. 

The area has a gradually rising low to medium undulating plains (100-1,500 m above sea level), 

covered with tropical vegetation, a healthy cover of grass and trees. It experiences a very deep 

groundwater table even during heavy rains. However, the soil is often saturated during the rainy 

season.  

The damaged structures have been constructed on this poorly drained ground where after rains 

poor surface drainage results in the accumulation of water or ponding. This accumulation 

provides a source of moisture to penetrate the expansive soil resulting into swell. Usually the 

most serious swelling problems occur in this semi-arid climate because the natural water content 

of the clays is in most cases low. In this situation, the effect of both peak persistent rainfall and 

highest thermal climatic condition should be addressed. 

3.3.2 Climatology 

The climate change is of vital importance because of its strong influence on the moisture content 

of soil in the area. As it has been noted already, the case study area experiences two main seasons 

namely dry and wet. The area has a hot and dry sub-humid tropical near coastal climate in the 

semi-arid zone with an annual rainfall typically between 1000 mm and 1400 mm per year 

(Majule, A. E., 2004) alternating with periods of drought. The map of the mean annual rainfall is 

shown in Appendix 2. The mean rainfall in the area experiences two annual maxima with the 
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main rains falling between March and May and the short rains in October – December, separated 

by a distinct dry season.  

It is postulated that the March-May rainfall has different characteristics of precipitation features 

from the October-December rainfall, the former being less persistent within the season and being 

associated to large-scale changes in temperature and moisture contents, which have most 

detrimental defect impact on most of buildings (Lucian, C., 1996).  

One of the main characteristics of the area is the extreme variability in rainfall from year to year 

sometimes causing severe floods, with long dry seasons that sometimes extend into severe 

droughts (Nicholson, S. E., 1994). Despite the heavy local rainfall regime in March and May, the 

potential evapotranspiration greatly exceeds the precipitation in that semi-arid region of the 

tropical zones. 

The case study area experiences mean surface speed ranging from 4 to 8 km/h and the mean 

maximum air temperatures varying between 26°C and 32°C during the hot dry season. The 

minimum average temperatures vary from 21°C in May to 25°C in July. June is the coldest 

month with the temperature approaching 20°C whereas September is the hottest month, with mid-

day temperatures exceeding 30°C. When the hot dry moment climaxes the drying shrinkage 

effect turns out to be great enough to cause building distortion as well as building material 

cracking. Many building distortions enter the vicious cycle of shrinkage and swelling between the 

two extreme seasons. Unfortunately, the extent of damage inflicted on the structures by the 

vicious cycle of the climate is not well documented. 

 

3.4 Field Methodology  

3.4.1 General 

Considerable damages may occur on a structure such as buildings in their lifetime. The major 

structural damages set in motion from faults in foundations and weaknesses in soil. The damages 

originating from the foundation movements and deformations are a lot more expensive to repair 

and sometimes call for complete demolition of the structure. In most cases, experience shows that 

soil and foundation deformations cause more severe damages in structures than imposed and 

transient loads.  
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To guard against serious damage, it is desirable to obtain specific information on subsurface soil 

properties of the proposed site of structures. A number of soil properties are apparent after 

carrying out site investigations and laboratory tests of samples from the survey area.  

The site investigations must be adequate to determine the bearing capacity of soil in order to 

design a basic suitable foundation system. In case the available data give out unsatisfactory 

results, additional field tests are of the essence to estimate new parameters for further analysis. 

Erroneous conclusions arise from too little field data while too much data lead to unnecessary 

high costs with little improvement on the design concept. 

Field investigation kicks off with the physical exploration to identify the presence of wet area, 

presence of plant trees or shrubs and presence of problematic soils like clay, which may call for 

detailed field studies. Depending on the resources available, either shallow profiles or boreholes 

are executed for further investigation. Although boreholes proved to be beyond resources for this 

study, shallow profiles provided useful information for the purpose of this project. 

3.4.2 Trial Pits for Block Samples 

Geotechnical site investigation consisted of open trial pits, coring and trial pit logging, in-situ 

water content, the weathering profile description and the collection of disturbed and undisturbed 

samples for laboratory tests. Field investigation was carried out in October 2005 and laboratory 

tests followed in November and December 2005. 

The exploration composed of opening 3 trial pits up to about 3 m below ground level at carefully 

earmarked locations. The chosen depth took into account the shallow depth of most of the 

foundations and the anticipated depth of active zone in the case study area. The pits were 

excavated manually using pick-axes and shovels. Some of the photographs taken during the 

excavation are shown in Figure 3.2.  

High quality undisturbed block samples from the pits were recovered from different carefully 

earmarked depths using hand tools such as knives, trowels and shovels within a two-hour period 

during a dry season of October. The recovered blocks were wrapped numerous times in 

cellophanes and aluminium foils, logged, set on Styrofoam boards (Figure 3.3) to minimize shock 

and vibration and carefully transported to the laboratory at DIT for testing. On the average, the 
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blocks measured 200x200x300 millimetres. Disturbed samples were also retrieved from the pit, 

sealed, packaged, logged and transported to the laboratory. 

Physical and index properties, and swelling characteristics were determined on the samples by 

following relevant procedures. The block samples were tested in oedometer apparatus in their 

intact state so that sampling disturbance was reduced to a minimum. In addition to the above 

geotechnical tests (index properties, swelling pressure and percentage of volume change tests), 

some samples were submitted at KTH for the x-ray diffraction test.  

. 

  

Figure 3.2: Typical open pits manually excavated using pick-axes and shovels. 

 

Figure 3.3: Block sample wrapped in cellophane and aluminium foil on Styrofoam. 
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3.5 Field Results 

3.5.1 Groundwater 

No water table was met within the practical depth (3 m) reached by manual excavation. 

Generally, the ground water table in Kibaha is much deeper (Lucian, C., 1996) even during the 

rainy season. The subsequent excavation of additional confirmatory test pits two month later 

found no shallow ground water in the area. 

3.5.2 Visual Classification of Soil 

Visual classification of soils relied primarily on sight and feel of the soil according to ASTM 

D2488-00- Standard Practice for Description and Identification of Soils (Visual-Manual 

Procedure).    

The aim of this course of action was to determine qualitative information (colours and major soil 

constituents) regarding the shallow pits in general, and the soil taken as samples from excavated 

material to the laboratories. Figures 3.4 and 3.5 show the information of soil profiles and their 

horizons change obtained from two of the pits.  

The profiles at the Roman Catholic Church showed existence of consistent layers of soils in the 

pit, an indicator of uniform horizonation. The profile at the Regional Office Block differed 

slightly from those at the RC church. However, all profiles indicated the presence of clay in the 

soils. A typical profile from the church (Figure 3.4) shows that the site is underlain by a 0.3 m 

thick layer of very dry dense grey sandy clay followed by the layer of 0.1 m thick dry dense 

greyish black sandy clay. A 0.2 m thick layer of very dense greyish red sandy clay with 

occasional pebbles and limestone fragments underlies this layer. Below the above layer follows a 

layer of 0.2 m thick of very stiff fissured pinkish clay with cracks. From a depth of 0.8 m down to 

1.6 m is the moist dense whitish mixture of reddish grey sandy clay. The last layer in the open 

test pit is the moist dense reddish grey sandy clay of 1.4 m thick.  

Figure 3.5 shows the soil profile general information at the Regional Office Block. Apart from 

differences in colours, both profiles share similar geotechnical characteristics. However, the 

dominance of greyish colour in almost all samples was interpreted to reflect the presence of 

montmorillonite in the soils. 
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Figure 3.4: Soil profile general information at the Roman Catholic Church. 
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Figure 3.5: Soil profile general information at the Regional Office Block. 

3.6 Laboratory Tests 

The laboratory tests performed were limited to the unsophisticated equipment readily available at 

DIT in Tanzania to determine soil classification and mechanical properties. Having this limitation 

in mind, particle size (sieve analysis) was carried out for soil classification in accordance with 

standard methods of soil testing for engineering purposes of USCS. Atterberg limits (liquid, 

plastic and shrinkage limits) and hydrometer tests followed the guidelines provided in BS 1377, 

Part 2, 1990, clause 9.5 and density determination based on the standard method for measuring 

particle density according to BS 1377: Part 2: 1990 clause 7. For swell potential, free swell 

(Holtz and Gibbs, 1956) and oedometer tests were performed. It is unfortunate that most of 

laboratory and site tests to determine necessary parameter are seldom possible in Tanzania. The 

absence of advanced testing equipment in the laboratories limits the capacity to identify fully the 

soil characteristics. 



Geotechnical Aspects of Buildings on Expansive Soils in Kibaha, Tanzania: Preliminary Study 
 

 
  

 
71

3.6.1 Grain Size Distribution 

Table 3.2 below shows a summary of grain size characteristics and index properties of the soils at 

the Roman Catholic Church (RC) and Regional Office Block (RB) in Kibaha. Particles size 

distribution tests indicated that the soils have highest sand fractions followed by notable 

proportion of fines and a small amount of gravel.  
 

Table 3.2: Physical properties of the Kibaha clay samples at the Regional Office Block (RB) 

Roman Catholic Church (RC). 
Grain size 
(%) 

Atterberg’s limits 
(%) 

Clay content 
% (<2µ) 

Free swell 
(%) Activity Sample 

 No: 
Depth 
 (m) Gravels Sand Fines LL  PL  PI  SL    

RC1 0.6 11 50 39 64 21 43 12.5 34 130 1.5 

RC1 1.0 14 71 15 63 24 40 13.3 30 140 1.6 

RC1 2.0 16 61 23 54 23 32 14.2 29 100 1.3 

RC1 3.0 5 59 36 59 22 38 14.0 33 100 1.4 

RC2 1.0 9 42 49 69 23 47 11.1 29 100 2.0 

RC2 2.0 12 63 24 61 30 31 16.6 22 150 1.8 

RC2 3.0 1 67 32 69 23 45 13.6 27 130 2.0 

RB 1.0 2 65 34 51 21 30 16.5 39 130 0.9 

RB  2.0 1 60 39 51 15 36 15.0 35 120 1.2 

RB   3.0 3 52 44 49 23 27 15.1 34 140 0.9 

Mean  7.4 59.0 33.5 59.0 22.5 36.9 14.2 31.2 124.0 1.46 

St. Error  1.8 2.8 3.3 2.4 1.2 2.2 0.5 1.5 5.8 0.13 

STD  5.7 8.7 10.4 7.4 3.7 6.8 1.7 4.8 18.4 0.40 

Kurtosis  -1.8 0.2 -0.2 -1.5 3.4 -1.4 -0.1 0.4 -1.3 -1.05 

Skewness  0.2 -0.8 -0.4 0.0 0.0 0.1 -0.2 -0.4 -0.3 0.02 

Min.  1.0 41.9 14.8 49.0 15.0 27.0 11.1 22.0 100.0 0.88 

Max.  15.7 70.9 49.4 69.0 30.0 47.0 16.6 39.0 150.0 2.05 
 

Wet sieving and hydrometer tests were performed to obtain the grain size distribution of fine 

particles. As it has been pointed out before, the tests were performed according to the guidelines 

given in BS 1377: 1990 Part 2, clause 9.5. The results of three samples (RC1, RC2 and RB) from 

a depth of 1 m of each peat are represented in Table 3.3 and Figures 3.6. 
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Table 3.3: Hydrometer results for samples RC1, RC2 and RB. 
RC1 RC2 RB 
Particle diameter 
 (D micro-mm) % finer than D 

Particle diameter 
 (D micro-mm) % finer than D

Particle diameter 
 (D micro-mm) % finer than D

0.0630 42 0.0649 35 0.06202 45 

0.0449 40 0.0459 35 0.04420 43 

0.0317 40 0.0327 34 0.03149 42 

0.0226 39 0.0231 34 0.02227 42 

0.0161 37 0.0163 34 0.01575 42 

0.0118 35 0.0119 34 0.01150 42 

0.0084 35 0.0084 34 0.00813 42 

0.0060 34 0.0060 34 0.00579 40 

0.0042 34 0.0042 32 0.00410 40 

0.0030 31 0.0030 31 0.00292 39 

0.00124 29 0.00125 27 0.00120 37 
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Figure 3.6: Hydrometer results for samples RC1, RC2 and RB from 1 metre deep. 
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The logarithmic (origin) graphical measures for three samples from a depth of 1 m from each trial 

pit were calculated according to equation (2.3) and the results are presented in Figure 3.7.  
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Figure 3.7: Base two logarithmic particle size distribution curves for 3 samples. 

For the 3 samples, the mean was between 0.0 phi and 1.0 phi, the standard deviation was under 

0.5 phi, the skewness ranged from -0.1 to 0.1 and the kurtosis was under 0.67 (equations 2.8 to 

2.11). Therefore, the soils are coarse grained, very well sorted, nearly symmetry and very 

platykurtic (Table 2.4).   

The coarse grains reflect the presence of terrace gravel deposits and high proportion of sands in 

the soils. This system allows interpretation of many geological engineering soils rather than 

geotechnical interpretation. However, the system is in total agreement with ASTM D 2488-0 

(2000): clause 13.1 that the soil is coarse grained if it contains less than 50% fines. 
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3.6.2 In-Situ Moisture and Density Test 
The standard methods used to determine the bulk density and dry density are those contained in 

BS 1377: part 2: 1990:7- 3 and 4. The bulk densities ranged from 1,440 kg/m3 to 1,880 kg/m3 and 

the dry densities ranged between 1,380 kg/m3 and 1,710 kg/m3 (Table 3.4) meaning the samples 

were stiff and hard at the time of testing.  

The natural moisture content ranged between 7% and 11.0%. It increased with depth in the 

profile signifying the period of drought when the testing was performed. The values of natural 

moisture contents were small and in fact smaller than their corresponding shrinkage limits. 

Again, the deficiency indicates the state of intense dryness and desiccation of the clay at the 

period the observation was carried out. This did not come as a surprise because in semi-arid 

regions of the tropical zones the annual evapotransipiration far exceeds the precipitation. It is 

therefore perceptible that a little addition of water to such soil in such state of desiccation would 

cause appreciable potential swell. 

Table 3.4: Soil density and moisture content. 

Sample No. 
Depth 

(m) 
Average bulk density 

(kg/m3) 
Average dry density 

(kg/m3) 
Natural moisture content 

(%) 

RC1 1.0 1,671 1,522 10.0 

RC1 3.0 1,438 1,303 10.4 

RC2 2.0 1,500 1,403 7.0 

RC2 3.0 1,875 1,707 9.9 

RB 1.0 1,651 1,517 9.0 

RB  2.0 1,532 1,380 11.0 

3.7.3 Atterberg Limits 
Atterberg limits (liquid limit, plastic limit, shrinkage limit) were determined according to BS 

1377-2 (1990). The results of the Atterberg’s limits are presented in Table 3.2.  

3.6.4 Potential Swell Based on Tables and Charts 
The Casagrande A line, (Figures 3.8 to 3:10), Seed, et al. (1960) classification chart (Figure 3.11)  

Van der Merwe classification charts (Figures 3.12 to 3.14), Skempton chart classification 

(Figures 3.17) and charts according to Cartel et al., 1991 (Figures 3.16 to 3.18) were used to define 

the category of fine grained materials. Typically, the measured liquid limit varied from some 

64% near ground level to approximately 59% at 3 metres below this datum. The plasticity index 

varied typically from an average of 43% in the zone immediately below ground level to 
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approximately 39% below this datum. The shrinkage limit varied from 11% near the ground to 

16% at the depth of 3 m.  

 
Figure 3.8: Plot of clay minerals at RC1 (Pit 1) on Casagrande’s chart. 

 
Figure 3.9: Plot of clay minerals at RC2 (Pit 2) on Casagrande’s chart. 
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Figure 3.10: Plot of clay minerals at RB (Pit 1) on Casagrande’s chart. 
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Figure 3.11a: Plot of clay minerals at RC1 (Pit 1) on the chart for evaluation of potential 

expansiveness (Seed, et al., 1960). 
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Figure 3.11b: Plot of clay minerals at RC2 (Pit 2) on the chart for evaluation of potential 

expansiveness (Seed, et al., 1960). 
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Figure 3.11c: Plot of clay minerals at RB (Pit 1) on the chart for evaluation of potential 

expansiveness (Seed, et al., 1960). 



Chapter 3      Preliminary Field Study in Kibaha Region, Tanzania 
 

 
 
 

78

 

 

 
Figure 3.12: Plot of clay minerals at RC (Pit 1) on Van der Merwe Classification chart. 

 
 

Figure 3.13: Plot of clay minerals at RC2 (Pit 2) on Van der Merwe classification chart. 
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Figure 3.14: Plot of clay minerals at RC1 (Pit 1) on Van der Merwe classification. 

 
Figure 3.15a: Plot of clay minerals at RC1 (Pit 1) on the classification chart (Skempton, A. W., 

1953). 
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Figure 3.15b: Plot of clay minerals at RC2 (Pit 2) on the classification chart (Skempton, A. W., 

1953). 
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Figure 3.15c: Plot of clay minerals at RB (Pit 1) on the classification chart (Skempton, A. W., 

1953). 
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Figure 3.16: Plot of clay minerals at RC1 (Pit 1) on the classification chart for swelling proposed by 

Cartel et al. (1991). 

 
Figure 3.17: Plot of clay minerals at RC2 (Pit 2) on the classification chart for swelling proposed by 

Cartel et al., 1991. 
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Figure 3.18: Plot of clay minerals at RB (Pit 1) on the classification chart for swelling proposed by 

Cartel et al., 1991. 

The results indicate that the soils are cohesive and of high plasticity (very active) due to the 

presence of clay minerals (montmorillonite).  It is very interesting to observe that the systems 

suggested by Seed et al. (1960), Van der Merwe, D. H. (1964) and Skempton, A. W. (1953) 

identify the soil as having clay with high to very high expansive potential. 

3.6.5 Swell Tests 

3.6.5.1 Free swell test 

The free swell tests on samples from the two sites were performed at DIT according to Holtz and 

Gibbs, 1956 that indicated values between 100% and 150% (Table 3.2). The results indicate that 

the soils are associated with clay, which could swell considerably when wetted. The soils proved 

to have the ability to absorb and retain a great deal of water and undergo significant volumetric 
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changes with moisture fluctuations (i.e. clay having high to very high swelling-shrinkage 

potential).  

The free swell increased with depth from the surface to about 1.0 m and decreased from 1.0 m 

downward to the bottom of the pits. This implies that the depth of the ‘active zone’ is at about 1.0 

m from the surface. 

3.6.5.2 Free swell in the oedometer 

When the oedometer test was conducted on Kibaha clay it yielded a swell pressure of about 45 

kPa. This means that the expansive clay of Kibaha can exert an upward swelling pressure in 

excess of 45 kPa whereas most of the lightweight slabs in the area exert unit-bearing pressures 

between 10 kPa and 40 kPa on the sub-soils beneath the perimeter walls. Figure 3.19 below 

shows a typical result of the oedometer test done on a specimen from the Roman Catholic 

Church. Other results of oedometer tests are presented in appendix 3. 

Pressure, kPa 1 25 50 100 200   
Initial reading (mm) 4.14 4.4 4.33 4.09 3.6   
Final reading  (mm) 4.42 4.33 4.09 3.6 3.07   
Change in height (mm) 0.28 0.07 0.24 0.49 0.53   
 
         
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        

Figure 3.19: Results of unrestrained swell and compression test in oedometer. 
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3.6.6 X-Ray Diffraction (XRD) Microscopy 

For the collected samples, the mineralogy of Kibaha expansive soils was determined at KTH 

using x-ray diffraction. The peak positions and relative intensities in each diffractogram pattern 

were determined and matched to reference standards to identify the major minerals present in the 

soils. The x-ray scans of the samples are shown in Figures 3.20 to 3.22.  

The XRD patterns following the method of Brown and Brindley (1984) indicate the 

predominating presence of smectite (montmorillonite). The mineralogical composition 

determined was expressed in 100% clay fraction. Quantitative estimates of smectite were 

obtained by measuring endothermic peak areas. The compositions in samples ranged from 

smectite (~50%), to very low kaolinite content (<10%). Furthermore, smectite clay mineral was 

identified in the samples by the sharp and intense peaks at 15 Å and integral series of basal 

spacing.  In all samples, the fairly well crystallized smectite yielded a sharp basal reflection with 

a regular series of higher order (short and broad) reflection. The high amount of smectite and less 

kaolinite/illite in the sample indicates a high swell potential. 

 

 
 

Figure 3.20: X-ray diffractograms of a soil sample A from Kibaha. 
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Figure 3.21: X-ray diffractograms of a soil sample B from Kibaha. 

 

  
Figure 3.22: X-ray diffraction scans of a soil sample C from Kibaha. 
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3.7 Swell by Empirical Formulas  
The potential swell is in this part calculated according to the empirical equations covered in 

chapter two. 

Empirical equation after Cartel et al., 1991. 

Sample 
Depth 

(m) PI 
Measured free swell 

(%) Interpretation 

Calculated Swell to 
equation (2.18) 

(%) 
Interpretation to 

Table 2.7 
RC1 0.6 43 130 Very high 20.9 High 
RC1 1.0 40 140 Very high 17.5 High 
RC1 2.0 32 100 Very high 10.2 High 
RC1 3.0 38 100 Very high 15.5 High 
RC2 1.0 47 100 Very high 26.0 Very high 
RC2 2.0 31 150 Very high 9.4 High 
RC2 3.0 45 130 Very high 23.4 High 
RB 1.0 30 130 Very high 8.7 High 
RB  2.0 36 120 Very high 13.5 High 
RB   3.0 27 140 Very high 6.7 High 
 

Empirical model 1 proposed by Vijayvergiya, V. N. and Ghazzaly O. I., 1997. 

Depth 
Dry 

density 
Natural moisture  

content LL 
Measured 

swell 
Calculated 
swell (%) 

Comments 

Sample 
No. (m) (kN/m3)     (%) Eqn 2.25 

 

RC1 1.0 14.9 0.10 0.63 140 3.0 No correlation 

RC1 3.0 12.8 0.10 0.59 100 2.9 No correlation 

RC2 2.0 13.8 0.07 0.69 100 3.0 No correlation 

RC2 3.0 16.7 0.10 0.69 130 3.0 No correlation 

RB 1.0 14.9 0.09 0.51 130 2.9 No correlation 

RB  2.0 13.5 0.11 0.51 120 2.9 No correlation 

 
Empirical model 2 proposed by Vijayvergiya, V. N. and Ghazzaly O. I., 1997. 

Depth 
Dry  

density 
Natural moisture 

 content LL 
Measured 

swell 
Calculated 
swell (%) 

Comments 

Sample 
No. (m) (kN/m3) (%)   (%) Eqn 2.26 

 

RC1 1.0 14.9 0.10 0.63 140 0.01 No correlation 

RC1 3.0 12.8 0.10 0.59 100 0.00 No correlation 

RC2 2.0 13.8 0.07 0.69 100 0.01 No correlation 

RC2 3.0 16.7 0.10 0.69 130 0.05 No correlation 

RB 1.0 14.9 0.09 0.51 130 0.01 No correlation 

RB  2.0 13.5 0.11 0.51 120 0.00 No correlation 
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3.8 Conclusions of Preliminary Field Study 
The existence of fluviatile alluvia deposits of late Mesozoic and early Cenozoic, high temperature 

and extreme variability in rainfall favours the formation of expansive soil minerals. Previous 

work in the case study area identified the presence of clay minerals in the soils but did not point 

out clearly the presence of swelling minerals and effect of the swelling caused by the presence of 

swell clays.  

Tested soil samples from the field study have been found to meet the diagnostic criteria for 

expansive soils. Laboratory tests of the clay-sized fraction, liquid limits, plasticity index, 

shrinkage limits and swell reflect expansive potential due to the presence of clay minerals.  

Many of the samples have liquid limits greater than 50%, plasticity index greater than 30%, 

shrinkage limits less than 16.6%, colloids about 31% and free swell greater than 100%. The most 

expansive stratum is located at the depth of about 1 metre from the ground which is thought to be 

the active zone.  

The soils in Kibaha can put forth upward swell pressure of about 45 kPa, which is greater than 

the average downward pressure of about 40 kPa exerted by most of the structures. Lastly, the x-

ray diffraction microscopy revealed the soils belonged to the expanding lattice minerals of 

montmorillonite group (smectite). The presence of high potential expansiveness traces it ancestry 

to the material composition and origin, geological process and geological time. 

While the field investigation and laboratory tests have shown the reality on the ground, the 

empirical formulas have yielded ambiguous and contradictory results. These results underscore 

the need to collect extra data from a multi-site case study in order to develop distinctive empirical 

models. So far no single model has been developed that can universally describe or measure all 

the expansive soils correctly, thus there is a need to develop a specific model in Kibaha. 
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4. Study of Existing Buildings in Kibaha Region, Tanzania  

4.1 Introduction 

A good knowledge of the conditions of existing structures in Kibaha region is a must and makes 

it easier to confirm the hypothesis of building damages due to expansive soils. With this in mind, 

the survey was carried out to assess the performance and conditions of existing buildings in 

Kibaha Township.  

The identification started-off with the two principal sites/buildings, namely the Regional Office 

Block and the Roman Catholic Church and followed by inspection of 85 randomly selected 

properties. The research was not limited only to laboratory and field tests, but also all parties 

involved in construction played a major role.  

In general, the assessment involved a review of building records, construction details, standard of 

workmanship, compaction history, extent of damage to the physical fabric of buildings and 

uniformity of level of floors. Visual inspection techniques were the primary methods used to 

evaluate the conditions of the majority of the existing buildings and footing systems within 

Kibaha Township. On top of visual inspection, extra information was gathered through a series of 

written questionnaires (Appendix 4) and oral interviews. 

4.2 Site Description of the two Buildings 
Two major geotechnical sites, which are distinctly different in their characteristics, were used in this 

research; the one for Regional Office Block and another for Roman Catholic Church. The first 

building is a four-story building (Regional Office Block), 51.8 m long from east to west and by 45.7 m 

wide from north to south, on a limited flat area with gentle slope in Kibaha Township. This building 

which was constructed in 1977 consists of a reinforced concrete frame on shallow pad foundation 

(1.85 m deep), with a variation of underpinning carried out recently down to 3 m. It exerts a pressure 

of 97 kPa on the local soil (Lucian, C., 1996).  

The building was to some extent constructed according to the standard engineering practice but the 

expansive soils were not taken into account because of the lack of adequate soil investigation. It is 

therefore not surprising that cracking of the internal and external walls ranging from hairline to 20 mm 

wide appeared in the building in the early 1980s. A geotechnical engineer (Lucian, C., 1996) carried 
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out an investigation of the building damages in the late 1990s. It was revealed that the defects 

originated from the moisture penetration that entered the poor site soil backfilling and the expansive 

sub-soils during the rainy seasons and from poor drainage system. A number of remedial measures 

were recommended by the investigator. Among other things, the main recommendations were to 

replace the flat roof with a double pitched roof provided with gutters and downspouts and to underpin 

the shallow foundation using traditional methods. Other remedial measures suggested included 

replacing the natural backfill with selected good fill, providing a concrete paved walk (apron) all 

around the exterior of the building and providing open channel drainage to direct water away from the 

building.  

For more than six years, no corrective actions were taken and the condition of the building continued 

to worsen. Remedial construction taking into account most of the recommendations took effect in the 

year 2000 except for the underpinning of the exterior footing due to budget limitations. The 

underpinning of the foundation followed by replacing the expansive backfill with good compacted 

backfill took place in the year 2005. Figure 4.1 shows the digging under the pad footing in the process 

of underpinning it down to 3 metres. 

 

  
Figure 4.1: Digging under pad foundation for underpinning. 

Considering the extent of the original damages, the remedial measures are beginning to bear fruits. The 

telltales stuck on the walls of this building indicate that many of the cracks now appear to be dormant.  
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It is unfortunate that the swelling potential had not been recognized in the design stage to guard against 

uncalled for damages. 

The second site, the church (Figure 4.2), was constructed in the 1970s. It is a single-storey high walled 

house with reinforced concrete frame structure and a gable ended roof. The frame is infilled with 

cement sand blocks in cement mortar. The church is founded on pad footings at a depth of 1.2 m 

within the estimated active zone. The thickness of the walls ranges between 24 and 25 cm. Structural 

designs could not be retrieved but it appears the church was constructed according to the standard 

engineering practice except for the expansive soils which were not recognised at the time of 

construction.  

The walls as well as floors have developed cracks. The cracks, mainly in the external walls, are 

generally diagonal at approximately 450 occurring above and below windows and above doorways. 

Movement of the walls has distorted door and window frames. To-date, no investigations have been 

carried out on the building. It is from this fact that apart from sealing the cracks with mortar, no serious 

precautions have been taken to guard against the damages. The sealed cracks have been propagating in 

width with the passage of time indicating the possibility of continuing ground movement. Plans are 

now underway to build another church and abandon the existing one. 

 
Figure 4.2: Roman Catholic Church in Kibaha. 
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The outbuilding (pit-latrine shown in Figures 4.3 and 4.4) to the church has a deep pit with internal 

masonry wall supported on a strip foundation. The substructure wall supports a suspended ground slab 

15 cm thick which is extended to the external wall. The external wall is supported on a strip foundation 

at a shallow depth. The two external and internal substructure walls are separated by a void space of 30 

cm. On top of the ground slab stands a superstructure wall constructed of cement sand blocks in 

cement mortar. 
 

 

Figure 4.3: A typical light structure heave due to expansive sub-grade soils in the field study. 

 

Figure 4.4: Schematic drawing of the above light structure - Heave due to expansive sub-grade 

soils in the case study area. 
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4.3 Site Response during Foundation and Structure Performance 

Figure 4.3 shows an outbuilding to the church in a state of damage due to heaving. A wide-open 

horizontal crack developed between the ground slab and the external substructure wall. The inner 

substructure wall which is found deep into the estimated sensitive subsoil, experienced 

differential heave of the soil profile caused by differential water content from the liquid waste in 

the toilet, thus pushed the ground slab upward leaving behind the external shallow substructure 

wall. Effort to arrest the gap between the superstructure wall and the foundation with 

reinforcement proved futile. The gap opened further pulling the reinforcement apart. What 

happened is that, the wastewater percolated through under-lying expansive soil of the strip 

foundation of the internal wall making it too wet than that supporting the external wall.  

Since the structure is in semi-arid climates, the moisture differential was severe enough to 

differentially lift the slab. The consequences of the differential heave are seen also in the loss of 

verticality of the walls, misaligned doors and uneven floor of the toilet. This raises the doubt that 

the bottom of the pit-latrine was not provided with watertight slab. This case history is the classic 

demonstration of typical behaviour of light structures on expansive soils. 

The second outbuilding to the RC church also presents a typical case history on the expansive 

soils (Figure 4.6). Like the church itself, the foundation soils at the building consist entirely of 

the natural soils.  This is the typical case study of what happens when a lightweight structure rests 

on expansive soil without considering the swell pressure. The building was constructed in the 

1970s. Neither geotechnical nor structural design records could be retrieved.  

Open pits were excavated to examine the foundation system of the building. The foundation 

located at a depth of 0.6 m is the reinforced concrete strip footing, 0.2 m deep and 0.5 m wide. 

The plain concrete slab is placed directly on the ground and connected directly to the foundation 

wall. The walls are constructed of cement sand blocks in cement mortar. Floor cracking caused 

by swelling soils is evident in this building (Figure 4.5). Usually the slab would have been 

reinforced, placed on non-expansive soils and separated from the foundation wall by the use of 

expansion joint. The effect of expansive soils extended further to the walls causing them to crack 

significantly (Figure 4.5). The cracks are generally diagonal at about 45º occurring above 

doorways and above and below windows signifying all signs of heave. 
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Figure 4.5: Heaving of interior floor slab causing cracking of slab. 

 
Figure 4.6: The cracking of cement sand masonry wall due to heaving. 
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4.4 Inspection of Other Existing Buildings in Kibaha 

4.4.1 General 

To get a better understanding of general conditions, damages and records of the past construction 

of most properties in Kibaha, concerted efforts were made to inspect 85 randomly selected 

properties with the aid of structured questionnaires (Appendix 4).  

The sample covered a mixture of buildings ranging from single-storey buildings to 4-storey 

buildings. The buildings were either residential dwellings, commercial buildings, residential cum 

commercial buildings or public buildings (government buildings, school buildings and religious 

structures). The area is mostly characterised by single-storey residential buildings. Most of the 

single-storey structures have masonry walling of clay or cement bricks or blocks, laid directly on 

the foundation wall supported by a spread plain concrete footing cast continuously around the 

perimeter of the building (Figure 4.7).  

Cracks found in buildings, whose pattern are very similar in many cases, ranged from cosmetic 

cracks to structural damage. Most of the cracks originated in the corners and radiated either up or 

down at about 45º. Some buildings had developed diagonal cracks with a stair-step pattern in 

concrete block walls. The cracks were classified as moderate to severe degree of visible damages 

according to classification in Table 2.10 and Table 2.11. In many cases, the initial cracks have 

been propagating and increasing in width as time goes on.  

On the other hand, the double and multi-storey buildings which are mostly low-engineered 

masonry infilled reinforced concrete frame buildings supported on reinforced concrete pad or 

strip foundations, (Figure 4.8) suffered least of the damages. One possible explanation for this 

scenario could lie in the fact that most of the multi-storey buildings exert downward pressures 

higher than the amount of upward ground pressure exerted by the swell soils. Generally, the 

primary data gathered revealed a strong correlation between the defects and type of structures, 

age of buildings, foundation depth, parties involved in construction, climatic conditions and 

environmental settings and lack of proper maintenance.  
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Figure 4.7: Typical single-storey house surveyed in the case study area. 
 

 
Figure 4.8: Typical 4-storey building (the Regional Office Block) in the case study area.  

4.4.2 Type of Structures 

Most of the structures (88%) of the surveyed sample were rigid and only 12% were semi-rigid. 

No flexible structures were encountered in the sample. 84% of the surveyed structures were none-

engineered, 12% semi-engineered while 4% were engineered (Figure 4.9).  

Of all surveyed properties, 80% of them had developed cracks on the floor and walls. Most 

damages were classified as minor except for 5% where major damages took place. Rigid and 

none-engineered as well as semi-engineered structures were more susceptible to damage than 

engineered structures. Of the surveyed structures 92% were detached while 8% semi-detached. 
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Detached properties indicated more susceptibility to damage than semi-detached properties. As it 

has already been fairly hinted at, single-storey buildings were mostly affected than multi-storey 

buildings. 

Building Distribution in the Case Study

84%

12% 4%

Non-engineered
Semi-engineered
Engineered

 
Figure 4.9: Categories of buildings in the case study area. 

4.4.3 Age of Structures 

The degree of damages had a relationship with the years of construction. The results indicated 

that properties built prior to 1970 are less susceptible to damages than those built thereafter up to 

early 1990s. There also appears a downward trend in susceptibility with age for properties built in 

the late 1990s and early 2000s. The reason behind this scenario is that older properties were built 

with fairly semi-rigid strong materials less susceptible to damages than those used in the late 

1990s.  

The downward trend in the recently constructed structures is probably attributed to improved 

foundation construction. However, the results must be treated with caution as there are other 

factors behind the delay of damages such as the time lag between the construction and the onset 

of damage. 

4.4.4 Foundation Depth 

Most of the structures in the case study area are found on strip foundation. The results indicated 

strong correlation between minimum depth of foundations into the sub-soils and the damages. 
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Most buildings found about 1.0 m deep were more susceptible to damage than those found 

shallower or deeper than 1.0 m. The results confirmed the hypothesis that the more sensitive 

stratum is located at about 1.0 m deep from the ground.  

4.4.5 Parties Involved in Construction 

The primary data revealed that 93.8% of the damages recorded were directly attributed to the 

parties (the designer, the builder or the owner and the law enforcer) involved in the construction. 

The designers (architects and engineers) believe that the homeowners contribute to building 

damages through false economy, use of inferior material, involvement of non-competent 

professionals, work variations, ignorance and negligence.  

The study revealed that in need of housing in urban area, private individuals rush into knocking 

together the buildings without meeting building code requirements and without field knowledge 

of the sites. It has always been in the best interest of developers to build based on what is 

required for functionality under normal conditions of demand and supply rather than on what is 

suitable. Consequently, some of the buildings are poorly constructed and their foundation 

systems simply are not adequate for the areas and soil conditions.  

On the other hand, the owners believe that the designers contribute to building damages through 

lack of proper site investigation, inadequate design and poor detailing while the contractors 

contribute through inadequate and/or faulty workmanship resulting from cost cutting. Overall, the 

law enforcement organs are supposed to assure that the design guidelines and codes of practice 

are adhered to. Unfortunately, many constructions in the case study area go on virtually 

unrecognized, unchecked, or even corrupting the law enforcement officials if recognized. 

4.4.6 Construction Materials 

Poor quality building materials are common in the case study area. The masonry walls and 

masonry infills are in some cases a hotchpotch of materials ranging from clay bricks to concrete 

blocks mostly of low quality. 

 The concrete used in construction is mostly hand mixed on site. The mixed concrete comprises 

of dirt (unwashed) aggregate and sand as well as any water available at hand, be dirt or clean. 

The concrete-to-water mix ratio is just estimated. Where the reinforcement is used, it is just 
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smooth mild steel and lacks adequate concrete cover. Compaction of concrete is usually manual 

by tamping with manual wood forms thus segregation and honeycombing is the order of the day. 

The end result is poor hardened concrete with poor compressive strength and inadequate concrete 

cover. Damages resulting from corrosion of steel in concrete and deterioration of concrete are a 

common sight in some buildings. 

4.4.7 Climatic Conditions and Environmental settings 

About 5.2% of the respondents apportioned blame to the soil softening caused by variation in 

moisture content during the wet and dry seasons as well as leakages from sewerage systems or 

inadequacy of the storm water collection. A fraction of 1% thought that the damages were 

attributed to the nature and geological formation of soils. Once again the results from respondents 

should be taken with caution because some of the respondents lacked the expertise to ascertain 

the cause of the problem. 

Most of the homeowners (80%) believe that the backfills had been laid without proper 

replacement and compaction. All backfill soils encountered in the case study area were expansive 

which are not recommended for use as backfill materials. It is from this fact that the backfills 

underwent moderate settlement and upon wetting, the backfills compressed (consolidated) under 

their own weights. The poor soils were supposed to be removed and replaced with structural soils 

and fully compacted with conventional equipment to standard relative compactness (full Proctor 

density). The technical know-how of backfill caught the home owners unawares.  

A negligible percentage of inspected houses had downspout and gutter systems that yet discharge 

water onto the backfill. Good gutters and downspouts are necessary to direct rainwater away from 

foundations. Most of the houses surveyed had neither proper disposal of rainwater nor proper 

drainage away from the foundation and/or floor slab. Only 15% of the respondents were aware of 

the effect of improper disposal of rainwater without gutters and down-water pipes, but they did 

not translate their good ideas into practice. On top of that, localized swelling of the soil due to 

plumbing leaks was recognized in some buildings.  
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4.4.8 Neglected Maintenance  

No explicit attention is paid to maintenance in the case study area. Neglected maintenance is 

among the primary causes of defects. Coupled with faulty construction, poor maintenance can 

lead to water leakage and worsen structural problems. Over the long term, the moisture 

infiltration can exacerbate swelling damage to the structure. 

4.4.9 Trees and Shrubs  

A number of houses have trees planted close to the house. The roots reach under the house, 

sucking moisture, causing excessive drying and soil shrinkage. 

4.5 Conclusions of the Study of Existing Buildings in Kibaha Region 

Many of the structural problems originate from improper design or construction, insufficient 

foundations and weak or inadequate materials triggered by the swelling soils. Other factors 

influencing the degree of likely damages include the climatic conditions, age, poor drainage and 

wet spots around the foundations, and neglected maintenance of the buildings. Taken together 

these factors underlying building damages are not mutually exclusive. The main challenge for 

any inspector is to investigate technically which one of these is predominant in any particular 

case. 
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5. General Discussion  

Mineralogy and geotechnical characteristics of the soils in Kibaha indicate they are active and 

have a shrink-and-swell potential. Visual observations made during a physical walk-through 

inspection detected all signs of expansive soils in the area. Development of surface shrinkage 

cracks (soil desiccation) during the extended dry season was viewed critically as the first 

indicator of possible soil shrinkage and expansiveness. Furthermore, the general visual 

observations of the soil physical properties found that it was hard, densely packed and fissured 

during the dry seasons. The bulk densities ranged between 1.4 g/cm3 and 1.9 g/cm3 while the dry 

densities ranged between 1.3 g/cm3 and 1.7 g/cm3. The higher the unit weight the higher the 

hardness as well as the swelling potential (swell percent and swell pressure). 

During the rainy season, the soil becomes sticky and plastic, confirming the presence of 

expansive minerals. The soils are mostly in greyish colour which is another indicator of the 

presence of expansive minerals. This did not come as a surprise given the climatic, geological 

and topographic conditions of the area that favour the formation of expansive minerals. In 

addition to collecting information from visual inspections, field and laboratory investigations 

carried out offered very interesting results.  

All the tested samples satisfied the expansive soil criteria and have potential expansion rating 

from ‘high’ to ‘very high’. The soils contain content of swelling clay minerals (31%), have high 

liquid limits (59%), plasticity index (37%) and high volume change (more than 100%) and 

swelling pressure (45 kPa). The experience of constructing and operating buildings and structures 

in the semi-arid region of Kibaha without appropriate measures or with underestimation of the 

complexity of design and construction on swelling soils has led to damages of the structures. 

Visual examination of the buildings in the case study area revealed some interesting discovery. 

Damages in lightweight structures were mostly related to the absence of full structural design 

(non-engineered properties) triggered by the presence of expansive soils, while the rest had to do 

with the poor construction methods used (cement sand blocks and bad quality reinforced 

concrete). In other cases, the poor relationship between the structures and adjacent environment 

(ponding and backfilling) coupled with complete absence of maintenance exacerbated the 

damages.  
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The expansive clay in Kibaha can exert an upward swelling pressure in excess of 45 kPa, which 

is greater than unit-bearing pressures of the order of 40 kPa exerted by most of the lightweight 

footings on the subsoil in the area. Foundation loading pressure should exceed the swelling 

pressure to avoid heave of foundations, but at the same time sufficiently less than the soil bearing 

capacity to guard against foundation displacement 

It was found that a considerable number of lightweight structures are built so cheaply by low 

income urban dwellers with inadequate sources of finance, thus resulting into damages whose 

repair may be not possible or cost effective and replacement was the only viable option. Quite 

often builders pay lip service to legal and formal building codes as well as planning standard. The 

buildings in the case study area exhibit high variations in type and quality of construction ranging 

from cheap traditional materials to modern imported ones. While the effects of expansive soils 

predominate in the lightweight structures, a few structural damages were observed in multi-storey 

modern structures constructed in Kibaha Township because these buildings are to some extent 

constructed of sound materials heavy enough to prevent swelling pressures and their foundations 

are beyond the active zone.  
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6. General Conclusions and Recommendations 
6.1 Overall Conclusions 

Expansive soils have been investigated in this study. The existence of expansive soils could 

damage foundations of above-ground structures. It is unfortunate that neither these soils were 

observed before nor had report been published regarding the characteristics of expansive soils 

and their adverse effects in the case study area. It is not therefore surprising that the side effect of 

expansive soils is ignored in both design and construction of structures.  

This research project has helped identify the expansive soils and associated problems in the area. 

The more positive outcome of the research will be to sensitize the implementation of the 

proposed mitigation measures to prevent structural damages originating from the behaviour of 

expansive soils.  

This awareness is a very positive development in terms of ensuring the durability of the 

properties in the area. The positive outcomes of this research have the potential to improve the 

safety of the communities by assisting homeowners in promoting proper design, positive 

construction and maintenance altitudes.  

Most of the damages caused by expansive soils are due to poor construction and lack of timely 

maintenance by the homeowners and are in most cases preventable, yet the communities have 

insufficient knowledge about the features and behaviour of the expansive soils. 

Based on the actual study results, the following general conclusions can be drawn:  

• the presence of the expansive clay minerals (montmorillonite) have great influence on the 

swelling characteristics of the soil  

• a semi-arid climate prevailing in the region favours cycles of seasonal shrinkage and 

swelling resulting into both dooming and cupping lift heaves. In dry periods, the soil is 

very dry such that addition of small amount of water to it generates high swell potential. 

• soil investigations prior to construction are not carried out adequately, thus footings and 

slabs are placed directly on the expansive soils 

• most lightweight structures are constructed of poor materials 
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• improper handling of roof water (missing or defective gutters and downspouts to 

discharge the rain runoff away from the structures) 

• most structures have the ground immediately adjacent them incorrectly pitched (no proper 

slopes away from the building) resulting in surface water collecting around the foundation 

i.e. poor drainage conditions), and 

• because remedial measures are costly for low cost housing, there have been no 

precautions to protect them. 

In summary, no single causative factor is sole reason for the damages observed. All of them are 

linked together in one way or another. 

6.2 Recommendations 

Many investigators (Chen, F. A., 1988, Charlie, W. A., et al., 1984, Day, R. W., 1999, to mention 

but a few) have suggested measures to mitigate potential problems associated with expansive 

soils. For the study at hand, the recommendations summarized here below have been single out 

based on the results of visual observations and field and laboratory investigations: 

1. Control the shrink-swell behaviour through the following alternatives; 

• Replace existing expansive soil with non-expansive soil. 

• Maintain a constant moisture content. 

• Improve the expansive soils by stabilization. 

2. Tolerate the damage. 

3. Underpinning the existing foundations. 

4. Repair the cracked walls. 

5. Enforcement of construction industry regulations. 

6.2.1 Control the Shrink-Swell Behaviour 

6.2.1.1 Replace existing expansive soil with non-expansive soil 

The process involves replacing the original top expansive soil with compacted non-expansive 

backfill to a depth below which the seasonal moisture content will tend to remain constant. The 
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idea behind is to capitalize on constant specific volume maintained by non-expensive soil when 

the water contents change (Figure 6.1). 
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Figure 6.1: Variation of soil density in non-swelling (rigid), moderately swelling and 

extensively swelling soils (Taboada, A. M., 2003). 

However, soil replacement is economical for reasonable thickness of the expansive soil. Thus, if 

the expansive stratum extends to a depth too great to remove economically, then other treatments 

should be sought. 

6.2.1.2 Maintain constant moisture content 

Increased moisture content 

The main source of soil moisture changes in the soils is rainfall. Other sources include poor 

drainage system and poor roof drainage, plumbing leakage and wet spots around the foundation, 

overwatering and trees. The following recommendations are put forward against each source. 

i Rainfall: the way out is to properly grade the soil around the building with a reasonable slop 

enough to carry all water well away from the foundation and beyond the backfill area.  Gutters 

with downspouts should be provided to discharge rainwater into area drains with catch basins 

that divert rainfall away from the house to hard surfaces. 
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ii Poor drainage: pave around the foundation with concrete or non-erodible surfaces. The overall 

grading must provide for positive drainage away from the foundation direct to the concrete 

channel drains. The channel drains should again discharge water away from the foundation. 

iii  Plumbing line leaks: repair the leaks. 

iv Over-watering: plant flowers and shrubs away from the foundation that no watering takes 

place around the foundation. 

v Trees: always plant trees a distance greater than their mature height away from the foundation. 

For existing trees, cut and cap their roots so that they do not trespass to the foundation. 

Decreased moisture content 

During hot days soil moisture content decreases considerably resulting into soil dehydration 

hence its shrinkage under the foundation. The best way is to assist the ‘mother nature’ by 

watering the soils surrounding the foundation as need arises. However, this recommendation is 

hypothetical in third world countries where water scarcity is the order of the day. 

6.2.1.3 Improve the expansive soils by stabilization 

Soil stabilization can improve the properties of expansive soils considerably. Possible materials 

for the stabilization could include lime, pozzolana, lime-pozzolana mixture, cement, resins or fly 

ash. The choice of a material or a combination of materials depends on the size and importance of 

the building (risk/damage acceptable) and economic consideration of the client. However, the 

need to strike a proper balance between quality and cost should not be overlooked. 

6.2.2 Tolerate the Damage 

Where the damages are not alarming (Figure 2.21), the cheapest option is to tolerate the damages 

depending on the quality of the materials. This will pave way for natural recovery of the 

damages. 

6.2.3 Underpinning the Existing Foundations 

Underpinning is the most complete solution but an expensive undertaking for most of the 

structures encountered in the area. It involves extending the foundation (continuous footing) 

further with masonry, concrete or piles to transfer the foundation loads to deeper stable stratum. 
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Other underpinning techniques include slab-on-grade foundations. Underpinning should be the 

last option after all the above recommendations have been exhausted. 

6.2.4 Repair the Cracked Walls 

Once all the above measures are put in place, especially the underpinning, it could be possible to 

repair the cracks without risk of recurrent cracking. The repair involves sealing the joints with 

joint sealants (e.g. sealing with epoxy-based material or by injecting a cement grout), raking out 

and refilling the open joints with appropriate mortar or re-pointing brickwork or blocks, 

strengthening by embedment of the reinforcement or stitching with reinforcement across the 

cracks.  

6.2.5 Enforcement of Construction Industry Regulations 

At present, the construction regulations are not fully enforced. Designers, constructors and 

property owners build paying little or no attentions to design standards as far as expansive soils 

are concerned. It will take dedicated efforts to bring about a change in this state of affairs in such 

unregulated system. The starting point is to sensitize both the homeowners and the government 

organs about the implications of constructing on expansive soils and the importance to adhere to 

the building codes. The government should engage itself in public education on expansive soils 

by distributing brochures and conducting public talks. Furthermore, it should put in place 

sufficient number of inspectors to properly cover the on-going construction activity. The 

inspectors should ensure that the design standards, proper site investigations, good construction 

processes and proper maintenance practices are adhered to. 

 Improved quality of constructed facilities would also result if designers, inspectors and 

constructors become increasingly sensitized to the principles and practice of design and 

construction in the expansive soils. It is obvious that there is a long road towards remedial efforts, 

which is hitherto jammed with usual financial, technical, and governance problems, but overall 

the situation cannot be left unattended as it is now.  
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7. Proposal for Future Research  

The effort in this research has been directed to the identification of the source of the problem in 

expansive soil. While an accusing finger is pointed at the expansive soil, other contributing 

factors have their big shares in the problem. The recommendations have been put forward to 

ward off the expansive soils but the question remains of how much expansive soil should be 

replaced.  

To get better measurement precision of the movement of the soil with respect to moisture 

changes, three shallow concrete foundation models have been cast in place to be monitored over 

a long-term period of time (Figure 7.1). The three models measuring 2.0x0.8x0.3 m each are cast 

direct on the sensitive soils, 1 m under the ground surface. This means that the models are in 

direct contact with the hypothesized expansive soils in the supposed active zone and are likely to 

give out the actual situation in the field. After a year or two, the models will be loaded 

(surcharged) to evaluate how much pressure is required to control the heave.  

Figure 7.1a: Model cast in place. Figure 7.1b: Section of the concrete model. 

 

The three models will be followed by other prototypes resting on a layer of non-expansive soil 

which will replace the expansive soil. The replacement should be carried out accurately so that 

the suggested remedy is affordable and less expensive. Once again, the models will be put under 

loads (different surcharges) to monitor new movements of the soils. This will imply a new 
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dimension of evaluating the new swell pressure on the underside of the prototypes, varying 

surcharge and new movement (Figure 7.2). These models will give an opportunity to evaluate the 

outcome based on measured field performance of the improved ground. The end result will 

provide in-depth guidance regarding good design, viable construction and maintenance of 

buildings on expansive soils.  

 
Figure 7.2: Section of the premeditated concrete model. 

Apart from monitoring the movement of the foundations, plans are underway to establish the 

depth of a profile of heave with corresponding measurement of moisture content and suction. The 

measurement will give an opportunity to locate the active zone to arrive at the actual depth of 

swell soil for economical replacement or improvement since it is not always possible to replace 

the whole of swell soil completely. A clear need for a suitable and simple method for 

measurement of soil suction is seconded by the absence of reliable field suction data in the case 

study area.  

For the future research it is important to collect enough data to develop prediction models to 

determine potential swell for the specific soils in Kibaha. The empirical methods available have 

some validity for a particular set of soils but cannot model all types of clay soils in the universe. 

The need arises from the fact that the laboratory-swelling test is difficult and expensive to run, 

thus the need of empirical methods cannot be overemphasized. 

The final area of concern is the long-time monitoring of the performance of the existing 

buildings, both old and new structures. This is intended to single out buildings in dire need of 

remedy. In structures a goal of zero probability of failure is impractical, thus a small deformation 
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in most residential buildings can be tolerated provided it is within the limits (Figure 2.21). It is 

therefore figured out that some buildings can tolerate the damages and others can survive with 

natural recovery.  
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Appendices 
Appendix 1: Geological map of Tanzania. 
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Appendix 2: Map of Tanzania showing mean annual rainfall in Tanzania (Majule, A. E., 2004). 
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Appendix 3a: Results of unrestrained swell and compression test in oedometer (RC2 at 2 m). 
Pressure, kPa 1 25 50 100 200   
Initial reading (mm) 2.21 2.41 2.33 2.15 1.75   
Final reading  (mm) 2.40 2.32 2.15 1.75 1.2   
Change in height (mm) 0.19 0.09 0.18 0.40 0.55   
 
         
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        

 
Swell pressure    =  42 kPa 
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Appendix 3b: Results of unrestrained swell and compression test in oedometer (RC1 at 3 m). 
Pressure (kPa) 1 25 50 100    
Initial reading  (mm) 5.09 5.54 5.31 4.92    
Final reading (mm) 5.54 5.31 4.92 4.41    
Change in Height (mm) 0.45 0.23 0.39 0.51    
       
 
        
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
Swell Pressure = 43 kPa       
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Appendix 3c: Results of unrestrained swell and compression test in oedometer (RB at 2 m). 
Pressure (kPa) 1 25 50 100 200  
Initial reading  (mm) 4.14 4.42 4.33 4.09 3.6  
Final reading (mm) 4.42 4.33 4.09 3.6 3.07  
Change in Height (mm) 0.28 0.09 0.24 0.49 0.53  
       
 
        
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
Swell Pressure = 47 kPa       
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Appendix 4a: Questionnaire: Ownership and condition of property. 
Name of interviewer ------------------------------------------------- 
Date of interview: ---------------------------------------------------- 
Place of Interview --------------------------------------------------- 
 
A. Plot and building report 
A1. Plot No...................................................................................................................................  
A2. Location.................................................................................................................................  
A3. Site condition.........................................................................................................................  
A4. Soil type.................................................................................................................................  
A4. Type of property....................................................................................................................  
A5. Age of property .....................................................................................................................  
A6. Construction date...................................................................................................................  
A7. Use of the structure................................................................................................................  
A7.1 Which room or part of building is most loaded?.................................................................  
A7.2 Surrounding activities especially the hazardous ones .........................................................  
 
B. Construction details/materials 
B1. Foundation type or footing system and Materials .................................................................  
B2. Foundation depth ...................................................................................................................  
B3. Walls type and materials........................................................................................................  
B4. Doors .....................................................................................................................................  
B5. Windows................................................................................................................................  
B6. Roof .......................................................................................................................................  
B7. Ceiling ...................................................................................................................................  
 
B8. What is the standard of workmanship?  

1. Very good 
2. Good 
3. Fair 
4. Poor 
 

B9. Brief description of the condition of the structure e.g. cracks, heaves, bows, sags, leans etc  
 
B10. Is there defect of omission or possible absence of critical components? 

1. Yes  
2. No 
3.  If yes, what type of omission?....................................................................................  

 
B11. Is there any typical movement? 

1.    Yes  
2 No 
3. If yes, indicate the location ........................................................................................  
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B12. Is the structure still serving its purpose? ............................................................................  
1. Yes  
2. No 
 

B13. Are remedial measures necessary? ......................................................................................  
1.  Yes  
2   No 
3.  If yes, indicate the parts calling remedial measures..................................................  
 

B14 Are there signs of serious cracks?  
1.   Yes  
2    No 
3    If yes, 

3.1 Indicate crack location and pattern.............................................................................  
3.2 Estimate the crack size ...............................................................................................  
3.3 Point out the probable cause of cracks e.g. soil heaving, soil shrinkage, expansion of 

materials: ...................................................................................................................  
 
B15. Is the house about to collapse?...........................................................................................  

1. Yes  
2. No 

 
B16. Is there any sign of standard and adequacy of maintenance that has been carried out? 

1.   Yes  
2.   No 
3. If yes, on which part? ................................................................................................  
 

 B17. Is there any previous foundation repairs or underpinning? 
1. Yes  
2. No 
3. If yes,  
3.1 What type of repairs and how many times? ...............................................................  
3.2 Who carried out the repairs? ......................................................................................  
3.3 What were his educational level and his experience? ................................................  
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Appendix 4b: Questionnaire: Phases of construction, water information and background to the 
project. 
Name of interviewer ------------------------------------------------- 
Date of interview: ---------------------------------------------------- 
Place of Interview --------------------------------------------------- 
 
A. Phases of construction 
 
A1. How were different phases of construction performed? 
A1.1 Backfilling history and whether was it dry or wet? ............................................................  
A1.2 Compaction history .............................................................................................................  
 
B. Water information and moisture movement 
 
B1. How is water from the roof discharged? ...............................................................................  
 
B2. Is there any history of leaking water or sewer system? 

1.Yes 
2. No 
3. If yes, indicate point/location and the source of the leak 

 
B3 Is the area subject to flooding? 

1.Yes 
2.No 

 
C. Background 
 
C1. Was initial architectural design carried out? 

1. Yes 
2. No 
3. Partially 
4. If yes; 
4.1Who conducted it?.......................................................................................................  
4.2 What was his educational level and his experience?..................................................  

 
C2. Were proper geotechnical tests carried out? 

1. Yes 
2. No 
3. Partially 
3.1 If yes, who conducted them?......................................................................................  
3.2 What was his educational level and his experience?..................................................  

 
C3. Can the geotechnical data be retrieved? 

1. Yes 
2.  No 
3.  If yes, how?..................................................................................................................  
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C4. Was structural analysis carried out? 

1. Yes 
2. No 
3. Partially 
4. If yes; 
4.1 Who conducted it?......................................................................................................  
4.2 What was his educational level and his experience?..................................................  
 

C5. Is there any subsequent conversion or adaptation to the initial structure? 
1. Yes 
2.  No 
3.  If yes, mention the additions and modifications..........................................................  

 
C6. What was the initial use for which the structure was erected? .............................................  
 
C6.1 Are there any changes of use for which the structure was erected? 

1.Yes 
2. No 
3. If yes, mention the changed use or uses .......................................................................  

 
C7. Are the initial construction details similar to the present ones? 

1.Yes 
2. No 
3. If no, mention the changes ...........................................................................................  

 

 

 
 
 
 
 
 


