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Vorwort des Herausgebers

Die vorliegende Promotionsarbeit von Herrn Qasim Al-Obaidi beschäftigt sich mit einer

Untergruppe der sogenannten problematischen Böden. Charakteristische Eigenschaft

dieser Böden im vorliegenden Fall ist ihre Volumenverringerung bei Bewässerung. Dieses

Phänomen wird als Kollaps bezeichnet und ist seit längerer Zeit in der Wissenschaft

bekannt.

Kollapsible Böden haben vor allen Dingen eine Bedeutung in ariden Gebieten, wo auf

Grund der Diagenese dieser Böden, die Neigung zu deren Kollaps hervorgerufen wird.

Ursache dieses Kollapses ist die besondere Mikrostruktur dieser Böden. An den Korn-

zu Korn- bzw. Partikel- zu Partikelkontakten, kommt es zur Brückenbildung, welche die

Struktur des Bodens zunächst begünstigt. Diese Brücken können aus Gips oder Zement

oder anderen ähnlichen Bindemitteln sein. Bei Bewässerung dieser Böden z.B. durch In-

filtration von Niederschlag, weichen diese Brücken quasi auf und es entsteht eine metasta-

bile Struktur. Diese Struktur leistet bei mechanischer Beanspruchung einen geringeren

Widerstand als die ursprünglich verkittete Struktur. Es kommt zu einem spröden Mate-

rialversagen, verbunden mit ausgeprägtem Kompressionsverhalten. Derartige kollapsible

Böden treten auch in Deutschland auf. Ein herausragendes Beispiel hierfür ist der im

ostdeutschen Raum anzutreffende Lössboden, z.B. im Freistaat Sachsen.

In den Ländern, in denen kollapsible Böden vorherrschen, ist festzustellen, dass die ex-

perimentelle Versuchstechnik in der Regel relativ einfach ist. So wird beim Herbeiführen

des Kollapses oft der Boden in einem Schritt dem Wasserzutritt bzw. Lösungszutritt

ausgesetzt. In der Realität ist jedoch dieser Bewässerungsvorgang ein allmählicher.

In der vorliegenden Arbeit hat Herr Al-Obaidi deswegen eine Versuchstechnik entwickelt,

die es erlaubt, die im Boden vorhandenen Kapillarspannungen schrittweise abzubauen

und dadurch den Kollaps zeitlich zu skalieren. Diese Vorgehensweise entspricht einer

erheblichen Verbesserung der realitätsnahen Qualität der durchgeführten Experimente

und ist in dieser Form international einzigartig. Durch eine Gegenüberstellung des kon-

ventionellen Vorgehens mit der hier vorgeschlagenen Motivation gelingt eine sehr gute

Einordnung der bisher erzielten Ergebnisse.
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Abstract

Collapsible soils present significant geotechnical and structural engineering challenges

through worldwide. These soils suffer volume changes and collapse deformation upon

wetting. The collapse potential resulted from complete wetting of soil layer may not be

achieved in the field, due to the inability to reach full saturation state through a single-

step wetting. Therefore, the multi-step wetting procedure is more convenient due to the

slowly rising of ground water by capillary forces, especially in the low rainfall regions.

This work investigates the behaviour of the collapsible soils, studies the effect of suction

and other relevant factors on the collapsibility characteristics and the hydro-mechanical

properties, and provides geotechnical data and parameters useful for the numerical anal-

ysis and foundations design.

Three types of collapsible soils have been experimented in this study; sandy gypseous

soil from Iraq, silty loess soil from Germany and a mixture of 70% artificial gypsum with

30% Silber sand. A series of Oedometer collapse tests were carried out using two pro-

cedures; single-step wetting (single and double Oedometer test) and multi-steps wetting

(suction decreases under constant net vertical stress). Moreover, a combination of the

axis-translation technique and the vapor equilibrium technique were deployed in order to

cover a wide range of entire soil suction. The hydro-mechanical properties were inves-

tigated through the soil-water characteristics curve, permeability coefficient under both

saturated and unsaturated states, and the behaviour of gypseous soil during leaching

processes. Furthermore, factors influencing the collapse potential, suction effect on the

volume change behaviour, ESEM-EDX analysis at different states of the soil samples,

variations of the pore-water pressure and volumetric water content in soil-column test

were analyzed and discussed in this thesis.

The results indicate that the selected soil samples exhibit a significant collapse volume

change in response to single and multi steps wetting under constant net vertical stress.

The collapse potential is stress path dependent and is a function of net vertical stress,

initial void ratio, suction and degree of saturation. The critical collapse occurred mainly

with the influence of matric suction zone, and the risk of collapse is aggravated due to

the effect of leaching phenomenon on the gypseous soil.
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Zusammenfassung

Kollapsfähige Böden sind in der Geotechnik und in der Bautechnik weltweit sehr be-

deutsam, da sie bei Befeuchtung z.B. durch einen ansteigenden Grundwasserspiegel oder

Niederschläge plötzliche Volumenänderungen erfahren können. Klassisch wird das Kol-

lapspotenzial durch Bewässerung einer kompaktierten Bodenprobe in einem Schritt bis

zur Sättigung ermittelt. In der Realität wird eine vollständige Sättigung in einem Schritt

jedoch nicht erreicht. In dieser Arbeit wurde das Kollapsverhalten verschiedener Böden

unter schrittweiser Bewässerung untersucht. Die Arbeit liefert geotechnische Daten und

Parameter, welche für numerische Analysen und die Bemessung von Grundbauwerken

genutzt werden können.

Es wurde ein experimentelles Programm mit drei verschiedenen kollapsfähigen Böden

bearbeitet. Es wurde eine Reihe von Einzel- und Doppeloedometerversuchen nach der

klassischen Methode, d.h. mittels Bewässerung mit Fluid in einem Schritt bis zur Sättigung

durchgeführt, sowie Versuche mittels schrittweiser Sättigung durch Verminderung der

Saugspannung bei konstanter Nettospannung. Zur Saugspannungskontrolle wurden die

Achsentranslationstechnik und Exikkatormethode verwendet. Zusätzlich zu den klein-

maßstäblichen Elementversuchen wurden Säulenversuche durchgeführt, um den zeitlichen

Verlauf von Wassergehalt und Sättigung unter kontrollierter Saugspannung zu bestimmen.

Die hydromechanischen Eigenschaften wurden von der experimentell bestimmten Saugsp-

annungs-Sättigungs-Beziehung und den gemessenen gesättigten und teilgesättigten Durch-

lässigkeit-skoeffizienten abgeleitet. Desweiteren wurde die Struktur der Böden zu ver-

schiedenen Versuchszeitpunkten untersucht.

Die Ergebnisse zeigen, dass die Bodenproben sowohl in den klassischen Versuchen als

auch in den saugspannungskontrollierten Versuchen eine erhebliche Volumenverminderung

(Kollaps) als Reaktion auf die Bewässerung bei konstanter Nettospannung aufwiesen.

Das Kollapspotenzial ist stark spannungspfadabhängig und ist eine Funktion der Net-

tovertikalspannung, der Anfangsporenzahl, der Saugspannung und dem Sättigungsgrad.

Der kritische Kollaps tritt überwiegend im Bereich der Matrixsaugspannungen auf. Bei

gipshaltigen Böden erhöht sich das Risiko eines Kollapses aufgrund von Auswaschungen.
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1. Introduction

1.1. Background and motivations

Many researches deal with the investigation on the main reasons for foundation failure

problems. They found that there are mainly two often cited unsaturated soil problems

confronting the geotechnical and foundation engineers. These are collapsible and expan-

sive soil behavior, and they are associated with wetting-induced volume change (Fookes

& Parry, 1994; Bell & Culshaw, 2001).

In general, a partial or full wetting of the moisture-sensitive unsaturated soil deposit

causes either collapsing in most gypseous and loess soil or swelling in many types of

clay soils. Therefore, a major consideration for a technical professional dealing with un-

saturated soils is related to the effect of wetting on engineering performance. This soil

behaviour leads to great challenges in foundations design during and after the construc-

tion of engineering structures (Barden et al., 1969; Fredlund & Rahardjo, 1993; Houston,

1995; Al-Mufty, 1997).

In other words, when any soil is wetted it may decrease/increase in volume or experi-

ence no significant volume change. The amount and type of volume change depend on

the soil type and geological composition, soil structure, the initial soil density, the im-

posed stress state and the degree of wetting. Soils that exhibit significant compression

or shrink/swell response to moisture content changes are often referred to as moisture-

sensitive soils (Feda, 1995; Houston, 1995; Houston et al., 2001; Ng & Menzies, 2007).

In general, collapsible soils are moisture-sensitive and considered as one of the problematic

and widely distributed soils in the world especially in arid or semi arid regions. Moreover,

they are characterized by low values of dry unit weight and natural water content. Engi-

neering projects constructed on collapsible soils suffered from a considerable deformation

and large settlements when these soils are saturated after construction. Predicting col-

lapse potential is important to the design of many engineering structures (ASTMD5333,

2003).

In arid or semi arid regions having low rainfall intensity, the wetting process of subsurface
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2 1. Introduction

layers is normally due to gradually rising of ground water by capillary forces. This fact

should be taken in consideration when estimating the volume change behaviour of col-

lapsible metastable-structured soil. Collapse potential by full wetting of soil layer may not

be achieved in the field due to the inability to reach a complete saturation of the sandy

or clayey soil deposit by single step wetting. Therefore, it is important to investigate the

effect of progressive wetting on the soil sample of the expected collapse settlement as well

as evaluate the relationship between the critical values of collapse potential corresponding

to the magnitude of applied suction.

1.2. Research objectives and scope

The main objectives of this work are to provide a better understanding regarding the

behaviour of collapsible soils, investigate the effect of suction, inundation vertical stress,

initial dry density and initial degree of saturation on the collapsibility characteristics and

hydro-mechanical properties. Provide valuable geotechnical data and parameters neces-

sary for the numerical simulations and foundation design. Three types of unsaturated

collapsible soils are considered. These are natural sandy gypseous with gypsum content

of more than 70% from Iraq, artificial sandy gypsified with gypsum content of 70% com-

posed by mixing sand and pure Calcium sulphate CaSO4.2H2O and the third type is silt

loess soil from Germany.

In general the experimental works can be categorised into four main parts:

A. Basic physical, chemical properties, Environmental Scanning Electron Microscope

(ESEM) and Energy-dispersive X-ray spectroscopy (EDX) measurements.

B. Volume change behaviour without suction control (i.e. consolidation, single and double

Oedometer collapse test).

C. Volume change behaviour under suction control (i.e. constant net vertical stress-suction

control) for wetting and drying path.

D. Investigation of hydro-mechanical characteristics such as: permeability coefficient at

saturated and unsaturated conditions, leaching phenomenon and soil-water characteristics

curve.

E. Soil-column test (i.e. monitoring of pore-water pressure and volumetric water content).

The detailed scope of the work is listed as follow:

1. Providing a comprehensive and detailed state-of-the-art review which addresses the

issue of collapsible soils for the period of more than a half century ago. The literature

review covers background on soil microstructure, theories and conclusions that explain
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the problem of collapsible soils.

2. Investigation of the reasons that lead to large volume change and sudden collapse of

the soil layers and the main factors affecting the collapse mechanism.

3. Determination of basic geotechnical properties that include physical and chemical

properties, gypsum and sulfate content of the tested soils, and characterisation for the

mechanism of collapse by analyzing the Environmental Scanning Electron Microscope

(ESEM) and Energy-dispersive X-ray spectroscopy (EDX) measurements of unsaturated

soil after inundation and leaching with water.

4. Evaluation of the collapse potential of different soils under different initial condition

of soil specimen such as dry density, degree of saturation and inundation vertical stress.

These are achieved by using single and double Oedometer collapse test method without

suction control. Moreover, the effect of soil structure, wetting time and dissolved gypsum

on the collapsibility characteristics were intensively investigated.

5. Measurements of total volume changes, degree of collapse and degree of saturation were

investigated at multi step suction values (i.e. progressively decrease the suction from ini-

tial to zero value) following a wetting stress path under a constant net normal vertical

stress. In addition, the volume change resulting from drying stress path (i.e. multi steps

suction increases) was also investigated. Furthermore, definition of the collapse phases

during wetting process and determination of the critical value of the collapse correspond-

ing to applied suction and net normal vertical stress are also included.

6. Estimation the coefficient of permeability at saturated and unsaturated soil condition

and perform the leaching process by water flow after the collapsing stage.

7. Investigation the variation of pore-water pressure and volumetric water content re-

sulting from reduction of matric suction in soil-column test using tensiometer and TDR

sensors.

1.3. Organization of the thesis

The thesis consists of six chapters in addition to two appendixes. A brief description of

each chapter is presented below:

Chapter 1 presents a background and the motivation, research objective and scope, and

the organization of the thesis.

Chapter 2 provides an overview of the behaviour of collapsible soils and focuses on many

topics such as formation, types and distribution, physical-chemical characteristics, struc-

ture and collapse mechanisms. In addition, it identifies collapsible soils and methods
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to calculate the collapse potential. In order to investigate the collapse deformation in

the framework of unsaturated soil mechanics, this chapter describes the concept of suc-

tion, effective stress, the two independent stress state variables, volume change and the

measurement of soil suction. The literature explains various aspects of the soil-water

characteristics curve (SWCC) including the general concept, the determination method

and hysteresis in addition to determining the permeability coefficient in unsaturated soil.

Soil stabilisation and improvement techniques are also summarised.

Chapter 3 explains the site investigations, types of the selected soil samples and their ba-

sic properties and characterisation that are used in this research. Moreover, this chapter

discusses the gypsum content determination and the elementary characteristics (ESEM

and EDX analysis in addition to the detailed description for the experimental program

including initial conditions of soil samples and stress path followed for the tests.

Chapter 4 introduces the equipments used (i.e. function and description), techniques (i.e.

theories and applications) and methodology (i.e. specimen condition and test procedure).

Chapter 5 presents the analysis and discussion of the laboratory tests results. This chap-

ter is categorised into two main parts:

The first part explains the results of volume change behaviour without suction control

such as consolidation tests and collapse tests (i.e. single Oedometer test and double Oe-

dometer test) using conventional Oedometer device.

The second part presents the volume change behaviour under suction control such as con-

stant net stress-suction decreases (wetting-collapse) tests and constant net stress-suction

increases (drying) tests using UPC-Barcelona cell and UPC-Isochoric cell in addition to

the results of permeability-leaching tests and soil-water characteristics curves determina-

tions using axis-translation technique and vapor equilibrium technique. Moreover, elemen-

tary characteristics using (ESEM-EDX) analysis, soil-column test and soil improvement

and foundation options procedure are also included as part of explanation and discussion.

Chapter 6 presents the conclusions that can be drawn from this work and recommenda-

tions and suggestions for future works.

Appendix A explains the techniques of suction application and measurements, Appendix

B presents the calibration of the equipments used and Appendix C presents the elementary

characteristics (ESEM-EDX) analysis.
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2.1. Introduction

This chapter provides an overview of the behaviour of collapsible soils and focuses on

many topics such as formation, types and distribution, physical-chemical characteristics,

structure and collapse mechanisms. In addition, it identifies collapsible soils and meth-

ods to calculate the collapse potential. In order to investigate the collapse deformation

in the framework of unsaturated soil mechanics, this chapter describes the concept of

suction, effective stress, the two independent stress state variables, volume change and

the measurement of soil suction. The literature explains various aspects of the soil-water

characteristics curve (SWCC) including the general concept, the determination method

and hysteresis in addition to determining the permeability coefficient in unsaturated soil.

Soil stabilisation and improvement techniques are also summarised.

2.2. Overview of collapse problem in soil

Collapsible soils present severe geotechnical and structural engineering challenges around

the world. They can be formed either naturally or through human activities. However,

a substantial precondition is that an open metastable structure or open porous fabric is

developed through different bonding mechanisms. Bonds among the soil particles can be

created via capillary forces (e.g. suction) and/or by cementing fine materials (e.g. clay

or salts). Moreover, when the vertical stresses (e.g. by loading or wetting processes)

exceed the yield strength of these bonding materials, collapse suddenly occurs (Dudly,

1970; Lutenegger & Saber, 1988; Jefferson & Rogers, 2012).

Collapsible soils in their natural moisture content can support a heavy load with only

a small amount of compression or deformation, but when wetting occurs, they undergo

a significant reduction in volume (Dudly, 1970; Clemence & Finbarr, 1981; Das, 1990).

Wetting soil layers may occur from different water sources and can result in the danger of
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collapse, although the effect of wetting or the degree of saturation yields varying degrees

of the collapse potential (Houston et al., 2001; Jefferson & Rogers, 2012).

Collapsibility of the soil could be investigated through direct response to wetting/loading

tests using laboratory and field methods. The volume change and the degree of wetting

that will take place are considered as major challenges facing collapsible soils (Jefferson

& Rogers, 2012). Collapse due to volume changes that occur are more sudden than those

experienced through consolidation processes and occur typically in non-plastic or of very

low plasticity soils at initially dry state (Houston et al., 2001).

Furthermore, the volume changes of collapsing soils and expansive soils take place in a

diametrically opposed manner. In both collapsing and expansive soils, the initial pore-

water pressures are negative. Also volume changes result from an increase in negative

pore-water pressure. Subjecting the collapsing soil to an additional load is not an essen-

tial condition for collapse; collapse can commonly occur when the soil has access to water.

The water causes an increase in pore-water pressure, which is associated with a significant

decrease in volume (Fredlund & Rahardjo, 1993). However, the shear resistance of soil

particles before collapse suffices to support the soil structure at a given porosity or void

ratio under the existence of a stress state. When the interparticular shear resistance is

exceeded or decreased, the soil mass is compressed to a new equilibrium due to the change

in the equilibrium between the void ratio and the stress state (Lefebvre, 1995).

Consequently, collapsible soils are considered to be problematic soils which directly af-

fected by the wetting process. The wetting process triggers large deformations, differential

settlement and a sudden collapse in engineering structures. Moreover the wetting of soil

can be caused by different water sources such as landscape irrigation, broken water or

sewer pipes, run-off or poor drainage control, ground water recharge, or water content

changes through capillary rise.

Many parts of the world such as Russia, Middle East, China, Europe and North and

South America suffer from the presence of moisture sensitive soils. Therefore, it is nec-

essary to understand the process of collapse and assess whether the problems associated

with collapsible soils can be avoided or mitigated.

2.3. Definitions

Many definitions of the collapsible soils can be found in the literature; therefore it is im-

portant to illustrate them to understand this kind of soil behaviour. Collapsible soils can

be defined as follows:
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”A metastable structured soil, an increase in pore-water pressure results in swelling for an

unsaturated stable soil, whereas an increase in pore-water pressure may cause a volume

decrease for unsaturated metastable-structured soil”(Barden et al., 1969, 1973).

”Any unsaturated soil that goes through a radical rearrangement of particles and great

loss of volume upon wetting with or without additional loading”(Dudly, 1970; Jennings

& Knight, 1975; Clemence & Finbarr, 1981; Lawton et al., 1991; Terzaghi et al., 1996;

ASTMD5333, 2003).

”A soil that exhibits a volume decrease as a result of reduction in matric suction. Col-

lapsing soils have an open type of structure with large void spaces which give rise to a

metastable structure”(Fredlund & Rahardjo, 1993; Houston et al., 2001).

”One in which the major structural units are initially arranged in an open metastable

packing through a suite of different bonding mechanisms. Upon wetting, the cementation

bonds are weakened and the initially loose fabric collapses and densifies, often resulting

in dramatic and damaging settlement”(Jefferson & Smalley, 1995; Lefebvre, 1995; Lu &

Likos, 2004; Jefferson & Rogers, 2012).

2.4. Occurrence and formations

Collapsible soils can be found in arid and semi-arid regions where evaporation rates exceed

rainfall. Arid-region deposits are often associated with collapsible soils including alluvium,

colluvium and loess. Naturally occurring collapsible soils are typically formed from debris

flow (e.g. alluvial fan materials) such as wind-blown sediments (e.g. loess), cemented

high salt content metastable soils (e.g. sabkha), and tropical residual soil. Moreover,

non-engineered or poor compaction with low moisture content or waste materials may

produce artificially collapsible soil. However, most common collapsible soils are relatively

stiff and strong at dry states even with low densities (Madhyannapu et al., 2006; Jefferson

& Rogers, 2012).

Naturally formed collapsible soils are typically lightly to heavily cemented as a result of

various salts, oxides, dried clay and soil suction. They exist in a loose, metastable or

poor fabric states with relatively low density and moisture content (Fredlund, 1996; Ng

& Menzies, 2007).
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2.5. Types of collapsible soils

Collapsible soils can be found worldwide either naturally (e.g. loess or gypseous deposits)

or as the result of human activities (e.g. poorly compacted soil).Dudly (1970); Rogers

(1995); Al-Mufty (1997); Houston et al. (2001); Jefferson & Rogers (2012) represented

different types of collapsible soils in their studies. In this study, two of the main types of

collapsible soils are utilised and they are described in the following subsections.

2.5.1. Gypseous soil

2.5.1.1. Introduction

Gypseous soil presents a high collapse potential as a result of its metastable structure.

It has low dry density and moisture content in its natural state due to the presence of

cementation bonds and an open gypsum structure, particularly at unsaturated states or

in arid or semi-arid regions. Moreover, large deformations, rapid settlement and a high

decrease in the void ratio of a metastable soil structure can occur. Large volume changes

and sudden collapses take place when the soil is inundated under constant vertical stress.

Soil deformation occurs as a result of the dissolution of the cemented gypsum bonds, which

causes a pronounced increase in the compressibility of the soil. The leaching phenomenon

facilitates additional softening as well as large and complex deformations in gypseous soil

due to the movement of underground water (Al-Mufty, 1997).

Gypseous soils are widely distributed through the world. Van Alphen & Romero (1971)

estimated that these soils cover roughly 850,000 km2 of the earth’s surface, while (Nafie,

1989) estimated the area to be approximately 724,000 km2. However, according to the

United Nations Food and Agriculture Organisation (FAO, 1990), the extent of gypseous

soils covers 1.0-1.5 million km2 of the world area (see Figure 2.1). Major areas where

gypseous soils are located include the Middle East (e.g. Iraq and Saudi Arabia), the

southern regions of the former USSR (e.g. Siberia, Georgia and Transcaucasia), Northwest

and East Africa (e.g. Libya, Algeria, Somalia and Ethiopia), Southern Europe (e.g. Spain)

and in the drier regions of USA from California to Texas. Buringh (1960); Barzanji (1986);

Nafie (1989); Nashat (1990); Al-Mufty (1997); Al-Obaidi (2003) reported that gypseous

soils are widely distributed in Iraq, especially in the west, northwest and southwest regions

and covers about 20-30% of Iraq’s total area. The gypsum content in the soil is very high

in some regions and could account for more than 60% of the total dry mass of the soil

sample.
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Figure 2.1.: Distribution of gypseous soils in the world (FAO, 1990).

2.5.1.2. Definitions

According to Seleam (2006), the term ”gypsiferous soil” used by Van Alphen & Romero

(1971) refers to soils containing more than 2% gypsum, while Saaed & Khorshid (1989)

defined gypsiferous soil as soil that contains more than 6% gypsum. In Iraq, Smith &

Robertson (1962) and (FAO, 1990) discovered that 3-10% of gypsum does not signifi-

cantly interfere with soil characteristics such as structure, consistency and water holding

capacity, while the gypsum crystals tend to break down the continuity of the soil mass in

soil containing 10-25% gypsum. In civil engineering a soil can be defined as a gypseous

soil when the gypsum content suffices to change the properties of the soil (Nashat, 1990).

The term ”gypseous soil” and ”gypsiferous soil” are synonymous terms. The term gypsi-

fied soil refers to natural soils to which a predefined percent of gypsum is added. Many

investigators use this type of soil to study the effect of gypsum on soil properties and

behaviour. Sometimes it is considered a soil stabiliser, especially for road construction.

Reid (2012) described the gypsum in UK as a widespread occurrence in soils and rocks,

white crystals and powder. This gypsum is slightly soluble at neutral pH and soluble in

acid. Moreover, Barzanji (1973) classified soils according to gypsum content, as shown in

Table 2.1.
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Table 2.1.: Classification of gypseous soils (Barzanji, 1973).

Gypsum content,% Classification

0-0.3 Non- gypsiferous

0.3-3 Very- slightly gypsiferous

3-10 Slightly gypsiferous

10-25 Moderately gypsiferous

25-50 Highly gypsiferous

> 50 Gypsiferous soil to be described by the other fraction

such as sandy gypsiferous soils

2.5.1.3. Gypsum formation in the soil

The weathering of rocks that contain different types of minerals commonly forms gypsum.

Its chemical composition can be written as CaSO4.2H2O. The mineral has several vari-

eties, including selenite (e.g. yields broad colourless folia), alabaster (e.g. fine grained,

usually massive) and satin spar (e.g. fibrous gypsum) (Pirsson & Knopf, 1958; Klein

& Hurlbut, 1985). Large amounts of hydration water molecules are lost if gypsum is

heated to 170oC, forming plaster of Paris (e.g. Bassanite, CaSO4.0.5H2O), but if heat-

ing continues to more than 200oC, anhydrite starts to form when the hydration water

completely evapourates. Anhydrite (CaSO4) is heavier than gypsum, having a specific

gravity of Gs=2.96, while gypsum has Gs=2.32. The physical and mechanical properties

of the soil are directly affected if a large amount of gypsum is present (Nashat, 1990;

Al-Mufty, 1997). Under natural conditions, the weathering of sulphides normally leads

to the production of gypsum CaSO4.2H2O, which has limited solubility under neutral pH

conditions. This is the normal form of sulphate in near-surface soils. Gypsum can occur

in a wide variety of forms, from large clear crystals in undisturbed strata to fine, white,

powdery crystals growing on exposed surfaces of reactive clays or mudstones. If carbonate

minerals such as calcite are present, the acid will react with them to produce gypsum and

carbon dioxide, as can be seen in Equation 2.1 (Reid, 2012).

CaCO3+H2SO4+H2O→CaSO4.2H2O+CO2 (2.1)
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Al-Mufty (1997) stated that gypsum in soils and rocks could originate in either pedogen-

tically or geogentically.

Pedogentic origins include the formation of secondary gypsum in the soil due to the accu-

mulation of gypsum particles within the soil (Barzanji, 1973). There are two important

requirements to form gypsum in the soil deposits. These are an external source of gypsum

and a sufficiently arid climate (high temperatures of more than 20oC, and low rainfalls

of less than 450 mm annual). The secondary gypsum in a soil can be formed by one or

more of the following actions: Dissolution from primary rocks, ground water evaporation,

windblown gypsum and cat-ion exchange.

Geogenetic origins include forms of processes which are of digenetic type (i.e. gypsum

formed in place). These can be summarized as: the weathering of igneous rocks, sea water

evaporation, the chemical origins of gypsum and the dolomisation of calcite. Taylor &

Cripps (1984) presented a detailed description of the chemical reactions during gypsum

formation.

2.5.1.4. Cementation

Cements are crystals that grow into existing pore spaces, which may or may not totally

occlude the available pore space. Berner (1980) explained the rate of cement growth, for-

mation and mathematical formulations. However, cementing bonds between soil particles

can be formed in soil structure as a result of originally redistributing gypsum through

dissolution-precipitation cycles. Otherwise, cementing gypsum normally originates from

outside the soil. Thus, gypsum easily and rapidly develops between the soil particles via

the flow of water when the permeability of the soil is relatively high (Al-Mufty, 1997).

2.5.1.5. Solubility and rate of solution

According to James & Kirkpatrick (1980), the solubility of a substance can be defined as

”the amount which can be dissolved in a given quantity of water (solvent) at equilibrium”.

Also, the rate of solution is defined as ”the speed with which it achieves this equilibrium

concentration”. Moreover, the rate of solution of many substances is determined by the

transport rate of the soluble components across the boundary layer attached to the dis-

solving solid.

Freeze & Cherry (1979); James & Kirkpatrick (1980); Nashat (1990); Al-Mufty (1997)

reported that the solubility of gypsum in pure water is a function of temperature and the

presence of other salts. The solubility ranges between 2.0 g/l at 20oC to 2.5 g/l at 10oC.
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James & Lupton (1978) showed that the solution rate of gypsum depends on many factors

such as:

-Temperature, which increases with the increase of temperature

-Flow of water and flow velocity, which increases as the flow velocity increases

-Rock type, which varies according to the origin and type of gypseous soil rock

-Sodium chloride (NaCl) concentration in the water, which increases when NaCl concen-

trations in water increase

-Area, which increases as the area of gypsum exposed to the flowing water increases

-Concentration of calcium sulphate, which inversely dependent upon the sub-saturation

concentration of calcium sulphate and

-Time, whereby the solubility of gypsum increases with time.

Razouki et al. (1994) concluded that increasing the applied pressure leads to an increase

in the rate of gypsum dissolution in water. While the rate of total soluble salts is high

for lower values of permeability, it is low for high values of permeability. In addition, Al-

Farouk et al. (2009) concluded that the type of water flowing through the soil mass and

the porosity of soil have a significant effect on the axial strain and gypsum dissolution.

2.5.1.6. Leaching

The term ”leaching” can be generally defined according to Al-Zgry (1993) as ”the pro-

cess by which liquids percolate whether naturally or artificially through a porous material

resulting in the dissolving and washing of soluble constituents out of the percolated ma-

terial”. In the practice of soil mechanics, Brenner et al. (1981) defined leaching in soil as

”a process which removes materials in solution (e.g. salts) and cementation agent from a

section in the soil profile”. Gypseous soils undergo several changes in their characteristics

due to a continuous loss in their mass and due to the alteration in properties of the ma-

terial constituents during leaching (Al-Mufty, 1997; Al-Busoda, 1999; Al-Obaidi, 2003).

The dissolution of gypsum within the soil mass under wetting and loading conditions

leads to one or a combination of following three processes: a collapse in the soil structure

as a result of the immediate softening and bonding destruction of gypsum particles from

inundation, consolidation after rearrangement of the soil structure at the end of the col-

lapse process and the leaching process due to a continuous flow of water through the soil

mass (Al-Ani & Seleam, 1993; Al-Jumaily, 1994; Al-Farouk et al., 2009).

The processes of leaching take place in soil deposits as a result of water movement due

to ground water fluctuations, surface water percolation, the breakage of sewage pipes and

irrigation channels Al-Obaidi (2003). In the laboratory, leaching has been conducted us-
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ing a hydraulic gradient or by diffusion (Al-Abdullah, 1995).

Several studies deal with the effect of the leaching phenomenon on the geotechnical be-

haviour of soil deposits. Some of these studies investigate volume change and collapsibility

characteristics by carrying out a field collapse-leaching test, such as tests on gypseous soil

in Russia (Mikheav & Petrukhin, 1973; Mikheev et al., 1977; Petrukhin & Boldyrev, 1978)

as well as tests on gypseous soil in Iraq (Al-Sharrad, 2003). Other studies carried out labo-

ratory collapse-leaching tests on Iraqi gypseous soils using different laboratory equipment,

such as the Rowe cell apparatus (Seleam, 1988; Nashat, 1990; Al-Abdullah, 1995), the

triaxial cell apparatus (Al-Busoda, 1999; Al-Neami, 2000), the Oedometer permeability-

leaching cell (Torrance, 1974; Al-Busoda, 1999; Al-Obaidi, 2003) and the modified large

cell apparatus (Al-Kashab, 1981; Al-Obaidi, 2003; Al-Sharrad, 2007).

Al-Obaidi (2003) investigated the effect of the leaching phenomenon on the collapsibility

characteristics of gypseous soil by conducting collapse-leaching tests on different sizes of

soil mass. In this test, two types of cell were used: an Oedometer permeability-leaching

cell (7 cm in diameter and 1.9 cm in height) and a modified soil leaching apparatus (15

cm in diameter and 15, 7.5 and 4 cm in height). These tests were conducted under dif-

ferent conditions such as vertical stress, time, flow direction and the diameter to height

ratio D/H of soil sample. The study concluded that the accumulative leaching strain and

dissolved gypsum increase over time, while the permeability coefficient (k) decreases with

the increase in time, leaching strain and dissolved gypsum, see Figure 2.2. Al-Sharrad

(2007) and Namiq & Nashat (2011) also obtained similar results.
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Figure 2.2.: Results of permeability-leaching test for sandy gypseous soil

(soil=SP,σv=200kPa,i=16, χ′=60%), Al-Ramadi city, west of Iraq (Al-Obaidi, 2003).
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2.5.2. Loess soil

2.5.2.1. Introduction

Loess is one of the most widespread formations of the ice age. It was proposed that loess

soil covers about 10% of the earth’s surface (Pecsi, 1990). Loess is formed by silt-sized

(e.g. typically 20-30µ) primary quartz particles that are created by high-energy earth-

surface processes such as glacial grinding or cold climate weathering (Rogers et al., 1994).

Moreover, when floods occur, loess soil may be moved from its source through rivers.

After that, the quartz silt grains are deposited on flood plains as a result of subsequent

flooding (Smalley et al., 2007). On the other hand, when loess soil dries out in arid cli-

mates, the particles are separated and transported by high winds until they are deposited

in a new area. Cementing materials are often added after deposition or dissolved and

reprecipitated at particle contacts (Houston et al., 2001).

Figure 2.3 explains loess soil distribution map showing [1] loess and [2] loess-like soils.

[A] materials with the addition of the extent of the last glacial maximum and [B] present

dust deposition areas, as cited and modified by (Pecsi, 1990; Rousseau et al., 2001; Haase

et al., 2007; Smalley et al., 2011).

Loess soils were produced during the Quaternary Glacial period in Europe and the re-

sulting dust accumulation ranged from the maritime areas of northwest Europe (France,

Belgium, Germany), over central Europe to the Ukraine and the Russian plains which

are characterised by a continental climate (Grahmann, 1932; Osopov & Sokolov, 1995;

Frechen et al., 2003; Delage et al., 2005; Haase et al., 2007).

Wagner (2011) described the loess belt in Germany as follows:

In Germany, the northern boundary of the loess belt runs north of the Rhenish Massif,

the Harz Mountains and the Ore Mountains and separates the loess and loess-like sedi-

ments from cover sands and drift sands (Eissmann, 2002; Haase et al., 2007). Five main

loess regions adjoin to the northern boundary. These are from west to east the lower

Rhine area, southern parts of the Weser-Aller catchment (southern Lower Saxony and

Northern Hesse), and the loess region northeast of the Harz Mountains (e.g. Saxony-

Anhalt) and the loess region north of the Ore Mountains (e.g. Saxony). Moreover, loess

soils are distributed in many regions in Asia such as North China (Derbyshire et al.,

1995; Lin, 1995), Thailand, see Phien-wej et al. (1992) and North Africa, such as Al-

geria, see Nouaouria et al. (2008). The open structure of loess soils causes subsequent

collapse deformations when these soils are wetted and/or loaded during hydro-compaction

or hydro-consolidation processes (Waltham, 1988).
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process, otherwise unconsolidated deposited dust with a total
porosity of about 50% (voids ratio e¼ 1) could not survive for more
than a few years.

In spite of the world-wide distribution of loess deposits,
knowledge of the processes of transformation from accumulated
dust to mature loess sediment is still inadequate. For example, in
dynamic glacial environments wind can be a major erosive force
andmay cause stability problems. Stabilization of deposited aeolian
dust during glacial periods could be achieved/promoted by the
appearance of weak vegetation cover and biological soil crusts
might have an important role in reducing further wind and water
erosion. Biological soil crusts are highly specialised communities
which occur in warm and cold arid and semi-arid regions. Poly-
saccharides exuded by cyanobacteria and green algae, in combi-
nation with lichens and moss rhizomes, entrap and bind sediment
particles together, increasing the size of particle aggregates. As
particle aggregates are enlarged, they become heavier, have a rela-
tively smaller surface area, and are more difficult for wind or water
to move (see Danin and Yaalon, 1980, Danin et al., 1989). Aeolian
processes often deliver particles for desert soils (see Danin and
Yaalon, 1982). Belnap (2001) summarised the results of many
studies on biological soil crusts and reported that airborne silt and
clay can be trapped by sticky cyanobacterial sheaths, by frost-
heaved surfaces and by protruding moss stems and lichen thalli.
The collection of airborne silt particles is part of the life strategy of
soil crust organisms because of their effect in increasing soil fertility
and water holding capacity.

Biological soil crusts are frequently found on recent loess cliffs,
or on fresh loess surfaces in brickyards in the Vojvodina region,
northern Serbia. These biological crusts have been investigated
during the last few years in the Laboratory for Palaeoenvironmental
Reconstruction at the University of Novi Sad. Initial results indicate
that there are some specific morphological and ecophysiological
characteristics of isolated cyanobacterial strains which suggest the
adoption of the new term ‘biological loess crusts (BLC)’ see Fig. 2. A
possible analogy with glacial conditions may be reasonable. The
sticky polysaccharide net of the BLC on the topographic surface can

catch many silty particles suspended in a dusty atmosphere.
Captured silty particles improve the water regime and provide
necessary minerals for further growth of the BLC. Simultaneously,
the BLC prevents deflation of the deposited silty material. Fig. 3
shows a conceptual model of the collection of airborne dust by
the BLC, and associated cementation processes caused by seasonal
freezing, which may initiate a loessification process (Fig. 2). This
proposal will require further detailed studies before this initial
post-deposition event can be added to the list of potentially
significant loessic events.

In what appears to be an important passage, Pecsi (1990, p.10)
stated:

“Loess formation primarily occurred during the Pleistocene
glacials, in several geographical environments. The palaeogeo-
graphical conditions in these zones showed considerable or only
limited variation. The ‘super-zone’ of loess formation (Velichko,
1987; Kriger, 1984) included the margins of deserts, steppes,
forest steppes, the zones of periglacial grassed tundra and forest
tundra, where various syngenetic varieties of loess could
develop. In addition, local topography could have also caused
major palaeogeographic differences.”

This passage also appears, more or less unchanged, in Pecsi
(1995): it must have been considered significant. It emphasises
zonality in loess, there are echoes of Dokuchaevian zonality, it is
written in the language of soil science, and it allows various vari-
eties of ‘syngenetic’ loess to develop. What is ‘syngenetic’ loess? It
essentially means ‘formed at the same time’ and thus fits fairly well
into context. The term has been used in a loessic setting, for
example Trofimov (1990) discussed some experimental evidence
for formation of syngenetic collapsibility of aeolian loess rocks,
indicating that the collapsibility was formed at the same time as the
loess was deposited.

The ‘zonal’ extract above, from Pecsi (1990, 1995) includes
a citation of Kriger (1984). This is an important but unappreciated
(and difficult to understand) paper. Kriger is a main spokesman for
the zonal approach. He required climatic zones to deliver the

Fig. 1. Loess and loess-like sediments distribution (Pecsi, 1990) and main present and the last glacial maximum deposition area (e.g. Mahowald et al., 2005, 2006; Maher et al.,
2010). Legend 1. Loess; 2. Loess-like sediments; A. Main glacial dust area; B. Main present dust area.

I. Smalley et al. / Quaternary International 240 (2011) 4e116

Figure 2.3.: Loess soil distribution map through the world, Legend 1.Loess, 2.Loess-like

Sediments,A.Main glacial dust area,B.Main present dust area (Pecsi, 1990).

2.5.2.2. Definitions

According to Barden et al. (1973) loess soils can be defined as ”an Aeolian Quaternary

deposit of predominately silt-sized particles ranging between 20-60 mm with clays, car-

bonates and capillary water acting as bonding materials at particle junctions”.

Terzaghi et al. (1996) described loess soils as ”uniform, cohesive, wind-blown sediment,

and is commonly light brown with particles size ranges between 0.01 and 0.05 mm”.

However, Terzaghi et al. (1996) defined modified loess as ”a loess generated because of

secondary processes including temporary immersion, erosion and subsequent deposition,

chemical changes involving the destruction of the bond between the particles, or chemical

decomposition of the more perishable constituents such as feldspar”.

Jackson et al. (2005) and others defined Alluvium and Colluvium loess deposits as:

-Alluvium ”is loose, unconsolidated soil or sediments, which has been eroded, reshaped

by water in some form, and redeposited in a non-marine setting. Alluvium is typically

made up of a fine particles of silt and clay and larger particles of sand and gravel”.

-Colluvium ”is a general name for loose, unconsolidated sediments that have been de-

posited at the base of hill slopes by either rain-wash, sheet wash, slow continuous down

slope, or a variable combination of these processes”.
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2.5.2.3. Criteria and microstructure

Pecsi (1990, 1995) listed many criteria that can be applied to define and describe typical

loess. Smalley et al. (2011) summarised these criteria as follows:

-Loess is a homogeneous, porous, pale yellow subaerial deposit. It is predominantly coarse

silt (10-50µ), and the silt percentage ranges between 40-70% by weight, while clay and

sand percentages range between 5-25% by weight. Among clay minerals illite or mont-

morillonite dominates, while in smaller amounts kaolinite, vermiculite, or chlorite is also

frequently present. However, quartz grains are predominant with an average percentage

ranging between 60-70%. In addition, loess contains feldspar, calcite and dolomite in

lesser amounts. Carbonate content varies, ranging between 1-20% depending on environ-

mental conditions.

-Loess deposits are usually unstratified, but loess sequences often contain intercalated

palaeosols or loam or sand beds. The loess grains are partly cemented and partly aggre-

gated.

-Loess as a mineral matter that commonly accumulates as a result of frequent transport

and sorting in nature. Also small grains continue to move until they are stabilised by

steppe vegetation due to the effect of rainwater run-off, snowmelt and other processes on

the slop.

-The compressive strength of loess is 1.5 kg/cm2 under dry conditions; even steep loess

walls are stable. Large collapses occur upon inundation, and the walls are easily eroded

and hollow formations occur due to surface water flow.

Delage et al. (2005) studied the microstructure and collapse behaviour of widespread Ae-

olian loess deposits in Northern France. Microscan SEM observations indicated they had

a porous microstructure with a heterogeneous scattering of clay aggregations that filled

the intergrain pores and work as a linking agent between the grains in some areas. In

areas with no clay, sharp-edge angular silt grains approximately 15-30µ in diameter has

been observed with large intergrain pores. These pores were located in the areas with

no clay probably significantly contributed to a decrease in collapse volume. Mercury in-

trusion porosimetry identified the changes in intergrain pores that occur during collapse

and showned that the smaller pores inside the clay aggregations were not affected. The

collapse structure was apparently more organised with a well-graded pore size distribution

curve.

On the other hand, Munoz-Casteblanco et al. (2011a) explained that collapse due to wet-

ting normally occurs as a result of the densification of the areas where the grains are

clean with large pores around them. The zones in which the porosity is filled by clay
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aggregation are typically more resistant and locally less sensitive to collapse.

Munoz-Casteblanco et al. (2011b) pointed out what occurs when loess contains a signif-

icant amount of calcium carbonate. Some layers of loess are characterised by a signif-

icant calcareous content, a higher porosity and a low plasticity. These features lead to

a metastable structure that is strengthened by suction when the soil is partially satu-

rated. Subsequent soil saturation may thus induce a loss of stability of the structure with

relatively large volumetric deformations due to the collapse of the open structure of the

soil.

2.6. Factors controlling collapse mechanism

To study the behaviour of the collapse mechanism, three main factors can be categorised:

cementation and the degree of bonding, microstructure and stress path, and types of col-

lapse.

Many researchers studied and discussed the main factors controlling the behaviour of

collapse mechanisms in detail. Such studies were conducted by the following scien-

tists:Knight (1960); Larionov (1965); Barden et al. (1969); Dudly (1970); Barden et al.

(1973); Clemence & Finbarr (1981); Lawton et al. (1989, 1992); Rogers & Smalley (1993);

Feda (1995); Klukanova & Frankovska (1995); Pererira & Fredlund (2000); Charles &

Skinner (2001); Charles & Watts (2001); Houston et al. (2001); Delage et al. (2005). In

the following sections, some of this literature is summarised.

2.6.1. Cementation and the degree of bonding

Collapse behaviour in cemented soils is a function of cementation type and the degree of

bonding. In contrast, in uncemented and unsaturated soil, collapse simply occurs if the

capillary forces are destroyed. Although the bond strength among soil grains generated

from cementing and suction can be characterised in similar ways, upon inundation the

suction will decay and disappear, whereas chemical bonding is likely to be less affected

by a change in suction. In addition, salt and clay bonds connecting the soil particles will

tend to be removed or softened after inundation, and collapse occurs (Jefferson & Rogers,

2012).

Furthermore, in uncemented soils, where collapse is related to the destruction of capillary

(matric suction) forces, the volume change associated with collapse is confined to the

wetted zone (Fredlund & Gan, 1995).
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Klukanova & Frankovska (1995) and Milodowski et al. (2012) indicated that collapse oc-

curs in cemented loess soils throughout the three stages after inundation. Jefferson &

Rogers (2012) summarised these stages as follows:

-Stage 1 Clay bridges or buttresses are dispersed or disrupted between loosely packed silt

grains, leading to an initially rapid collapse of the inter-ped matrix.

-Stage 2 The load is taken up via contact between adjacent compact silt peds, which

rearrange into closer packing.

-Stage 3 As loading increases, progressive ped deformation and shearing occur and result

in further collapse.

Rogers (1995) concluded that there are two important factors affecting the collapse mech-

anism. The first one is particle shape: a soil laid down in a loosely packed structure can

maintain its structure, either until cementation can withstand the forces involved or until

a trigger causes collapse. The second factor is particle attraction, whether by cementa-

tion, chemical or physical attraction or negative pore water pressures (e.g. suctions).

Jefferson & Rogers (2012) pointed out that the collapse in cemented soil structure with

relatively large voids commonly occurs when the soil grains are weakened by adding wa-

ter and/or an additional load, allowing particles to slide over one other, which results in

collapse.

There are three main bonding mechanisms present in collapsible soils (Dudly, 1970; Bar-

den et al., 1973; Clemence & Finbarr, 1981; Rogers, 1995), namely:

(i) Under capillary or matric suction forces, soil consists of sand-sand with meniscus water

or sand-sand with a fine silt binder (see Figure 2.4a, b).

(ii) Knight (1960) indicated the clay forms a randomly flocculated structure when clay

and silt particles have coarser particle contacts, providing a buttress to the bulky grains

(see Figure 2.4c). The majority of collapsing soils, however, involve the action of clay

plates in the bonds between the bulky sand and silt grains. When the clay is formed

by authigenesis, it could result in a parallel plate onion skin effect around the quartz

particles (see Figure 2.4d). Alternatively, when the clay is suspended in the pore-water,

gradual evaporation causes the clay plates to retreat with the water into the menisci at

interparticle contacts.

(iii) In certain collapsing soils the important bonding effect may be due to chemical ce-

menting agents such as iron oxide, calcium carbonate, etc., which are often the main agent

in loessial soils (see Figure 2.4e).

Considering the above-mentioned bonding agents, Lefebvre (1995) observed that either

simple capillary suctions and clay buttresses or chemical cementing can introduce and

generate bridges between the solid grains in metastable open fabrics of collapsible soils.
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Figure 2.4.: Typical bonding arrangments formed in collpsible soils, as cited in (Jefferson

& Rogers, 2012)

.

Although one type may dominate, complex interaction is possible in some cases. On

the other hand, Lefebvre (1995) concluded that the water can weaken nearly any bond

strength.

However, whatever the physical basis of the bond strength is, all types are weakened by

the addition of water. In the case of capillary suction the drop in chemical cementing

it might be very slow. The additional resistance of the soil skeleton is generally related

to different types of bonds between particles. These bonds may result from dissolution-

precipitation of cementing agents or may be formed by amorphous or clayey minerals

cementing the particle contacts.

2.6.2. Microstructure and stress path

The metastable structure of collapsible soil is greatly affected by the stress path and by

the degree of saturation of the soil sample. Barden et al. (1973) explained the impact of

the stress path as follows:

The collapse phenomenon was apparently a contradiction of the principle of effective stress
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which underlies all soil mechanics theory, since wetting increases pore pressure, decrease

effective stress and hence is expected to cause heave rather than settlement. However,

more detailed consideration of the mechanism indicated that the collapse was due to local

shear failure between soil grains or peds, and hence is compatible with the principle of

effective stress. The collapse process in partly saturated soil is better considered in terms

of two separate components of effective stress, the applied stress and the suction, follow-

ing the approach of Bishop & Blight (1963).These two components develop intergranular

stress by different mechanisms, thus the applied stress develops shear stresses and hence

potential instability at intergranular contacts, while the suction is strictly a normal stress

and hence increases the stability at intergranular contacts.

Barden et al. (1969) and Rogers (1995) pointed out that appreciable collapse required the

following conditions:

1. An open, potentially unstable, partly saturated structure

2. Sufficiently applied stress components to develop a metastable condition

3. Sufficient soil suction (or other bonding ”cementing” agent) to stabilise intergranular

contacts, whose reduction upon wetting will lead to collapse and

4. High void ratios, high porosity and low dry density.

Lefebvre (1995) illustrated the main factors related to the collapse mechanism in partly

saturated soil as follows:

1. For collapse to occur, the soil structure needs to be at an initially loose state.

2. Relatively small deformations upon loading can occur if the soil skeleton resistance

resulting from interparticle bonds is not exceeded.

3. When the soil skeleton resistance is fully mobilised by the applied loading, a small

increase in load can result in large deformations or collapse.

4. The soil skeleton can support any loading below its critical pressure without any signif-

icant deformation at a dry state; otherwise large deformations and collapse into a denser

state can occur without the application of an additional load due to the softening of inter-

particle bonds. Pererira & Fredlund (2000) made similar observations while conducting

research on compacted soils.

According to Bell & Culshaw (2001), porous textures of collapsible soils consist of low

dry densities and high void ratios with sufficient void space in their natural state to hold

their liquid limit moisture at saturation. Moreover, collapsible soils possess high appar-

ent strength, but they are susceptible to large reductions in void ratios upon inundation.

In other words, the metastable texture collapses as the bonds between the grains break

down when the soil is wetted. Hence, the collapse process represents a rearrangement of

soil particles into a denser state of packing. When the soil is saturated, collapse rapidly
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occurs. Otherwise, longer periods are required when such soil contains additional clay.

Delage et al. (2005) concluded that the collapsibility of loess soil in northern France

appears to be significantly sensitive to changes in water content. Collapse deformation

decreased as the initial water content increased. They also observed that collapse could be

considered a plastic deformation in the elasto-plastic framework provided by the Barcelona

group (i.e. the BBM model).

In the elasto-plastic constitutive modelling approach for collapsible soils, Alonso et al.

(1990); Chiu & Ng (2003) developed several theoretical models. These models extended

the Modified Cam Clay model, applied the principles to unsaturated soils, and introduced

the loading collapse (LC) surface to define yielding due to either external loading (e.g.

total stress) or saturation (e.g. zero suction) (Ng & Menzies, 2007).

Pererira & Fredlund (2000) indicated the following key features about the collapse be-

haviour of compacted soils:

-Collapse is expected for any type of dry compacted soil with optimum water content.

-Capillary soil action commonly generates high micro forces of shear strength through

bonding.

-A gradual increase in compressibility corresponds to a gradual decrease in the shear

strength of collapsible soils upon wetting.

-Soil collapse progresses with increasing degrees of saturation; however, above a critical

degree of saturation, no further collapse occurs.

-Collapse is associated with localised shear failure.

-Horizontal stresses increase as a result of collapse when the soil inundation is under a

constant load and anisotropic Oedometer conditions.

-In triaxial collapse tests for a given mean normal total stress, the value of axial collapse

increases and radial collapse decreases with increased stress ratios.

2.6.3. Types of collapse

Collapsible behaviour in soil structure can be considered a combination of deformation

and stability phenomena and can be described from a physical point of view using the

micromechanics theory of soil structure. Thus, a typical collapsible structure is postulated

as an open macroporous (e.g. silty and/or sandy) skeleton with contact bonds ensuring

its local stability.

Feda (1995) indicated that, two levels of analysis are available to describe the failure

mechanism of collapsible soils. These levels are the micromechanical approach and the

macromechanical approach, both of which should be followed when classifying both local
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and total collapse behaviour.

Under loading and when the stress and wetting conditions are changed, the soil structure

becomes metastable; afterwards, collapsing begins and the soil structure attempts to

regain equilibrium under a new set of stresses and degrees of saturation. The collapse

may be only localised or it may result in a total collapse.

According to Feda (1995) a localised collapse is ”a smaller extent being confined to weak

regions of the soil structure. Its outcome is the homogenisation of the soil structure, i.e.

from the thermodynamical standpoint, an increase of entropy”. However, total collapse

is ”a complete failure of the system which cannot find equilibrium without completely

rebuilding its structure”.

In Figure 2.5, collapses are classified both micromechanically (collapse by debonding, grain

crushing, fabric transition and softening-hardening) and macromechanically (collapse by

loading, wetting, creep, radial softening and excess pore water pressure).

                     TYPES OF COLLAPSE OF SOIL STRUCTURE
    ‐LOCAL (HOMOGENEIZATION) 

                                             ‐TOTAL (NEW STRUCTURE) 

MICROMECHANICAL VIEW 
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‐DEBONDING 
 
 
 
 
 
 
‐GRIN BREAKAGE 
 
 
 
 
 
‐FABRIC TRANSITION 
(COMPRESSION,SHEAR) 
 
‐SOFTENING‐HARDENING 
 

MACROMECHANICAL 
(PHENOMENOLOGICAL) VIEW 
COLLAPSE BY: 
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                                            Δε 
                                
                                            Δτ' 
                                            Δϒ 
 
‐WETTING   :                      Δσw 
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                                               Δt 
 
‐RADIAL SOFTENING  :       Δσ'r 
                                               Δσ'a 
 

 

 

‐EXCESS PORE PRESSURE  :  Δσ' 
                                                  Δu 
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     ᴔ 
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Figure 2.5.: Classification of the mechanisms of collapses (Feda, 1995).
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2.7. Collapse potential identification and test methods

The one-dimensional response-to-wetting test, which is performed using conventional con-

solidation equipment represents the frequently used laboratory collapse test for determin-

ing the collapse potential of the soil (Houston et al., 2001). In Oedometer-collapse test,

two procedures are commonly followed; single Oedometer (SOT) and double Oedometer

(DOT) methods. The typical output of this test can be represented as in Figure 2.6.
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Figure 2.6.: Typical Oedometer-collapse test result: (a) Double Oedometer test (DOT)

and (b) Single Oedometer test (SOT).
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The actual collapse potential is determined using the double Oedometer test (DOT)

method suggested by Jennings & Knight (1957). In this method, two identical sam-

ples are prepared and tested individually in Oedometer device. One sample is tested at

its natural moisture content, while the other is tested under saturated conditions. The

same load sequence is used in both cases. The difference between the two stress-strain

curves represents the amount of collapse deformation that occurs depending on the stress

level as shown in Figure 2.6a .

Jennings & Knight (1975) suggested a procedure to describe the collapse potential of a

soil which is mostly a qualitative evaluation. This procedure was subsequently modified

by Houston et al. (1998) and standardised by the American Society for Testing and Ma-

terials (ASTM) under code number ASTMD5333 (2003).

Figure 2.6b illustrates a typical response in which a seating stress of 5 kPa was used to

establish an initial state. Any compression under this stress was attributed to sample

disturbance. The initial compression curve (points A-B) represents the response of the

soil at its in situ water content. Pressure was applied until the stress on the sample was

equal to (or greater than) that expected in the field or up to 200 kPa as suggested by

Jennings & Knight (1975) and as standardised by ASTMD5333 (2003).

At point B, the specimen was flooded to reach saturation and left for 24 hours (ASTMD5333,

2003). The duration of the load increment following inundation lasted overnight or until

primary consolidation was completed (ASTMD2435, 1996). The difference between the

strains before and after inundation with water (points B-I) represents the amount of col-

lapse deformation at the specified stress level, after which further loading is undertaken

corresponding to points (I-J). The path (J-K) represents the unloading stage of the soil

specimen.

According to ASTMD5333 (2003), the following definitions are outlined:

-Collapse: indicates a decrease in the height of confined soil following wetting at a con-

stant applied vertical stress.

-Collapse index (Ie): refers to the percent-relative magnitude of collapse determined and

calculated at 200 kPa.

-Collapse potential (Ic) denotes the percent-relative magnitude of collapse determined at

any stress level as follows:

Ic = [
df − do
ho

− di − do
ho

]× 100 = [
df − di
ho

]× 100 (2.2)
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where: do= the dial reading at seating stress, mm, di= the dial reading at the appropriate

stress level before wetting, mm, df= the dial reading at the appropriate stress level after

wetting, mm, ho= the initial specimen height, mm,
df−do
ho

= the strain at the appropriate

stress level after wetting, and di−do
ho

= the strain at the appropriate stress level before

wetting.

Or, since the test is conducted as a one-dimensional test, Equation (2.2) may be rewritten

as:

Ic =
∆h

ho
× 100 (2.3)

where: ∆h= the change in specimen height resulting from wetting, mm, ho= the initial

specimen height, mm.

Equation (2.2) may be rewritten in terms of void ratio as follow:

Ic =
eB − eI
1 + eo

× 100 (2.4)

where: Ic= the collapse potential, eB,e1= the void ratio at the appropriate stress level

before wetting, eI ,e2= the void ratio at the appropriate stress level after wetting, eo= the

initial void ratio.

Based on the Oedometer-collapse test, the collapse potential can be assessed and used to

indicate the problem severity of collapse. Table 2.2 provides details presented by Jennings

& Knight (1975) and ASTMD5333 (2003), showing a slight difference between the two

references in the collapse potential range corresponding to problem severity.

Table 2.2.: The severity of the collapse potential.

Jennings and Knight, 1975 ASTM (D5333-2003) standard

Ic,(%) at σv=200 kPa Severity of problem Ic,(%) at σv=200 kPa Degree of collapse

0-1 No problem 0 None

1-5 Moderate trouble 0.1-2.0 Slight

5-10 Trouble 2.1-6.0 Moderate

10-20 Severe trouble 6.1-10.0 Moderately severe

> 20 Very severe trouble > 10.0 Severe
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2.8. Collapsible soils in unsaturated soil framework

2.8.1. Introduction

In recent decades most researchers agree that the collapsible soils are always unsaturated.

Large collapse deformation and volume changes occur as a result of a reduction in matric

suction. Wetting processes resulting from a reduction in applied matric suction under

constant net stress are considered one of the major causes of collapse. Some of the litera-

ture dealing with collapse behaviour includes: Tadepalli & Fredlund (1991); Rahardjo &

Fredlund (1992); Tadepalli et al. (1992a,b); Fredlund & Rahardjo (1993); Fredlund & Gan

(1995); Pereira & Fredlund (1997); Pererira & Fredlund (2000); Rao & Revanasiddappa

(2000); Houston et al. (2001); Rao & Revanasiddappa (2003); Jotisankasa (2005); Pereira

et al. (2005); Aziz et al. (2006); Sun et al. (2007); Al-Badran (2011); Nelson et al. (2011).

2.8.2. Unsaturated soil and concept of suction

Classically unsaturated soil is considered to have three phases: solid, water and air.

However, in recent decades, the existence of a fourth phase, namely, the air-water interface,

also called the contractile skin, was recognised. When the air phase is continuous, the

contractile skin interacts with the soil particles and influences the mechanical behaviour

of the soil (Fredlund & Morgenstern, 1977; Fredlund & Rahardjo, 1993). The mass and

volume of each phase can be schematically represented in a phase diagram as shown in

Figure 2.7.

Basic physics, phases and stress state variables 21

because when the air phase is continuous, the contractile skin interacts with
the soil particles and provides an influence of the mechanical behaviour of
soil. An element of unsaturated soil with a continuous air phase is idealized
in Figure 1.9.
The mass and volume of each phase can be schematically represented by

a phase diagram as shown in Figure 1.10.
The thickness of the contractile skin is in the order of only a few molecular

layers. Therefore the physical subdivision of the contractile skin is considered
as part of the water phase without any significant error. A simplified three-
phase diagram is used when referring to the summation of masses and
volumes of all soil particles.

Contractile skin
(Air–water interface)

Water

Soil particleAir

Figure 1.9 An element of unsaturated soil with a continuous air phase (after Fredlund
and Rahardjo, 1993).
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Figure 1.10 Rigorous and simplified phase diagrams for an unsaturated soil. (a) Rigorous
four-phase unsaturated soil system; (b) simplified three phase diagram (after
Fredlund and Rahardjo, 1993).

Figure 2.7.: Phase diagrams for unsaturated soil,(a) a rigorous four-phase unsaturated soil

system and (b) a simplified three-phase diagram (Fredlund & Rahardjo, 1993).
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The concept of soil suction is associated with unsaturated soil mechanics. Soil suction

is a general term that may be used when referring to matric suction, osmotic suction or

total suction.

According to Aitchison (1964); Fredlund & Rahardjo (1993); Fredlund et al. (2012), total,

matric and osmotic suctions can be defined as follows:

-Matric suction (or the capillary component of free energy): ”is the equivalent suction

derived from the measurement of the partial pressure of water vapour in equilibrium with

soil-water relative to the partial pressure of water vapour in equilibrium with a solution

identical in composition with the soil water”.

-Osmotic suction (or the solute component of free energy): ”is the equivalent suction

derived from the measurement of the partial pressure of water vapour in equilibrium with

a solution identical in composition with the soil water relative to the partial pressure of

water vapour in equilibrium with free pure water”.

-Total suction (or the free energy of soil water): ”is the equivalent suction derived from

the measurement of the partial pressure of water vapour in equilibrium with the soil water

relative to the partial pressure of water vapour in equilibrium with free pure water”.

Fredlund & Rahardjo (1993) explained that, considering the above-mentioned definitions,

total suction corresponds to the free energy of the soil water, while matric suction and

osmotic suction are the components of free energy. Thus, they formulate it in an equation

form as follows:

ψ = (ua − uw) + π (2.5)

where: ψ=total suction, (ua − uw) = matric suction, ua = pore-air pressure, uw = pore-

water pressure and π = osmotic suction.

Considering the general concept of suction and the soil water potential in expansive soil

(e.g., bentonite), the matric component of soil suction comes from hydration forces and

capillary component effects. Therefore, in expansive soils, the matric suction is the sum

of hydration forces and capillary forces (Agus, 2005; Arifin, 2008; Arfin & Schanz, 2009;

Al-Badran, 2011).

2.8.3. Stress state variables

According to Fredlund & Rahardjo (1993), stress state variables can be defined as: ”the

non-material variables required for the characterisation of the stress condition. The me-



28 2. Literature review

chanical behaviour of a soil (i.e. the volume change and shear strength behaviour) can

be described in terms of the state of stress in the soil”. In unsaturated soil mechanics,

two approaches are utilised to describe stress state variables, namely the effective stress

approach (Bishop, 1959) and the two independent state variables approach (Fredlund &

Morgenstern, 1977).

2.8.3.1. Effective stress concept

For saturated soil, Terzaghi (1936) formulated the effective stress equation as follows:

σ′ = (σ − uw) (2.6)

where: σ′=effective normal stress, σ=total normal stress and uw=pore-water pressure.

For unsaturated soil, Bishop (1959) proposed the most frequently used effective stress

formulation for unsaturated soils, which is commonly referred to as Bishop’s effective

stress equation for unsaturated soils and is represented by the following formula:

σ′ = (σ − ua) + χ(ua − uw) (2.7)

where: σ′= effective normal stress, ua = pore- air pressure and χ = a soil parameter

related to degree of saturation and ranging from 0 (for saturated soils) to 1.0 (for dry

soils).

Several studies investigated and briefly discussed the relationship between Bishop’s ef-

fective stress parameter χ and degree of saturation, type of test and stress path. Such

studies were done by Bishop & Henkel (1962); Morgenstern (1979); Fredlund & Rahardjo

(1993); Khalili et al. (2004). It was pointed out that the χ value is not only function of

soil the degree of saturation but also is related to the soil structure, stress and suction

paths to which the soil was subjected.

Khalili & Khabbaz (1998) showed that by plotting the values of χ against the ratio of

matric suction over the air entry value (e.g. suction ratio), a unique relationship may be

obtained for most soils as depicted in Figure 2.8.

Khalili et al. (2004) investigated the effective stress concept in unsaturated collapsible

soil. They outlined the following points:

-The dual impact of suction is proved through its impact on the effective stress and the

preconsolidation pressure or the yield stress of the soil. This effect can be clearly observed

during the collapse phenomenon when the preconsolidation pressure shifts with suction

upon wetting.
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Figure 2.8.: Effective stress parameters versus suction ratio χ (Khalili & Khabbaz, 1998).

-For collapsible unsaturated soils, when the suction varies, the preconsolidation pressure

commonly increases at a rate greater than the increase in the rate of effective stress

(Loret & Khalili, 2000). For noncollapsible unsaturated soils, the opposite behaviour is

observed. Moreover, upon inundation of collapsible soils, plastic volumetric contractions

are observed, while upon desaturation, the soil response enters the elastic region. Thus,

the elastic coefficient of compressibility must be used when analysing the volume change

of such soils (Fleureau et al., 1993).

-The stress path of unsaturated soil has been considered in the effective stress principle

according to Bishop (1959) equation (see Equation 2.7) during the constant net vertical

stress-suction control procedure. The stress paths involving a change in the net stress

(i.e. constant suction) need not be considered. This is because a change in the net stress

is equal to a change in the effective stress and the effective stress principle is normally

valid.

-Upon inundation, the suction in the soil specimen is reduced to zero resulting in collapse

and a tendency for elastic dilatancy. Moreover, the specimen undergoes plastic volumetric

contraction at constant effective stress and collapses onto the new state boundary.

2.8.3.2. Two-Independent stress state variable approach

Coleman (1962) and Matyas & Radhakrishna (1968) were the first researchers who used

the term of ”state parameters” to describe volume change behaviour in unsaturated soils.

Fredlund & Morgenstern (1977) provided theoretical analysis of stress state variables for

unsaturated soils based on multi-phase continuum mechanics by assessing the contractile
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skin as the fourth phase of the soil. The analysis proposed that the state of stress in

unsaturated soils can be described in terms of two independent stress variables, namely

matric suction (ua − uw) and net stress (σ − ua).Many researchers subsequently adopted

the two-independent stress state variable approach, including Alonso et al. (1999); Cui

et al. (2002); Agus (2005); Lu & Likos (2006).

Based on the theoretical analysis of Fredlund & Morgenstern (1977) and Fredlund &

Gan (1995)the volume change formulation of unsaturated collapsible soil was proposed as

follows:

The compressibility form of the constitutive equation for one-dimensional soil structure

volume change in saturated soil is written as:

dVv
Vo

= mvd(σy − uw) (2.8)

where: dVv= the change in the total volume, Vo= the initial total volume, mv=the coef-

ficient of volume change,d(σy − uw)= the change in effective stress, σy = the total stress

at yielding condition and uw = the pore water pressure.

In equation (2.8), the deformation state variable, dVv
Vo

, is related to the stress state variable,

i.e., (σy − uw), by a soil property,(mv), known as the coefficient of volume change. The

stress state variable,((σy − uw), is known as effective stress when dealing with saturated

soils.

Equation (2.8) can be similarly extended to describe the deformation of unsaturated

soil by relating the deformation state variable, dVv
Vo

, to the two stress state variables, i.e.,

(σy−uw) and(ua−uw). The resulting compressibility form of the constitutive relationship

for the one-dimensional volume change of the soil structure in unsaturated soil is written

as:

dVv
Vo

= ms
1d(σy − ua) +ms

2d(ua − uw) (2.9)

where: ms
1 = the coefficient of volume change with respect to a change in net normal

stress d(σy − ua) and ms
2 = the coefficient of volume change with respect to a change in

matric suction d(ua − uw).

Similarly, an independent, water phase volume change equation can be written for an

unsaturated soil,
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dVw
Vo

= mw
1 d(σy − ua) +mw

2 d(ua − uw) (2.10)

where: dVw = the change in volume of water, mw
1 = the coefficient of water volume change

with respect to a change in net normal stress d(σy − ua), mw
2 = the coefficient of water

volume change with respect to a change in matric suction d(ua − uw) and ua = the pore

air pressure.

For air volume change in the soil, an equation can also be written by follow the similar

procedure above.

2.8.4. Volume change of unsaturated collapsible soils

2.8.4.1. Introduction

When soils exhibit a reduction in total volume during inundation or matric suction reduc-

tion at a constant vertical net stress, this is called collapsible soils of metastable structure.

For stable soil structure, an increase in pore-water pressure results a swelling behaviour,

whereas for metastable structure, an increase in pore-water pressure results collapse be-

haviour (Barden et al., 1969). Fredlund (1996) introduced a three-dimensional constitu-

tive surface for stable and metastable unsaturated soils. The surface is plotted in three-

dimensional space of the void ratio-matric suction-net vertical normal stress as shown in

Figure 2.9.

For stable structure of unsaturated soils, wetting processes induced by reduction of matric

suction caused swelling phenomenon, see Figure 2.9a. While for a metastable structured,

reduction of matric suction caused a collapsing phenomenon due to reduction in the void

ratio, see Figure 2.9b.

2.8.4.2. Volume change tests under suction control

Many types of volume change tests under suction control were conducted for unsaturated

soils. Several studies such as those conducted by Tadepalli & Fredlund (1991); Pererira &

Fredlund (2000); Pereira et al. (2005); Sun et al. (2007) indicated that the same method-

ology is also valid for unsaturated collapsible soils.

The stress path and the initial condition of volume change tests for unsaturated soils de-

pend on the expected output results regarding the initial conditions of the soil specimen.

Volume change tests under suction control can be categorised into two main types: the
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reduction of matric suction caused a collapsing phenomenon due to reduction in the void 

ratio, see Figure 2.9b. 

 

 
 
Figure 2.9 Three dimensional constitutive surfaces of unsaturated soil (a) stable structured 
(i.e. swell), (b) metastable structured (i.e. collapse) (Fredlund, 1996). 

2.8.4.2 Volume change tests under suction control 

Many types of volume change tests under suction control were conducted for unsaturated 

soils. Several studies such as those conducted by Tadepalli and Fredlund (1991), Pereira 

and Fredlund (2000), Pereira et al. (2005) and Sun et al. (2007) indicated that the same 

methodology is also valid for unsaturated collapsible soils.  

The stress path and the initial condition of volume change tests for unsaturated soils 

depend on the expected output results regarding the initial conditions of the soil specimen. 

Volume change tests under suction control can be categorised into two main types: the 

constant net vertical stress-suction controlled test and the constant suction-net vertical 

stress controlled test. Due to the experimental tests schedule in this study, this section will 

focus on the literature review and general aspects of constant net vertical stress-suction 

controlled test. 

The constant net vertical stress-suction controlled test can be conducted using Oedometer 

or triaxial-suction control cells.  The stress path and the value of applied stress state 

variables (σ െ uୟ) and	ሺuୟ െ u୵) depend on the value of initial suction and the initial 

conditions of the soil sample. There are two procedures that can be followed when using 

this test. First, the drying path occurs by increasing the suction value incrementally from 

initially low values (i.e. several kilopascals or near zero) to high values. This behaviour 

can be represented in nature by sunny, warm weather after heavy rain where the soil 

deposits transform from a partially or fully saturated state to an unsaturated state. Second, 

Figure 2.9.: Three dimensional constitutive surfaces of unsaturated soil:(a) Stable struc-

tured (i.e. swell) and (b) Metastable structured (i.e. collapse) (Fredlund, 1996).

constant net vertical stress-suction controlled test and the constant suction-net vertical

stress controlled test. Due to the experimental tests schedule in this study, this section will

focus on the literature review and general aspects of constant net vertical stress-suction

controlled test.

The constant net vertical stress-suction controlled test can be conducted using Oedome-

ter or triaxial-suction control cells. The stress path and the value of applied stress state

variables (σ − ua) and (ua − uw) depend on the value of initial suction and the initial

conditions of the soil sample. There are two procedures that can be followed when using

this test. First, the drying path occurs by increasing the suction value incrementally from

initially low values (i.e. several kilopascals or near zero) to high values. This behaviour

can be represented in nature by sunny, warm weather after heavy rain where the soil de-

posits transform from a partially or fully saturated state to an unsaturated state. Second,

the wetting path occurs by decreasing the suction value incrementally from initially high

values (e.g. several hundreds or thousands kilopascal) to low values. This behaviour of

volume change can be observed in semi arid or arid regions when unsaturated soil deposits

are inundated by heavy rain or by ground water fluctuations (i.e. collapse behaviour).

Tadepalli (1990); Tadepalli & Fredlund (1991); Tadepalli et al. (1992b) conducted collapse

tests using an Oedometer specially designed with controlled matric suction. Their results

indicated a unique relationship between the change in matric suction and the total volume

change during collapse. Figure 2.10 shows that soil volume changes progressively as the

matric suction decreases, and the volume change ceases when the matric suction drops to

zero throughout the entire soil specimen.
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Figure 2.10.: Matric suction and total volume changes versus time during inundation of

collapsible soil (Tadepalli & Fredlund, 1991).

Pererira & Fredlund (2000) suggested that collapsing soil shows three distinct phases of

deformation during the wetting process as shown in Figure 2.11a (stress path of 100 kPa).

These phases are:

-Pre-collapse phase: Collapse deformation in this phase commonly occurs at high

matric suction ranges. Inconsiderable volumetric deformation and compressibility of col-

lapsing soil occurs in correspondence to a relatively large decrease in matric suction. This

behaviour can be attributed to the elastic compression of the soil structure caused by

cementing and/or microforces via matric suction.

-Collapse phase: Collapse deformation in this phase commonly occurs at intermediate

matric suction ranges. Considerable volumetric deformation and compressibility of col-

lapsing soil occur as a result of a reduction in matric suction. This behaviour can be

attributed to the combination of the rearrangement of soil structure resulting from sever-

ing cementing bonds as well as from the local shear behaviour between soil particles and

soft cementing bonds. Moreover, the collapse settlement ends as soon as the soil structure

reaches a new equilibrium under the new matric suction value.

-Post-collapse phase: Collapse deformation in this phase occurs at low matric suction

ranges. Neither additional volumetric deformations nor negligible compressibility for the

collapsing soil is observed corresponding to further reductions in matric suction. At this

stage, the collapsing soil is fully saturated except for a limited number of trapped air bub-

bles. The small deformation associated with this phase can be attributed to secondary

compression of the soil mass.
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Figure 2.11.: Volume change behaviour for ”Alka-Seltzer dam” collapse soil of (SM-ML,

eo=0.754 and wo=10.5%) from Brazil (Pererira & Fredlund, 2000).

Pererira & Fredlund (2000) and Pereira et al. (2005) conducted further investigations

on volume change behaviour of collapsible soils. They concluded that irrespective of

the variation in collapses resulting from net vertical stress, the metastable soil structure

seemedto show the same increases in degrees of saturation when the matric suction was

reduced to zero (see Figure 2.11b). They also observed that the collapse potential of the

soil sample is achieved before full saturation of the sample. In other words, the soil sample

may be able to achieve total collapse at low porosity when full saturation is reached. The

small increase in the degree of saturation causes low response to further decreases in

matric suction.

On the other hand, Ng et al. (1998) observed that the collapse potential was a function

of initial matric suction (i.e. initial moisture content). In other words, unsaturated soil

with high initial suction tends to indicate larger amounts of collapse deformation than

other soil with low initial suction compacted at the same range of relative compaction

(see Figure 2.12).
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Figure 4.9 Collapse potential relationship with matric suction (after Ng et al., 1998).

suction is related to moisture content, this observed collapse behaviour can
be regarded as controlled by matric suction. Conceptual explanation of this
observed collapse behaviour is given in the following paragraph.

Figure 4.9 shows the effect of initial matric suction (i.e. moisture con-
tent) on collapse potential for the virgin fill (i.e. results from first wetting
cycle only). For a given range of relative compaction, the amount of col-
lapse caused by wetting increases with an increase of initial matric suction
(i.e. a decrease in moisture content). As illustrated in Figure 4.4, the yield
surface can be expanded by an increase of p or q, or a reduction of s. DH
of Figure 4.4 is a possible stress path for wetting tests conducted in the
oedometer under constant vertical stress. The expansion of the yield curve
is mainly governed by the reduction of s. For soil samples of virgin fill com-
pacted to the same initial dry density, they would lie on the same yield curve.
The higher the initial suction of the sample is, the further away from zero
suction axis (see J, M and N in Figure 4.5). As the wetting process brings
the suction in the samples to zero, larger expansion of the yield surface is
expected from samples with higher suction and this means that change of
volume is greater.

The applied vertical stress also influences the collapse behaviour of virgin
fill. Samples of tests T7 and T11 were compacted to the same initial condi-
tions, but the sample of T11 was loaded to a higher vertical stress than that
of T4. Their stress states before wetting are shown in Figure 4.10. It is shown
in Table 4.4 that T11 has a larger collapse potential for first wetting cycle
than T4. Upon wetting, both samples exhibit the same amount of reduction
in matric suction, but they laid on different yield curves and followed dif-
ferent stress paths. Different amounts of plastic strains are expected in these
two samples.

Figure 2.12.: Collapse potential relationships with initial matric suction (Ng et al., 1998).

Houston et al. (2001) studied the effect of full and partial wetting processes on the volume

change behaviour of typical silty collapsible soil. They explained how the conventional

Oedometer-collapse test procedure provides the soil with free access to water, resulting in

full wetting, while partial wetting of unsaturated soil deposits in the field occur gradually

by downward infiltration or ground water fluctuation, especially in arid or semi-arid re-

gions. Therefore, full collapse potential would not be expected in partially wetted layers

(see Figure 2.13).

Aziz et al. (2006) investigated the volume change behaviour of unsaturated residual soil

under suction and net vertical stress control. The results show that there is an apparent

unique relationship between the void ratio, matric suction and net stress. This rela-

tionship can be observed when collapse deformation occurs as a result of a reduction in

matric suction under constant net vertical stress. Furthermore, when the matric suction

is reduced, a reduction in the void ratio is observed due to the damaging of capillary

forces.
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Figure 4.12 Partial collapse due to partial wetting curves for three ML soils (after
Houston, 1995).

The degree of saturation achieved during the conduct of conventional
laboratory response to wetting tests is quite high, typically 85 to 95 per cent.
Estimated collapse settlements based on fun-wetting collapse potential may
not be realized in-situ. The experience in China reported by Zhang and
Zhang (1995) is that actual field collapse settlements are commonly only
about one- seventh of estimated full-wetting collapse settlements. Walsh
et al. (1993) report a case history for which collapse settlements for the
prototype were only about one-tenth (1/10) of collapse settlements esti-
mated from full-wetting laboratory response to wetting tests. The most likely
explanation for the common occurrence of lesser field collapse settlement
compared to estimated collapse settlement potential is that when a soil is
only partially wetted, only a portion of the full collapse potential is real-
ized. Further, there are many field situations for which only partial wetting
occurs. Results of partial-wetting tests on several collapsible silts from the
Phoenix, Arizona, USA, area are depicted in Figure 4.12. Partial-wetting
collapse curves such as those in this figure have been used to make correc-
tions to collapse settlement estimates based on full-wetting response to wet-
ting tests, leading to very good agreement between observed and estimated
wetting-induced settlements (Mahmoud, 1992, Walsh et al., 1993). Partial
wetting considerations are particularly helpful for forensic studies and for
assessment of pre-wetting and controlled wetting mitigation alternatives.

Mitigation measures against collapsible soils
(Houston, 1995)

Several mitigation alternatives are available for dealing with collapse
phenomena (Turnbull, 1968; Clemence and Finbarr, 1981; Houston
and Houston, 1989; Rollins and Rogers, 1994; Beckwith, 1995;

Figure 2.13.: Collapse due to partial wetting curves for silt soils (Houston et al., 2001).
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Sun et al. (2007) studied volume changes and hydraulic characteristics of unsaturated col-

lapsible soil called Pearl clay of LL=49%, PI=22% and Gs=2.71 using controlled-suction

triaxial tests with varying initial dry densities and suction. They stated that the col-

lapse volumetric strain is a function of the mean net vertical stress and the initial void

ratio. Furthermore, they observed that a large collapse potential is achieved mainly in

low suction ranges (i.e. 20-100 kPa). Pererira & Fredlund (2000) also observed the same

behaviour.

Al-Badran (2011) investigated the volume change behaviour of a compacted mixture of

30% bentonite-70% sand and 100% bentonite under slurry and unsaturated loose condi-

tions by using a suction-controlled Oedometer apparatus. The tests results demonstrated

that wetting processes under constant net normal stress under initially loose conditions

result in three different phases of collapse deformation after a reduction in suction (i.e.

wetting process). He continued, by stating that the volume change is significantly in-

fluenced by the location of void ratios before the wetting process with respect to the

saturated normal consolidation line (NCL) of the net vertical stress versus the void ratio

relationship (see Figure 2.14).
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Figure 2.14.: Experimental and model predictions of suction control-wetting test under

constant net stress=250 kPa for (30% bentonite-70% sand) soil (Al-Badran, 2011).
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2.9. Measurements of soil suction

Measurements of soil suction are considered as a great challenge in geotechnical engineer-

ing practice especially when measuring low values of total suction.

Several devices and techniques recently proposed for measuring matric suction, osmotic

suction and total suction. Agus (2005) and Fredlund et al. (2012) are summarised these

techniques as listed in Table 2.3.

Table 2.3.: Devices for measuring soil suction and its components (Agus, 2005),(Fredlund

et al., 2012).

Device name Suction component Range, kPa Comments

Psychrometers

(Peltier type)

Total 100 to≈ 8000 Constant temperature en-

vironment required

Filter paper Direct matric,Indirect to-

tal

0-1500,2000-

10000

May measure matric suc-

tion when in good contact

with moist soil

Tensiometers Negative pore-water pres-

sures or matric suction

when pore-air pressure is

atmospheric

0-90 Difficulties with cavitations

and air diffusion through

ceramic cup

Null-type pres-

sure plate(axis

translation)

Matric 0-1500 Range of measurement is

a function of the air-entry

value of ceramic disk

Thermal con-

ductivity

sensors

Matric 10 to ≈ 1500 Indirect measurement us-

ing variable-pore-size ce-

ramic sensor

Time domain

Reflectome-

try(TDR)

Matric Entire range Indirect measurement

Pore fluid

squeezer

Osmotic Entire range Used in conjunction with

psychrometer or electrical

conductivity measurement

Chilled-mirror

hygrometer

Total 3000-300000 Depends on relative humid-

ity measurement of the soil
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Based on Table 2.3 it is clear that there is no unique technique or device which covers

the entire range of suction measurements of unsaturated soils. Therefore, in order to

measure wide range of suction, a combination of two or more techniques may be used.

More details about the suction measurement techniques are discussed in several literatures

such as: Fredlund & Rahardjo (1993); Agus (2005); Ng & Menzies (2007); Fredlund et al.

(2012). The suction measurement techniques and equipment which is relevant to this

study are briefly illustrated in appendix A.

2.10. Soil-Water Characteristics Curve (SWCC)

2.10.1. Introduction

To study and solve the air and water flow problem and to analyse seepage, shear strength

and volume change behaviour involving unsaturated and saturated soils, the soil water

characteristics curve (SWCC) is required. The SWCC illustrates the relationship between

the mass and/or volume of water in a soil and the energy state of the water phase.

The SWCC can be simply defined as the relationship between the amount of water in a

soil and soil suction (Fredlund & Rahardjo, 1993; Fredlund, 2000; Fredlund et al., 2012).

Many studies have been carried out regarding the properties, measurement, analysis and

application of the SWCC. They include research conducted by Fredlund & Xing (1994);

Leong et al. (2004); Agus (2005); ASTMD6836 (2008); Vanapalli et al. (2008); Lins (2009);

Al-Badran (2011); Fredlund et al. (2012).

2.10.2. Determination of SWCC: techniques and test procedure

In order to determine the SWCC, the amount of water in the soil sample with respect to

the applied suction is required. The amount of water in the soil sample can be represented

in different forms such as: gravimetric water content (recommended with small volume

change specimens, e.g. sand), volumetric water content (recommended with large volume

change specimens, e.g. clay), the degree of saturation and water volume.

A combination of two methods is utilised to determine the SWCC because there is no

unique technique or device that can cover the entire range of unsaturated soil suction

values.

Several types of equipment and test procedures have been used to determine the SWCC.

The most common laboratory technique is the axis translation technique (ATT), which
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utilises high-air-entry ceramic disks in a pressure plate device. This method can cover

matric suctions reaching 1500 kPa (i.e. to the air-entry value of the ceramic disk). How-

ever, when a high range of suction is required, a controlled relative humidity environment

(i.e. vapour equilibrium technique, or VET) is used to apply total suction. This tech-

nique provides a total suction up to more than 250,000 kPa depending on the type and

concentration of salt used (Agus, 2005; Lins, 2009; Al-Badran, 2011; Fredlund et al., 2012).

In general, the SWCC consists of two main parts (i.e. the drying path and the wetting

path). To determine the drying path, the applied suction is increased incrementally on

the initially fully saturated sample under zero net vertical stress (i.e. unconfined, such as

using the pressure plate apparatus), or under any specific net vertical stress (i.e. isotropic,

or one-dimensional compression, such as using a Oedometer-suction controlled cell). The

volume and the amount of water in the saturated sample are slightly decreased as the suc-

tion increases until the air-entry value suction is reached ψaev (i.e. the saturation zone).

Then, as the suction increases, the volume and the amount of water significantly decrease

along a drying path (i.e. transition zone) until the residual suction ψres is reached. After

that, the increases in applied suction cause relatively no change in the volume or amount

of water of the soil sample (i.e. the residual zone). Usually, the drying path is completed

at oven-dried condition of the soil specimen.

The wetting path is a process in which the water content of the soil increases incremen-

tally with a decrease in the applied suction on an initially oven-dried sample (Figure 2.15).

The SWCC results for unsaturated soils are normally plotted from a low suction value

(e.g. 0.1 kPa) to the maximum value of 106 kPa (Croney & Coleman, 1961; Fredlund &

Rahardjo, 1993; Fredlund et al., 2012).

Figure 2.15 shows the typical drying and wetting paths of the SWCC. From this figure,

three stages of desaturation can be observed: the boundary effect stage, the transition

stage (i.e. both primary and secondary) and the residual stage. The air-entry value sepa-

rates the boundary effect stage and the transition stage. The soil type, mineralogy, stress

histories, the initial state and the method of specimen preparation have a considerable

effect on the datasets and behaviour of the SWCC. Moreover, to establish reliable analy-

sis for the SWCC, best fit for the datasets is required (Fredlund & Xing, 1994; Fredlund

et al., 2012).
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Figure 2.15.: Definition of variables associated with a typical SWCC (Fredlund et al.,

2012).

2.10.3. Hysteresis in SWCC

Klausner (1991); Feng & Fredlund (1999); Pham et al. (2002, 2003, 2005); Tami et al.

(2004) investigated hysteresis associated with the SWCC. These researchers concluded

that the desorption (i.e. drying) and adsorption (i.e. wetting) curves of the SWCC are

significantly different due to hysteresis.

The hysteresis loop denotes that there is no single or unique SWCC, and the wetting and

drying paths are defined by extreme limits of the water content versus the soil suction

relationship as shown in Figure 2.16 (Fredlund et al., 2012). Moreover, Fredlund et al.

(2012) indicated that ”there are an infinite number of intermediate drying and wetting

scanning curves that bridge between the wetting and drying curves” (see Figure ??).

Pham et al. (2002, 2003) used many data sets of different soil types reported in the

literatures for theoretical analyzing of hysteresis phenomenon in SWCC. The data analysis

shows that the amount of hysteresis can be primarily estimated from the difference in

water content between the hysteresis loops at the inflection points.

Hysteresis (i.e. the distance between the drying and wetting curves) also differs depending

on the soil type. Moreover, the results indicate that the bounding drying curve and

the bounding wetting curve seem to be parallel on a semilog diagram. This finding

corroborates the simplified model proposed by Feng & Fredlund (1999).
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Figure 2.16.: Bounding and scanning curves used to define the drying and wetting of

unsaturated soil (Pham et al., 2003).

2.11. Permeability coefficient of unsaturated soils

In saturated soil, the permeability coefficient of soil samples can be determined by direct

experimental measurements (i.e. the constant head test or the falling head test) using

Darcy’s low to analyse the flow through the soil media as follows:

k =
q

iA
(2.11)

where: k= the permeability coefficient for saturated soil, q = the flow rate, A= the cross-

sectional area of the specimen normal to the direction of flow, i= hydraulic gradient.

In unsaturated soil, determining the permeability coefficient is quite difficult and time

consuming. Brooks & Corey (1964); Van Genuchten (1980); Fredlund & Xing (1994);

Leong & Rahardjo (1997) proposed statistical models for geotechnical engineering appli-

cations. In this section the model devised by Brooks & Corey (1964) is presented as one

of the earliest approaches for modelling the SWCC.

Brooks & Corey (1964) proposed an empirical model to estimate the permeability coeffi-

cient based on the SWCC of the soil. The model parameters are defined in Figure 2.17,

and the empirical model consists of two parts:

-The permeability below the air-entry value of the soil is equal to the saturated coefficient
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of permeability:

kw = k for ua − uw 6 (ua − uw)b (2.12)

-The permeability above the air-entry value of the soil: the Brooks & Corey (1964) model

can be written as:

kw = k

{
(ua − uw)b
(ua − uw)

}2+3λ

for ua − uw > (ua − uw)b (2.13)

where: kw = unsaturated coefficient of permeability, k = saturated coefficient of perme-

ability, (ua−uw) = matric suction, (ua−uw)b = air-entry value, λ = pore-size distribution

index defined as the negative slope of the effective degree of saturation and equal to:

λ = [ ∆logSe

∆log(ua−uw)
], se = [∆S−Sr

1−Sr
]

where: se= effective degree of saturation and sr= residual degree of saturation.
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(1964) as cited in Ng & Menzies (2007)).
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2.12. Stabilization and improvement

Many attempts have been made to improve the geotechnical properties of collapsible

soils, and several researchers have been searching for the most suitable methods to sta-

bilise soil.

Terzaghi et al. (1996) defined ground improvement as follows: It includes ”any proce-

dures undertaken to increase the strength, decrease the permeability or compressibility,

or otherwise render the physical properties of soil more suitable for engineering use. The

improvement is accomplished in most instances by drainage, compaction or preloading”.

They added that ”the most suitable depends principally on the type of soil to be improved

and on whether the soil is being placed as a fill or is to be treated in its present location”.

Das (1984) showed that the improvement of soil is usually carried out to accomplish any

of the following goals:

-Reduce the settlement of structures

-Improve the shear strength of soil and thus increase the bearing capacity of shallow foun-

dations

-Prevent possible slope failure of embankments and earth dams and

-Reduce the shrinkage and swelling characteristics of soils.

Houston et al. (2001) pointed out that there are different types of improvement tech-

niques, and choosing the most appropriate one depends on the following factors:

-When a collapsibility problem is discovered in the soil, whether during investigation,

construction or after the construction

-The type of applied stress, whether it is an overburden or a structural load

-The depth of improvement, usually depending on the depth of the collapsible soil layer

-The sources of wetting and

-Mitigation costs.

Soil stabilisation and property improvement were summarised and described by several

authors such as:Clemence & Finbarr (1981); Bowles (1984); Rollins & Rogers (1994);

Lefebvre (1995); Terzaghi et al. (1996); Pengelly et al. (1997); Houston et al. (2001); Al-

Obaidi (2003); Jefferson et al. (2005); Rollings & Kim (2011).

Houston et al. (2001); Jefferson et al. (2005) provided an overview of the most frequent

improvement techniques that can be used to treat collapsible soils and reduce/remove its

collapse potential. Jefferson & Rogers (2012) outlined these techniques as shown in Table

2.4.
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Table 2.4.: Methods of treating collapsible loess ground (Jefferson et al., 2005) and as

cited in (Jefferson & Rogers, 2012).

Depth

(m)

Treatment method Comments

0-1.5

Surface compaction via vibra-

tory rollers, light tampers

Economical., but requires careful site control,

e.g. limits on water content

Pre-wetting(inundation) Can effectively treat thicker deposits but needs

large volumes of water and time

Vibrofloatation Needs careful site control

1.5-10

Vibrocompaction (stone

columns, concrete columns,

encased stone columns)

Cheaper than conventional piles but requires

careful site control and assessment. If uncased,

stone columns may fail with loss of lateral sup-

port on collapse

Dynamic compaction; rapid im-

pact compaction

Simple and easily understood but requires care

with water content and vibrations produced

Explosions Safety issues need to be addressed

Compaction pile Needs careful site control

Grouting Flexible but may adversely affect the environ-

ment

Ponding/inundation/pre-

wetting

Difficult to control effective of compression

produced

Soil mixing lime/cement Convenient and gains strength with time. Var-

ious environmental and safety aspects, and the

chemical controls on reactions need to be as-

sessed

Heat treatment Expensive

Chemical methods Flexible; relatively expensive

> 10
As for 1.5-10 m, some tech-

niques may have a limited effect

(See above)

Pile foundations High bearing capacity but expensive

However, Grigoryan (1997) reported that the bearing capacity of piles installed in col-

lapsible soils can be lost and excessive settlements can be recorded due to the effect of
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negative skin friction that occurs immediately after wetting. In addition, the presence

of a collapsible layer may adversely affect the performance of piles during the life of a

building.(Bally, 1988; Popescu, 1992; Chen et al., 2008; Kakoli, 2011) provided further

details on the general behaviour of piles in collapsible soils.

Many experimental studies in Iraq illustrated how collapsible soil, especially gypseous soil,

has been successfully treated, and the collapse potential has been reduced to an acceptable

amount. Most of these studies have assessed the effects of chemicals, oil derivatives and

fine materials as additives to gypseous soil using the re-compaction method. Such stud-

ies include Seleam (1988)(Kerosene; Gas oil); Al-Busoda (1999)(Calcium chloride); Al-

Abdullah et al. (2000)(Bentonite); Hassan (2000) (Emulsified asphalt); Al-Obaidi (2003)

(Powder of glass sand; Powder of ceramic); Fattah et al. (2012) (Dynamic compaction)

and Karim et al. (2012).

2.13. Summary

Collapsible soils are considered to be problematic soils that are directly affected by the

wetting process regardless of the water source. The main property of collapsible soils is a

metastable structure along with a high void ratio and low density. Moreover, these soils

show a major collapse potential and a significant reduction in compressibility and shear

resistance upon the wetting process and the leaching phenomenon.

The reduction in the volume of the soil mass results from the destruction of the cementa-

tion bonds, as in case of gypseous soil, and due to the softening and rearrangement of the

soil fabric to a denser state, as in case of loess soil. The common procedure for measur-

ing the collapse potential is using single step wetting (i.e. single and double-Oedometer

collapse tests). In nature, the single step wetting process may not occur. Therefore the

incremental wetting procedure under constant net vertical stress-suction controlled tests

is more satisfy with field conditions.

Furthermore, to investigate and solve the flow problem in unsaturated soils, the relation-

ship between the amount of water in a soil and soil suction in terms of the soil water

characteristics curve (SWCC) is required. To cover the entire suction range of soil, a

combination of two techniques should be used to determine the SWCC.

Several treatment techniques have been proposed to improve collapsible soil behaviour,

such as layer recompaction, grouting, chemical additives, prewetting and the use of deep

piles.

However, based on the literature review, there is still a lack of knowledge and open ques-
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tions concerning the behaviour of collapsible soils. In the following chapters, this study

addresses the following research questions:

-What is the effect of wide range variation in suction on the collapse potential of collapsi-

ble soils, especially natural and artificial gypseous soil?

-What is the hydro-mechanical behaviour of collapsible soils, especially in terms of the

SWCC and the unsaturated coefficient of permeability?

-How do the mineralogy, microstructure and collapsibility of unsaturated soil mass during

multi-steps wetting-suction degreases and leaching states?

-How do the distribution of the water content and the variation in suction behave, and

where is the critical collapse zone in a large-scale soil sample?

-Which factors affect the selection of suitable soil improvements techniques?



3. Material characterization and

experimental program

3.1. Introduction

This chapter covers the site investigation, types of the selected soil samples which are

used in this research and their basic characteristics. The physical and chemical properties

of the selected soils are summarized in order to provide an overview of their specifications

and for better understanding when analyze and discuss of the advanced tests results. The

detailed description of the experimental program is also included. The initial conditions

of soil samples and the stress paths that were followed for the advance tests are also an

aim for this chapter.

3.2. Site investigation and soil used

In order to enable a good understanding for the behaviour of the collapsible soils, three

types of these soils were used in the experimental program of this work. Two of these

soils are samples of natural occurrences, e.g. Gypseous soil (GI) and Loess soil (LG). The

third sample is mixture of the 70% artificial gypsum-30% Silber sand (70G30S).

3.2.1. Gypseous soil (GI)

According to the map of gypseous soil distribution in the world reported by the United

Nations, Food and Agriculture Organization (FAO, 1990) as shown in Figure 2.1,the major

areas of gypseous soils in the Middle East can be found in Iraq. However, large parts of

Iraqi areas are covered with gypseous soil especially west, northwest and southwest regions.

According to the exploratory soil map of Iraq reported by Buringh (1960) as shown in

47
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Figure 3.1, and regarding to the geotechnical studies carried out by Seleam (1988); Al-

Obaidi (2003); Al-Sharrad (2003); Al-Kaabi (2007), a highly gypseous soil deposits can

be found near Al-Ramadi city in Al-Anbar governorate. This region is mixed gypsiferous

desert land with gypsum content of more than 60% as mentioned in the legend no.17 of

Figure 3.1.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Gypseous 
soil (GI)  

Figure 3.1.: Exploratory soil map of Iraq reported by Buringh and published by Ministry

of Agriculture, Baghdad, Iraq 1957.
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Moreover, it is considered as a semi arid to arid region with very high temperature and

low rains in all seasons. The investigated site is chosen in the west of Euphrates River,

six kilometers northwest of Al-Ramadi city especially close to Al-Anbar University (i.e.

33o N, 43o E; 135 km west of Baghdad). The reasons for selecting this site are due to the

observation of cracks in many buildings which have been constructed on highly gypseous

soils layers, and because of the perceived risk for the possibility of formation the caverns

under the foundation of these building as a result of the leaching process of gypsum by

ground water fluctuation, surface water percolation and broken of sewage water pipes.

As a general description of the soil layer, it consists of medium to stiff, light to reddish

brown sitly sand with high gypsum content. The investigated depth is 1 m below the

natural ground surface. The ground water table is at depth of more than 1.5 m from the

natural surface. It is worth mentioned that the gypsum is encountered in the form of

agglomerations and sometimes in the form of crystals or white particles. Also gypsum is

observed as bonding material among the soil particles.

Field measurements found that the investigated soil layer has a low density with very low

moisture content which could reach to zero. Due the difficulties in obtaining undisturbed

soil samples, disturbed soil samples are extracted then packed in double nylon bags and

transported to the soil and rocks laboratory of the Ruhr Universität Bochum, Germany,

for testing.

The symbol GI will be used in this research when referring to gypseous soil, where: G

referring to gypseous and I referring to Iraq.

3.2.2. Loess soil (LG)

According to the loess soil distribution map in the world reported by Pecsi (1990) and

cited in Smalley et al. (2011) (Figure 2.3), and the loess soil distribution map in Europe

reported by Haase et al. (2007), in addition to the geotechnical investigation carried out by

Wagner (2011), it is obviously noted that large parts of Germany consist of loess deposits

of thickness ranging between 2 to 20 m. Moreover, according to soil/rock distribution

map of Germany (i.e. BAG5000, 2008BGR) in Figure 3.2 and based on the estimations of

the soil information system (i.e. 1:1.000.000, BÜK 1000 Vers. 1.0, Digitales Archiv FISBo

BGR) published by Federal Institute for Geosciences and Natural Resources (BGR) in

Germany, the loess soil covers an area of about 56.000 Km2 representing 15.5% of the

total area of Germany.

Saxony region including the city of Dresden (selected site) contains wide area of loess soil

and is considered as a non-arid region with low temperature and high rains in all seasons.
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Figure 3.2.: Soil/Rock distribution map of Germany, (all rights reserved to Federal Insti-

tute for Geosciences and Natural Resources (BGR, 2008) in Germany).

The investigated site is chosen in the northwest of Dresden city especially close to 01623

Leuben-Schleinitz, OT Graupzip, Ziegelwerk Huber (i.e. 51o N, 13o E; 225 km south of

Berlin).

This site has been selected due to the rich information available about the presence of

loess soil in site area, in addition to some industrial factories located there where the

collapse deformation of loess soil represents a big challenge.

This soil layer consists of medium to stiff, dark to reddish brown clayey Silt soil with

organic materials appear as black spots with some roots of plant. The ground water table

is located at less than 1.0 m from the natural ground surface.

Disturbed and undisturbed soil samples are extracted from 0.5 m depth below the ground
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surface. Then, the samples are packed in double nylon bags and transported to the soil

and rocks laboratory of the Ruhr Universität Bochum, Germany for testing.

Field measurements found that the soil layer has a high density with high moisture content

that could reach up to 20%. The symbol LG will be used in this research to refer to Loess

soil, where: L referring to loess and G referring to Germany.

3.2.3. Artificial gypsum-Silber sand mixture (70G30S)

The mixture of the 70% artificial gypsum-30% Silber sand 70G30S is used in order to

investigate the difference in the geotechnical behaviour between the naturally and artifi-

cially occurrence of gypsum as a cementing material within soil structure.

Artificially pure gypsum CaSO4.2H2O (produced by Alfa Aesar GmbHCo.KGA Johanson

Matthey Company, Germany) of 70% dry weight is added to 30% dry weight of Silber

sand passing sieve size of 1.0 mm. The two materials were carefully mixed at dry state.

In this research, recompacted soil samples were used for all the tests. Dry density was

varied regarding to the initial conditions and stress path and the moisture content was

the hygroscopic value.

3.3. Basic characteristics of the investigated soils

The basic characteristics of the investigated soils include the determination of the physical

properties, chemical and elementary characteristics (ESEM-EDX) analysis.

3.3.1. Physical properties

Physical properties like water content, specific gravity, particle size distribution, Atter-

berg’s limits (liquid limit and plastic limit), field density, relative density and compaction

properties were investigated.

The summary of physical tests results is shown in Table 3.1. The following sections discuss

their determination techniques.
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Table 3.1.: Summary of physical soil properties

Property Gypseous soil Loess soil Mixed soil Silber sand

Natural water content (%) 0.25 20 - -

Hygroscopic water content (%) 0.25 2.5 0.25 -

Atterberg’s limits

LL(%) - 28.2 - -

PL(%) - 16.8 - -

PI(%) - 11.4 - -

Specific gravity(Gs)

With water 2.37 2.63 2.41 2.65

With kerosene 2.35 - 2.4 -

In place dry density(g/cm3) 1.3 1.6 - -

Standard compaction test

Maximum dry density(g/cm3) 1.7 1.74 1.69 1.58

Optimum water content(%) 8.0 16.4 12.85 17.8

Relative density(%) 82 - - -

emax.(−) 1.28 - - 0.901

emin.(−) 0.69 - - 0.556

efield(−) 0.81 0.64 - -

Particle size analysis

(DIN18123-1996-with water)

d10(mm) 0.019 - 0.018 0.15

d30(mm) 0.037 0.0085 0.032 0.18

d60(mm) 0.22 0.035 0.35 0.3

CU(−) 11.58 - 19.4 2.0

CC(−) 0.33 - 0.16 0.72

Passing sieve (0.125mm) 33.3,39.3,43.3 97,-,99 21.6,43.2,74.1 3,-,-

(dry, kerosene, water)(%)

Passing sieve (0.075mm) 18.1,22.1,33.2 90,-,98 7.4,35.5,71.8 -

(dry, kerosene, water)(%)

Classification clayey sandy

SILT

clayey

SILT

sandy clayey

SILT

fine

SAND

Gypsum content(%) 70 0 70 0
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3.3.1.1. Water content

The water content was determined by oven drying according to method described in

ASTMD2216 (2010) standard. In this study, a standard drying temperature of 105oC

was used for LG soil, while a drying temperature of 45oC was used for both GI and

70G30S soils. The reason behind using drying temperature of 45oC is to reduce the degree

of dehydration of gypsum in those materials containing calcium sulfate as CaSO4.2H2O

or to reduce decomposition in highly/fibrous organic soils. Porta (1998); Al-Mufty &

Nashat (2000); Al-Obaidi (2003) and others recommended that the drying temperature of

gypseous soil should not exceeded 40-50oC to avoid gypsum transformation. Hygroscopic

water content was considered as the initial water content for all soil samples.

3.3.1.2. Specific gravity (Gs)

The specific gravity was determined according to method described in ASTMD854 (2010)

standard. Distilled water is normally used for specific gravity determination, but Kerosene

is recommended instead of distilled water when the soil specimens contain a significant

fraction of organic matter or gypsum material (Head, 1980; Seleam, 1988; Al-Obaidi, 2003;

ASTMD854, 2010).

In this study, distilled water was used for specific gravity determination of LG soil. For

GI and 70G30S soils both of distilled water and Kerosene were separately used. No

significant difference in the values of specific gravity was observed when using distilled

water or Kerosene for both specimens.

3.3.1.3. Particle size analysis

Many researches in the literature indicate that there are considerable difficulties and sig-

nificant challenges in the determination of particle size distribution and soil classification

of gypseous soil when standard test methods are used. Actually there are two problems

associated with the determination of the particle size distribution. The first is the gyp-

sum being semi-soluble and dissolved in water when the soil is washed on sieve during the

preparation for the hydrometer test. In the hydrometer test, after sieve washing, the rest

part of gypsum might be dissolved during the test itself causing an error in the density of

soil water mixture. Also the dissolved gypsum may acts as a flocculating agent around the

silt and clay particles and causes rapid settlement (Hesse, 1976; Vieillefon, 1979; Seleam,

1988; Porta & Herrero, 1990; Poch, 1992; Al-Mufty, 1997; Porta, 1998). Therefore, when
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the soil is rich with gypsum the hydrometer analysis becomes meaningless. However,

when the soil contains low amount of gypsum (i.e.10%) or when gypsum grains are larger

than 0.075 mm with high clay content, the problem arises from gypsum dissolution is

decays and can be neglected (Al-Abdullah, 1995; Porta, 1998).

In many cases, treatment of soils is required before hydrometer analysis especially with

those of high amount of gypsum content. One treatment method is to remove the gypsum

before hydrometer analysis by washing the soil with distilled water or with other liquid

(Taha, 1979; Al-Kashab, 1981; Rivers et al., 1982; Stern et al., 1989). The removal of

gypsum leads to meaningless results and being unrelated to the actual physical behaviour

of the soil as gypsum is an actual component of it (Porta, 1998). Some other types of

treatments have been used such as treating the soil with hot dilute HCl (Nashat, 1990),

blockage of gypsum dissolution which consisting of coating gypsum particles with a thin

layer of BaSO4 after treatment of the sample with BaCl2, and increasing the amount of

dispersing agent (Poch, 1992). In fact, any type of gypseous soil treatment may result

in an over or under estimation for the grain size distribution. Therefore, Horta (1980)

suggested that dry sieve analysis would be significant only at a level of 0.075 mm sieve.

In the present study, the particle size analysis for GI, 70G30S, LG and Silber sand soil

were investigated according to DIN18123 (1996) and ASTMD422 (1963) standards. The

results are shown in Figure 3.3 and summarized in Table 3.1.

For GI and 70G30S soils, the particle size analysis was carried out by using three methods:

dry sieving, washing with water then sedimentation using hydrometer and washing with

Kerosene. The test results showed that the finer percentage (i.e. passing sieve size 0.125

mm according to DIN18123 (1996) standard and passing sieve size 0.075 mm according

to ASTMD422 (1963) standard) increases at washing. This is due to two reasons, the

first is that the fine particles of gypsum (especially for GI soil) were originally coalesced

and crystallized around the silt and clay particles, forming larger grains which cannot

pass through a small sieve openings. The second is that the dry fine particles of gypsum

(especially for 70G30S soil) try to close the opening size of sieves due to its high surface

area. Furthermore, for both soils containing gypsum material and according to both stan-

dards, the finer percentage by washing with water was larger than the finer percentage

by washing with Kerosene. This is because the gypsum particles are able to disintegrate,

dissolve and suspend in water faster than their ability in Kerosene. On the other hand,

non reliable hydrometer analysis is obtained because the high value of dissolved gypsum

acts as a flocculating agent around the silt and clay particles causing rapid settlement,

see Figures 3.3a, 3.3b and 3.4. For LG soil the standard particle size analysis was carried

out without any problem, see Figure 3.3c and 3.4.
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Figure 3.3.: Particle size distributions for: (a) GI, (b) 70G30S and (c) LG soils.
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Figure 3.4.: Sedimentation of soil particles in water and Kerosene within four minutes

after mixing.

3.3.1.4. Atterberg’s limits (liquid limit and plastic limit)

The Atterberg’s limits were determined according to the method described in ASTMD4318

(2010) standard. In this study, loess soil (LG) showed sufficient plastic behaviour, while

non plastic behaviour is observed for both gypseous soil (GI) and mixed soil of artifi-

cial gypsum-Silber sand (70G30S), see Table 3.1. It is worth to mention that for highly

gypseous soils, the Atterbergâs limits become insignificant or non-existent especially with

low clay content. This is because as gypsum content increases the soil becomes friable

and alkaline causing extreme changes in plasticity characteristics of soil

3.3.1.5. Density and compaction properties

Field density for both loess and gypseous soils were determined according to ASTMD2937

(2000) standard, while the relative density test was carried out on the gypseous soil sample

according to DIN18126 (1996) standard. The standard compaction test for the three types

of selected soil samples were carried out according to the Proctor method described in

ASTMD1557 (2012) standard. The results of density and compaction properties are

shown in Figure 3.5 and Table 3.1.
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Figure 3.5.: Standard Proctor compaction curve for GI, 70G30S and LG soils.

3.3.2. Chemical and elementary characteristics

3.3.2.1. Chemical compositions

The chemical compositions analysis for gypseous soil (GI) and loess soil (LG) were car-

ried out in the Chemical Department laboratory, Ruhr Universität Bochum, Germany

as shown in Table 3.2. The data of chemical compositions for mixted soil of artificial

gypsum-Silber sand 70G30S are obtained separately for pure gypsum CaSO4.2H2O and

Silber sand from the manufacturing companies provided these materials as shown in Table

3.3.

Table 3.2.: Chemical analysis for gypseous soil (GI) and loess soil (LG).

Soil type Na K Mg Ca Cl Nitrate Sulfate S

(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)

Gypseous 15.6 5.7 6.7 689 42.4 47.1 1780 20.3

Loess 14.3 1.6 3.3 17.2 0.2 < 0.1 5.9 0.02
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Table 3.3.: Chemical analysis for Silber sand and Calcium sulfate.

Silber Sand(1)

SiO2 Fe2O3 Al2O3 TiO2 Loss on Ig-

nition

99% 0.05% 0.3% 0.08% 0.2%

Calcium sulfate(2)
Assay Iron Fluoride Solubility in wa-

ter at 100oC

Loss on

drying

100.3% < 100ppm < 30ppm 2.22 (g/l) 20.6%

(1)Source: Quarzwerke GmbH in Frechen.www.Quazwerke.com

(2)Source: Alfa Aesar GmbHCo.KG A Johanson Matthey Company.www.alfa.com

3.3.2.2. Gypsum content determination

Gypsum in soil can be uniformly distributed, isolated in the soil structure or crystallized

in different forms. The chemical composition of gypsum in soil is commonly in hydra-

tion form CaSO4.2H2O when the temperature does not exceed 50oC. Several methods

of gypsum identification and determination have been developed, each one with its own

limitations. A simple review for most of these methods is given in Bower & Huss (1948);

Hesse (1976); Porta et al. (1986); ISRIC (1987); Skarie et al. (1987); Abbas (1995); Porta

(1998). The summary of the most important methods is:

1. Wet chemical method: In this method all the gypsum of the sample must be dis-

solved in water. Due to its low solubility in water 2.6 g/l at 25oC a low soil-water ratio

will be required. When all the gypsum of the sample has been dissolved, it is possible to

analyze SO−2
4 content or Ca+2 content to calculate the original amount of gypsum in the

sample (Porta, 1998).

2. Thermogravimetric method: This method is based on the loss of weight as a

result of heating the highly gypseous soil. The lost of weight is due to the dehydratation

of gypsum (Poch, 1992). This method has been developed by Al-Mufty & Nashat (2000).

They explained that gypsum content can be easily estimated by oven drying of the soil

specimen at 45oC temperature until the specimen weight becomes constant, the weight

is recorded. Then, the same specimen is dried at 105oC temperature and the weight is

recorded again. The gypsum content can be calculated as follow:
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χ′(%) =

[
W45oC −W105oC

W45oC

]
× C × 100 (3.1)

where: χ′ = gypsum content(%), W45oC = weight of dried soil specimen at 45oC, W105oC

= weight of dried soil specimen at 105oC and C= Constant,4.778.

It is important to mention that this method is deployed in this study for gypsum content

determination, see Table 3.1.

3. X-ray diffraction techniques: This method can be used for qualitative identifica-

tion of gypsum on oriented samples. Nevertheless, inaccurate gypsum content determi-

nation was obtained when using this method due to the preferred orientation of gypsum

crystallites (Khan & Webster, 1968; Porta, 1975, 1998).

3.3.2.3. Elementary characteristics (ESEM-EDX) analysis

The environmental scanning electron microscopy (ESEM) analysis in combination with

an energy dispersive X-ray analyzer (EDX), has been used to study the elementary char-

acteristics and micro-fabrics of soils with gypsum, as well as for chemical analysis.

The energy dispersive X-ray analyzer (EDX) provides a quantification and identification

of particular elements and their relative proportions. The specimen size is very small (i.e.

less than 3 mm in diameter or as powder), therefore, the environment of the specimen

can be varied through a range of pressure, temperature, gas composition, initial water

content, initial suction and humidity (Herrero, 1987; Poch, 1992; Porta, 1998).

The ESEM-EDX analysis of the selected soil specimens were carried out in the Depart-

ment of Analytical Chemistry and Center for Electrochemistry laboratory, Ruhr Univer-

sität Bochum, Germany. Environmental scanning electron microscope device type Quanta

3D FEG from FEITM was used as in Figure 3.6.

The soil specimens of gypseous soil (GI), mixed soil of artificial gypsum-Silber sand

(70G30S) and loess soil (LG) were tested at initial dry density and at oven dry state.

The ESEM-EDX analysis and the effect of inundation and leaching processes on the mi-

crostructure and fabric of the selected soils are given in chapter five and appendix C.
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Figure 3.6.: ESEM-EDX analysis device type (Quanta 3D FEG) from FEITM .

3.4. Experimental program

In order to investigate the collapse behaviour of the three different unsaturated soils, the

experimental program is divided into three main categories: (i) Basic characteristics, (ii)

Volume change behaviour and (iii) Hydro-mechanical investigation. The summary of the

experimental program is explained as a flow chart in Figure 3.7. Moreover, the detailed

description of the experimental program is illustrated in following subsections:

3.4.1. Basic characteristics

The basic properties including the determination of physical, chemical and elementary

characteristics of the studied soils were described in the section 3.3 above.

3.4.2. Volume change without suction control

3.4.2.1. Consolidation test

The one dimensional consolidation tests were carried out on the three selected soils ac-

cording to method described in ASTMD2435 (1996) standard.
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Figure 3.7.: Flow chart of the experimental program.
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3.4.2.2. Collapse test

The collapse mechanism and collapse potential of gypseous soil, loess soil and mixed soil

were investigated by carrying out a series of collapse tests using the conventional Oedome-

ter device without suction control. Two methods were used to perform this test. The first

is the single oedometer test method (SOT), using single step suction decrease (i.e. single

step wetting). The collapse potential was determined under different boundary conditions

like: value of wetting vertical stress, initial void ratio and initial degree of saturation. The

second is the double Oedometer test method (DOT) using two identical soil specimens.

The summary of volume change tests without suction control and specimenâs conditions

are explained in Table 3.4.

3.4.3. Volume change under suction control

To investigate the volume change and collapse behaviour of unsaturated soils under suction

control, a series of constant net stress-control suction (wetting and drying) tests have

been carried out. To achieve the full range of entire soil suction, a combination of two

techniques has been used. The first one is axis translation technique using UPC-Barcelona

cell for suction ranging from zero to 1500 kPa. The second technique is vapor equilibrium

technique using modified UPC-Isochoric cell with Oedometer frame for suction range of

more than 2000 kPa. The pore water pressure-volumetric water content distribution and

critical collapse zone were investigated by using soil-column testing device. However,

it is worth mentioned that the experimental program concerning volume change of soil

specimen under suction control is greatly restricted by soil type, time consuming to reach

the equilibrium and the specifications of the device used.

3.4.3.1. Constant net vertical stress-suction decreases (wetting-collapse) test

Intensive experimental program of constant net stress with multi-step suction decrease

(wetting-collapse) test (CNWT) were performed on the three types of unsaturated soils.

The test specimen was recompacted in the cell ring at initial suction (i.e. unsaturated

state). Each soil specimen was tested separately under a range of constant net stress

with decreasing suction from initial value to zero (i.e. saturated state). The initial states

for soil specimens and the stress paths for each test are shown in Tables 3.5 and 3.6

respectively.
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3.4.3.2. Constant net stress-suction increases (drying) test

In order to investigate the volume change behaviour when the soil gradually transferred

from saturated to unsaturated state, constant net stress with multi-step suction increase

(drying) test (CNDT) have been done. One test was performed for each soil under con-

stant net stress of 200 kPa. The initial states for soil specimens and the stress paths for

each test are shown in Tables 3.5 and 3.7 respectively.

Table 3.4.: Summary of volume change tests without suction control.

Nr. Soil type γd−initial winitial Srinitial einitial wetting stress

[g/cm3] [%] [%] [kPa]

1 Gypseous 1.3 0.25 0 0.81 -

2 Gypseous 1.3 0.25 0 0.81 25

3 Gypseous 1.3 0.25 0 0.81 50

4 Gypseous 1.3 0.25 0 0.81 100

5 Gypseous 1.3 0.25 0 0.81 200

6 Gypseous 1.3 0.25 0 0.81 400

7 Gypseous 1.3 0.25 0 0.81 800

8 Gypseous 1.0 0.25 0 1.35 200

9 Gypseous 1.2 0.25 0 0.96 200

10 Gypseous 1.4 0.25 0 0.68 200

11 Gypseous 1.3 6.9 20 0.81 200

12 Gypseous 1.3 13.8 40 0.81 200

13 Gypseous 1.3 20.6 60 0.81 200

14 Gypseous 1.3 0.25 0 0.81 25-800

15 Mixed 1.3 0.25 0 0.85 -

16 Mixed 1.3 0.25 0 0.85 25

17 Mixed 1.3 0.25 0 0.85 50

18 Mixed 1.3 0.25 0 0.85 100

19 Mixed 1.3 0.25 0 0.85 200

20 Mixed 1.3 0.25 0 0.85 400

21 Mixed 1.3 0.25 0 0.85 800

22 Mixed 1.0 0.25 0 1.4 200

23 Mixed 1.2 0.25 0 1.0 200

24 Mixed 1.4 0.25 0 0.7 200

25 Mixed 1.3 6.7 20 0.85 200
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26 Mixed 1.3 13.5 40 0.85 200

27 Mixed 1.3 20.3 60 0.85 200

28 Mixed 1.3 0.25 0 0.85 25-800

29 Loess 1.6 2.5 10 0.64 -

30 Loess 1.6 2.5 10 0.64 25

31 Loess 1.6 2.5 10 0.64 50

32 Loess 1.6 2.5 10 0.64 100

33 Loess 1.6 2.5 10 0.64 200

34 Loess 1.6 2.5 10 0.64 400

35 Loess 1.6 2.5 10 0.64 800

36 Loess 1.05 2.5 10 1.51 200

37 Loess 1.39 2.5 10 0.88 200

38 Loess 1.74 2.5 10 0.51 200

39 Loess 1.6 4.8 22 0.64 200

40 Loess 1.6 9.7 30 064 200

41 Loess 1.6 14.6 57 064 200

42 Loess 1.6 2.5 10 0.64 25-800

Table 3.5.: Summary of volume change tests under suction control.

Nr. Soil type γd−initial winitial Srinitial einitial Net stress

[g/cm3] [%] [%] [kPa]

1 Gypseous 1.3 0.25 0 0.81 50

2 Gypseous 1.3 0.25 0 0.81 100

3 Gypseous 1.3 0.25 0 0.81 200

4 Gypseous 1.3 0.25 0 0.81 400

5 Gypseous 1.3 0.25 0 0.81 800

6 Gypseous 1.3 34 100 0.81 200

7 Mixed 1.3 0.25 0 0.81 200

8 Mixed 1.3 34 100 0.81 200

9 Loess 1.6 2.5 10 0.64 50

10 Loess 1.6 2.5 10 0.64 100

11 Loess 1.6 2.5 10 0.64 200

12 Loess 1.6 2.5 10 0.64 400

13 Loess 1.6 2.5 10 0.64 800

14 Loess 1.6 24 100 0.64 200
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Table 3.6.: Stress path of constant net stress-(wetting-collapse) test.

Technique VET∗∗ ATT

Net stress [kPa]
PWP[kPa] 0 0 0 10 10 10 10 10 10 10

Suction[kPa] 58000 16500 6100 800 400 200 100 50 25 0

50
GI

√ √ √ √ √ √
-

√
-
√

LG
√ √ √ √ √ √

-
√

-
√

100
GI

√ √ √ √ √ √
-

√
-
√

LG
√ √ √ √ √ √

-
√

-
√

200

GI
√ √ √ √ √ √

-
√

-
√

(70G30S)
√ √ √ √ √ √

-
√

-
√

LG
√ √ √ √ √ √

-
√

-
√

400
GI

√ √ √
700∗

√ √
-

√
-
√

LG
√ √ √ √ √ √

-
√

-
√

800
GI

√ √ √
-* -*

√ √ √ √ √

LG
√ √ √

-* -*
√ √ √ √ √

*Limitation of air pressure system. **Average value of vapour suction.

Table 3.7.: Stress path of constant net stress-(drying) test.

Technique ATT VET∗∗

Net stress [kPa]
PWP[kPa] 10 10 10 10 10 0 0 0

Suction[kPa] 0 50 200 400 800 6100 16500 58000

200

GI
√ √ √ √ √ √ √ √

(70G30S)
√ √ √ √ √ √ √ √

LG
√ √ √ √ √ √ √ √

**Average value of vapour suction.

3.4.3.3. Soil-Column test

Soil column testing device was used to perform the controlled matric suction-pore-water

pressure-volumetric water content measurements for gypseous soil GI. The main goal of

this test is to investigate the pore-water pressure-volumetric water content distribution

and critical collapse zone through a big soil sample with volume size of more than 10000

cm3. Moreover, the collapse deformation due to the wetting (i.e. suction decreases) is also

recorded. The initial condition of the soil sample and the followed stress path is shown

in Table 3.8.
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Table 3.8.: Stress path and initial condition of soil-column test.

Stress path Suction decreases-Wetting

Pore-water pressure, [kPa] 10 10 10

Matric suction,[kPa] 20 10 0

Setting load, [kPa] 2.3

Initial dry density, [g/cm3] 1.1

Initial void ratio, [-] 1.14

Initial average volumetric water content, [%] 6.5

Initial average suction, [kPa]* -33.2
*Average measurements of three level Tensiometers.

3.4.4. Total suction

The total suction of soil samples were measured using the chilled-mirror hygrometer which

uses a dew-point measurement method according to ASTMD6836 (2008) standard. The

total initial suction at hygroscopic water content for GI, 70G30S and LG were 139280

kPa, 198016 kPa and 111311 kPa respectively.

3.4.5. Soil-water characteristics and leaching phenomenon

3.4.5.1. Soil-water characteristics curve determination

The soil-water characteristics curves were determined using a combination of two tech-

niques. The first is axis translation technique using pressure plate device for suction range

from zero to 1500 kPa. The second is vapor equilibrium technique using different salts

solutions with dissectors for suction range of more than 2000 kPa.

3.4.5.2. Permeability-leaching test

In order to study the effect of water flow on the characteristics of collapsible soils,

permeability-leaching tests were carried out using UPC-Barcelona cell in combination

with constant water head-leaching set up. The permeability-leaching stage is started af-

ter the wetting-collapse stage under the same range of net vertical stress. The leaching

stress and the associated hydraulic gradient are shown in the Table 3.9.
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Table 3.9.: Stress path of permeability-leaching test.

Net vertical stress, [kPa] 50 100 200 400 800

Hydraulic gradient, [-] 20 20 20 20 20

GI
√ √ √ √ √

LG -
√

- -
√

*
*Using hydraulic gradient equal to (30).

3.5. Summary

In this chapter, a detailed description of soils used and experimental program have been

presented. As a summary, three types of collapsible soils were used for the experimental

program of this research. These soils are gypseous soil (GI), mixed soil of the 70% artifi-

cial gypsum-30% Silber sand (70G30S) and loess soil (LG). The experimental program is

divided to three main categories: (i) Basic characteristics, (ii) Volume change behaviour

and (iii) Hydro-mechanical investigation as shown in Figure 3.7. The basic characteris-

tics tests include the determination of physical, chemical and elementary (ESEM-EDX)

analysis of selected soils. The summary of physical properties is explained in Tables 3.1

and Figures 3.3 and 3.5. Volume change without suction control is investigated by con-

ducted consolidation and collapse tests. The initial properties of the soil specimens are

illustrated in Table 3.4. Volume change under suction control is investigated through

carrying out constant net stress-suction decrease (wetting-collapse) tests and constant

net stress-suction increase (drying) tests. The initial conditions of the soil specimens and

stress path are described in Tables 3.5 to 3.7. Also, the initial condition and stress path

of the soil-column test for gypseous soil (GI) are summarized in Table 3.8. Moreover,

the permeability-leaching tests were conducted under different vertical stress as shown in

Table 3.9.





4. Experimental Techniques and

Procedures

4.1. Introduction

This chapter describes the experimental techniques, equipments and procedures that were

deployed in this study. The techniques, equipments and test procedures of the basic and

conventional tests are out of the purpose of this chapter. The description of the experi-

ments and procedures focus on the following: Volume change without suction control by

single step wetting (i.e. single and double Oedometer collapse test), volume change under

suction control by multi-step wetting (i.e. constant net vertical stress-suction control; wet-

ting and drying test), soil-water characteristics curve determination, permeability-leaching

behaviour characteristics, total suction measurements and soil-column investigation. It is

worth to mention that some of the experimental techniques and devices concerning the

suction measurements and application are not standardized yet. Therefore, these tests

were based on procedures proposed in the literatures.

4.2. Experimental techniques

4.2.1. Volume change without suction control

The single and double Oedometer collapse tests were carried out as proposed by Jennings

& Knight (1975) and according to ASTMD5333 (2003) standard using standard Oedome-

ter device, see section 2.7. The initial conditions of the soil sample and stress path of the

tests were illustrated in Table 3.4. The proposed relationship between the void ratio and

vertical stress for the single and double Oedometer collapse tests are presented in Figure

2.6. The collapse potential is calculated according to Equation 2.4.
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4.2.2. Techniques of suction application

In order to carry out the volume change experiments under suction control and soil-water

characteristics curve (SWCC) test, the axis translation technique (ATT) was used to

apply suction range < 1500 kPa while the vapour equilibrium technique (VET) was used

to apply suction range > 2000 kPa. The detailed descriptions about these techniques are

given in appendix A.1.

4.2.3. Techniques of suction measurements

In order to measure the total suction, matric suction and volumetric water content, the

following techniques were used: The chilled-mirror hygrometer technique, time domain

reflectometry (TDR) and tensiometer sensors. The detailed descriptions about these

techniques are given in appendix A.2.

4.3. Equipments used

4.3.1. Volume change under suction control

4.3.1.1. UPC-Barcelona cell

The Barcelona cell was manufactured and developed in 1999 by the workshop at Univer-

sitat Politecnica de Catalunya (UPC), Barcelona, Spain. The main function of this cell is

to measure the volume change of soil under wide range of applied suction and net normal

stress. Figure 4.1a shows the design drawing of the cell, whilst Figure 4.1b shows the

complete measurement set up of the cell with the other stress control parts.

The cell is one dimensional compression Oedometer. The vertical normal stress is uni-

formly applied on the top of the soil specimen by air pressure through a flexible membrane.

The cell can be used for different types of soil ranging from fine grains sand to clay soil.

The soil sample might be saturated, unsaturated, compacted or undisturbed sample. The

diameter of the specimen ring is 50 mm and the height is 20 mm. The calibration of

UPC-Barcelona cell against pressure-deformability is given in appendix B.1.

In this study, the matric suction is applied by axis translation technique (ATT) for suction

range < 1500 kPa using UPC-Barcelona cell. The ATT is utilized through a high-air-

entry ceramic disk provided in the base plate of the cell below the soil specimen. Different
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air-entry values of ceramic disk are available such as 100, 500 and 1500 kPa. The ceramic

disk must be saturated and flushed before the test.

The UPC-Barcelona cell is connected with high accuracy burette with a volume of 25

cm3 and a resolution of 0.05 cm3 for monitoring of the water content. Also, the cell is

connected with one air pressure regulator for application of air- pressure as well as one

air-pressure regulator for application of vertical net stress.
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Figure 5.3 Schematic plot of the UPC-Barcelona cell. 

 

 

 

 

 

 

 

 

 

Figure 5.4 UPC-Barcelona cell set up. 
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Figure 4.1.: UPC-Barcelona cell: (a) Schematic plot and (b) Cell set up.
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4.3.1.2. UPC-Isochoric cell

The Isochoric cell was manufactured and developed by the workshop at Universitat Po-

litecnica de Catalunya (UPC), Barcelona, Spain as shown in Figure 4.2. The basic purpose

of this cell is to measure swelling pressure of the clay soils resulted by wetting processes

at constant volume condition, as used by Villar et al. (2001); Agus (2005); Arifin (2008).

In this cell, suction control is also possible by applying both axis-translation technique

(ATT) and vapour equilibrium technique (VET). Figures 4.2a and b show the design of

the cell and its body. The cell consists of three main parts: an exchangeable pedestal, a

threaded top part with a top cap and the load cell for measuring the swelling pressure.

The diameter of the specimen ring is 50 mm and its height is 20 mm.
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piston movement was prevented and the valves were closed to keep the volume of the 

specimen constant through the weighting process. The modification of the UPC-Isochoric 

cell with Oedometer frame according to the above details is also used by Al-Badran, 2011. 

This calibration was done on the two modified UPC-Isochoric-Oedometer cell by using 

special load cell suitable for this issue. The second calibration was against pressure-

deformability of UPC-Isochoric cell during loading and unloading by using dummy 

stainless steel specimen under two conditions of filter paper dry and wet. The procedure of 

the pressure-deformability is exactly the same procedure in subsection 5.4.1.1 and as 

shown in Figure 5.7. 

 

 

                                                                                                    

 

 

 

 

 

 

 

 

 

 
Figure 5.6 UPC-isochoric cell, (a) schematic of the cell; (b) cell body; (c) controlling of 
water content and (d) modified UPC-Isochoric-Oedometer cell with (VET) technique. 

a b

c d

Figure 4.2.: UPC-isochoric cell,(a) schematic of the cell (b)cell body (c) controlling of

water content and (d) modified UPC-Isochoric-Oedometer cell with (VET) technique.
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The cell was originally designed for no vertical stress application. Nevertheless, in this

study, the UPC-Isochoric cell was modified to utilize with Oedometer frame in order

to estimate the soil volume change resulting from suction variation. Special base plate

and load piston are used for the sake of setting up the cell body and for vertical stress

application, see Figure 4.2d. For this purpose, vapour equilibrium technique (VET) is

used to control the high range of total suction (i.e. suction > 2000 kPa) under vertical

net stress. The total suction was imposed by circulating the vapour of the salt solution in

the flask through the top and the bottom of the soil specimen, using circulation system

as shown in Figures 4.2d and 4.3. The changes in the water content of the soil specimen

due to total suction variation were controlled by directly weighting the UPC-Isochoric

cell body after each step of suction, see Figure 4.2c. Furthermore, the piston movement

was prevented and the valves were closed to keep the volume of the specimen constant

through the weighting process.

The modification of the UPC-Isochoric cell with Oedometer frame according to the above

details was also used by Al-Badran (2011).

Two types of calibration are performed for the modified UPC-Isochoric-Oedometer cell

as given in appendix B.2.

 Air pump Porous disks 

 
Vertical load from  
Oedometer frame 

Glass flask 

 

Figure 4.3.: Imposing of total suction to the UPC-Isochoric cell using vapour equilibrium

technique with circulation system (Al-Badran, 2011).
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4.3.2. Soil-water characteristics curve (SWCC)

4.3.2.1. Pressure plate apparatus

In this study, pressure plate apparatus made by SoilMoisture Company using axis trans-

lation technique is used to determine the soil-water characteristics curve for drying and

wetting paths. Pressure plate apparatus is used to apply matric suction range < 1500

kPa as shown in Figure 4.4. The soil specimen was prepared in Plexiglas plastic ring of

50 mm in diameter and 15 mm in height.

Three types of saturated and air flushed ceramic disks with different air-entry value (AEV)

were used in this test (i.e. 100, 500 and 1500 kPa) depending on the value of applied ma-

tric suction.

The pressure plate apparatus is connected with air pressure regulator for applying air-

pressure and with high accuracy burette with a volume of 25 cm3 and a resolution of 0.05

cm3 for applying water pressure on the soil specimens, see Figure 4.4.

4.3.2.2. Constant relative humidity desiccators

In this study, the constant relative humidity desiccators using VET was utilized for con-

tinuing the determination of drying and wetting paths of the SWCC.

Many large and leak-proof desiccators containing different concentrations of salt solutions

were used to apply total suction range > 2000 kPa on the soil specimens, as shown in Fig-

ure 4.5. The salt solutions were prepared by mixing different types of salts with distilled

water separately to create a constant relative humidity and total suction vapour pressure

in the desiccators chamber. The relative humidity of the salt solutions was measured

at the beginning and the end of the test using the chilled-mirror hygrometer technique

(section 4.3.4). The actual total suction was computed from the relative humidity mea-

surements, according to Equation A.1.

The experiment was conducted in a temperature-controlled room with a constant tem-

perature of 22oC ± 0.5oC.
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          Figure 5.22 Pressure plate apparatus: (a) device set up, (b) schematic plot. 

 

The test procedure can be outlined as follow: 

 The  soil specimens were statically compacted in the Plexiglas plastic rings of 

affixed filter paper according to initial dry density and hydroscopic water content as 

follow: gypseous soil (GI) and mixture soil (70G30S) [1.3 g/cm3, 0.25 %]; loess 

soil (LG) [1.6 g/cm3, 2.5%]. Two specimens were prepared for each soil type. 

 The soil specimens were allowed for free accesses to the water through the 

saturated porous stone in water bath in order to reach for fully saturated condition. 

The time period for saturation processes was (72) hours. 

 The ceramic disk was keep in distilled water for (72) hours in order to reach to 

saturated condition. Three types of ceramic disks with different air-entry value 

(AEV) were used in this test such as [100, 500 and 1500 kPa] depending on the 

value of applied matric suction. The use of ceramic plate with a high air-entry value 

is not desirable when lower matric suction value is to be applied (Agus, 2005). This 

is due to the fact that the higher air-entry value is the lower permeability coefficient of 

the ceramic disk and the longer time duration to reach to the equilibrium condition for 

the soil specimen under low applied matric suction.  

 Flashing processes of the ceramic disk was carried out before starting the test and 

regularly during the test. Flashing process is very important to remove the diffused 

air bubbles and to establish the continuity of the water between the soil and the 

water pressure through the ceramic disk. The saturated ceramic disk was putted in 

(a) (b) 

Figure 4.4.: Pressure plate apparatus:(a) device set up (b) schematic plot.

     

 

       

 

 

 

 

 

 

 

                                 (a)                                                                       (b) 

Figure 4.5.: Desiccator of vapour equilibrium technique:(a) test set up,(b) schematic plot.

4.3.3. Permeability-leaching behaviour

In order to determine the coefficient of permeability at saturated condition and to perform

the leaching processes on the soil specimen, the constant head-permeability-leaching set
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up is used in combination with the UPC-Barcelona cell as shown in Figure 4.6. For this

purpose, the porous stone is substituted for the high-air-entry ceramic disk in the base

plate of the UPC-Barcelona cell.

The constant head-permeability-leaching set up consists of the following parts: stable

stand of 1.2 m height, cylindrical vessel of 3 liters volume, water reservoir of 6 liters

volume, high duty water pump and discharge reservoir of 2 liters volume. The discharge

reservoir is used to collect the volume of leached water for permeability coefficient and

dissolved gypsum determination.

4.3.4. Chilled-mirror hygrometer device

The chilled-mirror hygrometer technique was used to determine and monitor the total

suction of soil specimens and for the salt solutions of vapour equilibrium technique (VET).

The chilled-mirror hygrometer device used in this study (as shown in Figure A.1) is

a water activity meter type 3TE, Decagon Devices, Inc., Pullman, WA. The relative

humidity of the specimens was measured and the total suction was calculated using the

thermodynamic relationship in Equation A.1.
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 The test started after the soil specimens reached to equilibrium under vertical stress 

level. Then constant water head was applied to the bottom of the soil sample and 

allowed to remove the air bubbles and fully saturated. 

 When the specimen reached to fully saturated condition, the water flow was started 

through the outlet water line of the cell towards the discharge reservoir. 

 The volume of leached water which accumulative in the discharge reservoir is used 

water for permeability coefficient and dissolved gypsum calculations at different 

time periods during the test. The test was continuous for 240-360 hours. 

 In order to determine the total dissolved gypsum, sample of leached water was oven 

dried at (45 oC) and the precipitated salts were measured. This method is 

recommended by ASTM (D2216-80) standard and used by many researchers such 

as Al-Mufty, 1997; Al-Bossoda, 1999 and Al-Obaidi, 2003.  In this study, the 

chemical analysis of gypseous soil indicated that the calcium sulphate is the most 

dominant part in the chemical composition; therefore it is considered that the 

precipitated salts are the dissolved gypsum from leaching processes. The oven dried 

sample of leached water produced from the water flow through the loess soil 

present there is no salt was participated as expected.  

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Permeability-Leaching set up.  
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Figure 4.6.: Constant head-permeability-leaching set up.
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4.3.5. Soil-Column device

The soil-column device shown in Figure 4.7 is used in order to investigate the transient of

the pore-water pressure and the volumetric water content at different elevations of sandy

gypseous soil mass. However, the soil-column device was used by Lins (2009) to determine

the soil-water characteristics curve of Houston sand using the axis translation technique

(ATT) for applying low range of matric suction on the soil sample.

The setup of the soil-column device is mainly consisting of the following parts (see Figures

4.7 and 4.8): cell body, three Time Domain Reflectometry (TDR) sensors with their

data logger, three tensiometers with their data logger and two computers to run the two

supported software of the TDRs sensors and the tensiometers in addition to saving data.

The cell body of the device is manufactured from a Plexiglas cylinder of 282 mm in height,

240 mm in diameter and 5 mm in thickness. The cross sectional plan and photo of the cell

body is shown in Figure 4.9. The base part of the cell body contains a ceramic disk of 100

kPa air-entry value, in addition to water reservoir located below the ceramic disk. The

water reservoir is connected to the water burette in order to control the water pressure

during the test. The Plexiglas cylinder is connected from the top side with loading cap.

The loading cap consists of the loading piston to transfer the vertical load, a mechanical

dial gauge and/or electronic dial sensor for volume change measurements, pedestal plate

to carry the dead load located at the upper end of the piston, and a perforated plate

located at the lower part of the piston. The perforated plate directly contacts the top

surface of the soil sample, in order to transfer the vertical load from the piston to the soil

sample. The air pressure, which is supplied by the air pressure system of the laboratory

and controlled by the air pressure controller (Figure 4.7), is connected to the loading cap

though two valves (Figure 4.9b). The three parts of the cell body (i.e. Plexiglas cylinder,

loading cap and base part) are screwed by three bolts. Two O-rings are used in cell body

in order to prevent any air or water leakage. The first O-ring is located between base

part and the Plexiglas cylinder, while the second is between the Plexiglas cylinder and

the loading cap. The soil sample dimensions used in this study are 240 mm in height and

240 mm in diameter (Figure 4.9a). The TDRs and tensiometers sensors are located at

three elevations of the soil sample and in opposite directions. The sensors elevations are

40, 100 and 160 mm for the top surface of the compacted sample.

In this study, the types of the utilized TDRs and tensiometers sensors are different from

those used by Lins (2009). Nevertheless, the main functions and properties of the TDRs

and tensiometers sensors are described in the following subsections.
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Figure 4.7.: Soil-column device.
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Figure 4.9: Cross sectional area of column testing device II

tions the piston on top of the cell would enable to apply vertical net stress to the specimen.

An air-pressure system is connected to the top of the cell to the air compartment for inducing

matric suction to the soil specimen. The top part and the bottom part are screwed by 3 bolts.

One o-ring between the top plate and the plexiglas tube as well as one o-ring between the

bottom plate and the plexiglas tube prevent from leakage. A tube with a valve is connected

Figure 4.8.: Set up of the soil-column device(Lins, 2009).
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Figure 4.9.: Soil-column device: (a) Schematic plot: not to scale, dimensions in mm and

(b) Cell body.

4.3.5.1. Time Domain Reflectometry sensors

The Time Domain Reflectometry (TDR) sensor type (TRIME-PICO32) is used in this

investigation as shown in Figure 4.10. The TDR sensor is designed and made by IMKO

Micromodul Technik GMBH, Germany.
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Figure 4.10.: Schematic plot of TDR sensor type TRIME-PICO32.



80 4. Experimental Techniques and Procedures

The main function of this TDR sensor is as a measurement device for continuous and non-

destructive determination of volumetric soil moisture and soil temperature. It is originally

designed for stationary subterranean field use, as well as laboratory use for soil sample

measurements. The basic calibration of TDRs is carried out for a wide range of soil types

by IMKO Company, in order to consider a similar relationship between the volumetric

water content and the dielectric constant. Therefore, this type of TDR sensor provides

measurements for volumetric water content and temperature of the soil sample.

As shown in the schematic plot of the TDR sensor in Figure 4.10, it consists of two parallel

rods, TDR body including the temperature sensor and cable. For computing, analyzing

and saving the measured data, the TDR sensors are connected to the PICO data logger,

then the data logger collect the measurements and send them to the operation software.

The software then, enables to scan and collect trial measurements on the connected TDRs

sensors in order to check whether the measurements system is working correct or not. The

operation software also enables to predefine the dry density of the measured soil sample

in addition to the time intervals between the successive measurements. Two types of

calibrations are carried out on the three TDRs sensors used in this study as given in

appendix B.3.1.

Based on the operation manual provided with the TDR sensor, the main specifications

can be outlined as follow:

• Moisture measuring range 0-100 %, measuring accuracy of Moisture range 0-40 %,

accuracy ±1-2% and Moisture range 40-70 %, accuracy ±2-3%.

• Soil temperature measuring range -15oC to +50oC, measuring accuracy of ±0.2 oC.

4.3.5.2. Tensiometer sensors

The tensiometer sensor type (UMS-T5) is used in this investigation as shown in Figure

4.11.
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electronic parts. The corpus is backfilled with resin to hermetically seal the electronics and 

make the body watertight. The pressure transducer is piezoelectric pressure sensor that 

measures the soil water tension against the atmospheric pressure. The atmospheric pressure 

is a conducted through a watertight diaphragm (the white, 2 cm long tube on the cable) and 

through the cable to the reference side of the pressure sensor. The sensor body including 

pressure transducer is screwed with the Acrylic glass shaft. The ceramic cup of 0.5 cm2 

active surface areas is made from high porous Al2O3 sinter material. It is fixed to the end of 

glass shaft and must be saturated and filled with degassed water in order to transfer the 

pore-water pressure of the soil into the tensiometer. The air bubbles refill and removal 

process is significant to assure a rapid and reliable measurement of the soil water tension. 

The refill procedure is described in the user manual; it is out of the aim of this chapter. 

For computing, analyzing and saving the measurements data, the three tensiometer sensors 

used in this study are connected to the data logger, which connects to the computer. 

Special operation software is provided with the tensiometer used to collect and display the 

measurements data on the computer monitor. The calibration was done in order to check 

the accuracy of the tensiometer measurements as given in appendix B.3.2.The same type of 

the tensiometer but with shortest shaft was used by Lins, 2009 for the same test purpose.  It 

is important to mention that the tensiometer sensors have the following specifications:  

 Measuring range of pore-water pressure is -85 kPa to +100 kPa with accuracy 

0.5kPa. It is not suitable for dry soils or for negative pore-water pressure. 

 Offset correction for non horizontal installations is 0.1 kPa for each 1 cm length of the 

glass shaft.  

 

 

 

 

 

 

 

 

Figure 4.13 Schematic plot of Tensiometer sensor type UMS-T5-10. 
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Figure 4.11.: Schematic plot of Tensiometer sensor type UMS-T5-10.
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The tensiometer is a miniature pressure transducer tensiometer designed and made by

UMS( UmweltUmweltanalytische Mess-Systeme, Germany). The typical applications for

this type of tensiometer are:

• Measurement of pore-water pressure of the soil in the laboratory and in the field.

• Measurements of soil-water tension and water potential.

• Miniature soil column studies, e.g. in combination with micro water samplers and

soil temperature probes.

• Determination of leachate and capillary water movements.

As shown in the schematic plot of the tensiometer sensor in Figure 4.11, it consists of the

sensor body, pressure transducer and water filled shaft including the ceramic cup. The

sensor body is made of Acrylic glass and incorporates the pressure transducer and all

electronic parts. The corpus is backfilled with resin to hermetically seal the electronics

and make the body watertight. The pressure transducer is piezoelectric pressure sensor

that measures the soil water tension against the atmospheric pressure. The atmospheric

pressure is a conducted through a watertight diaphragm (the white, 2 cm long tube on the

cable) and through the cable to the reference side of the pressure sensor. The sensor body

including pressure transducer is screwed with the Acrylic glass shaft. The ceramic cup of

0.5 cm2 active surface areas is made from high porous Al2O3 sinter material. It is fixed

to the end of glass shaft and must be saturated and filled with degassed water in order

to transfer the pore-water pressure of the soil into the tensiometer. The air bubbles refill

and removal process is significant to assure a rapid and reliable measurement of the soil

water tension. The refill procedure is described in the user manual and it is out of the aim

of this chapter. For computing, analyzing and saving the measurements data, the three

tensiometer sensors used in this study are connected to the data logger, which connects to

the computer. Special operation software is provided with the tensiometer used to collect

and display the measurements data on the computer monitor. The calibration was done

in order to check the accuracy of the tensiometer measurements as given in appendix

B.3.2. The same type of the tensiometer but with shortest shaft was used by Lins (2009)

for the same test purpose. It is important to mention that the tensiometer sensors have

the following specifications:

• Measuring range of pore-water pressure is -85 kPa to +100 kPa with accuracy

±0.5kPa. It is not suitable for dry soils or for negative pore-water pressure.

• Offset correction for non horizontal installations is 0.1 kPa for each 1 cm length of

the glass shaft.



82 4. Experimental Techniques and Procedures

4.4. Tests procedures

4.4.1. Volume change under suction control test

The volume change experiments were carried out on the three unsaturated soils constant

net stress-suction control (i.e. wetting and drying) tests. For both test, the initial condi-

tions of the soil samples and the boundary conditions of the test were given in Tables 3.5

to 3.7. While the stress paths were explained in Figure ??.

4.4.2. Constant net normal stress-suction decreases

(wetting-collapse) test

The soil specimen was tested first at unsaturated condition (i.e. initial suction) by UPC-

Isochoric cell through applying a vertical load, and then the total suction is decreased step-

wise till a value of 6100 kPa. Afterward, the soil specimen is moved to the UPC-Barcelona

cell to apply low suction range. The test continued by reloading the soil specimen till

reaching the marked net vertical stress under constant suction induced in UPC-Isochoric

cell. Then the suction was stepwise decreased under the constant net vertical stress till

reaching zero value, see Figure 4.12a.Through the test, the change in the volume and in

the water content of the soil specimen were measured. The collapse potential is calculated

at the end of each suction level according to Equation 2.4.

4.4.3. Constant net normal stress-suction increases (drying) test

The soil specimen was tested first at saturated condition (i.e. zero suction) by UPC-

Barcelona cell. The specimen was loaded till reaching the target net vertical stress, and

then the suction was increased under the constant vertical stress. In order to apply high

suction range, the same soil specimen was moved to the UPC-Isochoric cell. The test

continued by loading the soil specimen till reaching the marked net vertical stress under

constant suction induced in UPC-Barcelona cell. Then the total suction stepwise increased

under the same previous constant net vertical stress till reaching the initial total suction,

see Figure 4.12b.Throughout the test, the changes in the volume and the water content

of the soil specimen were measured.
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Figure 4.12.: Stress path of constant net normal stress-suction control test: (a) Wetting

path and (b)Drying path.

4.4.4. Soil-water characteristics curve (SWCC) determination

In general, the determination of SWCC is based on the measurement the amount of water

in the soil specimen corresponding to the value of applied suction for drying and wetting

path. The initially saturated specimens followed the drying path (i.e. stepwise increases of

applied suction). Then the soil specimens of dry state were subjected to wetting path (i.e.

stepwise decreases of applied suction). Figure 4.13 describes the stress path of soil-water

characteristics curve measurements for both ATT and VET.
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Figure 4.13.: Stress path of the soil-water characteristics curve test.

To control the water content, the weights of the specimens were monitored regularly during

the test using a precision balance with an accuracy of 0.0001 g. To control the void ratio

and the degree of saturation, the volume of the soil specimens were measured before and

after the test, and also at the end of each suction level. The dimension measurements

were conducted using digital vernier caliper with accuracy of 0.01 mm. The soil specimen

reached to the equilibrium condition when no considerable changes in its water content

are recorded under constant suction.

The same techniques and test procedure were also used in the determination of soil-water

characteristic curves by different researchers such as Schanz et al. (2004); Agus (2005);

Arifin (2008); Lins (2009); Al-Badran (2011).

4.4.5. Permeability-leaching test

The test was conducted on the same soil specimen of the constant net vertical stress-

suction decrease (wetting-collapse) test after finishing the collapse stage. The hydraulic

gradient and the stress path of the test were illustrated in Table 3.9. The test was started

after the soil specimens have reached to equilibrium under vertical stress level. A constant

water head was applied to the bottom of the soil sample to remove the air bubbles and

reaching fully saturated state. Then, the water was flown through the outlet water line

of the cell towards the discharge reservoir. During the test period of 240-360 hours, the

volume of the leached water and dissolved gypsum were controlled. In order to determine
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the total dissolved gypsum, a sample of leached water was oven dried at 45oC, and the

precipitated salts were measured. This method is recommended by ASTMD2216 (2010)

standard and used by many researchers such as Al-Mufty (1997); Al-Busoda (1999); Al-

Obaidi (2003).

4.4.6. Soil-column test

The soil sample was statically compacted in the cell to an initial void ratio of 1.14 and an

initial volumetric content of 6.5%, see Table 3.8. The compaction process is divided into

three layers and carried out after the installation of the TDR and tensiometer sensors.

A good contact between the sensors and the soil must be satisfied to keep continuous

water phase and to get reliable measurements (see Figure 4.14). The test was started by

gradually applying the air pressure from the pressure control system to the upper loading

cup. Simultaneously the water pressure was applied from the burette to the bottom of the

soil sample till it reaches the first stress path level (ua=30 kPa, uw=10 kPa, ψ=20 kPa).

Then the matric suction was stepwise decreased (i.e. after each equilibrium stage) till

zero value following wetting stress path. During the test, the volume change, volumetric

water content using TDR sensors and pore-water pressure using tensiometer sensors were

monitored.Chapter 5                                                            Experimental Techniques and Procedures                         
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Figure 5.21 Preparation of soil-column test. 

 

5.7 Soil-water characteristics curve (SWCC) determination 

Many types of test equipments and techniques have been used to determine the soil-water 

characteristics curve (SWCC) of the soil. In this study, combination of two techniques was 

used for SWCC measurements in order to cove wide range of imposed suction. The first 

technique is the axis-translation technique (ATT) using pressure plate apparatus, and the 

second is the relative humidity control or vapor equilibrium technique (VET) using desiccators 

of salt solution. 

5.7.1 Axis translation technique (ATT) using pressure plate apparatus 

The concept of axis-translation technique (ATT) is based on imposing of matric suction to 

a soil specimen through use of high-air-entry ceramic disk. The maximum air-entry value 

available for ceramic disk is 1500 kPa. Therefore, measurements of SWCC in this study 

under high suction range were done utilizing vapor equilibrium technique (VET). Hilf, 

1956 was the first researcher who proposed the axis-translation technique (ATT) in order 

to develop matric suction in soil specimen as a differential air and water pressure  

 without creating cavitations in the water phase. In (ATT) technique, the difference 

Figure 4.14.: Preparation of soil-column test.
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4.4.7. Summary

In the previous sections, description for the techniques, equipment and test procedures

used for adopting the experimental program were presented. The test procedure for per-

forming the volume change without suction control by single step wetting (i.e. single and

double Oedometer collapse test), volume change under suction control by multi-step wet-

ting (i.e. constant net vertical stress-suction control; wetting and drying test), soil-water

characteristics curve determination, permeability-leaching behaviour characteristics, total

suction measurements and soil-column investigation were outlined step by step.

In order to cover a wide range of entire soil suction, two of the main techniques were

used. The first is to impose low suction range (i.e. suction< 1500 kPa), which is the

axis-translation technique. The second is to apply high suction range (i.e. suction> 2000

kPa), which is vapour equilibrium technique. For constant net normal stress-suction

control (i.e. wetting and drying tests), the UPC-Barcelona cell was used with ATT for

matric suction < 1500 kPa and the UPC-Isochoric cell with VET for total suction> 2000

kPa. Also, the axis translation technique was used with pressure plate apparatus and the

vapour equilibrium technique with salt solution desiccators for soil-water characteristics

curve determination. For soil-column test, axis-translation technique was also used to

apply the matric suction, while the TDR and tensiometer sensors were used for volumet-

ric water content and pore-water pressure measurements respectively. Furthermore, the

permeability-leaching test was carried out using UPC-Barcelona cell with porous stone

base, in addition to the constant head permeability set up. The chilled-mirror hygrom-

eter device was used to determine and monitor the total suction of the three selected

collapsible soils and for the salt solutions of vapour equilibrium technique.



5. Experimental Results and Discussion

5.1. Introduction

This chapter presents and discusses the experimental results of the laboratory test pro-

gram described in Chapter 3. The aim of these tests is to investigate the effect of suction

and other initial conditions on the collapse behaviour for the three types of unsaturated

collapsible soils selected for this research. Qualitative analysis is also undertaken in this

chapter to calculate the volume change and leaching strain in collapsible soils.

This chapter presents the results of the collapse potential measurement by single step wet-

ting without suction control performed in a standard Oedometer device under different

inundation stress, dry density and degree of saturation. Moreover, volume change is illus-

trated under suction control (i.e. constant net stress with multi-step suction decreases and

constant net stress with multi-step suction increases) using both a UPC-Barcelona cell

and a UPC-Isochoric cell. In addition, various issues are addressed including the results

of the consolidation tests, the soil water characteristic curves, the permeability-leaching

tests, elementary characteristics (i.e. ESEM-EDX) analysis, the soil column tests and soil

improvement and foundation option.

5.2. Volume change without suction control results

This section presents the results of volume change without suction control performed in

a standard Oedometer device for the three collapsible soils.

5.2.1. Consolidation test results

In this subsection, the results of standard consolidation test as void ratio versus logarithms

of the vertical stress relationship are shown in Figure 5.1. The initial conditions of the

tested samples and compression characteristics are demonstrated in Table 5.1.
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Figure 5.1.: Consolidation test results: (a) GI, (b) 70G30S and (c) LG soils.
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Table 5.1.: Initial conditions of soil samples and consolidation test results.

Soil type D.density eo w(Hydroscopic) χ′ σmv Cc Cr ε800kPa

[g/cm3] [%] [%] [kPa] [%]

GI 1.3 0.81 0.25 70 176 0.21 0.009 15.5

70G30S 1.3 0.85 0.25 70 165 0.18 0.004 16.2

LG 1.6 0.64 2.5 0 65 0.18 0.017 15.0

It is clearly observed that the trend of compression and recompression curves for the

three types of soils was approximately linear. This behaviour can be attributed to the

much higher permeability of silty and gypseous soils as compared with clay soil in addi-

tion to the rapid settlement which occurs immediately when the load increment is applied.

The typical log time-strain curves for the selected soils at 200 and 800 kPa are shown in

Figure 5.2 a, b and c respectively.

For both gypseous and mixed soils, the shape of the first segment of the log-time-strain

curve (Figure 5.2a and 5.2b) was relatively flat and several hours was required to reach

equilibrium at the primary consolidation stage. However, significant secondary compres-

sion was associated with a large amount of settlement, which formed the steep shape of

the second segment of the log time-strain curve. This can be attributed to the consider-

able time required to soften and dissolve the gypsum particles. Soils with high gypsum

content may require a couple of weeks until the secondary compression is complete.

In silty loess soil, the reverse applied; graphical analysis showed that the log time-strain

curves (Figure 5.2c) concaved upwards from the beginning of the load application. The

primary consolidation was finished after less than one minute and the secondary compres-

sion reached equilibrium after only several hours.

On the other hand, some challenges arose while calculating the coefficient of consoli-

dation because the 50% consolidation point was difficult to recognise. Therefore, it is

recommended to assume that this point lies midway between the beginning and the end

of the log time-strain curve. This assumption implies very rapid consolidation, and more

explicit results may not be needed (Head & Epps, 2011). These findings were also observed

by Hobbs (1986).
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Figure 5.2.: Strain versus time relationship: (a) GI, (b) 70G30S and (c) LG soils.
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5.2.2. Collapse test results

Collapse tests following the single step full wetting procedure were performed using a

standard Oedometer device. In order to investigate a wide range of collapse behaviour,

the collapse test was carried out under different initial conditions of soil samples, such as

inundation vertical stress, initial dry density and the initial degree of saturation.

It is important to mention that the collapse test procedure was carried out under the

following criteria: stress path of 25, 50, 100, 200, 400 and 800 kPa for loading stage and

400, 100 and 25 kPa for unloading stage.

Based on the consolidation tests results, the load increment duration (LID) was 14 days for

both gypseous and mixed soils while it was two days for loess soil. The above-mentioned

LID represents the maximum inundation time required for the primary consolidation

stage. The plus sign [+] refers to swell volume change, while the minus sign [-] refers to

collapse volume change.

5.2.2.1. Effect of inundation vertical stress

• Single Oedometer-collapse test results (SOT):

In this subsection, a series of single Oedometer collapse test results are presented. Six

identical specimens for each type of collapsible soil were tested under different inundation

vertical stresses.

The relationship between void ratio versus vertical stress is shown in Figure 5.3, while

Figure 5.4 explains the variation of void ratio with the vertical stress for both unsatu-

rated and saturated specimens of gypseous soil, mixed soil and loess soil respectively. The

summary of the test results are given in Table 5.2.

In these figures it can be observed that the response to wetting for all soil types was a

collapse volume change. However, the test result for loess soil depicted in Figures 5.3c and

5.4c shows a significant ”swelling” volume change that occurred as a response to inun-

dation processes at stresses level lower than the maximum preconsolidation pressure (i.e

σvm= 65 kPa). However, the collapse behaviour was observed when loess soil inundated

at vertical stress higher than the maximum preconsolidation pressure. This behaviour

can be attributed to the soil sample being subjected to an overconsolidation state when

inundation was induced at vertical stresses (σv) equal to 25 and 50 kPa.
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Figure 5.3.: Single Oedometer-collapse test: (a) GI, (b) 70G30S and (c) LG soils.
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Table 5.2.: The summary of the effect of inundation vertical stress on collapse potential.

Soil type eo/w% Test type Vertical stress, σv[kPa]

Time [day] 25 50 100 200 400 800

Collapse potential, Ic[%]

SOT 7 2.4 4.9 6.3 8.5 10.3 12.6
GI 0.81/0.25

14 2.8 5.4 6.9 9.3 11.3 13.7

DOT 7 3.1 4.5 5.8 7.2 8.7 10.1

SOT 7 5.2 9.4 10.1 10.2 11.5 12.7
70G30S 0.85/0.25

14 5.7 10.0 10.8 11.1 12.5 13.8

DOT 7 7.1 7.7 8.3 8.1 7.6 7.9

SOT 2 Sp1.7 Sp0.8 1.7 5.4 6.1 9.6
LG 0.64/2.5

DOT 1 1.0 2.2 4.4 7.0 9.6 11.8

In other words, the volume of soil mass expanded when free access to water was allowed.

Percolated water attempted to expel the air bubbles and quickly filled the voids in the

microstructure level at the time of the imposed vertical stress; however, the vertical stress

could not restrict the upward movement of soil mass. Considerable collapse settlement was

recorded as a result of softening and the rearrangement of soil particles upon inundation

at a stress level higher than the preconsolidation pressure. These findings corroborate the

results of Lawton et al. (1989).

On the other hand, both naturally gypseous and artificially gypsified soils showed a large

number of collapse deformation and sudden volume changes with free access to water,

and the void ratio significantly decreased. Moreover, the gap between the void ratio

at unsaturated and saturated states steadily increased when the inundation occurred at

a high stress level. This behaviour can be attributed to the softening and breaking of

gypsum bonds and a reduction in the interparticle contacts. The new shapes of the

soil particles attempted to rearrange themselves and densify into a new structure with

smaller volume. Seleam (1988); Nashat (1990) and Al-Obaidi (2003) also obtained similar

findings.

Furthermore, it is important to mention that in Figure 5.3 the strain of unsaturated

curves (i.e. before inundation) occurred due to grain densification whereby the issue of

sampling disturbance was not valid. This strain can be ignored since it is not typically

used for design purposes. Houston & EI-Ehwany (1991) confirmed this interpretation.

Also, the wetting path of the e-logσv plot is presented as a band form for the three soil
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samples wetted at different vertical stresses (see wet sides of the curves in Figure 5.3).

The width of this band depended on the value of vertical stress at inundation and on

sample heterogeneity. Moreover, during all collapse or compression tests, little unloading

strain was observed. This behaviour may be related to the cementation of the bonds,

which helps to restrict the volume change during unloading, and/or related to the fact

that the sands or silts exhibit negligible elastic strain upon unloading. Houston (1995)

and Houston et al. (2001) observed similar behaviour.

Regarding the above-mentioned discussions and depending on the severity classification

of the collapse potential mentioned in Table 2.3, the classification of the gypseous soil

developed from ”trouble” when inundated at vertical stress lower than σv<200 kPa to

”severe trouble” when inundation at σv≥200 kPa. Mixed soil was classified as ”severe

trouble” when inundated at σv≥50 kPa. The loess soil classification was modified from

”no problem” when inundated occurred at σv<100 kPa to ”trouble” when inundation

occurred at σv≥100 kPa.

In order investigate the variation in collapse deformation over time a constant vertical

stress was applied to the saturated sample for a predefined duration (i.e. a LID of 14 days

for GI and 70G30S and a LID of 2 days for LG soils).

Figure 5.5 presents the variation of collapse potential over time, while Figure 5.6 presents

the degree of deformation of the soil sample over time. The degree of deformation can be

calculated according to Equation 5.1 or Equation 5.2.

DD =
ho − ht
ho − hf

× 100 (5.1)

DD =
eo − et
eo − ef

× 100 (5.2)

where:

DD= the degree of deformation of soil sample [%].

ho,eo= the initial height, void ratio of the soil sample before inundation at vertical stress

equal to (σv).

ht,et= the height, void ratio of the soil sample at any time during inundation at same

vertical stress (σv).

hf ,ef= the final height, void ratio of the soil sample at end of inundation at same vertical

stress (σv).

The collapse potential and the degree of deformation for both gypseous soil and mixed

soil increased linearly during inundation time.



96 5. Experimental Results and Discussion

(a)

00

-3]
 [

%
]

-6nt
ia

l
po

te
n

-9

ps
e 

p

GI-σv=25 kPa,Ic=2.8%

ol
la

p GI σv 25   kPa,Ic 2.8%
GI-σv=50   kPa,Ic=5.4%
GI σv=100 kPa Ic=6 9%

-12C GI-σv=100 kPa,Ic=6.9%
GI-σv=200 kPa,Ic=9.3%
GI-σv=400 kPa,Ic=11.3%
GI-σv=800 kPa,Ic=13.7%

-15
0 1 1 10 100 1000 10000 100000

, %

0.1 1 10 100 1000 10000 100000
Time [minute]

(b)

00

-3

[%
]

-6nt
ia

l 
po

te
n

-9

ps
e 

p
ol

la
p

70G30S-σv=25   kPa,Ic=5.7%
70G30S-σv=50 kPa,Ic=10.0%

-12C
o 70G30S σv 50   kPa,Ic 10.0%

70G30S-σv=100 kPa,Ic=10.8 %
70G30S-σv=200 kPa Ic=11 1%70G30S σv 200 kPa,Ic 11.1%
70G30S-σv=400 kPa,Ic=12.5%
70G30S σv=800 kPa Ic=13 8%

-15
0 1 1 10 100 1000 10000 100000

70G30S-σv=800 kPa,Ic=13.8%

0.1 1 10 100 1000 10000 100000
Time [minute][ ]

(c)

1010

%
] LG-σv=25   kPa,Sp=1.7 %

LG-σv=50 kPa,Sp=0.8%

6al
 [

% LG σv 50   kPa,Sp 0.8%
LG-σv=100 kPa,Ic=1.7 %
LG σv=200 kPa Ic=5 4%

te
nt

ia LG-σv=200 kPa,Ic=5.4%
LG-σv=400 kPa,Ic=6.1%
LG 800 kP I 9 6%Swell

2g 
po

t LG-σv=800 kPa,Ic=9.6%Swell

el
li

ng

-2sw
e

an
d 

Collapse

-6

ap
se

 
C

ol
la

-10
0 1 1 10 100 1000 10000

C

0.1 1 10 100 1000 10000
Time [minute]Time [minute]

Figure 5.5.: Variation of collapse potential with time: (a) GI, (b) 70G30S and (c) LG

soils.
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soils.
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Gypseous soil showed a uniform a variation in the collapse potential over inundation time

with respect to the stress level in the form of wide band, see Figure 5.5a. The same

behaviour is observed for mixed soil but in the form of a narrow band, see Figure 5.5b.

The reason for this behaviour relates to the type and activity of cementing bonds between

soil particles. Natural formation of such bonds in gypseous soil deposits over time due to

variations in overburden pressure and climate conditions produced a coherent and homo-

geneous microstructure. Therefore, the action of boding destruction upon inundation is

proportional with the heterogeneity and degree of bonding. Al-Badran (2001) and Fattah

et al. (2008) also observed such behaviour see Figure 5.7left. The gypsified mixed soil

has the same type of cementing bonds, but the historical formation and homogeneity of

soil fabric is absent. Therefore, it can be assumed that the major reason for the variation

in the collapse deformation was the progressive strain of soil mass while the load was

increased, and the rate of gypsum dissolved with respect to the applied pressure. Such

behaviour was not observed for silty loess soil.

Figure 5.5c explains that the loess soil had a relative potential to swell under low vertical

stress. A slight collapse over short durations was recorded. It is important to mention

that there were three distinct regions of collapse taking place, see Figure 5.5c. Region

1 occurred when the water flowed through the porous stone and entered to the sample.

Region 2 happened when the water percolated through the sample, which resulted in a

reduction in capillary tension and a softening the bonds or macropeds. Finally, region 3

resulted in some minor or negligible creep when the collapse was complete. Such results

completely corroborate the results of Lawton et al. (1992), see Figure 5.7right.

Regarding the foregoing discussion, the degree of deformation for both gypseous and

mixed soils reached approximately 60% of the total value after only 10 minutes of inun-

dation, see Figures 5.6a and 5.6b. A creep or secondary compression was recorded after

1440 minutes (24 hours) as a result of the continuous dissolution of gypsum particles over

time. Such behaviour was also observed by Seleam (1988); Nashat (1990).

However, the behaviour of loess soil is completely different. The degree of deformation

reached approximately 80% of its final value after merely 10 minutes of inundation, see

Figure 5.6c. Then the soil reached equilibrium after a new arrangement of particles,

and no further deformation was recorded after approximately 120 minutes of inundation.

These results confirm the results of Lawton et al. (1992), (Figure 5.7right).

According to the above-mentioned results, in addition to results presented in the litera-

ture, the danger of collapse can happen during the first 2-4 hours after inundation, when

about 60-80% of the final collapse occurs. In the field, the picture is slightly different

because sudden full wetting of the soil deposits does not commonly occur.
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Figure 5.7.: Variation of volume change with time for collapsible soil, (left) gypseous soil

(Al-Badran, 2001) and (right) loess soil (Lawton et al., 1992).

• Double Oedometer-Collapse test results (DOT):

In this subsection, double Oedometer collapse test results are presented. Two identical

samples of each type of collapsible soil were tested. The first sample was loaded and

unloaded at an unsaturated state, while the second was loaded and unloaded at a fully

saturated state from the beginning of the test. The same SOT loading and unloading

sequence was used in both cases. The load increment duration at the unsaturated state

was one day for all soils, while it was seven days for GI and 70G30S soils and one day for

LG soil at a saturated state.

The relationship between the void ratios versus the vertical stresses is shown in Figure

5.8, while Figures 5.9 and 5.10 compare the collapse potential obtained by the single and

double Oedometer collapse test methods. The summary of single and double-Oedometer

test results are summarized in Table 5.2.

According to these figures, it can be observed that all soil samples showed a collapse

deformation as a result of full saturation at low vertical stress. Progressive development

in the volumetric strain of the saturated sample was recorded when the applied load was

increased. However, for both gypseous and mixed soils, the values of the collapse potential

obtained from the single Oedometer method was relatively greater than those obtained

by the double Oedometer method for the same vertical stress level. This behaviour can

be explained by the continued existence of all the cementing bonds of gypsum particles in

the soil structure until sudden inundation was induced at the specified pressure in SOT.

In this instance large and quick deformations occurred as a result of volumetric strain

development and the cementing bonds were softened by gypsum dissolution.
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In the DOT method, the sample had already been stressed and the action of softening

and gypsum dissolution had already started before it reached a specified collapse pres-

sure. Furthermore, many studies indicated that the maximum collapse occurs when the

inundation stress approaches the preconsolidation stress of the natural state compression

curve, after which the increase in the degree of saturation directs the compression curve

to the saturated soil curve (Lin & Wang, 1988; Al-Mufty, 2004).

Several collapse tests using SOT and DOT were conducted by different Iraqi researchers

and confirmed that the collapse significantly increased with the incremental increases in

inundation stress level, particularly after the preconsolidation stress of the natural soil,

see Figure 5.9.

On the contrary, the collapse potential of loess soil determined by SOT was relatively

smaller than the collapse potential value determined by DOT. This behaviour resulted

from the continuous deformation and softening of interparticle bonding in a metastable

soil structure, which occurred simultaneously with the rearrangement of this structure to

a denser state. Moreover, no swelling was observed for the saturated loess sample test

during the DOT even when it was loaded to a vertical stress lower than the maximum pre-

consolidation pressure. This is because the swelling potential dissipated when the sample

was saturated at a seating load before starting the main loading stage, see Figure 5.10.

Such results were also observed by Lawton et al. (1989, 1991).
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Figure 5.10.: Collapse and swelling potential versus inundation vertical stress for GI,

70G30S and LG soils.

On the other hand, Figure 5.10 shows that for the three selected soils, the collapse poten-

tial increased linearly with incremental increases in inundation vertical stress. No critical

value of vertical stress was observed to determine the collapse potential.

In general, this behaviour can be attributed to the fact that when higher pressure is ap-

plied on looser structural specimens, a denser state of the soil mass is obtained especially

under saturated conditions. High applied stress (particularly stress equal to or greater

than the maximum preconsolidation pressure) also destroyed and closed all the cavities

of the open metastable structural soil. Such results were also obtained by Seleam (1988);

Nashat (1990); Fattah et al. (2008), see Figure 5.9.

5.2.2.2. Effect of initial dry density

The effect of initial dry density on the collapse potential is presented in this subsection.

Figure 5.11 shows the results of single Oedometer collapse tests carried out under an

inundation vertical stress of 200 kPa and at different initial dry densities. Figures 5.12

shows the variation of the initial void ratio with collapse potential for the three selected

soils respectively. The summary of tests results are given in Table 5.3. The results

indicated that the increases in initial dry density (i.e. decreases of the void ratio) caused

gradual decreases in the value of the collapse potential.
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Figure 5.11.: Initial dry density effect on collapse potential: (a) GI, (b) 70G30S and (c)

LG soils.
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Table 5.3.: The summary of initial dry density effect on collapse potential at σv=200[kPa]

Soil type GI 70G30S LG

eo[-] 0.68 0.81 0.96 1.35 0.7 0.85 1.0 1.4 0.51 0.64 0.88 1.51

γdo[g/cm
3] 1.4 1.3 1.2 1.0 1.4 1.3 1.2 1.0 1.74 1.6 1.39 1.05

w[%] 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 2.5 2.5 2.5 2.5

Ic[%] 6.9 9.3 10.4 11.6 11.0 11.1 14.8 15.3 0.7 5.4 7.6 10.4

This resulted from grain densification, cavities and void elimination; a more stable struc-

ture was obtained as the compaction effort on soil sample increased. The results presented

by Al-Mufty (2004) in Figure 5.13 confirm the obtained results. Upon inundation and af-

ter around 2880 minutes, the void ratio sharply decreased over time for both gypseous and

mixed soils. After that, secondary compression or creep strain was recorded, see Figures

5.14a and 5.14b. However, at high initial void ratios in loess samples, significant variation

in the void ratio during inundation was observed. However, Figure 5.14c explains that a

slight to insignificant changes in void ratio were observed for loess samples prepared at

initial void ratio of 0.64 and 0.51, respectively. From these results, it can be concluded

that initial dry density plays an important role in the estimation of the collapse potential

and/or the selection of soil mitigation techniques. Clevenger (1958); Al-Khuzaie (1985);

Lawton et al. (1989, 1992); Al-Mufty (1997, 2004) reported similar conclusions.
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Figure 5.14.: Void ratio versus time for saturated: (a) GI, (b) 70G30S and (c) LG soils.
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5.2.2.3. Effect of the initial degree of saturation

The effect of the initial degree of saturation on the collapse potential is presented in this

subsection. Figure 5.15 shows the results of single Oedometer collapse tests conducted

under an inundation vertical stress of 200 kPa and at various initial degrees of saturation,

while Figure 5.16 shows the variation in the collapse potential with the initial degree of

saturation for the three selected soils. The summary of test results is given in Table 5.4.

In these tests, the concept of the critical degree of saturation and its effect on the col-

lapsibility characteristics was also investigated. The critical degree of saturation can be

defined as ”It is that degree of saturation after which the sample has behaviour similar

the saturated soil” (Jennings & Burland, 1962). While Lawton et al. (1989, 1992) defined

the critical degree of saturation as ”the initial or prewetting degree of saturation above

which negligible collapse potential exists for all expected ranges of relative compaction

and overburden pressure, depends on both the dry density and overburden pressure”. In

general, the increase in the initial degree of saturation causes a noticeable reduction in

the collapsibility of all tested samples. In other words, when the soil sample was pre-

pared to a degree of saturation approximately 20% greater than the degree of saturation

at hydroscopic water content, the collapse potential reduced to approximately 55% for

both gypseous and mixed soil, and to approximately 83% for loess soil, see Table 5.4.

Moreover, for both gypseous and mixed soils, the observed critical degree of saturation

ranged from 60-70%, while loess soil ranged from 30-40%, see Figure 5.16. This behaviour

can be attributed to substantial soil compression that occurred even with a small increase

in the degree of saturation. For this reason, the soils show low potential to collapse at

a vertical stress of σv=200 kPa because most of this potential vanished at low applied

vertical stress.

Furthermore, for both gypseous and mixed soils, low initial degrees of saturation could not

soften all gypsum bonds between soil particles. Therefore, significant water content and

time duration were required in order to completely soften cementing bonds and achieve

a new arrangement in the soil structure. The presence of secondary compression (i.e.

creep) for these soils led to complex behaviour particularly when the degree of saturation

significantly varied (5.17a and 5.17b). This behaviour explains why gypseous soil has a

more critical degree of saturation than loess soil. These results corroborate the results

obtained by Al-Ani & Seleam (1993). After the critical degree of saturation had been

reached, no considerable variation was observed in the void ratio of the saturated curve

for the sample prepared at different initial degrees of saturation and loaded up to the

same vertical stress, see Figure 5.17c.
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Figure 5.15.: Degree of saturation effect on collapse potential for: (a) GI, (b) 70G30S and

(c) LG soils.
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Many studies corroborate these results such as (Feda, 1988; Grabowska-Olszewska, 1988;

Lawton et al., 1989, 1991, 1992; Nashat, 1990) and Houston et al. (2001) shown in Figure

2.13. It is important to mention that the collapse potential is independent on optimum

moisture content (i.e. optimum degree of saturation) of standard compaction curve but

its initial degree of saturation dependent, see Figure 5.16 and Table 5.4.

In summary, the inundation vertical stress, initial dry density and the initial degree of

saturation are the most important factors affecting the estimation and evaluation of the

collapsibility characteristics of unsaturated soils. Hence, the collapse potential signifi-

cantly increases as inundation vertical stress increases, and decreases when the initial dry

density and the initial degree of saturation increase.
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and LG soils.

Table 5.4.: Summary of initial degree of saturation effect on the collapse potential.

Soil type GI 70G30S LG

eo[-] 0.81 0.81 0.81 0.81 0.85 0.85 0.85 0.85 0.64 0.64 0.64 0.64

Sro[%] 0.7 20 40 60 0.7 20 40 60 10 22 30 57

Sropt.[%] 49.2 49.2 49.2 49.2 73.4 73.4 73.4 73.4 84.3 84.3 84.3 84.3

w[%] 0.25 6.9 13.8 20.6 0.25 6.7 13.5 20.3 2.5 4.8 9.7 14.6

Ic[%] 9.3 4.1 2.6 1.6 11.1 4.7 4.1 2.1 5.4 1.7 0.9 0.0
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Figure 5.17.: Void ratio versus time for saturated: (a) GI, (b) 70G30S and (c) LG soils.
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5.3. Results of volume change under suction control test

In this test, 14 samples were tested for the three selected soils, of which 11 soil samples

were utilised for the constant net stress-suction decreases (wetting-collapse) test and three

samples were used for the constant net stress-suction increases (drying) test. The initial

conditions of the soil samples and the boundary conditions of the test are shown in Tables

3.5 to 3.7 and the stress paths for both tests are explained in Figure 4.12.

5.3.1. Constant net stress-suction decreases (wetting-collapse) test

(CNWT)

The test results for the three selected soils are shown in Figures 5.18 to 5.24. Figure 5.18

indicates the relationship between void ratio and net vertical stress. Figures 5.19 to 5.22

demonstrate the variation in the collapse potential, void ratio, gravimetric water content

and degree of saturation with applied suction respectively. Figure 5.23 shows the compar-

ison of the collapse and swelling potential obtained by single step wetting and multi-step

wetting tests. Figure 5.24 shows the evolution of the collapse potential with the degree

of saturation. The summary of test results is presented in Table 5.5.

Figure 5.18 indicates that the gypseous, mixed and loess soils presented low compress-

ibility when loaded under unsaturated conditions (i.e. at their initial suction). Upon

gradual wetting the soil by multi-step suction decreases under the same constant net ver-

tical stress, the volume change during suction- equilibrium stage of soil sample is denoted

as collapse deformation. The measured collapse potential increased (Figure 5.19) and the

values of void ratio decreased (Figure 5.20) progressively as the wetting net vertical stress

increased and the applied suction decreased. The increase in the collapse potential and

the decrease in the void ratio reached their maximum values at zero suction. However,

Figures 5.19c and 5.20c indicate that the loess soil (LG) did not present any collapsing

behaviour when the suction was reduced to a stress level equal to or lower than the max-

imum preconsolidation pressure (i.e. σn= 50 and 100 kPa). Furthermore, insignificant

swell with relative increases in void ratios was observed at σn= 100 kPa when the applied

suction ranged between 6100 and 50 kPa.

For GI soil, the collapse potential reached over 60% of its final value when the suction

decreased to ψ=800 kPa, where the gravimetric water content (w) and the degree of

saturation (Sr) ranged between 1.5-2.5% and 6-8.5% respectively. Likewise the collapse

potential exceeded 85% of its final value when the suction was reduced to ψ=50 kPa

corresponding to the range of w=3.5-5% and Sr=11-29%.
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Figure 5.18.: Void ratio versus net vertical stress of CNWT for: (a) GI, (b) 70G30S and

(c) LG soils.
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Figure 5.19.: Variation of collapse potential with suction of CNWT for: (a) GI, (b) 70G30S
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(c) LG soils.
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This behaviour was the same for all the samples loaded under a range of net vertical

stress equal to 50-800kPa (see Figures 5.19a, 5.21a and 5.22a). A similar behaviour was

observed for 70G30S soil. The collapse percent was 58% of its final value at ψ=800kPa,

w=0.3% and Sr=1%, and 90% of its final value at ψ=50kPa, w=6% and Sr=22% (see

Figures 5.19b, 5.21b, and 5.22b).

For LG soil, the soil structure had insignificant potential to swell under a net vertical

stress ranging between 50-100kPa and ψ=6100-50kPa, w=5-15% and Sr=19-61%. This

swell could be attributed to the decrease in mean effective stress resulting from the reduc-

tion in matric suction, which in turn led to a relative increase in the void ratio. Moreover,

the collapse potential reached over 12% of its final value when ψ=800kPa, w=4-5% and

Sr=17-21%, and over 70% when ψ=50kPa, w=9-11% and Sr=39-49% (see Figures 5.19c,

5.21c, and 5.22c).

In other words, three main distinct phases are developed in the collapse mechanism of

the tested soils: the pre-collapse phase, the collapse phase and the post-collapse phase.

Such collapse mechanism is also observed and described by Pererira & Fredlund (2000)

(subsection 2.8.4.2). In the pre-collapse phase, insignificant collapse deformation occurred

with respect to a relatively large decrease in the value of imposed suction. This behaviour

can be attributed to the action of cementing bonds between soil particles. The devalua-

tion of the suction at that stage may stimulate gypsum-sand and clay-silt bonds, which

start softening in place without any movement or deformation. Therefore, this action was

insufficient to cause collapse deformation in the soil structure.

Pererira & Fredlund (2000) attributed this behaviour to the elastic compression of the soil

structure without grain slippage. This phase of deformation arose at high suction ranges

(i.e. ψ≥ 50000 kPa for GI and 70G30S, ψ≥ 10000 kPa for LG, see Figure 5.19). The

collapse phase occurred at intermediate ranges of suction (i.e. ψ=100-50000 kPa for GI

and 70G30S, ψ=100-10000 kPa for LG, see Figure 5.19) and could be recognized due to

significant volume change and collapse deformation. This deformation was induced after

only a few hours of the suction reduction, and it continued until the soil suction reached

equilibrium at the microstructure level. However, this behaviour can be attributed to the

collapse mechanism at both the microstructure and macrostructure level of analysis. At

the microstructure level, the soil particles could not maintain their position during load-

ing due to the open structure of the collapsing soil, the absence of strength and capillary

forces between the particles, and weaknesses caused by a reduction in suction.

Moreover, for both GI and 70G30S soils, the gypsum bonds that connected the soil par-

ticles tended to be removed or softened after the disappearance of the suction, resulting

in collapse.
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Figure 5.21.: Variation of gravimetric water content with suction of CNWT for: (a) GI,

(b) 70G30S and (c) LG soils.
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Figure 5.22.: Variation of degree of saturation with suction of CNWT for: (a) GI, (b)

70G30S and (c) LG soils.
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For LG soil, collapse occurred as a result of the dispersion and disruption of silt-clay

bridges or buttresses between loosely packed silt grains leading to initial rapid collapse of

the interparticle matrix. At the macrostructure level, collapse deformation occurred as a

result of the grains densifying and rearranging into a more closely packed structure after

the cavities had crashed and had been destroyed by stress redistribution over time. In the

third phase (i.e. post-collapse) the volume change commonly occurred at a low suction

range (i.e. ψ ≤ 100 kPa), and it was characterised by small volumetric deformations as

a response to a further reduction in suction after reaching nearly full saturation. This

deformation occurred because of secondary compression (i.e. creep) of the softened soil

mass especially for GI and 70G30S soils. The test results also indicated that the gravi-

metric water content (Figure 5.21) and the degree of saturation (Figure 5.22) similarly

increased as the suction of the soil was reduced from the initial value to zero irrespective

of the differences in soil collapse caused by different net vertical stresses. In other words,

when the amount of water in the soil sample increased at a low suction range (i.e. ψ

≤ 100 kPa) the volume of air in the pore space decreased due to pore collapses. These

results also showed that it was not possible to reach fully saturated soil sample at zero

suction especially at low values of net vertical stress. This behaviour occurred because

the soil structure still contained some air bubbles trapped between the soil particles.

In addition, the results indicated that the measured collapse potential (Ic) of GI soil ob-

tained by multi-step wetting (i.e. CNWT) was relatively larger than those values obtained

by single step wetting (i.e. SOT), see Figure 5.23.
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For 70G30S soil, one test available for this comparison which indicated that both of the Ic

values were nearly identical, while the opposite was observed for LG soil. This behaviour

resulted from the dissolution of gypsum agents that induced the collapse deformation

being comparable with the value of imposed suction (i.e. the degree of wetting) in the

case of cementing bonds by gypsum particles. The new gypsum bonds rebuilt during the

suction-equilibrium stage by non-dissolved gypsum particles could potentially collapse

when the suction conditions approached the saturated state. Therefore the accumulative

collapse potential rises with a successive reduction in suction values. This behaviour was

not observed for the silty loess samples, where the amount of collapsed air voids in the

pores seemed to rise when the suction dropped in single step (i.e. SOT) especially at a

high stress level. The capillary forces and the silt-clay buttress bonds in the loess struc-

ture no longer have the ability to rebuild themselves after destruction.

From the foregoing discussion, it can be concluded that the collapse deformation of col-

lapsible soils was considerably stress path dependent and was a function of net normal

stress, suction and the degree of saturation. However, the changes in the volume of col-

lapsible soils corresponded mostly to the changes in the degree of saturation and suction.

Full saturation of the soil sample was not necessary to achieve final collapse as schown in

Figure 5.24. In other words, partial saturation to a degree lower than 30% could introduce

the final value of the collapse potential for naturally gypseous and artificially gypsified

soils, particularly at low suction ranges regardless of net vertical stress.
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However, loess soils displayed the same behaviour with a degree of saturation near to

50% and under net normal stress greater than the maximum preconsolidation pressure.

The estimated collapse potential obtained by utilising the constant net vertical stress-

suction decreases method was more reliable and comparable to field conditions than the

single Oedometer collapse method. The above-mentioned interpretations and discussion

regarding CNWT were supported and confirmed by research conducted by Tadepalli &

Fredlund (1991) (see Figure 2.10), Feda (1995), Habibagahi & Mokhberi (1998),Pererira

& Fredlund (2000) (see Figure 2.11), Houston et al. (2001) (see Figure 2.13), Nelson et al.

(2011); Vilar & Rodrigues (2011) and Haeri et al. (2013) (see Figure 5.25).
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Figure 6.61 Collapse or swelling potential versus vertical stress due to one step (SOT) and 
stepwise (CN-WT) wetting. 

 

 

Figure 6.62 Results of wetting-induced collapse tests of Aeolian loessial soil from 
northeast Iran using suction-controlled triaxial setup, (after Haeri et al, 2014). 
 

6.3.2 Constant net stress-suction increases (drying) test (CN-DT) 

        In this test, one sample is tested for each type of the three selected soils under net 

vertical stress (σn) equal to 200 kPa. The test starts at full saturated state of the soil sample 

and follow the drying stress path (i.e. suction increases).  

This test is carried out in order to investigate the behavior of the saturated metastable 

structure when undergo large reduction in its degree of saturation as results of successive 

increases in suction values. This investigation is the experimental key note for simulation 

the behavior of shallow collapsible deposits in the field when the weather temperature rises 

after the rainy season. 
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Figure 5.25.: The results of wetting-induced collapse tests of Aeolian loessial soil from

northeast Iran using suction-controlled triaxial setup (Haeri et al., 2013).

Table 5.5.: Summary of the constant net stress-(wetting and drying) tests.

Soil type eo[−] Test type wo[%] Sro[%] σv[kPa]

50 100 200 400 800

Collapse potential,Ic[%]

CNWT 0.25 0.7 6.1 7.2 14.5 17.6 18.4
GI 0.81

CNDT 34.5 100 - - 3.0 - -

CNWT 0.25 0.7 - - 10.5 - -
70G30S 0.85

CNDT 35.4 100 - - 3.3 - -

CNWT 2.5 10 0 0.3 1.9 4.3 5.7
LG 0.64

CNDT 42.6 100 - - 2.3 - -
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5.3.2. Constant net stress-suction increases (drying) test (CNDT)

This test was carried out in order to investigate the behaviour of the saturated metastable

structure after a substantial reduction in the degree of saturation as a result of successive

increases in suction values. This investigation was the experimental keynote for simulating

the behaviour of shallow collapsible deposits in the field when the temperature rises after

a rainy season.

The test results for the three selected soils are shown in Figures 5.26 to 5.30. Figure

5.26 indicates the relationship of void ratio versus net vertical stress. Figure 5.27 to 5.30

demonstrate the variation in the collapse potential, the void ratio, the gravimetric water

content and the degree of saturation with applied suction respectively. The summary of

test results is given in Table 5.5.

In order to achieve a full saturated state, the soil sample was allowed to free access to water

and to free swelling (when the soil structure has potential to swell) without any loading

condition. The compression stage was started after saturation stage where ψo=zero by

increasing the loading stepwise until the target constant net vertical stress was reached

(i.e. σn =200 kPa, ψo=zero). Then, the sample followed the drying path (i.e. suction

increases) until the final suction (ψfinal) was reached, which corresponded to the initial

suction value of the soil under constant applied net vertical stress (i.e. σn=200 kPa, ψfinal

=the value of initial suction). For naturally gypseous and artificially gypsified soils, no

swell was recorded as expected. Loess soil presented considerable swell potential where

the void ratio increased significantly from point a to point b in as shown in Figure 5.26.
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Figure 5.26.: Void ratio versus net vertical stress of CNDT for GI, 70G30S and LG soils.
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The drying path for the three selected soils was started at full saturated state (i.e.

ψo=zero; point c in Figure 5.26) when no further settlement was recorded under a constant

net vertical stress of 200 kPa. After that, the applied suction was increased in a multi-step

manner. The subsequent drying processes after initially fully saturated of the soil sample

induced a significant volumetric strain, which was indicated by a settlement deformation

and reduction in void ratio as shown in Figures 5.27 (points c-d) and 5.28. The fact

signified that this deformation did not occur as a result of the collapse deformation,
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but because of the shrinkage strain of the soil mass particularly at high net vertical stress,

see Figure 5.28. This observation was in agreement with the experimental results of

bentonite-sand mixture specimens presented by Alonso et al. (2001) and Agus (2005).

This behaviour could be related to the fact that the entrapped air bubbles created by

increasing the imposed suction replaced the water molecules in the pore space. Figures

5.29 and 5.30 demonstrate the great reduction that occurred in the values of gravimetric

water content and the degree of saturation as a result of the increase in applied suction.
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5.4. Soil-water characteristics curve (SWCC) results

In this section, the results of drying and wetting processes over a wide range of imposed

suction under unconfined conditions are presented for the three selected soils. The stress

path of this test is shown in Figure 4.13.

In order to represent the SWCC and to verify the experimental data, several empirical

equations or theoretical models were proposed in the literature to best-fit laboratory data

for the SWCC. Such literatures include Fredlund & Rahardjo (1993); Fredlund et al.

(2012).

In the present study, two of the most well known and most commonly used equations for

representing the SWCC to best-fit laboratory data are the Van Genuchten (1980)-Mualem

(1976) and Fredlund & Xing (1994) equation.

• Van Genuchten (1980)-Mualem (1976) equation

Van Genuchten (1980) proposed using a continuous function between soil suction and

normalised water content as expressed in Equations 5.3 and 5.4. The Van Genuchten

(1980) SWCC equation provided additional flexibility to obtain a best fit for the SWCC,

since it depended on three fitting parameters a, n and m. In an attempt to obtain a closed-

form expression for hydraulic conductivity, Van Genuchten (1980) used the Mualem (1976)

relationship between n and m (Equation 5.5)in order to fix both parameters in a single

variable.

θn =
1

[1 + (amψ)n]m
(5.3)

or

θn =
w(ψ)− wr
ws − wr

(5.4)

and

m = 1− 1

n
(5.5)

where:

θn=normalized water content or the effective degree of saturation (Se).

ψ=applied suction (kPa).

a= the fitting parameter primarily related to inverse of air-entry value (unit equal to

1/kPa).

n= the fitting parameter primarily related to rate of water extraction from soil once air-

entry value have been exceeded. Parameter (a) is also called the reference suction.

m= the fitting parameter that are primarily related to residual water content conditions.
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w(ψ)=gravimetric water content.

wr=water content at residual conditions.

wa=water content at saturated conditions.

• Fredlund and Xing (1994) equation

Fredlund & Xing (1994) further developed the best-fit SWCC equation in order to over-

come the issue encountered with the other empirical SWCC equations. The common

problem of other equations occurred at high soil-suction values beyond residual condi-

tions where the results became asymptotic to a horizontal line as soil suction went to

infinity (Fredlund & Rahardjo, 1993; Fredlund et al., 2012). The Fredlund & Xing (1994)

SWCC equation expressed in Equations 5.6 or 5.10 used the correction factor in the equa-

tion to direct the SWCC to a soil suction of 106 kPa at zero water content. The correction

factor C(ψ) is as in Equation 5.9.

θ = C(ψ)
θs

{ln[e+ (ψ/a)n]}m
(5.6)

or

w(ψ) = C(ψ)
ws

{ln[e+ (ψ/a)n]}m
(5.7)

where

θ =
w(ψ)

ws
(5.8)

C(ψ) = 1− ln(1 + ψ/ψr)

ln[1 + (106/ψr)]
(5.9)

where:

θ=volumetric water content corresponding to the selected soil suction.

θs=saturated volumetric water content.

c= 2.71828; irrational constant.

ψr=soil suction corresponding to the residual volumetric water content θr.

If the SWCC is required to fit only between saturated conditions and residual conditions,

another form of Equation 5.6 can be used to obtain best fit for the experimental data as

follows:

θ = θr + C(ψ)
θs − θr

{ln[c+ (ψ/a)n]}m
(5.10)
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In this section, the results of SWCC test (i.e. drying and wetting paths) with best-

fit using Equations 5.3 and 5.10 for the three selected soils are presented. Figure 5.31

and Figure 5.32 demonstrate the results of gravimetric water content versus suction and

degree of saturation versus suction respectively, while Figure 5.33 indicates the verification

of experimental data with predicted data.

From the SWCCs of both GI and 70G30S soils it can be observed that the air-entry

value (AEV) and residual suction value (ψr) occurred in a relatively low range of suction

values. Moreover, the AEV and ψr for GI soil obtained from the SWCC drying curve were

2 kPa and 60-70 kPa respectively (see Figures 5.31a and 5.32a), while the AEV and ψr

for 70G30S soil were 3-4 kPa and 200-300 kPa respectively (see Figures 5.31b and 5.32b).

From these results it can be concluded that the soil structure in the boundary effect zone

could not hold the water molecules in the pore space due to its relatively coarse grain size

distribution even with a low value of imposed suction. This behaviour can be attributed

to the high permeability of the soil structure produced by the existence of the sand grains

in addition to the weak interparticle tension forces of the metastable soil structure.

By comparing the SWCCs for both GI and 70G30S soils, the transition zone of 70G30S

soil was greater and flatter than the transition zone of GI soil, where the residual suction of

70G30S soil exceeded the residual suction of GI soil by approximately five times. However,

the gypsum cementing structure showed considerable hysteresis on its SWCC with a clear

increase in the magnitude of hysteresis for 70G30S soil. This behaviour can be related

to the type and the difference in geological formation and homogeneity of soil fabric and

gypsum bonds.

For LG soil, the AEV and ψr were 14 kPa and 1800-2000 kPa respectively where the

residual suction value occurred at a high suction range (see Figures 5.31c and 5.32c).

Hysteresis between the drying and wetting curves was also recorded in the SWCC of LG

soil but with a lower magnitude than for GI and 70G30S soils. The low permeability and

the homogeneity of the silt fabric can explain this behaviour.

Figure 5.33 shows the verification results of experimental data with the predicted data of

the SWCCs. Regression analysis for the experimental results using the Van Genuchten

(1980)-Mualem (1976) and Fredlund & Xing (1994) equations reveal the high accuracy of

these results in comparison with the predicted data of the SWCCs.

The Fredlund & Xing (1994) equation provided reliable closeness of fit with experimental

data sets and more flexibility, particularly at the residual zone and at the inflection point

of the wetting part of the SWCC. This assessment was also confirmed by many researchers

such as (Leong & Rahardjo, 1997; Sillers, 1997; Fredlund et al., 2012).
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Figure 5.31.: Soil-water characteristics curve, w − ψ relationship for: (a) GI, (b) 70G30S

and (c) LG soils.
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Figure 5.32.: Soil-water characteristics curve, Sr −ψ relationship for: (a) GI, (b) 70G30S

and (c) LG soils.
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Figure 5.33.: Verification of experimental data with predicted data of SWCC test, (left)

gravimetric water content (w) results and (right) degree of saturation (Sr) results for: (a)

GI, (b) 70G30S and (c) LG soils.
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In reference to the CNWT results (subsection 5.3.1), Figure 5.19 indicates that the main

collapse phase for the three selected soil samples is occurred at low suction range, and it is

completed once up to suction of 50-100 kPa. This means that the soil sample reached the

final value of the collapse potential at the transition zone (i.e. not fully saturated condition

of the wetting curve and before the air-entry value of the drying curve of SWCC), see

Figure 5.31. In other words, even under partially saturated conditions (i.e. remaining air

in the pore space), the final value of the collapse potential could be achieved.

5.5. Permeability-leaching test

5.5.1. Permeability-leaching test under saturated condition (PLT)

The permeability leaching test was performed on gypseous soil (GI) and loess soil (LG)

at different vertical stress levels as shown in Table 3.9.

The permeability leaching stage followed the collapse stage of the constant net vertical

stress-suction decreases (wetting-collapse) test.

The test results indicated that this test under such boundary conditions was not appropri-

ate for the mixed soil (70G30S) due to the existence of opening channels in the soil mass

that arose a few hours after starting the water flow. For the same reason, the GI sample

test failed under a vertical stress of 50 kPa. However, the LG soil required a relatively

high hydraulic gradient in order to induce the water flow through the soil mass because

of its low permeability.

Figure 5.34 demonstrates the volume changes of GI and LG samples due to both satu-

ration and leaching processes. For the GI sample, permeability-leaching results (Figure

5.34a) showed volume changes much greater than those resulting from the multi-step wet-

ting fully saturation stage (i.e. ψfinal=zero) particularly under low vertical stress.

The leaching strain and the accumulative dissolved gypsum significantly increased as the

water flow increased as depicted in Figures 5.35 and 5.36. This behaviour was due to the

further dissolution of gypsum particles and the direct removal of these particles outside

the soil mass. In addition, this behaviour occurred when the water flowed through an

open structure of gypsum cementing bonds. This action also led to further development

of the volumetric strain as shown in Figure 5.37.

Moreover, the soil fabric continuously attempted to adjust over time to maintain equilib-

rium with the externally applied load and the hydraulic gradient.
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These results were supported and confirmed by the results of Nashat (1990); Al-Busoda

(1999); Al-Neami (2000); Al-Obaidi (2003) (see Figure 2.2).

However, such behaviour was not observed for loess soil, in which no further volumetric

strain or collapse deformation was recorded upon flowing water through the soil mass.

The rearrangement of the loess fabric seemed to reach equilibrium after inundation under

the same vertical load.
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leaching test for: (a) GI and (b) LG soils.
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Figure 5.35.: Evolution of accumulative leaching strain over leaching time for GI soil.
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Figure 5.36.: Evolution of accumulative dissolved gypsum over leaching time for GI soil.
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Figures 5.38 and 5.39 indicate that the permeability coefficient (k) significantly decreased

with successive increases in the leaching period and dissolved gypsum. This behaviour

can be attributed to the destruction most of the cavities and the large voids due to loading

after the progressive removal of gypsum particles. In other words, the decrease in k could

be related to the reduction in micro pore channels, which resulted from a drastic collapse

of the metastable structure, and/or plugging of either these channels or the bottom pores

stone by fine gypsum particles during their movement towards the outside of the soil mass.

On the other hand, the reduction in the permeability coefficient did not necessarily result

in an accompanying decrease in the void ratio during leaching processes.
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Figure 5.38.: Evolution of permeability coefficient over leaching time for GI soil.
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On the contrary, Figures 5.40 and 5.41 indicate that the void ratio significantly increased

as both the leaching strain and the dissolved gypsum developed especially when leaching

was conducted at a low stress level (i.e. below or equal to the maximum preconsolidation

pressure, σvm=176 kPa). However, relative increases in void ratio were observed when

leaching was conducted greater than σvm. The reason behind this behaviour is related

to the problem of a continuous loss of some soil particles during the leaching process at

certain stress states. In other words, when the soil mass lost some of its solids under

high stress level the soil structure rearranged itself at almost the same contact area as

the previous amount of soil solids. However, when particles were lost at a low stress level,

no dense state was created for the soil structure by the remaining soil solids, and/or the

soil particles were redistributed in the same manner which provided a sufficient bearing

capacity against the application of low stresses.
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Hence, care must be taken when estimating the void ratio during or after leaching pro-

cesses. Furthermore, the collapse potential due to the leaching phenomenon (Icl) can be

determined depending on the difference in volumetric strain before and after leaching to

avoid any mistake that could be encountered when utilising the values of the void ratio

in the calculations.

In conclusion, the change in the void ratio of gypseous soil during leaching is a function of

stress level, hydraulic gradient, dissolved gypsum and leaching time. This interpretation

corroborates the assumptions of the theoretical model proposed by Al-Mufty (1997). The

obtained results are supported by many studies such as Nashat (1990); Al-Badran (2001)

(see Figure 5.42) and Al-Obaidi (2003).

For LG soil, the behaviour during the permeability-leaching test was quite different from

that of GI soil. No changes in volumetric strain or void ratio in the soil sample were

observed during the leaching processes. The coefficient of permeability for σn=100kPa,

i=20 progressively deceased as the leaching time increased. However, under σn=800kPa,

i=30, it increased relatively until 48 hours of leaching time before it decreased. After this

time, the k values under both stresses decreased linearly in a parallel trend as shown in

Figure 5.43. This behaviour can be related to the fact that the loess fabric reached equi-

librium more quickly after inundation under loading. The number of voids decreased and

the contact area between the soil particles increased resulting in very low permeability

particularly when the soil mass was confined at a high stress level.
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Figure 5.43.: Evolution of permeability coefficient over leaching time for LG soil.

5.5.2. Permeability coefficient under unsaturated condition

In this subsection, the results of the permeability coefficient estimation under unsaturated

conditions for both GI and LG soils are presented. This estimation was based on the con-

stant net vertical stress-suction decreases (wetting-collapse) test (Subsection 5.3.1).

The coefficient of permeability under unsaturated conditions (kw) was determined using

the empirical model proposed by Brooks & Corey (1964) (see Section 2.11).

The model parameters were estimated from the soil-water characteristics curve (drying

curve) for both soils (i.e. GI soil of Figure 5.32a and LG soil of Figure 5.32c). The

permeability coefficient under saturated conditions (k) was considered from permeability-

leaching test results (Subsection 5.5.1).

For GI soil, the constant k value after one hour of leaching for each net vertical stress was

used to avoid any variation in the k value resulting from gypsum dissolution, see Figures

5.38 and 5.39.

For LG soil, the constant k value after 24 hours of leaching was considered where the

coefficient of permeability was relatively constant, see Figures 5.43.

Figure 5.44 shows the unsaturated coefficient of permeability versus suction for GI and LG

soils respectively. In these figures it can be noticed that the kw increased as the imposed

suction decreased. This behaviour resembled the behaviour of the degree of saturation

versus suction, see Figure 5.22a and c.
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Figure 5.44.: Evolution of unsaturated permeability coefficient over suction for: (a) GI,

(b) LG soils.

The relationship between the unsaturated coefficients of permeability and degree of satu-

ration is shown in Figure 5.45. This figure indicated that the variation in the permeability

coefficient with suction and/or with the degree of saturation under different net vertical

stresses was congruent and in a band form. Moreover, no obvious effect was present on

the value of the permeability coefficient for the collapse deformation of the soil sample at

either the macrostructure or the microstructure level.

Nevertheless, the degree of saturation has significantly affected the value of the perme-

ability coefficient at all suction ranges. This behaviour explained how the final collapse

could be achieved even when the soil sample did not reach a fully saturated state.
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Figure 5.45.: Permeability coefficients versus degree of saturation at unsaturated condition

for: (a) GI, (b) LG soils.

Pereira et al. (2005) presented similar results for the multi-step wetting test under constant

confining vertical stress, see Figure 5.46. They added that, the soil collapse might have

also generated internal hydraulic gradients that could alter the water flow paths through

the soil structure. They also stated that, the unsaturated coefficient of permeability of the

collapsible soil was primarily a function of the degree of saturation, while the saturated

coefficient of permeability was a function of the void ratio.
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Figure 5.46.: Measurements of coefficient of permeability at unsaturated condition for

”Alka-Seltzer dam” collapse soil of (SM-ML, eo=0.754 and wo=10.5%) from Brazil

(Pereira et al., 2005).

5.6. Elementary characteristics (ESEM-EDX) analysis

In this study, ESEM-EDX analysis was carried out on the recompacted oven dried soil

specimens after saturation and leaching processes under a vertical stress of 200 kPa for

24 hours. In addition to the initial unsaturated state. The ESEM measurements for all

soil specimens are shown in Figure 5.47. Additional details about ESEM measurements

with EDX analysis can be found in appendix C. Figures 5.47a, b and c show the ESEM

measurements for gypseous soil (GI) under various initial conditions of the soil specimen.



140 5. Experimental Results and Discussion

(1)

 

GI‐Soil 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GI-Unsaturated-10μ 
Large voids 

Flat sheet and  
crystal of gypsum 

GI-Saturated-20μ 

Soft edges  
of gypsum

Cavities

GI-Leached-10μ 

Plate shape 
of gypsum

Voids 

(a)

 

GI‐Soil 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GI-Unsaturated-10μ 
Large voids 

Flat sheet and  
crystal of gypsum 

GI-Saturated-20μ 

Soft edges  
of gypsum

Cavities

GI-Leached-10μ 

Plate shape 
of gypsum

Voids 

(b)

 

GI‐Soil 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GI-Unsaturated-10μ 
Large voids 

Flat sheet and  
crystal of gypsum 

GI-Saturated-20μ 

Soft edges  
of gypsum

Cavities

GI-Leached-10μ 

Plate shape 
of gypsum

Voids 

(c)

(2)

70G30S‐Soil 

 

 

 

 

 

 

 

 

 

70G30S-Unsaturated-10μ 70G30S-Saturated-20μ 70G30S-Leached-20μ 

Voids 

Gypsum as  
a film or crust

Gypsum as  
a crust encase sand

Scattered gypsum 
particles

(d)

70G30S‐Soil 

 

 

 

 

 

 

 

 

 

70G30S-Unsaturated-10μ 70G30S-Saturated-20μ 70G30S-Leached-20μ 

Voids 

Gypsum as  
a film or crust

Gypsum as  
a crust encase sand

Scattered gypsum 
particles

(e)

70G30S‐Soil 

 

 

 

 

 

 

 

 

 

70G30S-Unsaturated-10μ 70G30S-Saturated-20μ 70G30S-Leached-20μ 

Voids 

Gypsum as  
a film or crust

Gypsum as  
a crust encase sand

Scattered gypsum 
particles

(f)

(3)

LG‐Soil 

 

 

LG-Unsaturated-10μ LG-Saturated-10μ LG-Leached-10μ

Voids 

Clay buttresses  
encase silt grains 

Soft buttresses and 
weak bridges of clay 

Cavities 
Weak soft  
clay bonds 

Silt Silt 

(g)

LG‐Soil 

 

 

LG-Unsaturated-10μ LG-Saturated-10μ LG-Leached-10μ

Voids 

Clay buttresses  
encase silt grains 

Soft buttresses and 
weak bridges of clay 

Cavities 
Weak soft  
clay bonds 

Silt Silt 

(h)

LG‐Soil 

 

 

LG-Unsaturated-10μ LG-Saturated-10μ LG-Leached-10μ

Voids 

Clay buttresses  
encase silt grains 

Soft buttresses and 
weak bridges of clay 

Cavities 
Weak soft  
clay bonds 

Silt Silt 

(i)

Figure 5.47.: ESEM measurements for: (1) GI, (2) 70G30S and (3) LG soils; (left) Un-

saturated, (middle) Saturated and (right) leached soil states.

Figure 5.47a indicates that the natural formation of gypsum can be found in three phases:

a phase of flat sheets or crusts, a phase of accumulative dense blocks or crystals and/or a

phase of sand covered with silt particles. The recompacted specimen showed an absence or

a rare presence of supporting cementing bonds between silt-silt particles in addition to the

presence of cementing bonds type gypsum covered with silt-crystals gypsum with sharp

edges particles (Figure 5.47a). The EDX analysis showed that the sulphate (S=19.6%

per weight) and calcium (Ca=19.6% per weight) content formed the main parts of the

chemical composition of the soil.
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The effect of saturation and leaching processes on the microstructure of GI soil was quite

clear as shown in Figures 5.47b and 5.47c respectively. The observed sharp edges of gyp-

sum in unsaturated specimen were softened and nearly dissolved (Figure 5.47b). However,

the previous shapes of gypsum (i.e. flat sheets or crusts) still existed. Such strong cemen-

tation of gypsum required substantial soaking or water flow under a hydraulic gradient

in order to segregate it from other particles and complete the dissolution processes. The

EDX analysis of normalised element of saturated GI specimen shows that the chemical

composition particularly for S and Ca were almost unchanged after being fully saturated

in comparison with the unsaturated GI specimen (see appendix C). This is because the

dissolved gypsum at saturation condition still existed in the pore water and was not re-

moved outside the soil mass. Subsequent re-precipitation of the gypsum from the soluble

pore water occurred when oven drying of the soil mass. Nevertheless, upon leaching pro-

cesses, the S and Ca contents were reduced to about 50% by weight in comparison with

the unsaturated or saturated states after only 24 hours from the start of the leaching pro-

cess. Moreover, Figure 5.47c shows that the water flow through the soil mass attempted

to change the shape of the gypsum particles to a plate shape with smaller voids between

particles. However, the crusts of gypsum still covered the sand or silt grains and required

additional water action in order to destroy all those bonds.

The sequential changes or the transformation of the gypsum particles in the soil mass

due to its sensitivity to water activity can explain the following: the creep phenomenon

observed during the compression test of gypseous soil under saturated conditions (see Fig-

ure 5.14a) and the collapsibility characteristics observed when wetting under controlled

suction (see Figure 5.19a). It can be concluded that this transformation is a function of

vertical stress, suction and water activity through the soil mass.

A comparison between the natural and artificial occurrence of gypsum within soil struc-

ture (i.e. GI and 70G30S soils respectively) can be made considering the ESEM images

in Figures 5.47a and 5.47d. From these figures, the differences in the gypsum formation

and its distribution through the soil fabric can be recognised. In the case of natural for-

mation of gypsum in GI soil fabric, three gypsum phases with a complex and relatively

dense structure were observed. In the case of artificially occurring gypsum in 70G30S

soil, the gypsum particles were uniformly distributed and coated the fine sand particles or

appeared as a separate gypsum film or crusts. The cementing bonds between two coated

sand particles were present (see Figure 5.47d). The soil fabric uniformity derived from

the perfect mixing of the CaSO4.2H2O powder characterised by a high specific area with

Silber sand characterised by uniform grain size distribution.

Moreover, the EDX analysis of 70G30S soil shows more S and Ca minerals than in the
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GI soil as well as the absence of some minerals such as Al, Mg and K.

Upon inundation and/or the leaching of 70G30S soil as shown in Figures 5.47e and 5.47f

respectively, no substantial difference or transformation for the gypsum particles was ob-

served as in the case of GI soil. In the case of saturated specimens, the particles maintained

their formation and intensity but in a soft form and a closer voids. In the case of leaching

process, the film or crusts formed by gypsum particles still existed but in a scattered

form. This behaviour can be related to the genesis formation of the natural and artificial

cementing bonds between soil particles in addition to the qualitative and quantitative

gypsum material in the soil element. On the other hand, artificial gypsum CaSO4.2H2O

is very fine and compliant or ductile material, therefore the compaction method and the

curing time for preparing the mixed soil have a great effect on the particle shape and

bonding strength. However, all of the above-mentioned properties for 70G30S soil might

explain the reason behind the sudden volume change in the soil specimen during the first

ten minutes of the load application. In addition, it clarifies the substantial jump in the

amount of water for both wetting and drying paths during the constant net stress-suction

control tests (see Figures 5.21b and 5.29). On the other hand, such a weak fabric could

not have maintained the bonds of a sand-gypsum form in position for a long time partic-

ularly when the water flowed under the hydraulic gradient. In other words, water activity

in the soil mass led to the reseparation of the gypsum-sand mixture and the formation of

piping or water channels through the soil skeleton. This behaviour explains the failure of

permeability leaching test for 70G30S soil.

Figures 5.47g, h and i show the ESEM measurements for loess soil (LG) under different

initial conditions in the soil specimen. Figure 5.47g indicates that the recompacted spec-

imen of silt-sand fabric is connected togather through a superficial clay layer (i.e. clay

bridges and buttresses) as well as presence of large voids. These observations corroborate

the observations of Barden et al. (1973)and Klukanova & Frankovska (1995). The EDX

analysis showed that the major elements of LG soil are Si and Al with 36.7% and 10.8%

per weight respectively.

The effect of saturation and water flow (i.e. leaching) on the microstructure of LG soil is

shown in Figures 5.47h and i respectively. When comparing the soil fabrics under differ-

ent conditions (i.e. unsaturated, saturated and leaching) the silt-clay bonds with voids

was presented under all conditions. Nevertheless, the saturated specimen showed scat-

tered grain distribution, less homogeneity, soft bonds and large voids due to bioturbation

(Figure 5.47h). In contrast, the leached specimen was characterised by more uniform

grain distribution, smaller voids and softer clay buttresses and bridges. In addition, the

silt grains lacked the support of clay buttresses and seemed to be shelled or segregated
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from the clay bonds (and/or clay linings) and might have been trans-located into the

surrounding voids by the water flow (Figure 5.47i). The foregoing discussion explains

the absence of further volume change that might have resulted from the leaching of the

soil mass (Figure 5.34b) and also explains the relative reduction in the value of perme-

ability coefficients (k) at the time of leaching (Figure 5.43). However, the EDX analysis

presented some changes in the mineral compositions of the silt soil which occurred as

a result of inundation or leaching of the soil mass. For example, upon inundation, Mg

is disappeared and new components such as C , Ti and V is appeared. Upon leaching,

the previous components were replaced by Br (see appendix C). These observations agree

with the finding of Derbyshire et al. (1995) and Muxart et al. (1995).

5.7. Soil-column test

In this section, the result of the soil-column test utilizing soil column device for compacted

gypseous soil is presented. Figures 5.48, 5.49 and 5.51 show the evolution of pore-water

pressure, volumetric water content and volumetric strain with time respectively. The

initial condition of the soil sample and the stress path of the test are shown in Tables 3.8

and 5.6.

Corresponding to the tensiometer sensors measurements given in Figure 5.48, the soil

sample under the initial conditions had negative pore-water pressure when compacted

at an average initial volumetric water content of θo= 6.5%. Moreover, the pore-water

pressure immediately rose from its initial value to around zero value simultaneously with

increases in air pressure (ua) from zero to 30 kPa. However, no change in volumetric water

content was recorded. This behaviour indicates that sudden increases in the hydrostatic

pore-water pressure occurred at the micro level of the soil structure. At the first stress path

level of ua=30 kPa, uw=10 kPa, ψ=20 kPa, the hydrostatic pore water-pressure started

sequentially dissipating until it reached equilibrium after 30 days from the beginning of

the test. During this stage the deeper tensiometer (T3) showed lower matric suction

than the upper one (T1). At the second stress path level of ua=20 kPa, uw=10 kPa,

ψ=10 kPa, the pore water measurements of the three tensiometers coincided again but at

approximately -20 kPa immediately following a decrement in the applied air pressure from

30 to 20 kPa. A similar trend for tensiometer measurements was observed and a similar

time interval was required in order to reach equilibrium at this stage in comparison with

the first stage. However, the development in measurements of the middle (T2) and deep

(T3) tensiometers were too similar at this stage.



144 5. Experimental Results and Discussion

10 T1 Depth:4 cm H d i

0]

T1-Depth:4   cm
T2-Depth:10 cm
T3 Depth:16 cm

Hydrostatic pressure

10

0

[k
P

a] T3-Depth:16 cm

20

-10

ur
e 

[

Matric suction

-20

pr
es

su

-30

at
er

 p Initial condition
ua,uw,Ψ=0

-40

re
-w

a a, w,

-50P
or

1st-wetting
Ψ=20 kPa

2nd-wetting
Ψ=10 kPa

3rd-wetting
Ψ=0

-60
0 500 1000 1500 2000 2500

Ψ=20 kPa Ψ=10 kPa Ψ 0

0 500 1000 1500 2000 2500
Time [hour][ ]

Figure 5.48.: Development of pore- water pressure with time under different stress condi-

tion in soil-column test for gypseous soil.

Nevertheless, no changes in the value of volumetric water content as well as in water

level of the connected burette were observed during both stress path levels as shown in

Figure 5.49. At the third stress path level of ua=10 kPa, uw=10 kPa, ψ=0 kPa when

the air pressure was reduced from 20 to 10 kPa, a sudden increase was observed in the

negative pore water-pressure without matching in the tensiometers measurements. After

that, sharp increases in pore-water pressure towards positive values were recorded for

three tensiometer measurements. Simultaneously a significant increase in the volumetric

water content occurred as a result of water imbibitions processes.

The trend of pore water pressure evolutions for the third stress path level is completely

opposite to the trends of both the first and second stress paths levels Furthermore, the

deep tensiometer measurements showed a faster reduction in the negative pore water

pressure (i.e. matric suction) than the middle and upper tensiometer. This is because

the measuring zone of the deep tensiometer came into direct contact with the saturated

ceramic base, which was directly connected to the water burette.

Therefore, the volume of the water surrounding the deep tensiometer at a specific time

was higher than the others (Figure 5.49). At the equilibrium stage, the measurements

of three tensiometers matched at a round positive pore water pressure of 4.8 kPa. The

behaviour of gypseous soil during this test can be attributed to the effect of matric suction

on the activity of the water in soil structure.
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Figure 5.49.: Development of volumetric water content with time under different stress

condition in soil-column test for gypseous soil.

In other words, the initial condition of the soil sample indicates that the soil with θo= 6.5%,

ψ=20 kPa was located in transition zone and near the residual value of the wetting curve

of the SWCC (see Figure 5.31a). Therefore, a reduction in the matric suction to ψ=10

kPa insignificantly affected the volumetric water content. Consequently, the presence of

matric suction (even small values) at this stage forced the pore water to remain in place

and reaching the equilibrium with externally applied pore water pressure. However, the

absence of matric suction in third stress path level permitted the soil mass to have a full

wetting and was transferred from the transition zone to the residual air content zone of

higher water content on the SWCC.

Lins (2009) used the same technique with a different test procedure to investigate the effect

of drainage/imbibitions cycles on the hydro-mechanical properties of partially saturated

sand. She observed the same behaviour for the variation in pore-water pressure which was

measured by several tensiometers installed at different depths of sand column sample, as

shown in Figure 5.50.

Negligible volumetric strain or collapse deformation was recorded during the three stress

paths levels as shown in Figure 5.51. This can be attributed to three reasons: low vertical

stress (see Figure 5.10), relatively high initial moisture content (see Figure 5.16) and the

effect of height to diameter H/D ratio of the soil sample. The higher the H/D ratio, the

less collapse potential occurred for the soil mass as reported by Al-Obaidi (2003).
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6.2. SOIL-WATER CHARACTERISTIC CURVE 119

-6

-4

-2

0

2

4

6

0 200 400 600 800 1000 1200 1400 1600 1800

Time (min)

P
o

re
-w

at
er

 p
re

ss
u
re

 (
k
P

a)

T 70 mm T 160 mm T 260 mm T 360 mm T 450 mm

-6

-4

-2

0

2

4

6

0 200 400 600 800 1000
Time (min)

P
o

re
-w

at
er

 p
re

ss
u
re

 (
k
P

a)

T 70 mm T 160 mm T 260 mm T 360 mm T 450 mm

2nd imbibition 2nd drainage

Hydrostatic 

pressure

Matric 

suction

Initial drainage

Dense specimen 

Initial void ratio = 0.66

1st imbibition 1st drainage

2nd imbibition 2nd drainage

Hydrostatic 

pressure

Matric 

suction

Initial drainage 1st imbibition 1st drainage

Depth 70 mm

Depth 260 mm

T
D
R

T
e
n
s
io
m
e
te
r

Depth 360 mm

Depth 450 mm

Depth 160 mm

Loose specimen 

Initial void ratio = 0.89

Figure 6.6: Suction measurements for drainage and imbibition processes from transient state
column test I (loose specimen-top, dense specimen-bottom)

program to an initially saturated specimen several flow rates were induced for several flow

processes:

1. Initial drainage process with an applied flow rate of approximately 30 ml/min.

2. First imbibition/ drainage process with an applied flow rate of approximately 30 ml/min.

3. Second imbibition/ drainage process with an applied flow rate of approximately

100 ml/min.

Figure 5.50.: Suction measurements for drainage and imbibitions processes using ten-

siometer technique in soil-column I device of loose Hostun sand (Lins, 2009).
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Figure 5.51.: Development of volumetric strain with time under different stress condition

in soil-column test for gypseous soil.
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Table 5.6.: The summary of soil-column test results at end of stress path level.

Stress path [kPa] P.W.P [kPa] θ [%]

Stage ua uw ψ T1 T2 T3 TDR1 TDR2 TDR3

Initial 0 0 0 -32.9 -32.1 -30.9 6.6 6.6 6.4

1 st 30 10 20 -19.1 -10.6 -7.1 6.4 6.6 6.3

2 nd 20 10 10 -44.1 -32.3 -32.5 6.4 6.6 6.2

3 rd 10 10 0 +4.8 +4.9 +4.8 8.2 14.5 16.6

As a conclusion, the soil column test results indicate that the shallow deposits of the

collapsible soil were mostly influenced by matric suction, and it showed a considerable

response to wetting processes. Therefore, critical collapse could be achieved in this zone

particularly when shallow deposits were formed at low moisture content and low density.

However, deeper deposits were affected by hydrostatic pressure which was greater than the

matric suction, particularly when it was located near the ground water level. However,

the danger of collapse deformation still existed due to the challenges of the leaching

phenomenon in gypseous soil.

5.8. Soil improvement and foundation options

In order to minimise the effects of collapse deformation on engineering structures, a pro-

cedure for improving soil is suggested, and some foundation options are recommended.

Nevertheless, it should be mentioned that the selection of any improvement techniques

or foundation options is restricted by cost as well as the possibility and the efficiency of

their application in the field. The suggestions are as follows:

-For shallow or undefined collapsible deposits level of relatively small constric-

tion site:

1. Excavate and remove the soil layer to the elevation below the design foundation level.

2. Make a drainage system, such as pore holes or observation wells at sufficient depths.

3. Flood the construction site with water for a sufficient time period (considering the

behaviour described in Subsections 5.2.2.3 and 5.3.1).

4. Preload the site area using a heavy vibratory compactor roller or any method of loading,
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such as a dead load if it is available (considering the behaviour described in Subsections

5.2.2.1 and 5.2.2.2).

5. Cover the site area with a thin layer of water protection material, such as emulsified

asphalt (considering the behaviour described in Subsection 5.5.1).

6. Cover the site area with a suitable geotextile grid such as a Geosynthetic Clay Liner

(GCL) as additional water protection to avoid sudden collapse or snick holes (considering

the behaviour described in Subsections 5.2.2.1 and 5.5.1).

7. Refill the site area with well-compacted sub-base soil.

8. Use a very stiff raft foundation.

-For deep collapsible deposits:

1. Take steps 1 to 7 as described above.

2. Use deep pile foundations to avoid collapsible soil and move toward a more stable

underlying stratum.

This procedure is more suitable for gypseous soil where the main factors causing collapse

behaviour are considered. For loess soil, the same procedure is proposed except that the

excavated soil can be remixed with gravel and recompacted. In addition, the drainage

system in point two can be skipped.

Many literatures include some of the above-mentioned procedures to improve the collapsi-

bility characteristics of loess soil such as Bowles (1984); Lefebvre (1995); Terzaghi et al.

(1996); Houston et al. (2001); Jefferson et al. (2005).

5.9. Summary

In this chapter, the experimental results, analysis and discussions of the test program

for naturally gypseous, artificially gypsified and naturally loess soils are presented. The

collapse characteristics and the factors affecting the estimation of the collapse potential

are investigated, such as the inundation stress level, the initial dry density, the initial

degree of saturation and the leaching phenomenon.

The collapse deformation is investigated utilising two procedures: single step wetting (i.e.

the single and double Oedometer test) and stepwise wetting (i.e. suction decreases under

constant net vertical stress). The results of the soil-water characteristics curve (SWCC),

in addition to permeability coefficient determination under both unsaturated and satu-

rated conditions are presented as well.
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Moreover, elementary characteristics using ESEM-EDX analysis, soil column tests, soil

improvement and foundation option procedures are also discussed. The summary of the

experimental program results can be stated as follows:

Large volume changes and collapse deformation resulted upon single step or stepwise wet-

ting (i.e. suction decrease) procedures. Gypseous soil suffered from very severe trouble

deformations due to the leaching phenomenon, while no effect was observed in the case

of loess soil (Figures 5.34a and 5.34b).

The collapse potential increased gradually with the increases in the vertical stress level,

especially when it exceeded the maximum preconsolidation pressure. A decrease in ma-

tric suction also increased the collapse potential, especially at low suction ranges (Figure

5.23). However, it decreased significantly as the initial dry density and the initial degree

of saturation increased (Figures 5.12c and 5.16).

ESEM-EDX measurements showed substantial effect for the inundation and leaching pro-

cesses on the microstructure and the fabric of the collapse soils. According to the SWCC

results, the hysteresis is present for all soil types. According to the SWCC results, hys-

teresis was present for all soil types. However, the AEV and the range of the transition

zone were not the same for all soil samples because the geological formation and the

homogeneity of soil fabric were different. At an unsaturated state, the coefficients of per-

meability increased as the applied suction and the degree of saturation decreased (Figures

5.37 to 5.45). For soil-column test, the deepest layer of collapsible deposits was influenced

by hydrostatic pressure, while the shallow deposits were influenced by the matric suction

(Figure 5.48).





6. Conclusions and Recommendations

6.1. Introduction

This chapter reviews the main conclusions regarding the behaviour of the naturally

gypseous soil (GI), artificially gypsified soil (70G30S) and loess soil (LG) based on our

analysis of the experimental test results. Recommendations and suggestions for further

work are also outlined in this chapter.

6.2. Conclusions

6.2.1. Compressibility characteristics

1. The trend of compression and recompression consolidation curves for the three types

of soils is approximately linear.

2. For the three collapsible soils, several hours are required to complete the primary

consolidation stage. Secondary compression (i.e. creep) is recorded and continued

for several days for GI and 70G30S, while no creep was observed for LG.

6.2.2. Collapsibility characteristics without suction control

1. The structures of the three selected soils generally exhibit unstable behaviour and

”collapse” volume change in response to inundation under constant vertical stress.

2. The GI and 70G30S soils are susceptible to volume decreases (i.e. collapse) upon

wetting irrespective of the value of the vertical stress applied. While the volume

changes in LG soil is either increases (i.e. swelling) or decreases (i.e. collapse) upon

wetting based on the stress level and the maximum preconsolidation pressure.
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3. The collapse potential estimated from both single and double Oedometer tests in-

creases linearly with incremental increases in inundation vertical stress. No critical

vertical stress level is observed.

4. The collapse potential of both GI and 70G30S soils was uniformly increased with

respect to the inundation vertical stress. However, three distinct regions of collapse

deformation were noticed for LG soil.

5. The mechanism of collapse deformation and the action of the destruction of bonds

upon inundation in both naturally gypseous and artificially gypsified soils is a func-

tion of the type and historical formation of these bonds, the heterogeneity of soil

fabric and the degree of cementation.

6. After ten minutes of inundation, the degree of deformation of both GI and 70G30S

soils reaches about 60% of its final value then creep is developed. However, the

degree of deformation of LG soil reaches about 80% of its final value then negligible

deformation is recorded.

7. The higher initial density and the higher initial volume of water in the soil mass, the

lower the collapse deformation that occurs. Furthermore, insignificant deformation

is recorded when inundation is induced at an initial critical degree of saturation of

soil specimen.

6.2.3. Volume change under suction control (wetting path)

1. The final volume change of soil resulted from single or multi-step wetting is denoted

as collapse deformation, which is a function of net vertical stress, initial void ratio,

initial degree of saturation and range of applied suction.

2. Three main distinct phases for collapse mechanism over suction range are observed,

namely: pre-collapse phase, main collapse phase and post-collapse phase.

3. Under a low range of applied suction, the final soil collapse is reached after few

hours of wetting and at a degree of saturation of 30-50%. After final collapse, a

creep deformation in gypseous soils is observed, while it was negligible in loess soil

case.

4. The gravimetric water content as well as the degree of saturation experience similar

increases in their values as the suction is reduced from the initial value to zero

regardless the soil collapse which induced under different vertical stress. However,
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fully saturation of soil specimen was not occurred even at zero suction due to the

existent of entrapped air bubbles between the soil particles.

5. The estimation of final collapse potential obtained by utilizing multi-step suction

decrease procedure is relatively larger, more reliable and comparable to field condi-

tions than that values obtained by single step wetting procedure.

6.2.4. Volume change under suction control (drying path)

1. The subsequent drying processes by increasing the applied suction on the initial full

saturated soil sample result a considerable settlement and volumetric strain. This

behaviour was due to shrinkage of the soil mass.

2. The imposition of high suction value on the saturated soil mass leads to create the

entrapped air bubbles which drive them to be replaced by the water molecules in

the pore space. Hence, great reduction in gravimetric water content and degree of

saturation is resulted.

6.2.5. Soil-water characteristics curve (SWCC)

1. The air-entry value for all soils occurs at very low suction range. The residual

suction range for GI and 70G30S soils occurs at low suction range while for LG soil

occurs at relatively high suction range.

2. At the boundary effect zone, the coarse grain size of the soil mass cannot hold the

water molecules in the pore space, even with low value of imposed suction due to

the high permeability and weak interparticle tension forces of the metastable soil.

3. The hysteresis in SWCC is presented for the three selected soils. The amount of

the hysteresis was varied based on the geological formation and homogeneity of soil

fabric.

6.2.6. Permeability-leaching investigation at saturated state

1. Leaching phenomenon causes a severe deformation in gypseous and mixed soils, but

no such effect on loess soil.

2. Leaching process in GI soil caused volume decreases much greater than the volume

decreases resulting from full saturation state especially under low vertical stress.
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3. Accumulative leaching strain and accumulative dissolved gypsum significantly in-

creases while the coefficient of permeability is decreased with the increases of leach-

ing period.

4. The reduction in the permeability coefficient of gypseous soil does not necessary have

to mean that accompanying decrease in the void ratio during leaching processes is

occurred. Contrariwise the void ratio significantly increases with increases in both of

the leaching strain and dissolved gypsum especially when leaching conducted under

low stress level.

5. The collapse potential developed by leaching phenomenon can be calculated depend-

ing on the volumetric strain data to avoid any mistake when utilizing the values of

void ratio.

6. For loess soil, no changes in volumetric strain or void ratio of the soil sample are ob-

served during the leaching processes. The metastable structure of loess soil reached

to equilibrium after achieved the final collapse.

6.2.7. Permeability coefficient investigation at unsaturated state

1. The coefficients of permeability at unsaturated state increase with the decrease of

the imposed suction, gravimetric water content and the degree of saturation.

2. The variation of permeability coefficient with suction and/or with degree of satura-

tion under different net vertical stresses is congruent and in band form.

6.2.8. Mineralogical characteristics and fabric studies

1. The natural formation of gypsum can be found in three phases as: a phase of flat

sheet or crust, a phase of accumulative dense blocks or crystals and/or a phase of

encase the sand or silt particles.

2. The artificially gypsified fabric consists of gypsum particles which are uniformly

distributed and encase the fine sand particles, or may present as separately gypsum

film or crusts.

3. Upon leaching processes for gypseous soil, the sulphate and calcium content have

been reduced to about 50% of its initial values.
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4. Loess structure is homogeneous with isotropic, non-oriented fabric. The fabric is

connected with scarcely fine sand grains through clay bridges and buttresses with

the existing of large voids.

5. A Sequential transformation on the particle shape of natural gypseous soil is ob-

served due to its sensitivity against water activity, but this is not observed for

artificially gypsified and loess soils.

6.2.9. Soil-column behaviour

1. According to the stress path and the elevation of soil element in regard to the water

source, a soil element either lies under the influence of the hydrostatic pore-water

pressure or lies under the influence of matric suction.

2. The relative reduction of matric suction has an insignificant effect on the volumetric

water content of partial saturated soil. However, the absence of matric suction per-

mits to start the imbibitions processes for the soil mass until it reaches to equilibrium

when the full wetting state is achieved.

3. The critical collapse occurred mostly under the influence of matric suction, espe-

cially when the shallow deposits are formed at a low moisture content and density.

Although, the risk of collapse deformation still exists in deeper deposit affected by

the hydrostatic pressure and leaching phenomenon in gypseous soil.

6.2.10. Soil improvement and foundation options

1. For shallow or undefined collapsible deposits level, the use of drainage system and

water proofing techniques is recommended to be performed before the prewetting

and dynamic compaction processes.

2. After improvement processes, rigid raft foundation could be sufficient for shallow

collapse deposits, while using deep pile foundations could be the suitable option to

avoid the collapse of the soil to a more stable underlying stratum.
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6.3. Recommendations

Based on the findings of the experimental work in this thesis, and the challenging aris-

ing from the collapsible soils in geotechnical engineering activities, the following further

investigations are suggested:

1. Studying the effect of (wetting/drying) cycling under a range of constant net normal

stress and a range of suction variation on the value collapse potential. This study

will help to simulate the field conditions when the climate is changing.

2. Complementing the data that has been obtained in this study, through a series of

collapse deformation (on the three type of soil used) induced by an increase in net

normal stress under a range of constant suction conditions. Such conditions are

similar to the construction of a new structure on the collapsible soil stratum.

3. Investigating the effect of gypsum content in the sand soil on the collapsibility

characteristics. This can provide valuable geotechnical data when new structure

is required to construct on such soil deposits. Such an investigation is based on

performing of several constant net normal stress (one step and stepwise wetting)

tests and several constant suction-net normal stress variations.

4. Complementing the data that has been obtained from sand-column test through

measurements of pore-water pressure using high suction tensiometer probe and high

sensitive of TDR probe are necessary to provide a better understanding to the

behavior of collapsible soils.

5. Performing a series of soil-column tests under wide range of matric suction and

volumetric water content measurements for different height to diameter ratio, in

combination with leaching processes for the soil sample. These tests will help to

investigate the critical collapse zone for foundation design.

6. Based on the obtained experimental data, a numerical simulation utilizing suitable

software such as Code Bright to provide the required parameters for foundation

design.



A. Techniques of Suction Application

and Measurements

A.1. Techniques of suction application

A.1.1. Axis translation technique (ATT)

The concept of axis-translation technique (ATT) is based on imposing matric suction to

a soil specimen through the use of high-air-entry ceramic disk. Hilf (1956) is the first

researcher who proposed the ATT in order to develop matric suction in soil specimen as

a differential air and water pressure (ua-uw ), without creating cavitations in the water

phase. In ATT technique, the difference between the pore-air pressure ua and pore-

water pressure uw (i.e. matric suction) can be controlled by increasing or decreasing the

applied pore-air pressure while keeping the pore-water pressure constant on the saturated

ceramic disk. The ceramic disk is not an impermeable membrane to dissolve salts (or

ions) in the soil. Therefore, water flow is bypassed due to osmotic effects since in this

case; the water flow is an advective process (Agus, 2005). Fredlund et al. (2012) indicated

that an over estimation of the measured matric suction may be occurred due to presence

of occluded air bubbles in the soil specimen, while an underestimation of the measured

matric suction may be occurred due to air diffusing through the high-air-entry disk. For

this reason, flushing process of the ceramic disk is very important to remove the diffused

air bubbles and to establish a continuous water phase between the soil and the water

pressure through the ceramic disk. Several researchers used the concept of ATT with

different types of equipment for applying matric suction on the soil specimens. Such

researchers are: Romero (1999); Fredlund (2001); Lins & Schanz (2004); Agus (2005).
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A.1.2. Vapour equilibrium technique (VET)

The vapour equilibrium technique (VET) was used for applying a high total suction

range to soil specimens. The concept of VET is based on creating a constant-relative

humidity chamber in the laboratory, through use of either saturated or unsaturated salt

solutions. The ASTME104-02 (2003) standard and Fredlund et al. (2012) suggested a list

of different types of salt solutions which can be used to create a range of relative humidity

environments. Fredlund et al. (2012) outlined the main principle factors that affect the

time required to establish vapour pressure equilibrium, and as follow: (1) the ratio of free

surface area of the solution to the chamber volume, (2) the amount of air circulation,

(3) the agitation of the salt solution, and (4) the absorbing properties of the sample; in

addition to specimen size where the larger the specimen size, the longer the time required

to attain equilibrium conditions. The total suction corresponding to a particular relative

humidity value can be calculated using Kelvinâs law. Generally, the VET can be used to

control almost the suction value of more than 2000 kPa because of its extreme sensitivity

to temperature gradient that exists between the salt solution, the vapour space, and the

soil specimen (Agus & Schanz, 2003; Agus, 2005).

A.2. Techniques of suction measurements

A.2.1. Time domain reflectometry (TDR)

This technique is commonly used for measuring volumetric water content of soils. The

TDR sensors determine the dielectric constant by measuring the travel time of an elec-

tronic pulse when embedded in the soil layer. The dielectric constant can be converted

into the volumetric water content by using different mathematical models. Hu et al.

(2010) reported that for many types of soils, the same relationship between the volumet-

ric water content and dielectric constant is observed. However, this relationship is not

unique for all soils, therefore, before using the TDR, calibration is required. In order to

achieve accurate matric suction measurement, the TDR requires very advance electronic

data log device and high moisture sensitive TDR in addition to the precise determination

of soil-water characteristic curve of the soil tested. More details about the TDR are given

in: ASTMD6780 (2003); Agus (2005); Lins (2009); Schanz et al. (2010); Fredlund et al.

(2012).
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A.2.2. Tensiometer technique

Tensiometers are normally used for directly measuring the negative pore-water pressure

of soil. A brief description of theory and the measuring method using tensiometers is

given in Fredlund & Rahardjo (1993); Agus (2005); Fredlund et al. (2012).

The principle of suction measurement using tensiometer is reliant on achievement of pres-

sure equilibrium between the soil and the tensiometer. The water in the tensiometer will

be in tension of the same magnitude as the negative pore-water pressure in the soil.

At atmospheric pressure, the pore-air pressure (ua) is equal to zero, then the measured

negative pore-water pressure is numerically equal to the matric suction, while when the

pore-air pressure is greater than atmospheric pressure (i.e., during axis translation), the

summation of the tensiometer reading and the pore-air pressure reading equivalent to the

value of matric suction. Because of cavitations phenomenon, measuring of pore-water

pressure (i.e. matric suction) using the tensiometer is ranging to (-90 kPa) and must

not exceed the air entry value of the ceramic cup. The measurement of suction using

tensiometers is only provided matric suction value because the osmotic component of soil

suction is not measured Fredlund et al. (2012).

A.2.3. Chilled-mirror hygrometer technique

The chilled-mirror hygrometer uses a dew-point measurement to determine the total suc-

tion in a soil. The measurement is performed under isothermal conditions in a sealed

container. The chilled-mirror technique allows the total suction to be measured in the

mid-to high-suction range (i.e. from 3000 kPa to 300,000 kPa) (Gee et al., 1992).

Total suction, or the free energy of soil-water, is the equivalent suction derived from the

measurement of the partial pressure of water vapour in equilibrium with the soil water,

which is relative to the partial pressure of water vapour in equilibrium with free pure

water (Aitchison, 1964; Fredlund & Rahardjo, 1993).

Several geotechnical researchers have used the chilled-mirror hygrometer device for total

suction measurement of the soil such as: Leong et al. (2003); Schanz et al. (2004); Agus &

Schanz (2005); Campbell et al. (2007); Schanz et al. (2010); Al-Obaidi & Schanz (2013).

The testing procedure was introduced in the (ASTMD6836, 2008) standard.

The chilled-mirror hygrometer device used in this study is a water activity meter (Type

3TE, Decagon Devices, Inc., Pullman, WA). The device is shown in Figure A.1.

The total suction is calculated using the thermodynamic relationship between soil suction,
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or the free energy of the soil-water, and the partial pressure of the pore water vapour as

follow:

ψ = − RT

υwoωV
ln(

uv
uvo

) (A.1)

where: ψ=soil suction or total suction (kPa), R= universal (molar) gas constant (i.e.,

8.31432 J/(mol K)), TK= absolute temperature (i.e., TK = (273.15+T (K)), T= tem-

perature, oC,υwo=specific volume of water or the inverse of the density of water (i.e.,

1/ρw (m3/kg)), ρw= density of water (i.e. 998 (kg/m3) at temperature T=200 oC), ωV =

molecular mass of water vapour (i.e., 18.016 kg/kmol), uv= partial pressure of pore water

vapour (kPa), and uvo=saturation pressure of water vapour over a flat surface of pure

water at the same temperature (kPa). The term ( uv
uvo

) is called the relative humidity

(RH) and is entered as a fraction (i.e. water activity) in equation A.1.
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2012). The chilled-mirror hygrometer used in this study was a water activity meter (Type 

3TE, Decagon Devices, Inc., Pullman, WA). The device is shown in Figure 5.25. It 

consists of a mirror and a photodetector cell, a temperature sensor, a fan, a sealed chamber 

and a digital display. 

The soil specimen is fed into the device by placing it in a small plastic cup (see Figure 

5.25a), which is subsequently placed on a tray in a drawer, after which the drawer is 

pushed into the device. Vapor from the specimen fills the headspace above the cup. Air in 

the chamber is circulated by the fan, which spreads the vapor evenly during the 

measurement. The condensation of water vapor is detected by the mirror and reflected to 

the photodetector cell. The temperature sensor measures the temperature at which the 

condensation occurs. Using the temperature, the water activity or relative humidity is 

automatically calculated and shown on the display. 

The total suction is calculated using the thermodynamic relationship between soil suction, 

or the free energy of the soil-water, and the partial pressure of the pore water vapor (see 

Equation 3.1 and subsection 3.3.1). 

In this study, the chilled-mirror hygrometer device was used to determine and monitoring 

the total suction of the three selected collapsible soils (i.e., GI, 70G30S and LG) and for 

the salt solutions of vapor equilibrium technique for the entire experimental program. 

 

 

                                      (a)                                                               (b) 

Figure 5.25 Chilled-mirror hygrometer device, a. the device details, b. schematic plot. 

 

 

 

(b)

Figure A.1.: Chilled-mirror hygrometer device: (a) Device set up and (b) Schematic plot.



B. Calibration of the Equipments

B.1. UPC-Barcelona cell

The calibration of UPC-Barcelona cell against pressure-deformability during loading and

unloading was verified using dummy stainless steel specimen, under two conditions of filter

paper; dry and wet. The stainless steel dummy disk was placed in the cell ring instead of

the soil specimen with two filter papers (i.e. one on the top and the other on the bottom

of the dummy disk). The stainless steel dummy disk was subjected to loading condition

by stepwise increasing of the applied vertical stress. Then it was subjected to unloading

condition by stepwise decreasing of the applied vertical stress. The deformations of the

loading and unloading steps are recorded and plotted in Figure B.1, for both versions

of the Barcelona cells (i.e. one and two). The deformability calibration of the cells was

considered during the volume change calculations of the real soil specimens.

Based on the function of this cell, the soil sample can follow the wetting or drying stress

paths by decreasing or increasing the applied matric suction under the effect of the single

dimensional net vertical stress.
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Figure B.1.: Pressure-deformability calibrations of the two UPC-Barcelona cells.
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B.2. UPC-Isochoric cell

Two types of calibration are performed for the modified UPC-Isochoric-Oedometer cell.

The first calibration was to define the exact surcharge weight, which is required for each

stress value. This calibration was performed on the two of the modified UPC-Isochoric-

Oedometer cell using a special load cell. The second calibration was against pressure-

deformability of UPC-Isochoric cell during loading and unloading using a dummy stainless

steel specimen under two conditions of filter paper, dry and wet. The procedure of the

pressure-deformability calibration is exactly the same procedure followed for calibration

the UPC-Barcelona cell in B.1 and as shown in Figure B.2.

B.3. Soil-column device

B.3.1. Time domain reflectometry (TDR) sensors

Two types of calibrations are carried out on the three TDRs sensors used in this study.

The first calibration is to check the reasonability of the TDRs sensors measurements

in different media such as air, water and dry sandy gypseous soil. The measurements

were obtained for 30 minutes with time interval of 1 minute between each two successive

measurements. The results of this calibration are presented in Table B.1, which are the

average value of 30 measurements for each media. The results seem to be reasonable and

as expected.
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Figure B.2.: Pressure-deformability calibrations of the two UPC-Isochoric cells.
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Table B.1.: Average measurements of TDRs sensors in different media.

Average volumetric water content [%]

Media TDR1-32157 TDR1-32158 TDR1-32159

Air 0 0 0

water 99.99 94.1 99.99

Dry sandy gypseous soil (GI) 0.91 0.79 0.92

The second calibration for the three TDR sensors is to check the accuracy of the TDRs

measurements, corresponding to the actual range values of the volumetric water content

of the soil sample. The calibration is conducted in similar condition of the soil-column

test. The sandy gypseous soil (GI) is compacted to the initial void ratio of eo=1.14 and

wide range of predefined volumetric water contents. The calibration cylinder used in

this study (Figure B.3) considered the influence zone of measurements given by Cabral

et al. (1999), and the suitable distances between the TDRs probe given by Suwansawat &

Benson (1999).Cabral et al. (1999) examined the influence zone of measurements around

TDR probes and found an influence zone of 90 mm in length, 15 mm in height and 35

mm in depth for the TDR probes types (Mini Buribale Waveguides) used by Lins (2009).

Sizing of a calibration cell that can be used for the determination of the volumetric water

content was studied by Suwansawat & Benson (1999). The authors found that a distance

of 36 mm between the cell and the probe as well as a distance of 30 mm between the

probes is required to determine the calibration function between dielectric constant and

volumetric water content.

In this study, the soil sample was prepared in a plastic container of 160 mm height and

195 mm diameter, see Figure B.3. Three TDR probes were horizontally placed in a cylin-

drical plastic container with a distance of 40 mm between the adjacent TDR probes and

40 mm between the cell wall and the TDR probes. The cylindrical plastic container was

closed by the nylon folia and the top cover during the calibration processes to keep the

moisture content of the soil sample constant over the calibration time.

Moreover, during the calibration time of 30 minutes, 30 TDRs measurements were ob-

tained for each predefined volumetric water contents. The results of this calibration

(shown in Figure B.4) are considered in the calculations of soil-column test results. Fur-

thermore, Figure B.5 shows the verification of the TDR sensors with time for different

water contents. It can be seen that, the response of the TDR sensors is constant and

react immediately with the changes in the water contents. Therefore, the TDR sensors

are suitable for use in soil-column test.
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Figure 5.14 TDR sensor (schematic plot). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 Schematic of the TDRs calibration container. 
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Figure B.3.: Schematic of the TDRs calibration container.
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Figure B.4.: Calibration of TDR sensors with sandy gypseous soil (GI).
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Figure B.5.: Verification of response time of TDR sensors.

B.3.2. Tensiometer Sensors

The calibration was done to check the accuracy of the tensiometer measurements and

the efficiency of water refill and removal of the air bubbles processes. It was performed

through applying a predefined negative and positive pore-water pressure (i.e. matric

suction and hydrostatic pressure respectively) on the three tensiometers used in this study,
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after checking the zero offset of each tensiometer. The predefined negative pore-water

pressure domain is -20, -15, -10, -8, -6, -4, -2 and -1 kPa, while the predefined positive

pore-water pressure domain is 1, 2, 4 and 5 kPa. The calibration was carried out using

the high accuracy burette, as shown in the Figure B.6. The calibration results are given

in Figure B.7. These results indicate that, the three tensiometers have a high accuracy of

measurements, a very sensitive and a fast response to any change in the applied pore-water

pressure. Therefore these tensiometers are suitable for use in soil-column test.
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In order to check the accuracy of the tensiometer measurements and the efficiency of refill 

processes and removal of the air bubbles the calibration was done. This calibration was 

performed by applying of predefined negative pore-water pressure (i.e. matric suction) and 

positive pore-water pressure (i.e. hydrostatic pressure) on the three tensiometers used in 

this study after check the zero offset of each tensiometer. The predefined negative pore-

water pressure range was [-20, -15, -10, -8, -6, -4, -2, -1 kPa], while the predefined positive 

pore-water pressure range was [1, 2, 4 and 5 kPa]. The calibration was carried out using 

the high accuracy burette as shown in the Figure 5.19. The calibration results are given in 

Figure 5.20. These results indicated that the three tensiometers have high accuracy of 

measurements, very sensitive and fast response for any change in the applied pore-water 

pressure. Therefore these tensiometers are suitable to use in soil-column test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19 Calibration procedure of tensiometer sensor. 

 

Figure B.6.: Calibration procedure of tensiometer sensor.
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Figure B.7.: Calibration results of tensiometer sensors.
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C.1. ESEM-EDX analysis for gypseous soil (GI)

 

 

 
Element C O Mg Al Si S K Ca Total 

(%) Per weight 5.3 34.7 2.1 2.2 7.2 19.6 0.6 28.3 100 
 

C‐1: GI‐Unsaturated 

 

 

 

 

 

 

 

 

 

(c) 

Flat sheet and  
crystal of gypsum 

Large voids 

Gypsum encases sand and 
silt grains with sharp edges 

Weak bonds(a) (b)

Figure C.1.: ESEM-EDX measurements for GI soil at unsaturated state; (a) ESEM 40µm

image, (b) ESEM 10µm image and (c) EDX analysis with element quantification.
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Element C O Mg Al Si S Ca Fe Total 

(%) Per weight - 45.4 1.9 1.9 5.4 19.1 25.1 1.2 100 
 

C‐2: GI‐Saturated 

 

(c) 

Soft edges 
of gypsum

Cavities 

Soft bonds 

Gypsum encases 
sand and silt grains  (a)  (b)

Figure C.2.: ESEM-EDX measurements for GI soil at saturated state; (a) ESEM 50µm

image, (b) ESEM 20µm image and (c) EDX analysis with element quantification.
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Element C O Mg Al Si S K Ca Fe Total 

(%) Per weight 24.8 39.3 2.3 2.3 7.9 8.4 0.6 12.4 2.0 100 
 

 

a

Gypsum encase 

sand or silt

Gypsum as 

crystals

(c) 

Plate shape 
of gypsum 

Voids 

Gypsum crust encase 
silt or clay grains 

No bonds (a) (b)

Figure C.3.: ESEM-EDX measurements for GI soil at leached state; (a) ESEM 50µm

image, (b) ESEM 10µm image and (c) EDX analysis with element quantification.
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C.2. ESEM-EDX analysis for mixed soil (70G30S)

 

 
Element O Si S Ca Total 

(%) Per weight 28.8 0.6 29.3 41.3 100 
 

Gypsum as a 
film or crust 

(a) 

Gypsum encase 
sand grains 

Scattered gypsum  

Voids (b) 

(c) 

Figure C.4.: ESEM-EDX measurements for 70G30S soil at unsaturated state; (a) ESEM

10µm image, (b) ESEM 10µm image and (c) EDX analysis with element quantification.
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Element O Si S Ca Total 
(%) Per weight 23.7 4.5 22.2 49.6 100 

 

C‐5: 70G30S‐Saturated 

 

Gypsum as a 
film or crust 

Soft gypsum 

Weak bonds 

Voids 

(a) (b) 

(c) 

Figure C.5.: ESEM-EDX measurements for 70G30S soil at saturated state; (a) ESEM

20µm image, (b) ESEM 20µm image and (c) EDX analysis with element quantification.
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Element O Si S Ca Total 

(%) Per weight 41 1.7 24.1 33.2 100 
 

Scattered gypsum 
particles

Cavities 

Crust of gypsum 

(b) (a) 

(c) 

Figure C.6.: ESEM-EDX measurements for 70G30S soil at leached state; (a) ESEM 20µm

image, (b) ESEM 20µm image and (c) EDX analysis with element quantification.
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C.3. ESEM-EDX analysis for loess soil (LG)

 

Element O Mg Al Si K Fe Total 
(%) Per weight 41.8 1.1 10.8 36.7 4.2 5.4 100 

 

C‐7: LG‐Unsaturated 

 

 

 

 

 

 

 

 

 

 

 

Voids 

Clay buttresses 
encase silt grains 

Loess silt 

Weak bridges (a) (b)

(c) 

Figure C.7.: ESEM-EDX measurements for LG soil at unsaturated state; (a) ESEM 100µm

image, (b) ESEM 10µm image and (c) EDX analysis with element quantification.



C.3. ESEM-EDX analysis for loess soil (LG) 177

 

 
Element C O Al Si K Ti V Fe Total 

(%) Per weight 11.2 11.8 8.4 37.1 4.2 1.6 0.6 25.1 100 
 

C‐8:LG‐Saturated 

Soft buttresses and 
weak bridges of clay 

Soft clay  
bonds 

Clay encase 
Silt grain (a) (b) 

(c) 

Loess silt 

Figure C.8.: ESEM-EDX measurements for LG soil at saturated state; (a) ESEM 100µm

image, (b) ESEM 10µm image and (c) EDX analysis with element quantification.
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Element O Br Si K Fe Total 

(%) Per weight 19 17 40 3 21 100 

 

Soft buttresses and 
weak bridges of clay 

Cavities 

Silt Silt 

(b) (a) 

(c) 

Scattered clay 
particles 

Figure C.9.: ESEM-EDX measurements for LG soil at leached state; (a) ESEM 100µm

image, (b) ESEM 10µm image and (c) EDX analysis with element quantification.
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41 (2009) Anna Arwanitaki
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