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Abstract

Many geotechnical engineering problems are related to the behaviour of unsaturated soils. De-

spite this many studies on unsaturated soils have used arti�cially created soil mixtures investi-

gated primarily to validate constitutive models, or expansive clays researched for their proposed

use in geological disposal applications. This thesis investigates a �ll material from a typical

engineering application: �ood embankments located along the Bengawan Solo River in East

Java, Indonesia.

Conventional load and soak oedometer tests carried out on this �ll, highlighted the collapsible

nature of this material under as-constructed conditions. A microstructural study conducted to

investigate the fabric changes occurring due to loading and wetting, indicated that the undis-

turbed material may already have undergone the process of volumetric collapse in-situ. This

research argues that volumetric collapse upon wetting may contribute to �ood embankment

instabilities, although the mechanism is often overlooked in favour of more spectacular failure

modes.

The isotropic compression and shearing behaviour of the Bengawan Solo �ll was also inves-

tigated under saturated, suction controlled and constant water content conditions. Isotropic

compression results indicated that both yield stress and post-yield compressibility increased

with increasing suction. The angle of friction and cohesion determined from triaxial tests were

both found to increase with increasing suction.

An irregular compaction curve was found to exist at low compactive energy levels. The nature of

the soil aggregates (created on mixing with water) was found to be responsible for the compacted

structure created at low dry densities. This research isolated the in�uence of compacted fabric

on volumetric behaviour by conducting suction controlled oedometer tests on specimens with

di�erent soil structures but similar conditions of moisture content and dry density. Results

from suction controlled tests suggest that the in�uence of compacted fabric alone (separate

from initial state conditions of moisture content, dry density, mean net stress and suction) is

small, and therefore in terms of constitutive modelling it is su�cient to assume one set of model

parameters for a given soil (of speci�c particle size distribution and mineralogy) regardless of

compaction conditions.
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Chapter 1

Introduction

1.1 Background

Interest in the performance of �ood embankments has increased in recent years due to two main

factors: (i) catastrophic failure events and (ii) climate change predictions. In particular the

failure of �ood defences in New Orleans during hurricanes Katrina and Rita in 2005 contributed

to the loss of life of over 1,800 people and economic damages greater than 200 billion dollars

(Basham et al., 2009). This experience highlighted the important role of �ood embankments in

providing public safety during storm events. In the UK, the widespread �ooding in the summer

of 2007 resulted in damages estimated at ¿3.1 billion (Defra, 2008). As a direct result of the

impact of these �ood events, investment in managing the risks of coastal and river �ooding was

increased to ¿2.15 billion for the period 2008 - 2011 (Defra, 2008).

Across the world climate change predictions indicate that sea levels are likely to rise, putting

pressure on coastal defences, particularly in archipelagic nations such as Indonesia (Cruz et al.,

2007). Furthermore, in other regions high extremes of precipitation are very likely to increase

in magnitude and frequency, for example in northern and central Europe (Christensen et al.,

2007) putting increased pressure on �uvial embankments. It is likely that many countries will

have to upgrade existing defences or construct additional �ood protection measures, in order

to protect populations and settlements against higher intensity, more frequent storm and �ood

events. Considering these current & future challenges, it is important that all potential failure

modes in such structures are revisited (Seed et al., 2008).
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This thesis investigates �ll material sampled from earth �ood embankments along the Bengawan

Solo River in East Java, Indonesia. These embankments were selected for investigation due to

the recurrent history of geotechnical failures along the defences, which are detailed in Chapter

2. Earth �ood embankments are typically constructed from compacted �ll but in contrast

with embankments associated with highway and dam projects, �ood embankments are often

constructed using traditional low cost techniques as opposed to modern construction methods

(Morris et al., 2007; Jommi and Della Vecchia, 2010). The type of construction method used

generally depends on the local sources of �ll material available (Morris et al., 2007) and these less

rigorous methods can subsequently result in poorly controlled compaction during construction.

This may also be a consequence in poorer countries where the budget a�orded to embankment

construction does not perhaps re�ect the importance of the protection that it provides. Hence,

a good knowledge of the compaction behaviour of �ll material used in such low cost �ood

embankments may be useful for understanding their structural performance. There has long

been interest in the topic of soil structure created during compaction (e.g. Lambe, 1958b;

Juang and Holtz, 1986a). Considering that poorly controlled compaction of low cost �ood

embankments may result in signi�cant variations in moisture content and dry density, it is

proposed here that di�erent soil structures may be created, which may evolve further due to

drying or wetting. Di�erent soil structures created during compaction, their evolution and

subsequent in�uence on soil behaviour is investigated in detail in Chapter 7.

Compacted earth �ood embankments are structures which are subject to signi�cant changes

in moisture content, depending on changes in the river level, water table, in�ltration and also

evapo-transpiration processes. Such changes in moisture content and correspondingly suction

a�ect both the shear strength of soils and the seepage through embankments (Nam et al., 2009).

There are many di�erent failure mechanisms associated with �ood embankments which are re-

lated to the response of the �ll material (presented in Chapter 2) and these may occur under

saturated or unsaturated conditions, or as a result of the transition between di�erent states of

saturation. For this reason the Bengawan Solo �ll material was studied from an unsaturated soils

perspective, enabling the unsaturated conditions present immediately after construction to be

considered but also the changes in the saturation conditions due to drying and wetting depending

on local environmental conditions, thus a�ording a better understanding of the soil behaviour

and performance of the embankments. Research in the �eld of unsaturated soil mechanics has
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increased rapidly over the last twenty years (Tarantino et al., 2008), creating a wealth of knowl-

edge on the behaviour of unsaturated soils. It is thus, topical to review traditional geotechnical

problems such as those associated with �ood embankments in light of these advances. Indeed

Jommi and Della Vecchia (2010) express surprise that unsaturated geomechanics has rarely

been used in the design or maintenance of �ood embankments, considering their construction

conditions and the fact that if they are to ful�l their function of protecting neighbouring land

from inundation, sections of the embankments should remain in an unsaturated state for most

of their lifetime.

The experimental testing of unsaturated soils has made signi�cant advances since the 1960s

largely due to (i) the formulation of independent stress state variables (e.g. Fredlund and

Morgenstern, 1977) and (ii) technical developments facilitating the control or measurement of

soil suction in the laboratory (e.g. Hilf, 1956; Bishop and Donald, 1961; Ridley and Burland,

1993). The testing campaigns which have been carried out to date on unsaturated soils can

loosely be classi�ed as being aligned with one of the following three aims:

1. To identify the mechanisms and processes occurring in porous materials when subjected

to changes in load, �uid pressure and temperature (porous materials)

2. To understand the behaviour of soil which has been designed for use in a speci�c engineer-

ing application (man-made soils)

3. To characterise and understand the behaviour of soils sampled from soil deposits or com-

pacted �lls (natural soils).

In order to address the �rst aim it has been important that reproducible specimens which are

well understood and relatively homogeneous be tested. Typically this type of experimental

testing has been carried out on commercially available clay samples (e.g. speswhite kaolin

studied by Wheeler and Sivakumar, 1995; Thom et al., 2007; Raveendiraraj, 2009; Tarantino,

2009; Sivakumar et al., 2010). Other studies have investigated sand, silt and clay mixtures,

which are often selected in order to create specimens which will exhibit a speci�c behaviour.

For example, Cunningham et al. (2003) investigated a reconstituted arti�cial mixture of kaolin,

silica silt and London clay, the mixture was selected such that the air-entry value of the soil was
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well within the range of the suction probe used (0-1500kPa). Jotisankasa et al. (2009) studied

the behaviour of this same mixture but prepared specimens by compaction in order to create

collapsible specimens. Experimental testing on such materials has been key to the development

of concepts and frameworks for understanding unsaturated soils. Advantages of this type of

material is that work can be reproduced and continued by di�erent research groups. In these

tests it is the porous nature and the corresponding processes and mechanisms which are of

particular interest rather than the inherent behaviour of the particular soil, thus these materials

are referred to here as porous materials.

A major focus of the second aim has been the investigation of the use of expansive soils in clay

barriers for deep geological repositories. Much research has been carried out on studying the

response of these soils to the highly complex nature of such an environment taking into account

thermo-hydro-mechanical-chemical couplings (e.g. Romero, 1999; Lloret et al., 2003; Romero

et al., 2003). These testing campaigns select a material suitable for the application under consid-

eration (e.g. bentonite pellets or sand-bentonite mixtures) and attempt to replicate the highly

complex in-situ conditions that the material may experience. This may include for example

studying the behaviour of these man-made soils under drying and wetting paths in order to

simulate di�erent stages of the design life of expansive bu�ers (e.g. Alonso et al., 2005). Inves-

tigation has also been carried out regarding the evolution of the microstructure of compacted

expansive clays over time (e.g. Delage et al., 2006). Such studies suggest that time-dependent

changes in the microstructure may in�uence the engineering properties of the material, for ex-

ample permeability and swelling behaviour, and should be considered when designing expansive

material for use in engineered barriers (Delage et al., 2006). Another example of an engineer-

ing application for which soil mixtures may be speci�cally designed includes land�ll liners (e.g.

Dineen et al., 1999; Agus et al., 2010).

Experimental testing has also been carried out to characterise and understand the behaviour of

unsaturated natural soils in the laboratory either under undisturbed or disturbed conditions.

Futai and Almeida (2005) presented one of the few studies into the mechanical behaviour of

undisturbed natural soils under suction controlled conditions, investigating the behaviour of

undisturbed gneiss residual soil from Brazil. Experimental campaigns which have been carried

out on unsaturated disturbed natural soils which have been compacted in the laboratory have
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been presented for example by Cui and Delage (1996) using Jossigny silt, an aeolian deposit

and by Toll and Ong (2003) on residual sandy clay from Singapore. Such materials, where no

attempt has been made to design the testing mixture are referred to here as natural soils.

This is a very general classi�cation of the di�erent types of research which has been carried out

within the �eld of unsaturated soils testing. It is clear from the above discussion that the aim

of the research has often dictated the type of material studied. There are very valid reasons

for the di�erent types of materials discussed to be studied, and for the continued investigation

of well known materials. Nevertheless, it is also necessary to continually widen the scope of

experimental data available by testing natural soils to ensure that the behaviour of unsaturated

materials and their studied response to loading and environmental conditions is well understood.

This is also necessary to ensure that the existing frameworks for unsaturated soils can be applied

for problems of practical interest which are associated with natural soils, particularly as many

of the existing frameworks have been developed based on experimental observations of porous

materials and man-made soils. As such the experimental campaigns presented in this thesis

were designed to provide an additional set of experimental data for a natural soil (compacted

�ll) under di�erent saturation conditions.

1.2 Research objectives

The underlying aim of this thesis was to characterise and to investigate the mechanical behaviour

of the Bengawan Solo �ll material in order to understand how its response to changes in load and

variations in moisture content may be in�uencing its performance as a construction material as

used in the �ood defence embankments. To account for changes in soil behaviour due to moisture

content variations it was considered bene�cial to study this material as an unsaturated soil.

Advanced testing techniques enabling the control of suction and measurement of suction were

used in this research. However, relatively simple conventional tests were also used to illustrate

how they could provide useful information to a practising engineer. In this thesis additional tests

less commonly used in routine geotechnical testing such as X-ray di�raction, Environmental

Scanning Electron Microscopy (ESEM) and Mercury Intrusion Porosimetry (MIP) were used to

provide additional information to assist in the interpretation of macroscopic mechanical tests.
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The speci�c objectives of this research were to:

1. Undertake a site and laboratory characterisation of the Bengawan Solo �ll material, includ-

ing detailed investigation of the soil mineralogy, compaction and water retention behaviour

2. Investigate the potential for volumetric collapse behaviour in this material, and to inves-

tigate the changes in soil fabric occurring due to loading and wetting

3. Investigate the isotropic compression and shearing behaviour of this material under di�er-

ent levels of suction

4. Investigate the soil structure of the Bengawan Solo �ll created by compaction at di�erent

moisture contents and attempt to isolate the e�ect of compacted fabric on soil compress-

ibility.

1.3 Outline of thesis

In order to address each of the research objectives outlined above the thesis has been organised

into eight chapters as detailed below.

Chapter 2 Flood embankments: Case study and review introduces the site investigated

along the Bengawan Solo River in East Java, Indonesia. The scale of �ooding in this area and

associated consequences are presented. Geotechnical failures which have been observed along

the embankments are described. A brief review of typical failure mechanisms occurring in �ood

embankments is presented at the end of this chapter.

Chapter 3 Experimental testing, behaviour and constitutive modelling of unsatu-

rated soils presents a general overview of the �eld of unsaturated soil mechanics. The concepts

and experimental techniques used in the testing of unsaturated soils are introduced followed by

the typical features of the water retention and mechanical behaviour observed in these soils. An

overview of the di�erent elasto-plastic models which have been developed to model the behaviour

of unsaturated soils is also presented.
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Chapter 4 Characterisation of Bengawan Solo �ll presents the in-situ data obtained

during the site investigation alongside the laboratory characterisation of the Bengawan Solo

�ll including information on the soil properties, particle size distribution, soil mineralogy, com-

paction behaviour and water retention behaviour.

Chapter 5 Volumetric collapse behaviour presents a short summary regarding the volu-

metric collapse phenomenon commonly observed in unsaturated soils. An investigation into this

phenomenon in the Bengawan Solo �ll using simple conventional load and soak oedometer tests

is then presented. A microstructural study investigating changes in fabric due to loading and

wetting is also presented.

Chapter 6 Isotropic compression and shearing behaviour begins with a brief discussion

on the in�uence of suction on soil compressibility and on shear strength. Isotropic and triaxial

tests carried out under saturated, suction controlled and constant water content conditions are

presented. Details of the equipment and procedures used are outlined and the results for the

Bengawan Solo �ll material are presented.

Chapter 7 In�uence of compacted fabric on volumetric behaviour presents a review

on the current understanding of the in�uence of structure on soil behaviour. Conventional

oedometer and suction controlled oedometer tests investigating the in�uence of initial compacted

conditions and soil structure are presented. In particular specimens with di�erent soil fabrics

but similar initial conditions are tested under suction controlled conditions in an attempt to

isolate the in�uence of compacted fabric on soil sti�ness. These results are supported by a

microstructural study conducted using Mercury Intrusion Porosimetry.

Chapter 8 Conclusions outlines the main conclusions and contributions of the research pre-

sented in this thesis and suggests recommendations for further study.

Appendix A contains detailed information on the calibration of the various equipment and

instrumentation used in the experimental campaigns presented in this thesis.
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Chapter 2

Flood embankments:

Case study and review

2.1 Introduction

The research presented within this thesis investigates the behaviour of a soil sampled from a

�ood embankment, located along the Bengawan Solo River in East Java, Indonesia. This chapter

presents �rst a general introduction into �ood defence embankments, including logistical issues

concerning their management and typical construction methods used. A detailed description

of the Bengawan Solo River embankments is then presented along with information regarding

the scale of the �ooding problem in the region and the associated consequences. The di�er-

ent types of geotechnical failures observed along these embankments are then discussed. This

chapter concludes by reviewing the di�erent mechanisms typically attributed to failures in �ood

embankments. The failure mechanisms are considered in terms of those which relate to the

founding layers and those related to the �ll material.

The term �ood embankments as used within this thesis refers to earth �ll structures constructed

to direct the passage of �owing water and to protect surrounding areas from �ooding. This term

is synonymous with the following: levees, dikes and �uvial or coastal embankments as used in

the US, the Netherlands and the UK respectively.
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2.2 National infrastructure

One of the main challenges in the provision of �ood embankments is the immense length of

protection required. In England and Wales there is an estimated 25,400 miles of coastal and

river embankments with an annual budget of over ¿570 million spent on construction and

maintenance (EA, 2009). However, it is anticipated that this �gure will need to increase to ¿1

billion per year by 2035, if current levels of protection are to be maintained (EA, 2009). In the US

there is estimated to be around 100,000 miles of �ood embankments (14,000 miles of federal levee

systems), and estimates suggest that nationwide �nancial losses of $5-10 billions per year are

associated with �ood embankments (Basham et al., 2009). Flood embankments have historically

been regarded as low cost, simple to build structures; however the consequences of poorly

designed, constructed or maintained systems can have catastrophic consequences as experienced

in New Orleans both in terms of loss of life and economic damages. Even disregarding such

extreme events the �gures suggest that breaches occur on a regular basis, indicating that these

low cost structures can become very costly indeed. This chapter deals with geotechnical failures

of �ood embankments; however it is also noted here that perhaps a revision in the level of

protection designed for �ood embankments should be considered in light of the local conditions

and expected risk rather than all embankments being designed for the same level of protection,

typically for a 1 in 100 year �ood (Basham et al., 2009).

Considering the immense lengths of �ood embankments provided on a national scale, it is not

surprising that there has often been a lack of centrally held information regarding the defences

provided. However recently there have been attempts to address this issue, for example in

the US, the National Levee Safety Act (2007) (which was passed in response to the storm

events in New Orleans, 2005) seeks to develop basic information on federal levees including the

development of a database, inventory, inspection and assessment of levees (Basham et al., 2009).

Elsewhere other countries are also developing central databases with basic information on their

�ood defence infrastructure. In England, The National Flood and Coastal Defence Database

project was set up in 2001 by the Department for environment, food and rural a�airs (Defra) to

form a core repository of information on �ood defences, watercourses, assets and �ood frequency

in England and Wales (Linford et al., 2002). Catering speci�cally for defences the database aims

to provide information on location, composition, standards and condition of �uvial, tidal and
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coastal defences (Linford et al., 2002). The aim of this project is to highlight where some form of

defence is required, where existing defences need to be improved and where further information

must be sought regarding existing defences. A similar database (Scottish �ood defence asset

and database) has also been developed in Scotland (Bassett et al., 2007).

2.3 Construction

Due to the large volumes of �ll material required in constructing long sections of �ood embank-

ments, locally available material is generally sourced. As a result, embankments are constructed

in a variety of di�erent ways, depending on the type of material which is locally available (Morris

et al., 2007). Figure 2.1 presents nevertheless the typical form of a �ood embankment which

consists of the embankment body constructed on top of the existing founding material. The

outward slope faces the river or sea and usually has surface protection in the form of vegeta-

tion but may also bene�t from additional revetment. It is important to note that many �ood

embankments in the UK are relatively old structures that have been upgraded over decades or

even centuries from original constructions (Morris et al., 2007). As such these have been con-

structed using traditional methods including the excavation of soil from a ditch running along

the landward side of the embankment, see Figure 2.1 (Dyer, 2004). Warping silt traps have

also be used in the construction of �ood embankments; constructed on the outward side of the

embankment, these traps form berm-like structures, which increase both toe and global stability

of the existing embankment. Another traditional method of construction is by river dredging,

this was typically used in the Fens, East Anglia as a source of �ll material (Dyer, 2004; Morris

et al., 2007). The �ll material generated from these types of construction methods would thus

be �uvial deposits composed of �ne silt and clay sized particles. Depending on the height of

the embankment required and the importance given to its construction, �ll material is often

placed on top of existing material and lightly compacted without necessarily complying with

engineering speci�cations (Dyer, 2004; Morris et al., 2007).

Modern methods of �ood embankment construction involve the placing of �ll in layers and

the use of standard compaction techniques as used for highway construction (BS6031, 1981;

Pilarczyk, 1998). The design of �ood embankments does however vary from country to country
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Figure 2.1: Typical cross-section of a �ood embankment (after Dyer, 2004)

and the compaction of �ll material is not always rigorously controlled during construction.

Flood embankments in the UK should be constructed with an impervious (clay) core to prevent

unacceptable internal seepage, although this is often not used in practice (Morris et al., 2007).

However in the Netherlands typically clay liners are used as the upper surface layer of the slopes

and crest, and protect an inner sand core (Kruse, 1998).

Additional challenges are faced when constructing �ood embankments in tropical regions. Per-

haps the greatest of these is the extreme weather experienced in such regions, typi�ed by the

dry and wet monsoon seasons. Such climatic conditions mean that the embankments must

be able to withstand high hydraulic gradients due to rapidly rising water levels during storm

events. Another consequence is that construction of the embankments can only be carried out

during the dry season when river levels are low (Brown, 1999). In areas where population den-

sity is high, settlements can restrict realignment or relocation of embankments during upgrades

(Brown, 1999). The lack of available land in densely populated urban areas or poor access routes

in remote rural areas can prevent large construction equipment from reaching sites, resulting in

smaller compaction plant often being used (Brown, 1999). The issue of securing suitable local

material is perhaps of greater importance in tropical regions, where it is simply not economi-

cally feasible to transport material, even for short distances (Brown, 1999). Further limitations

associated with construction costs can result in the use of an unskilled local workforce. However
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projects do bene�t from local knowledge regarding site speci�c �ood issues and if properly con-

ducted knowledge transfer can ensure continued maintenance of defences by local communities

(FAO/RAP, 1999). The di�culties associated with obtaining good quality �ll material, avail-

able funds and poor access to site can all lead to traditional, less rigorous construction methods

being used. Brown (1999) experienced many of the di�culties listed above during construction

of �ood embankments along the Mekong River, Thailand.

2.4 Bengawan Solo Embankments

2.4.1 Site Description

The material investigated in this research was sampled from �ood embankments located along

the Bengawan Solo River in East Java, Indonesia (Figure 2.2). Indonesia is the largest archipelago

in the world consisting of over 17,000 islands (UN, 2004). Lying over the equator, Indonesia

(Figure 2.2) has a predominantly tropical climate. Temperature varies little from season to

season with average temperatures in the coastal regions of 28°C, 26°C in inland and mountain-

ous areas and 23°C in higher mountainous areas (UN, 2004). The main variation in weather

in Indonesia is in terms of rainfall, as there are primarily two seasons, a wet season and a dry

season. Generally speaking the dry season is between May and October and the wet season

between November and April (UN, 2004). Indonesia has an average relative humidity between

70% and 90%, with a minimum of 73% and a maximum of 87% (UN, 2004). Climate change

predictions for Indonesia (Susandi, 2007 as cited by Hidayat et al., 2008) suggest that rainfall

will increase by 2 to 3% each year. The island of Java is the most populous island in the world,

with a population of 130 million (BPS, 2006).

The Bengawan Solo River is the longest river on the Island of Java at approximately 600km.

The source of the river lies in the Sewu Mountain Range in Central Java and it enters the sea,

north of Surabaya in East Java (Figure 2.3). The Bengawan Solo River drains a catchment

area of almost 20,000 km²; the population within this basin was estimated at over 16 million in

2005 (Hidayat et al., 2008). Both the natural and man-made embankments along the Bengawan

Solo River have a history of failure and overtopping along the length of the river. The high
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Figure 2.2: Location of Indonesia and East Java in South East Asia

population density in the river basin (811 people/km², Hidayat et al., 2008), means that often

villages are located directly behind the �ood embankments and as such �ooding can result in

the relocation of entire villages and even fatalities. Furthermore �ooding has negative impacts

on local agriculture, due to the loss of crops as a result of inundation. The following example

indicates to some extent the scale of the problem.

Between late December 2007 and early January 2008, Java was subjected to persistent heavy

rains with an average rainfall of 136mm/day in the upper parts of the Bengawan Solo Basin, re-

sulting in widespread �ooding and landslides (Hidayat et al., 2008). Hidayat et al. (2008) report

in detail the damages and impact of the �ooding in the Bengawan Solo Basin: over one hundred

people died as a result of the �oods and landslides. In the Municipality of Bojonegoro alone

almost 300,000 people were a�ected by the �oods with almost 200,000 people being evacuated

from their homes (Hidayat et al., 2008). Total costs associated with damage to infrastructure

(roads, dams, bridges, irrigation facilities) and agricultural losses due to this �ooding event in

the Bengawan Solo Basin were estimated by the State Ministry of National Planning and Devel-

opment to be in the region of 2,000 billion Indonesian Rupiahs (approx. ¿145 million) (Hidayat

et al., 2008). Damage to embankments and �ood gates were estimated at 85 billion Indonesian

Rupiahs (approx. ¿6.2 million) and agricultural losses due to crop inundation were estimated

to be around 93.3 billion Indonesian Rupiahs (approx. ¿6.8 million) (Hidayat et al., 2008).

Alongside the heavy rains, Hidayat et al. (2008) suggest that deforestation in the catchment
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Figure 2.3: Site location within the Bengawan Solo River Basin (After Sudarsono, 2009)

area and a lack of �ood control structures and drainage systems, along with incomplete river

engineering works, were also responsible for the resulting widespread �ooding in the Bengawan

Solo Basin.

Flooding along the Bengawan Solo River is not an uncommon event and in February 2009, the

overtopping of embankments led to the inundation of over 10,000 homes across 12 districts in

the Bengawan Solo Basin and the failure of a 10m stretch of embankment in the Kanor district

resulted in the evacuation of a further 11,000 families (The Jakarta Post, 2009) .

2.4.2 Construction of embankments

Figure 2.4 presents a typical cross-section of the Bengawan Solo embankments in the Bojone-

goro Municipality. Typically the river is bounded by natural embankments but where signi�cant

population settlements are located in close proximity to the river, sections of man-made em-

bankments have been constructed. The natural embankments along the Bengawan Solo River

are in a continual state of erosion, as shown in Figure 2.4b, the mechanical action of the river
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erodes the outward face, until a steep face remains. This eroded material enters the river. When

man-made embankments are to be constructed along the Bengawan Solo, material is removed

from the riverbed and placed on existing embankments. Considering the immense length of

the river (~600km) it is uneconomical to use anything other than locally available material.

Construction or repair of the embankments can only take place during the dry season due to

the high river level during the wet season. Figure 2.4a, c and d illustrates the high variation

in river level between the dry and wet seasons, which can vary as much as 10m. During the

wet season these embankments are frequently overtopped, whereas during the dry season only

a smaller deeper river channel remains �lled with water.

The section of �ood defence embankment investigated within this research is located in the

village of Kedungharjo, in the city region of Bojonegoro. At this location the embankments

were frequently overtopped or breached resulting in the evacuation of Kedungharjo village.

The height of the existing embankments were raised and surface protection in the form of

stone �lled gabions were installed. The gabion reinforced section of embankment (Figure 2.4d)

was constructed during the dry season of 2005 and was completed in November 2005. The

embankment was constructed as is traditional for these embankments using material from the

river bed (i.e. eroded material) and placed on top of the existing embankments. The material

was compacted dry of optimum to 80-85% of the maximum Proctor dry density (Soemitro,

private communication, 2006).

2.4.3 Evidence of geotechnical failures

The site was visited in May 2006 during a month long visit to Institut Teknologi Surabaya (ITS)

working in collaboration with Dr. Ria Soemitro. The travel to Indonesia was supported by a

Carnegie Trust Research Grant. During visits to the site a number of di�erent types of processes

were evident which could play a role in triggering instabilities in the Bengawan Solo embank-

ments. The di�erent processes and or failure mechanisms observed along the embankments are

described below.
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Figure 2.5: Erosion due to river meandering

2.4.3.1 Erosion of embankments

Alongside the progressive erosion of the natural embankments (Figure 2.4b), erosion of man-

made embankments due to river meandering was also evident (Figure 2.5a) at a section of

embankment located close to the village of Kanor. Erosion of the outward face can lead to

undercutting of the embankments. To prevent further migration of the river into the village

of Kanor a concrete retaining wall was constructed in 2005 (Figure 2.5b). Warnana (2008)

used Ground Penetrating Radar to identify possible regions of scouring along the Bengawan

Solo River and suggested that scouring may be responsible for triggering failures along the

embankments.

In much of the catchment area of the Bengawan Solo River, deforestation is ongoing. The

removal of vegetation increases the risk that top soil will be removed during heavy rain, this

leads to an increased amount of sediment entering the river. This has two e�ects: (i) raises the

level of the riverbed which increases the likelihood of overtopping and (ii) increases the unit

weight of the water in the river, increasing the risk of erosion due to the impact of the river

�ow. At this section the river is approximately 100m wide, thus contributing to the very high

discharge. Flow control measures (such as small gates) have been installed in several location

to reduce the discharge in the river, however many of these measures have been damaged by the

river �ow, for example see Figure 2.6.

In order to prevent erosion of the outward slope, surface protection has been installed at di�erent

sections along the embankment, in the form of concrete slabs (Figure 2.7) or in the form of

gabions (Figure 2.4d). However it appears from Figure 2.7 that slippage of the concrete slabs
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Figure 2.6: Damage of �ow control structures

concrete slab protection 

slippage of slabs 

Figure 2.7: Di�erential settlements due to concrete slab protection

has occurred at some locations and even di�erential settlements have been observed.

2.4.3.2 Desiccation cracks

During visual inspection of the embankments, evidence of desiccation cracking of the �ll material

was found. Figure 2.8a illustrates the crack patterns which form on the outward slope during

drying. At these high moisture contents the material is very soft and the crack formation enables

the material from the embankment slope surface to be eroded away in blocks. Desiccation was

also observed in the form of cracks extending vertically into the embankment up to a depth of

35cm (2.8b). However it must be noted that one week prior to this site visit the embankment had

been completely overtopped and the soil had retained a high degree of saturation. Therefore it

would be expected that during a drier period desiccation would extend to perhaps greater depths

and be more widespread throughout the embankment. The problem of desiccation cracking in

this material forms part of an ongoing doctoral research programme by Alvis Atique, a research

student within the Department of Civil Engineering at the University of Strathclyde.
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(a) (b) 

Figure 2.8: Evidence of desiccation cracks (a) on embankment face and (b) extending into
embankment

 

Figure 2.9: (a) Babat barrage and (b) rapid drawdown failure at Plangwot village

2.4.3.3 Rapid drawdown failures

Further upstream the Babat Barrage is located at Lamongan (Figure 2.9a), the function of

which is to supply water for irrigation, domestic and industrial use to the surrounding areas,

and also to act as a means of storing water for the dry season, when the river level decreases

considerably. However the use of this 140m wide barrage has in itself contributed to geotechnical

failures of the embankments. For example, in May 2006 closure of the barrage resulted in the

collapse of 98 houses and damage to 57 additional houses in the village of Plangwot, which

lies downstream of the Babat Barrage (R. Soemitro, personal communication, May 2006). This

failure was attributed to rapid drawdown as the river level under which the embankments were

submerged decreased considerably in a short period of time due to the closure of the barrage

upstream. Figure 2.9b illustrates the type of failure caused by rapid drawdown at Plangwot

village. Here all the land in front of the gates fell away into the river, taking with it houses.
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(a) (b) 

Figure 2.10: Shallow slip failures (a) close to Kanor village and (b) close to Kedungharjo village

 

(a) (b) 

Figure 2.11: Global failure of gabion reinforced embankment (a) front view, (b) side view

2.4.3.4 Shallow slip failures

Shallow slip failures were also evident along the outward slopes of the embankments. Fig-

ure 2.10a shows a shallow slip failure close to Kanor village near where the concrete retaining

wall (Figure 2.5b) was constructed. Figure 2.10b shows a shallow slip failure close to the village

of Kedungharjo. Slips of this type were evident along the length of these embankments.

2.4.3.5 Global slip failure

A large global slip was also in evidence along the gabion reinforced embankment located next to

the village of Kedungharjo. This embankment was constructed during the dry season of 2005,

and was completed in November 2005. The global slip failure presented in Figure 2.11 occurred

in December 2005, during the �rst wet season.
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Figure 2.12: Secondary uses of the river and embankments (a) removal of river sediment for use
as a construction material and (b) location of shop and animal grazing on crest of embankment

2.4.4 Secondary uses

It should be noted that there are various third parties interested in the Bengawan Solo River.

Villagers living along the embankments view the river as a resource; using the river sediment

as one of the primary construction materials in the building of local roads and homes. As

such material is often removed from the river (Figure 2.12a), which destabilises the riverbed.

The Ministry for Public works in East Java has primary responsibility for the construction,

monitoring and repair of the Bengawan Solo embankments. As a measure to stabilise the

riverbed, heavy revetment is placed onto the riverbed on an annual basis.

Embankments can have secondary uses aside from their primary function of retaining and di-

recting the passage of water. The embankments along the Bengawan Solo River are often used

as areas for grazing, transportation routes for light motor vehicles and even have shops or houses

located on top of them (Figure 2.12b).

It is evident from the above the description that there are many di�erent types of instabilities

arising along the Bengawan Solo embankments as a result of the interaction and combination

of a number of di�erent natural and human factors.

2.5 Review of typical failure mechanisms

A brief review of the main widely accepted failure mechanisms associated with �ood embank-

ments is presented here, it is categorised into two main groups, mechanisms related to the
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problematic response of the (i) founding strata and (ii) �ll material.

2.5.1 Founding layers

The type of failure mechanisms which can occur as a result of the underlying or foundation layers

can result in physically larger, global failures than the smaller local failures typically observed as

a result of the problematic response of the �ll material. Schematic representations of the failure

mechanisms related to the founding material are presented in Figure 2.13. Deep seated rotational

failure of the embankment may occur during or shortly after the construction of an embankment

on soft founding strata of low shear strength (Leroueil et al., 1990). Another mechanism which

may also result in a deep rotational failure is the build up of excessive uplift pressures in

underlying gravel or sand layers which are in continuity with the river or sea. However more

typically it can result in heave at the toe of the embankment rather than a complete rotational

failure. Failure due to excessive uplift pressures is a mechanism which received a lot of attention

after being identi�ed as being responsible for some of the embankments failures during the North

Sea �oods (Cooling and Marsland, 1954; Marsland, 1957, 1961; Marsland and Randolph, 1978;

Hird et al., 1978; Pad�eld and Scho�eld, 1983) and is a mechanism which still continues to be

investigated (Baudin et al., 1989; Van et al., 2005; van Baars, 2005). Another global failure

mechanism is translational failures due to underlying organic strata. Embankment failures due

to underlying peat layers have been recorded both in the UK and in the Netherlands (e.g. Ward

et al., 1955). For example, van Baars (2005) details the horizontal failure mechanism observed

at the Wilnis peat dyke in the Netherlands as a result of desiccation of the peat layer during a

particularly dry summer.

The �nal mechanism related to the underlying layers is that of settlements due to consolidation

or creep. This occurs typically if the founding layers are highly compressible clays or organic soils

(Morris et al., 2007). The e�ect of settlements is to reduce the crest level of the embankment.

This may in turn increase the likelihood of overtopping occurring which could in turn lead to

erosion of the landward face and as such compromise embankment stability.
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Figure 2.13: Failure mechanisms related to the founding layers

2.5.2 Fill material

Many failure mechanisms found in �ood embankments are due to the problematic response of

the �ll material under hydraulic loading, external loading or environmental loading. Figure

2.14 presents a schematic representation of all the failure mechanisms described here related

to the �ll material. The �rst four diagrams in Figure 2.14 illustrate di�erent forms of erosion

processes occurring within the �ll material. It should be noted here that all earthwork structures

undergo some form of erosion due to their interaction with the environment, however the erosion

described here refers to that which signi�cantly reduces the embankment's ability to retain and

direct water. Several types of erosion are described here, depending on both the location of

where the erosion takes place within the embankment and also the cause of the erosion.

After the North Sea �oods in the UK in 1953, important research began into the identi�cation

of possible failure mechanisms (Cooling and Marsland, 1954; Marsland, 1957; Marsland and

Cooling, 1958; Marsland, 1961, 1968; Marsland and Randolph, 1978). Both erosion of the

outward and landward faces were cited as possible failure mechanisms in some of the failed

embankments (Cooling and Marsland, 1954; Marsland, 1957). The erosion of an outward face
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may occur either due to the result of wave action (Cooling and Marsland, 1954) or as a result

of the meandering of a river (Morris et al., 2007). For example large shingle deposits on the

outward face of a �ood defence at Scrapsgate on the Isle of Sheppey were completely removed

during the North Sea Floods (Cooling and Marsland, 1954). Erosion of the landward slope on

the other hand, occurs mainly due to overtopping of the structure during �ooding conditions

and is a result of the mechanical action of the �owing water (Cooling and Marsland, 1954).

Furthermore the slopes and crest of an embankment may be subject to erosion due to rainfall

in�ltration (Perry, 1998).

Erosion of the outward face, landward face and crest can all be classi�ed as external erosion and

while these examples have focused mainly on the action of hydraulic loading on the embankment

it should be noted that the crest and faces of an embankment are often subject to erosion from

other sources. This may include erosion due to animal grazing on the slopes, erosion as a result

of walking or cycle paths, which may or may not have been provided for. In fact embankments

often have secondary uses (Dyer, 2004), which attracts animals and pedestrians. However, it is

important that they should be maintained in such a way that their secondary use (access route,

environmental habitat, recreational area, Morris et al. 2007) does not cause such signi�cant

erosion so as to compromise their primary function. A �nal type of erosion occurring with

respect to the �ll material is that of the internal transportation of particles (internal erosion).

Lindenberg and de Groot (1998) describe di�erent types of internal erosion, the most commonly

referred to with regard to �ood embankments is piping. Piping occurs where there is strong

through-seepage, following a particular channel through the embankment. This �ow is then

responsible for transporting soil particles through the embankment. Piping may occur within

the �ll material itself (through-seepage) or within the underlying layers (under-seepage), and

is likely to occur within a granular layer (e.g. sand) which is located just below a cohesive

clay layer of low permeability. Other types of internal erosion include: the washing out of �ner

soil particles of the �ll material through coarser pores of the same layer, the transport of base

layer particles into coarser upper layers (su�osion) and micro-instability on the slope due to the

direction of groundwater �ow (Lindenberg and de Groot, 1998).

The erosion mechanisms described above may be responsible for triggering further failure mech-

anisms within an embankment. For example su�cient toe erosion may result in shallow slippage

24



Chapter 2 Flood embankments

 

(b) Erosion of landward face due to overtopping (a) Erosion of outward face due to river flow  

(d) Through-seepage leading to piping 

(e) Shallow slippage of outward face 

(f) Flow slides due to liquefaction (g) Rapid drawdown failure 

(c) Rainfall erosion of crests and slopes 

(e) Shallow slippage of landward face 

Figure 2.14: Failure mechanisms related to the �ll material
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of the outward face (Cooling and Marsland, 1954). Erosion at the toe may occur as a result of

a scour pool developing, resulting in an over steepening of the outward slope, triggering either

an immediate instability or a gradual regression of the slope face depending on the severity of

scouring (Dunbar et al., 1999). Furthermore shallow slippage of the landward face may occur in

embankments due to through-seepage. However in clayey embankments a di�erent mechanism

may also take place due to �ne �ssuring. Soft highly shrinkable clays tend to have �ssures

extending to up to approximately 1m depth into the embankment due to desiccation of the em-

bankments and their loss of moisture to surrounding vegetation (Cooling and Marsland, 1954;

Marsland and Cooling, 1958; Marsland, 1968). Subsequently a shallow slip may occur when

the river level reaches the crest of the embankment, due to strong seepage through the �ssured

material. This is an area of research which has seen continued interest in the UK (Dyer et al.,

2009; Sentenac and Zielinski, 2009). On the other hand, in loose sand embankments, �ow slides

or slumping of the �ll material would be observed rather than de�ned shallow slips. If su�cient

toe erosion or cyclic loading of a sand embankment occurred, liquefaction may in fact take place

resulting in the large displacement of the �ll material (Lindenberg and de Groot, 1998).

Another distinct type of failure mechanism related to the response of the �ll material is rapid

drawdown failure. This failure mechanism occurs when a submerged slope is subjected to a

rapid reduction in water level. This may be due to natural changes in the water level of the

river but more commonly occurs due to the managed release of water in the river through control

structures. Instability may arise if the water level (external con�ning pressure) is reduced at

a rate which does not allow for drainage of excess pore water pressures from the embankment

(Simon et al., 2003). Typically this may occur in clayey soils of low permeability and may result

in a deep rotational failure.

Due to the wide range of materials which may be used in the construction of �ood embankments

(depending on locally available material), their performance is highly variable and there are a

large number of di�erent types of failure mechanisms (Dyer, 2004). In some cases the type

of failure mechanism observed is a direct result of the �ll material used during construction.

Dyer (2004) reported use of slate waste in the Mawddach estuary, Wales which resulted in

high seepage rates causing piping failure. Sand and shingle used in embankments in Western

Wales also resulted in high seepage rates and embankments constructed in East Anglia using
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highly plastic clays failed due to �ne �ssuring as a result of seasonal wetting and drying (Dyer,

2004). In New Orleans in 2005, failures occurred in sections of embankment constructed of

lightweight shell-sand �ll, due to its low resistance to erosion (Seed et al., 2008). Furthermore

Seed et al. (2008) highlighted a second material which played a role in the catastrophic failures

of sections of embankments in New Orleans: dredged material from adjacent shipping channels.

However the interesting point to note here is that the problem resulted not just from the inherent

characteristics of the material itself but the fact that it was placed at high moisture contents

with little or no compaction, therefore making it prone to erosion (Seed et al., 2008). Seed

et al. (2008) suggests steps which should have been taken to process the �ll material in order to

achieve better compaction properties. Design can fail not only in the selection of an appropriate

�ll material but also in the selection and execution of appropriate compaction conditions.

At this point it is important to note that any of the described failure mechanisms can occur in

combination and in any one �ood embankment there will often be several di�erent mechanisms

occurring although to varying degrees. These combinations can make it more di�cult to detect

the mechanism which is primarily responsible for triggering the failure of an embankment. It is

often the mechanism which leaves behind the most (visual) clues for the engineer, to which the

failure is credited.

In Table 2.1 further references regarding studies and observations of each type of failure mech-

anism discussed here are provided, although this is by no means meant to be an exhaustive

list. In general most of the mechanisms related to founding layers are generally investigated by

assuming saturated conditions. The mechanisms related to the �ll material on the other hand

may occur:

1. under saturated conditions: e.g. erosion of toe or outward face, (Cooling and Marsland,

1954)

2. under unsaturated conditions: e.g. erosion of faces and crest due to rainfall, (Perry, 1998)

or erosion of landward face due to overtopping, (Möller et al., 2002)

3. due to the transition from saturated to unsaturated conditions: e.g. rapid drawdown

failure, (Pinyol et al., 2008)
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Chapter 2 Flood embankments

4. due to transition between unsaturated to saturated conditions: e.g. reduction of shear

strength due to wetting, (Krahn et al., 1989 investigated a railway embankment).

Thus, it is clear that the response of �ll material in �ood embankments may be a�ected sig-

ni�cantly by changes in moisture content and suction. However, despite this, few laboratory

experimental campaigns investigating the unsaturated mechanical behaviour of �ll material from

�ood embankments are available in the literature (e.g. Ho�mann and Tarantino, 2008) and fewer

still have been carried out under suction controlled conditions. In this thesis the mechanical

behaviour of the Bengawan Solo �ll material is investigated under saturated, suction controlled

and constant water content conditions.

Lindenberg and de Groot (1998) state that there are two functional requirements of a �ood

embankment: (i) it must be su�ciently high to protect against �ooding (and remain so) and (ii)

it should be stable. However it is evident from Table 2.1 that it is the failure mechanisms related

to the stability of embankments which have attracted the most interest from practising engineers

and researchers over the years. All but one of the failure mechanisms listed in Table 2.1 are

concerned primarily with the stability of embankments. Only the mechanism of settlements due

to consolidation or creep is directly concerned with the reduction in height of the embankment,

reducing the ability of the embankment to retain water. Considering that �ood embankments

may be compacted at low dry density due to poor compaction control during construction,

and that additional loading of embankments are commonly introduced in the form of surface

protection, alongside the readily available access to water, it is proposed here that it may

also be relevant to investigate the potential for volumetric collapse in �ll materials of �ood

embankments.

2.6 Conclusions

The Bengawan Solo embankments investigated in this thesis have been introduced in this chap-

ter and the di�erent types of processes and mechanisms which may be contributing to failure

have been discussed. A brief review of the typical failure mechanisms associated with �ood em-

bankments has been outlined. Considering that failure mechanisms related to the �ll material
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Chapter 2 Flood embankments

may occur under di�erent saturation conditions, it is clear that it can be useful to investigate

embankment �ll material under unsaturated conditions. For this reason the Bengawan Solo �ll

has been studied under saturated and unsaturated conditions within this research. Chapter 3

presents a general overview of the �eld of unsaturated soil mechanics. The volumetric collapse

potential of the Bengawan Solo �ll is investigated in Chapter 5, and therein it is also proposed

how such a reduction in height may trigger further instabilities in a �ood embankment. The

unsaturated mechanical behaviour of the �ll material is investigated in Chapter 6 in isotropic

compression and shearing tests. Information determined experimentally is also used in a routine

slope stability analysis to investigate the e�ect of the reduction of shear strength due to wetting

on the stability of the Bengawan Solo embankments.
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Chapter 3

Experimental testing, behaviour

and constitutive modelling of

unsaturated soils

3.1 Introduction

The void spaces in saturated soils are completely �lled with liquid which is typically water,

whereas the porous phase of unsaturated soils is partially �lled with liquid (water) and partially

�lled with gas, a combination of air and water vapour but generally referred to as air. This

additional presence of air creates a multi-phase porous material which results in additional

complexities regarding (i) the fundamental behaviour of the soil, (ii) experimental testing and

(iii) numerical aspects. This brief review of the �eld of unsaturated soil mechanics begins with a

short discussion on where unsaturated soils are found and why it is considered important to study

them. The concept of soil suction is discussed and the types of ways water may be present within

unsaturated soils is brie�y presented. Some of the methods which have been developed to control
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Chapter 3 Unsaturated soils

or measure suction in the laboratory are then discussed followed by experimental techniques for

measuring volume changes in unsaturated soils. The water retention and hydraulic behaviour

of unsaturated soils is presented. This is followed by a discussion on the in�uence of suction

on the mechanical behaviour of unsaturated soils. This chapter concludes by discussing the

elasto-plastic constitutive models which may be used to model the behaviour of unsaturated

soils.

3.2 Prevalence and importance of unsaturated soils

Despite the fact that the study of soil mechanics has developed with a bias towards saturated

soils (Fredlund and Rahardjo, 1993), unsaturated soils are prevalent in the environment. In

particular, the surface layer of natural soil deposits are typically unsaturated. The depth of this

unsaturated zone varies depending on local climatic conditions. In arid regions an unsaturated

zone may be several metres in depth whereas in a temperate climate this zone may only be

a few centimetres. Below the water table, (saturated zone), pore water is present in the soil

under compression; resulting pore water pressures are assigned a positive value, whereas in

the unsaturated zone pore water is held in the soil under tension, these pressures are assigned

negative values, between these two zones exists a capillary fringe zone in which the soil may

be saturated but pore water pressures remain negative. Soils in the unsaturated zone, close

to the ground surface are often considered to be problematic (Fredlund, 2006). In natural

soil deposits, damage to structures such as roads or buildings has often been reported due to

the swelling or shrinkage of expansive soils (Fredlund and Rahardjo, 1993), or due to collapse

settlements in natural soils with an open structure (Houston et al., 2001). These problems result

from the moisture sensitive nature of these soils, which undergo important volume changes when

subjected to drying or wetting.

Alongside natural surface deposits it can also be bene�cial to consider compacted soils from

an unsaturated perspective. Compaction reduces the volume of air voids present in soils in

order to increase their dry density and ultimately improve their engineering behaviour (Head,

1992). However the process does not allow for total removal of all the air voids present and

as such compacted materials contain voids partially �lled with water and partially �lled with
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Chapter 3 Unsaturated soils

air. Compacted materials are commonly used in civil engineering works as �ll material in the

construction of embankments and dams, back�ll material behind retaining walls or underneath

foundations. However it has been reported that loosely compacted �lls may exhibit volumetric

collapse when wetted under load (e.g. Booth, 1977; Lawton et al., 1992; Pereira and Fredlund,

2000). Similarly densely compacted �lls may exhibit swelling when subjected to wetting (e.g.

Kassif and Ben Shalom, 1971; Alonso et al., 2005). Signi�cant deformations in such soils may

cause damage to overlying pavements or structures, failure of earth dams or the disruption of

underground utilities ((Lawton et al., 1992; Houston et al., 2001).

Gassy soils may also be considered as unsaturated soils. Gassy soils may develop due to biological

activity which involves the release of natural gases or where gas �ows into a deposit from a

deeper hydrocarbon reservoir. These soils may be found in deep o�shore environments and

organic deposits where anaerobic activity may prevail. In these cases gases tend to be discrete

bubbles and it is the size of the gas bubbles relative to the average solid particle which dictates

how the material should be considered. If the gas bubbles are small an e�ective stress approach

may still be suitable if the increased compressibility of the pore �uid is also taken into account

(Wheeler, 1986). However if the gas bubbles are large such that a single bubble is surrounded by

many particles, the gas and water phases should be considered independently (Wheeler, 1988b).

Such large bubbles can have a signi�cant in�uence on the mechanical behaviour of these soils

(Wheeler, 1988a; Karstunen and Pande, 1994).

As described many geotechnical engineering problems encountered are related to the behaviour

of unsaturated soils in the form of both surface soil deposits or compacted materials. The

research presented in this thesis has been carried out within the context of unsaturated soil

mechanics due to its investigation of a compacted material used in the construction of a �ood

embankment.
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Chapter 3 Unsaturated soils

3.3 Retention of water and soil suction in unsaturated soils

3.3.1 Capillary e�ects

The forces acting on a water molecule located at gas-liquid interfaces are di�erent to those

acting on molecules completely surrounded by other liquid molecules (Figure 3.1) (Fredlund

and Rahardjo, 1993). When located within (bulk) liquid a molecule experiences equal forces

in all directions. However a liquid molecule located at the gas-liquid interface experiences an

unbalanced resultant force towards the liquid. In order for the gas-liquid interface to be in

equilibrium, a tensile stress is generated, commonly referred to as surface tension (Ts) which

causes the interface to act like a membrane under tension (Fredlund and Morgenstern, 1977;

Fredlund and Rahardjo, 1993).

When gas-liquid interfaces come into contact with a solid body, the interface curves near the solid

surface, forming a meniscus. The contact angle which the liquid makes with the solid surface

varies depending on the type of liquid, nature of the solid and �uid pressures. For wetting liquids

such as water, contact angles (θ) of less than 90° are typically formed when in contact with solid

soil particles (Figure 3.2a), the liquid has a greater attraction for the solid surface than for other

liquid particles (adhesion > cohesion). Whereas non-wetting liquids such as mercury tend to

form contact angles greater than 90°, mercury particles have greater attraction for each other

than for the solid surface (cohesion > adhesion) (Tarantino, 2010a).

If we consider the simple example of an air-water interface within a capillary tube (Figure 3.3),

the pore water pressure (uw) and the pore air pressure (ua) on each side of the meniscus can be

 

Air 

Water 

Figure 3.1: Forces acting on molecules located (a) at an air-water interface and (b) within water
(After Fredlund and Rahardjo, 1993)
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Figure 3.2: Gas-liquid interfaces in contact with solid surface (a) for wetting liquid and (b)
non-wetting liquid (After Tarantino 2010a)

related to surface tension (Ts), the radius of the capillary tube (r) and the radius of curvature

of the meniscus (R) by considering equilibrium across the air-water interface:

uaπr
2 = uwπr

2 + 2πrTs cos θ (3.1)

Thus:

uw − ua = −2Ts cos θ
r

= −2Ts
R

(3.2)

Equation 3.2 is known as Kelvin's capillary model equation and illustrates that for contact

angles less than 90°, the gauge pressure (uw − ua) will be negative, i.e. a concave meniscus is

formed where pore air pressure is greater than pore water pressure. It can be useful to consider

soils as being made up of many inter-connected capillaries of varying diameter. Sands typically

have a grain size in the range of several mm, whereas clays are typically in the range of several

µm, as pore space is also highly dependent on grain size it follows that in sands pore diameters

would also be much greater than the pore diameters found in clays (~ 1000 times greater).

Using Equation 3.2 with representative values for pore space found in soils, (uw − ua) becomes

increasingly negative as pore diameter decreases, (i.e. moving from sands to clays). Given that

in the �eld pore air pressure is usually atmospheric (0kPa gauge pressure, 101.325 kPa absolute

pressure) and that (uw − ua) found in silts and clays can be much lower than -100kPa, this
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Ts 
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r 

Figure 3.3: Forces acting across air-water interface in capillary tube

indicates that the pore water is being held in tension within such soils (Tarantino, 2010a).

3.3.2 Evaporation of water from soils

Given that most unsaturated soils are found in soil deposits close to the ground surface or

in compacted earthworks, the main processes by which water is removed from soil pores are

evaporation and lowering of the soil water table. If we still consider that the pore space in soils

can be represented in a simpli�ed manner by a series of inter-connected capillary tubes, water

can be assumed to be removed from the pore space during evaporation in steps similar to those

illustrated in Figure 3.4. Initially in Stage 1, it is assumed that gauge pore water pressure is

zero and thus the air-water interface is �at (contact angle = 90º). As evaporation occurs, water

is �rst removed without moving the location of the meniscus with respect to the solid surface,

but rather the curvature of the meniscus increases, the contact angle reduces and the water

pressure behind the meniscus falls below atmospheric pressure (Stage 2) until a limiting value of

the contact angle, termed the receding contact angle (θr). Since water pressure must be equal

behind each of the three menisci present in tubes A, B and C, the contact angle will be lowest

in the largest tube, tube A and thus the receding contact angle limit will be reached in tube

A �rst. Therefore tube A will empty of water �rst (Stage 3) while at constant water pressure,

the minimum that the tube can withstand. Continued evaporation will cause the curvature of

the menisci in tubes B and C to increase, until the limit receding angle for tube B is reached
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Figure 3.4: Evaporation from a capillary system (Tarantino, 2010a)

(Stage 4), which will empty at constant water pressure (Stage 5). Further evaporation would

ultimately lead to the removal of water from tube C, of smallest diameter. In Figure 3.4 the

degree of saturation (volume of water per total volume of capillary system) is plotted against

water pressure following the stages described above. For an in�nite number of capillary tubes of

varying diameter, a relationship between degree of saturation of the system and water pressure

may be expected to be similar to the dashed line shown in Figure 3.4, closer to representing

the pore network present within soils. This description of the evaporation of water in soils is

summarised from the clear explanation provided by Tarantino (2010a).

3.3.3 Retention of water

The relationship between degree of saturation and negative water pressure found experimentally

by subjecting soils to subsequent drying stages is essentially the same as that presented in

Figure 3.4. Within the �eld of unsaturated soils, this relationship is commonly referred to as

the soil water retention curve, and may be plotted in terms of gravimetric moisture content (w),
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volumetric moisture content (θw) or degree of saturation (Sr) against negative water pressure

(−uw) or the excess of pore air pressure over pore water pressure (ua−uw). Figure 3.5 illustrates

the main features of a typical water retention curve for a �ne grained soil (Vanapalli et al., 1996,

1999; Tarantino, 2010a). As a soil is dried from a fully saturated condition, initially only water

is removed as the curvature of the menisci increase, but the soil remains in a saturated state,

albeit at water pressures below atmospheric. On continued drying some of the larger pores will

empty of water, but the air phase will remain discontinuous (quasi-saturated state). Further

drying will cause the menisci to recede and air to enter into the soil. Both the air and water

phases are continuous in the partially saturated state. Finally continued drying will result in

only meniscus water remains at inter-particle contacts, the water phase is no longer continuous

(residual state).

The air-entry value (AEV ) denoted in Figure 3.5a identi�es the value of negative pressure at

which drainage of the largest soil pores begins, beyond this value, soils exhibit a rapid decrease

in moisture content (Vanapalli et al., 1996). This value is typically determined by intersecting

the horizontal line drawn at Sr = 1 with the tangent to the in�ection point of the drying curve

(Vanapalli et al., 1996). The residual degree of saturation (srR) is the saturation level at which

increasing negative water pressure no longer signi�cantly causes moisture content loss and where

further moisture loss must be transferred through vapour transfer (Figure 3.5a).

A number of soil water retention curves are illustrated in Figure 3.5b. The main drying curve is

that which refers to the changes occurring within a soil which has been dried continuously from

a fully saturated sample. If a fully dry sample is wetted continuously, it will follow along the

main wetting curve. It is evident that there is signi�cant hydraulic hysteresis between the paths

followed by drying and wetting curves. This means that for a given negative water pressure

the soil may have a di�erent degree of saturation depending on what curve the sample is on.

This hysteresis is due to a number of di�erent phenomenon including the ink bottle e�ect, the

raindrop e�ect and the entrapment of air bubbles (Haines, 1930; Bear, 1972; Romero, 1999).

The ink bottle e�ect stems from the fact that soil pores are not perfectly cylindrical and in fact

are highly irregular with varying cross-sectional area along their length. This e�ect is explained

in Figure 3.6. Along a drying curve it is the small entrance radius r1 which dictates whether

water will drain out of the pore whereas along a wetting curve it is the maximum radius r2 of
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Figure 3.5: Typical features of a water retention curve (a) saturation states along a main drying
curve and (b) hysteresis between drying and wetting curves (After Tarantino, 2010a)
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Figure 3.6: Hysteresis phenomenon: the ink bottle e�ect during (a) drying, (b) wetting and (c)
the raindrop e�ect

the large pores which dictates the negative water pressure required for the pore space to �ll with

water (Haines, 1930). Therefore for the same water pressure level, di�erent volumes of the same

pore space may be �lled (di�erent degree of saturation). The so called raindrop e�ect refers

to the variation in contact angle which is dependent on the direction of movement of the �uid.

The contact angle between the pore �uid and soil surface is di�erent depending on whether

the pore �uid is receding (drying) or advancing (wetting) (see Figure 3.6c). Variations in the

contact angle may further depend on the roughness of the surface, the presence of impurities

and also whether or not the surface has previously been wetted (Bear, 1972). Furthermore

hysteresis between the drying and wetting curves also occurs due to the di�culty of achieving

full saturation along the wetting curve when starting from a dry sample. In reality some air

bubbles remain in the pore �uid and thus full saturation is not achieved (see Figure 3.5). Finally

hysteresis occurs between the main drying and wetting curves because many soils are deformable

materials which may undergo volume changes during drying and wetting, particularly if active

clay minerals are present. Such changes may signi�cantly alter the soil structure during drying

or wetting and contribute to the hysteresis observed between the di�erent water retention paths

(Romero and Vaunat, 2000; Nuth and Laloui, 2008a).

Between the two main drying and wetting curves, any number of scanning curves may be

observed (Figure 3.5b). Increasingly the hydraulic history of the soil is being considered for soil

water retention behaviour, in a manner similar to the way in which stress history is considered in

mechanical behaviour. That is to say the behaviour within the scanning region may be assumed
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to be reversible, whereas changes in degree of saturation and negative water pressure along the

main drying or wetting curves may be considered to be irreversible (Nuth and Laloui, 2008a;

Tarantino, 2010a).

3.3.4 Soil suction

Considering the negative water pressures found within unsaturated soils, if such soils are placed

in contact with free water (under atmospheric pressure) they would have an a�nity for this water

(water would be drawn towards the soil), this a�nity is commonly referred to as soil suction.

Thus far, the discussion has focused on the capillary e�ects occurring within unsaturated soils

and the corresponding negative water pressures typically present. However capillary e�ects are

not the only phenomenon controlling soil suction and the transfer of water within unsaturated

soils, nor does water transfer only occur via the liquid phase (Tarantino, 2010a).

3.3.4.1 Matric suction

Matric suction is the a�nity of the soil for water, which arises from water retention mechanisms

which are related to the solid phase. Capillary e�ects are indeed the dominant contribution of

matric suction for granular materials where no chemical interactions exist between the solids and

pore water (e.g. sands). Even in clayey soils, capillary forces play a role in the lower suction range

(Tuller et al., 1999; Tuller and Or, 2005), however at much higher suctions, surface adsorptive

forces dominate. At low degrees of saturation (high suction range), water is held as �lms of liquid

covering the soil particles, the thickness of the water �lms are dependent on surface adsorptive

forces (Tuller and Or, 2005), (Figure 3.7).

Surface adsorption of pore water onto soil particles is controlled by a number of physico-chemical

e�ects, including (i) van der Waal's forces, (ii) electrostatic forces and (iii) hydration forces

(Tuller et al., 1999; Tuller and Or, 2005; Tarantino, 2010a). Van der Waal's forces are the weak

inter-molecular bonds formed between the positive anions present in inter-layer water and the

negative cations of the clay particles. Due to the negatively charged clay particles, there is a

di�erence in concentration in the pore water found within the inter-layer space and the con-

centration of the pore water solution. Thus water molecules tend towards the inter-layer space
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Figure 3.7: Simpli�ed schematic of water present as liquid �lms covering soil particles due to
surface adsorptive forces (Baker and Frydman, 2009)

in order to equalise the charge concentration. Electrostatic forces arise from water molecules

forming hydrogen bonds with hydroxyl molecules found in the tetrahedral and octahedral silica

sheets of which clay particles are formed. Hydration forces are important in active clays, where

hydration of inter-layer cations results in repulsive forces, increasing the inter-layer space, i.e.

expansion of clay layers. All of the physio-chemical e�ects giving rise to adsorbed water �lms

depend on the minerals present and surface properties of the soil particles (Tuller et al., 1999;

Tuller and Or, 2005).

Increasingly discussions have argued that more consideration should be a�orded to the contribu-

tion of surface adsorption to matric suction alongside that of capillarity (Nitao and Bear, 1996;

Baker and Frydman, 2009; Frydman and Baker, 2009), as often in geotechnical engineering only

capillary e�ects are considered to contribute to matric suction (Baker and Frydman, 2009). It

is important to note however that regardless of whether pore water is present in capillary form

or as adsorbed surface water, it is still held under tension in unsaturated soils. The in�uence

of this suction on the overall macroscopic behaviour appears to be similar, for example collapse

behaviour has been observed in sandy soils (Leonards and Narain, 1963; Lawton et al., 1992)
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and equally in clayey soils (Peterson and Iverson, 1953; Lawton et al., 1992).

Both capillary and adsorptive forces are thus responsible for contributions to matric (or matrix)

suction and the transfer of water within the liquid phase of unsaturated soils. Matric suction is

commonly de�ned as the excess of pore air pressure (ua) over pore water pressure (uw) (Fredlund

and Rahardjo, 1993):

s = ua − uw (3.3)

although this is derived only from capillary e�ects. However it is more appropriate to consider

matric suction as a variable which quantitatively re�ects the degree of attachment of the liquid

phase to the solid phase, arising from solid-liquid-air interfaces (Gens, 2010). Considering matric

suction as a measure of the potential of the liquid located close to the solid surface should

minimise confusion surrounding the physical meaning of very high suctions of hundred of MPa

observed in some clays; matric suctions should not be considered as pressures in the typical

(bulk thermo-dynamic) sense (Gens, 2010).

3.3.4.2 Total suction

Water can also be transferred to or from soils via the vapour phase. This transfer is made possible

by the fact that the partial water vapour pressure in equilibrium with pore water (P ) is lower

than the water vapour pressure in equilibrium with pure free water (Tarantino, 2010a). This

reduced vapour pressure in equilibrium with pore water (P0) is due to two main mechanisms: (i)

negative pore water pressure and (ii) the concentration of pore water (Tarantino, 2010a). The

Poynting e�ect means that the pressure of vapour in equilibrium with its own liquid decreases

as liquid pressure decreases where the liquid pressure decrease is generated by the solid phase

(matric suction) (Tarantino, 2010a). Secondly Raoult's law states that the vapour pressure

in equilibrium with an aqueous solution will decrease as the solute concentration increases

(Tarantino, 2010a). The suction generated due to changes in solute concentration is commonly

referred to as osmotic suction.

The concept of soil suction was developed by soil physicists in the early 1900s (e.g. Buckingham,

1907). The importance of soil suction in terms of the mechanical behaviour of unsaturated soils

was �rst recognised by Croney and Coleman (1948). Aitchison (1965) de�ned the soil-water
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(total) potential (ψ), which corresponds to the free energy state of the soil per unit mass (J/kg)

as being the sum of four components:

ψ = ψg + ψp + ψm + ψo (3.4)

where ψg is the gravitational potential, ψp is the gas pressure potential, ψm is the matric po-

tential and ψo is the osmotic potential. Neither the gravitational nor gas pressure potential

in�uence the mechanical behaviour of unsaturated soils in a signi�cant way and are thus not

generally considered in geotechnical engineering (Gens, 2010). Considering the soil-water po-

tential energy in terms of per unit volume of soil (instead of per unit mass), the term is called

suction, and is expressed in terms of pressure (kPa). Thus total suction (st) may be written

as the sum of matric suction (s) and osmotic suction (so), st = s + so. Total suction (st), the

free energy state of the soil water per unit volume, may be related to relative humidity using

Kelvin's law:

st = −RT
Mw

ln

(
P

P0

)
(3.5)

where R is the universal gas constant (8.314 J/Kmol), T is the absolute temperature (K), Mw

is the molecular mass of water (kg/mol), ( PPo
) is the relative humidity of air in equilibrium with

the pore water. In non-active soils, osmotic e�ects are likely to be negligible (Gens, 2010) and

as such attention is generally focused on matric suction. For non-active soils measurements

of total suction should also give a good indication of the changes in matric suction occurring.

Furthermore osmotic suction tends to be a much smaller component of the total suction than

matric suction. For these reasons it is generally the total suction or matric suction which is

controlled or measured in the laboratory. The di�erent techniques which have been developed

for controlling or measuring suction in the laboratory are discussed in the next section.

3.4 Experimental techniques for unsaturated soils

The presence of pore air in the porous phase of unsaturated soils and the subsequent suction

present in the soil present additional complexities in terms of experimental techniques: (i) the

ability to control or measure suction in the laboratory (and in-situ) and (ii) the determination
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of volume changes in unsaturated soils, which can be di�cult to determine considering that air

is compressible. Six di�erent methods which can be used used to control or measure suction

in the laboratory are brie�y discussed in this section. Considering that the growing interest

in the �eld of unsaturated soil mechanics has led to more experimental research being carried

out and increasing numbers of conferences in this �eld (Delage, 2002), there is now a wealth

of information available on experimental techniques for unsaturated soils in keynote papers

and state of the art reviews. In particular a recent issue of the Journal of Geotechnical and

Geological Engineering was dedicated to the topic: Special Issue on Laboratory and Field Testing

of Unsaturated Soils (Tarantino et al., 2008). Please refer to the following papers for a more

in-depth discussion of the techniques outlined below: Ridley and Wray (1996); Delage (2002);

Blatz et al. (2008); Delage et al. (2008); Marinho et al. (2008); Vanapalli et al. (2008).

The di�erent types of techniques which can be used to measure volume changes in unsaturated

soils are also brie�y outlined in this section.

3.4.1 Methods of suction control

Three methods which can be used to control suction in the laboratory are presented here: (i)

axis translation technique, (ii) osmotic method for control of matric suction and (iii) vapour

equilibrium technique. The general principles of these methods are presented, followed by ad-

vantages and limitations or concerns related to each method. Alternative methods of suction

control (at very low suctions) include the hanging column and centrifuge techniques.

3.4.1.1 Axis translation technique

Typically in unsaturated soils pore air pressure is atmospheric (ua= 0 kPa) and pore water

pressures are negative with respect to atmospheric pressure. The axis translation technique

originally proposed by Hilf (1956) translates the origin of reference for the pore water pressure

from standard atmospheric conditions to the air pressure applied in the chamber. This trans-

lation of the pore water pressures relative to the pore air pressure applied avoids the problem

of cavitation which typically occurs when a body of water is brought towards a suction level of

-100kPa (relative to atmospheric conditions).
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Figure 3.8: Principles of axis-translation technique

Matric suction is controlled by liquid transfer through a saturated interface in contact with a

soil specimen; typically a saturated high air entry (HAE) ceramic is commonly used to separate

the pore water and pore air phases in the axis-translation technique. The high air entry value

is the value at which air will enter the ceramic; this is dependent on the size of the pores within

the ceramic. A fully saturated HAE ceramic will allow water to �ow down through its pores

while acting as a barrier to pore air �ow. Ceramic stones with air entry values of 100kPa,

500kPa and 1500kPa are commercially available (Soil Moisture Equipment Corp.). Thus the

maximum suction which can be applied using this technique is 1500kPa; the highest air entry

value ceramic currently available. Furthermore the range of its application depends on the

maximum air pressure source available within a laboratory and the availability of high capacity

pressure cells if high suctions are to be tested.

The axis translation technique was �rst incorporated into geotechnical testing systems by Bishop

and Donald (1961) where it was implemented in the triaxial apparatus. Since then the axis trans-

lation technique has become the most widely used method of suction control in the investigation

of unsaturated soils and has been incorporated into a number of di�erent types of experimental

apparatus. This technique is routinely used by researchers as a method of determining the water

retention curve in the pressure plate apparatus (e.g. Krahn and Fredlund, 1972; Navaneethan

et al., 2005). It has also been incorporated into direct shear boxes (Escario, 1980) and one-
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dimensional consolidation testing apparatus, in both Rowe cells (Barden and Sides, 1970) and

oedometers (e.g. Alonso et al., 1995; Ho�man et al., 2005) and continues to be used within

triaxial testing systems (e.g. Wheeler and Sivakumar, 1995; Futai and Almeida, 2005). For the

most part it has been the experimental results obtained using the axis translation technique

which have been used to validate the constitutive models developed for unsaturated soils.

Although widely used there are a number of criticisms and limitations regarding the axis trans-

lation technique: (i) the raised pore water pressure is not representative of �eld conditions as

it prevents cavitation from occurring, (ii) there is concern over how the pressurisation a�ects

water held by adsorption and (iii) the technique is not applicable at high degrees of saturation

where pore air may be present in the form of occluded bubbles (Delage et al., 2008). Due to its

possible in�uence on desaturation processes Baker and Frydman (2009) questioned the relevance

of results obtained using the axis translation technique in the laboratory for �eld conditions.

Experimental issues related to the axis translation technique include (i) di�usion of air through

the ceramic stone which may occur due to the pressure di�erence applied across the ceramic, (ii)

evaporation of the specimen due to suctions imposed by the relative humidity of the air applied

and (iii) time to reach suction equalisation (Delage et al., 2008). Pore air dissolved in the pore

water present above the ceramic (at a higher pressure) may come out of solution after passing

through the ceramic and reaching a lower pressure. This may result in the formation of air

bubbles underneath the ceramic stone. To minimise the e�ects of this a �ushing system should

be used (e.g. Sivakumar, 1993). Furthermore to minimise the amount of di�usion which will

occur, elevated pore water pressures should be used (Delage et al., 2008). Further information

on the limitations and experimental concerns related to the axis translation technique can be

found in Delage et al. (2008); Marinho et al. (2008); Vanapalli et al. (2008).

In this thesis the axis translation technique has been used as the principle form of suction

control, in both oedometer and triaxial testing. Pressure plate testing was also carried out as

part of this research as a means of investigating the soil water retention behaviour.
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Figure 3.9: Osmotic technique for determination of water retention behaviour (After Cui and
Delage, 1996)

3.4.1.2 Osmotic control of matric suction

In this technique the transfer of water occurs by the process of osmosis, where the sample is

placed on a semi-permeable membrane, (permeable to water) which is in contact with a circu-

lating polyethylene glycol (PEG) solution (see Figure 3.9). The solution must be continuously

circulated to avoid the solution becoming diluted at the membrane boundary. A PEG solution is

made up of large sized molecules which cannot pass through the semi-permeable membrane thus

applying an osmotic potential to the sample across the membrane. A number of di�erent PEG

solutions exist which are de�ned in terms of their molecular weight, commonly PEG solutions of

20,000 or 6,000 molecular weight are used in geotechnical testing (Delage et al., 1998). Delage

et al. (1998) were however able to obtain suctions as high as 12.6MPa using a low molecular

weight solution of 1,500. The semi-permeable membrane to be used must be selected in terms

of its molecular weight cut o� (MWCO), i.e. for a PEG solution of 20,000 a membrane with a

MWCO of 14,000 should be selected, so that the molecules cannot pass through the membrane.

The osmotic technique was �rst developed by biologists and soil scientists (e.g. Zur, 1966) and

was introduced into geotechnical engineering testing by Kassif and Ben Shalom (1971), where

this method was used to study the behaviour of expansive soils in an oedometer. This technique
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was further re�ned by Cui and Delage (1996) who incorporated a peristaltic pump to ensure

continuous circulation of the PEG solution and applied it to triaxial testing. This technique

has also been investigated at Imperial College, London (e.g. Dineen, 1997; Cunningham, 2000;

Monroy, 2006).

Osmotic control of the matric suction does allow cavitation to occur and thus conditions similar

to the �eld may be replicated (Delage et al., 2008). Furthermore it enables suctions > 10MPa

to be reached without the need to raise cell pressures, as in the axis translation technique. A

disadvantage of the osmotic technique is that matric suction cannot be continuously varied as

di�erent PEG concentrations are required in order to achieve di�erent suction levels. Further-

more as pore water is removed from a specimen, the concentration of the PEG solution will

vary, a�ecting the suction being applied. The main area of concern with regard to the osmotic

technique is the degradation of the semi-permeable membrane with time, which is due to bacte-

ria attacks on the cellulose acetate membranes which are generally used, this can be improved

by adding penicillin to the PEG solution (Blatz et al., 2008; Delage et al., 2008). Alternatively

polyether sulfonated semi-permeable membranes have also been used in tests up to 146 days,

greatly improving the durations which can be achieved by the osmotic method (Monroy et al.,

2007; Delage et al., 2008). Another limitation of the technique is the time required for equilib-

rium to be reached. For the set-up shown in Figure 3.9, it took around one week for suction

equilibration to be reached. Further information regarding the osmotic technique can be found

in Delage et al. (1998); Blatz et al. (2008); Delage et al. (2008).

3.4.1.3 Vapour equilibrium technique

The vapour equilibrium technique is based on the psychrometric law (Equation 3.5) where the

relative humidity of the surrounding air is controlled. For a soil sample placed in a desiccator

with an aqueous solution (Figure 3.10), water exchanges will occur by vapour transfer between

the pore water in the soil and the aqueous solution until a vapour equilibrium is reached, thus

applying a given suction to the soil sample. This technique can be used to apply very high total

suctions to a soil sample, and can be used within the range of 3-1000MPa (Pintado et al., 2009).

The relative humidity may be varied by using di�erent aqueous solutions or by using di�erent

concentrations of the same solution. The use of of saturated saline solutions is now preferred
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Figure 3.10: Vapour equilibrium technique (After Tang and Cui, 2005)

over the use of acidic solutions (e.g. sulphuric acid) for both experimental and safety reasons

(Delage et al., 1998; Pintado et al., 2009). Experimentally it is easier to control the saturation

condition of a solution than it is to control its salt or acid concentration (Pintado et al., 2009).

The vapour equilibrium technique was initially developed by soil scientists and was �rst intro-

duced into geotechnical testing by Esteban and Saez (1988). This technique has been incorpo-

rated into oedometer testing for the investigation of highly swelling clays or evaporitic rocks,

which require testing under high suctions (e.g. Esteban, 1990; Cusinier and Masrouri, 2005;

Pintado et al., 2009). Furthermore it has also been incorporated into triaxial testing (e.g. Blatz

and Graham, 2000).

The main limitation of this technique is the particularly long time for equilibrium to be reached

after suction changes, due to the fact that moisture content changes occur by vapour transfer.

For heavily compacted clay samples with low permeability, the time to reach equilibrium after a

suction change may reach several weeks. In order to reduce the time taken for equilibrium to be

reached, humid air may be circulated through a sample or at its extremities using a pump (e.g.

Blatz and Graham, 2000; Lloret et al., 2003). Pintado et al. (2009) found that circulating humid

air through a sample can reduce equilibrium times from weeks to days. However the applied

�ow of the humid air must be carefully controlled to avoid a di�erent suction being applied than

desired, at high velocities it may be the �ow of humid air controlling the suction rather than

the relative humidity of the solution (Pintado et al., 2009).

Additional information regarding the vapour equilibrium technique can be found in Blatz et al.

(2008); Delage et al. (2008).
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3.4.2 Methods of suction measurement

The following three methods of measuring suction are described here: (i) high capacity ten-

siometers, (ii) the �lter paper method and (iii) chilled-mirror dew-point technique. The general

principle of each of these methods is presented alongside advantages and drawbacks associated.

Alternative methods of measuring suction include the use of thermocouple psychrometers, tran-

sistor psychrometers, electrical conductivity sensors and thermal conductivity sensors. Further

information on these alternative methods can be found in Bulut and Leong (2008).

3.4.2.1 High capacity tensiometers

Tensiometers are devices which measure the matric suction of soil directly by measuring the

negative pore water pressure while pore air pressure is atmospheric, i.e. under conditions simi-

lar to the �eld. Ridley and Burland (1993) presented the �rst instrument of this kind which was

capable of measuring matric suctions greater than 100kPa (high capacity tensiometer). This

device is often referred to as the Imperial College tensiometer. Prior to this development, ten-

siometers were only capable of reaching matric suctions between 60-100kPa due to the problem

of cavitation. Figure 3.11 shows an updated version of the Imperial College tensiometer pre-

sented by Ridley et al. (2003), based on the same principles. The instrument consists of three

main components: (i) a high air entry value ceramic, (ii) a water reservoir and (iii) a pressure or

strain gauge. The high air entry value ceramic is typically 15bar (1500kPa) in these tensiometers

and separates the water and air phases as in the axis translation technique. The water reservoir

must be very small in magnitude to reduce the risk of bubble formation in the reservoir. If the

ceramic is in good contact with the pore water of the soil sample, water will �ow between the

soil and the reservoir until equilibrium is reached. An electronic transducer, typically a strain

gauge attached to the water reservoir will be able to detect changes in movement due to �ow of

water into or out of the reservoir. This enables a direct measurement of the matric suction of a

soil to be measured. The device presented in Figure 3.11 was able to sustain matric suctions of

up to 1500kPa, corresponding to the air entry value of the ceramic.

The main disadvantage of these instruments is water cavitation which may occur before pressure

equalisation has occurred, thus interrupting the test and requiring resaturation. The issue of
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Figure 3.11: Imperial College tensiometer (After Ridley et al., 2003)

cavitation has had an important role in the design of these instruments (i.e. use of a very

small water reservoir, smooth surfaces free from roughness etc.) but also it is responsible for

the development of methodical procedures which must be followed in order to achieve reliable

suction measurements. Important procedures include the initial removal of air by vacuum,

initial saturation of the water reservoir and ceramic disc, saturation prior to each measurement,

etc. Detailed procedures can be found in Ridley and Burland (1999); Tarantino and Mongovì

(2001). Furthermore the calibration of this instrument has typically been carried out in the

positive range and then calibrated to the negative range. Tarantino and Mongovì (2003) veri�ed

experimentally using a new tensiometer (Trento tensiometer) that this is a justi�ed approach

by developing a system to allow direct calibration in the negative range.

Despite their limitations, the use of tensiometers in geotechnical testing campaigns has been

successful, but has been largely restricted to those research groups with the most knowledge

and experience in the design, construction and experimental functioning of these devices (i.e.

Imperial College and Università degli Studi di Trento). However, more recently work on high

capacity tensiometers has also been carried out at Durham University in conjunction with Wyke-

ham Farrance (Lourenço, 2008). Equipment has been developed to allow the incorporation of

tensiometers in oedometer testing (e.g. Jotisankasa, 2005), direct shear testing (Tarantino and

Tombolato, 2005), triaxial testing (e.g. Jotisankasa, 2005) and to allow suction measurements

during static compaction (Tarantino and De Col, 2008). The main advantage of tensiometers is
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their very quick response time, allowing for suction measurements to be taken within minutes

or hours (depending on the soil type, degree of saturation etc.), as opposed to the equilibrium

time periods of days and weeks as is required by all of the suction control methods.

Further information on the use of high capacity tensiometers can be found in the following

keynote and state of the art papers: Ridley and Wray (1996); Tarantino (2004); Delage et al.

(2008); Marinho et al. (2008).

3.4.2.2 Filter paper method

The �lter paper method relies on the principle that the water content of a �lter paper in contact

or closely located to a soil sample will come to equilibrium with the moisture content in the

soil, corresponding to the soil suction of the sample. This method is an indirect method of

suction measurement; the moisture content of the �lter paper is measured at equilibrium and

related to suction by means of a calibration relationship. Water transfer may be either by liquid

or vapour exchange depending on whether or not the soil is in direct contact with the �lter

paper. If in direct contact, matric suction may be measured, under non-contact conditions total

suction can be measured. Filter papers can measure soil suction over a wide range of values up

to as high as 30MP. Equilibrium times are typically in the region of 7 days for matric suction

measurements and 14 days for total suction measurements (e.g. Ridley et al., 2003). However,

this may vary depending on soil type, distance of �lter paper from sample, etc. The �lter paper

method must be carried out with great care as it is highly user dependent: good technique is of

the utmost importance in obtaining accurate results (Bulut et al., 2001; Bulut and Leong, 2008).

In general two types of �lter papers have been used for suction measurements in unsaturated

soils: Schleicher & Schuell No. 589 and Whatman's No. 42 �lter papers.

This technique was �rst used by soil scientists but has been routinely used for suction measure-

ments in geotechnical research for more than twenty years. As such for the two �lter papers

mentioned, extensive work has been carried out in determining calibration relationships and in

re�ning procedural techniques, (e.g. Chandler and Gutierrez, 1986; Chandler et al., 1992; Bulut

et al., 2001; Ridley et al., 2003. Bulut et al. (2001) gives a comprehensive description of the the-

ory behind the �lter paper method, details methods for determining a calibration relationship

and presents a de�nitive procedure for carrying out these tests.
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Filter paper methods can be used to determine the soil water retention curve or to make in-

dependent suction measurements of a sample before or after carrying out other experimental

tests, however the use of this method is limited in that it cannot be incorporated into existing

hydro-mechanical testing systems, i.e. it can only be used in the determination of the water

retention behaviour. The �lter paper method was used in this research in the identi�cation of

the soil water retention curve.

3.4.2.3 Chilled-mirror dew-point technique

The principle of the chilled-mirror dew-point psychrometer is based on measuring the relative

humidity of a volume of air surrounding a soil sample in a sealed chamber (Cardoso et al., 2007).

At equilibrium the relative humidity of the surrounding air is equal to the relative humidity of

the soil sample. By measuring the relative humidity, the total suction can be derived from the

psychrometric law (Equation 3.5). Thus, this is an indirect method of measuring total suction.

Figure 3.12 presents a schematic drawing of the chilled-mirror dew-point psychrometer. In this

device the chamber in which the soil specimen is placed also contains a mirror, a fan and a

temperature sensor. The temperature of the mirror is precisely controlled by a thermoelectric

cooler. Detection of the exact point at which condensation �rst appears on the mirror is ob-

served with a photoelectric cell. A beam of light is directed onto the mirror and re�ected into

a photodetector cell. The photodetector senses the change in re�ectance when condensation

occurs on the mirror. A thermocouple attached to the mirror then records the temperature

at which condensation occurs. Additionally, the chilled-mirror dew-point psychrometer uses

an internal fan that circulates the air within the sample chamber to reduce the time taken to

reach equilibrium. Since both dew-point and sample surface temperatures are simultaneously

measured, the need for complete thermal equilibrium is eliminated, which reduces measurement

times to less than �ve minutes (Decagon Devices, 2003).

Although the concept of using psychrometers to measure the relative humidity in a soil has been

in use for many years (e.g. Richards and Ogata, 1958), the chilled-mirror dew-point device has

been a more recent development. Devices similar to that shown in Figure 3.12 have been used

by a number of di�erent authors (e.g. Leong et al., 2003; Tang and Cui, 2005; Cardoso et al.,
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Figure 3.12: Chilled-mirror dew-point psychrometer (After Cardoso et al., 2007)

2007; Leong et al., 2007). This technique has been found to be reliable from 1 to 60MPa of

suction (Cardoso et al., 2007).

Similar to the �lter paper method the chilled-mirror dew-point psychrometer can not be incor-

porated into hydro-mechanical testing systems and thus can only be used in the investigation of

the soil water retention behaviour. In this research the WP4 chilled-mirror dew-point psychrom-

eter was used to measure total suction measurements of samples at high suction to complete the

water retention curve.

All of the methods described herein for the control or measurement of suction are summarised

and compared in Table 3.1. It is important to note here that it is generally necessary to use a

number of di�erent methods in order to determine the water retention behaviour of a single soil

over its full suction range. As such the researcher must select methods suitable for the type of

soil and consider the equilibrium times and limitations of the di�erent techniques.

3.4.3 Volume change measurements

Aside from the additional control or measurement of suction in the experimental investigation of

unsaturated soils, testing also increases in complexity in terms of volume change measurements.

Accurate measurement of volume changes in unsaturated soils is much more di�cult than in

saturated soils (Ng et al., 2002). In saturated soils testing it is assumed that the total change in

volume of a sample is equal to the change in the volume of water in the sample (Head, 1998). In

55



Chapter 3 Unsaturated soils

T
ab
le
3.
1:

Su
m
m
ar
y
of

la
bo
ra
to
ry

te
ch
ni
qu
es

us
ed

fo
r
m
ea
su
ri
ng

an
d
co
nt
ro
lli
ng

su
ct
io
n
(R

id
le
y
an
d
W
ra
y,

19
96
;
D
63
86
-0
2,
20
03
;
B
la
tz

et
al
.,

20
08
;
B
ul
ut

an
d
L
eo
ng
,
20
08
;
M
as
ro
ur
i
et

al
.,
20
08
;
V
an
ap
al
li
et

al
.,
20
08
)

SC
/S
M
*

M
et
ho
d

Su
ct
io
n

C
om

po
ne
nt

Su
ct
io
n
ra
ng
e

(M
P
a)

A
pp

ro
x.

eq
ui
lib

ri
um

ti
m
e

L
im

it
at
io
ns
/C

on
ce
rn
s

SC
A
xi
s-
tr
an
sl
at
io
n

M
at
ri
c

0
-
1.
5

da
ys

-
w
ee
ks

T
ra
ns
la
ti
on

of
pr
es
su
re
s
to

po
si
ti
ve

ra
ng
e

H
ig
h
ai
r
pr
es
su
re
s
re
qu
ir
ed

Sa
tu
ra
ti
on

of
an
d
ai
r
di
�u

si
on

th
ro
ug
h
ce
ra
m
ic
di
sc

E
va
po
ra
ti
on

of
m
oi
st
ur
e
fr
om

sp
ec
im

en

SC
O
sm

ot
ic

M
at
ri
c

0
-
10

da
ys

-
w
ee
ks

W
ea
kn
es
s
of

se
m
i-
pe
rm

ea
bl
e
m
em

br
an
e

SC
V
ap
ou
r

E
qu
ili
br
iu
m

T
ot
al

3
-
10
00

w
ee
ks

-
m
on
th
s

L
on
g
eq
ui
lib

ri
um

ti
m
es

if
ai
r
�o
w
is
no
t
ci
rc
ul
at
ed

H
ig
h
se
ns
it
iv
it
y
to

te
m
pe
ra
tu
re

ch
an
ge
s

Sa
fe
ty

is
su
es

w
he
n
us
in
g
co
nc
en
tr
at
ed

ac
id
s

SC
H
an
gi
ng

w
at
er

co
lu
m
n

M
at
ri
c

0
-
0.
08

da
ys

V
er
y
na
rr
ow

su
ct
io
n
ra
ng
e

P
oi
nt

m
ea
su
re
m
en
ts

on
ly

SC
C
en
tr
ifu

ge
M
at
ri
c

0-
0.
12

2
hr
s

V
er
y
na
rr
ow

su
ct
io
n
ra
ng
e

P
oi
nt

m
ea
su
re
m
en
ts

on
ly

SM
T
en
si
om

et
er

M
at
ri
c

0
-
1.
5

m
in
ut
es

-
ho
ur
s

R
ig
or
ou
s
sa
tu
ra
ti
on

an
d
pr
ec
on
di
ti
on
in
g
pr
oc
ed
ur
es

SM
F
ilt
er

P
ap
er

T
ot
al
/M

at
ri
c

0.
05

-
30

7
-
14

da
ys

St
ri
ct

la
bo
ra
to
ry

pr
ot
oc
ol

re
qu
ir
ed

P
oi
nt

m
ea
su
re
m
en
ts

on
ly

SM
C
hi
lle
d-
m
ir
ro
r

ps
yc
hr
om

et
er

T
ot
al

1
-
60

~
10

m
in
s

P
oi
nt

m
ea
su
re
m
en
ts

on
ly

SM
T
he
rm

oc
ou
pl
e

ps
yc
hr
om

et
er

T
ot
al

0.
3
-
7

~
1
hr

Se
ns
it
iv
e
to

am
bi
en
t
te
m
pe
ra
tu
re

ch
an
ge
s

SM
T
ra
ns
is
to
r

ps
yc
hr
om

et
er

T
ot
al

1
-
70

~
1
hr

O
nl
y
ve
ry

sm
al
l
so
il
sp
ec
im

en
s
ca
n
be

te
st
ed

P
oi
nt

m
ea
su
re
m
en
ts

on
ly

SM
T
he
rm

al
co
nd

uc
ti
vi
ty

se
ns
or

M
at
ri
c

0.
00
1-

1.
5

ho
ur
s
-
da
ys

Se
ns
or
s
sh
ow

hy
st
er
es
is
on

dr
yi
ng

an
d
w
et
ti
ng

C
on
ta
ct

be
tw
ee
n
so
il
an
d
se
ns
or

a�
ec
ts

re
sp
on
se

SM
E
le
ct
ri
ca
l

co
nd

uc
ti
vi
ty

se
ns
or

M
at
ri
c

0.
05

-
1.
5

6
-
50
hr
s

Se
ns
or
s
sh
ow

hy
st
er
es
is
on

dr
yi
ng

an
d
w
et
ti
ng

*S
C
-
Su

ct
io
n
C
on
tr
ol
,
SM

-
Su

ct
io
n
M
ea
su
re
m
en
t

56



Chapter 3 Unsaturated soils

unsaturated soils testing, this assumption is no longer valid as the volume change of a sample

depends on changes in volume of both the pore water and pore air phases. Geiser et al. (2000)

summarised and evaluated existing methods of measuring volume changes in unsaturated soils

and classi�ed these techniques into three main groups: (i) measurement of the cell �uid, (ii)

measurement of changes in water and air volumes separately and (iii) direct measurement of the

soil specimen.

Global measurement refers to measuring the changes in the volume of cell �uid surrounding the

soil sample. Bishop and Donald (1961) developed a modi�ed triaxial cell with an inner cell. The

lower part of the inner cell was �lled with mercury, the upper and outer part of the inner cell

were �lled with water. Volume changes were monitored by monitoring the vertical movement of

a stainless steel ball �oating in the mercury. In order to avoid volume changes due to expansion-

compression of the inner cell, the pressure in the inner and outer cells was maintained at equal

pressures via a direct connection at the top of the inner cell. Cui and Delage (1996) replaced

the mercury with water and used air as the con�ning �uid. A layer of silicon oil was used to

prevent evaporation of the water, and this level was optically monitored. Ng et al. (2002) again

used an inner open cell, and measured the di�erence in water level between the inner cell and a

reference water level in the outer cell using a di�erential pressure transducer enabling automatic

recording of volume measurements.

Wheeler (1986) developed a fully sealed inner wall, referred to as the double-walled cell, and used

water as the cell �uid in both the inner cell and between the outer and inner walls. Similar types

of double-walled cell are now available commercially (e.g. Wykeham Farrance). The design by

Wheeler (1986) improved the ability to determine volume changes by requiring only the volume

change of the �uid entering or leaving the inner cell to be measured. Despite the double-walled

cell arrangement though it was still found necessary to calibrate the cell against pressure to

take into account e�ects such as absorption of water by the cell walls and �exure of the top

and bottom plates (Wheeler, 1986). The tendency to absorb water was due to the fact that the

cell walls were made of an acrylic material (perspex); this e�ect can be minimised by using a

suitable material such as aluminium (Ng et al., 2002) or glass for the inner cell wall.

Measurement of the cell �uid may also be carried out without the bene�t of the double-walled

arrangement, using a single walled cell. However a number of problems are associated with

57



Chapter 3 Unsaturated soils

this method, including expansion and compression of the cell, creep under constant pressure,

absorption of water by cell walls and connecting tubes and possible leakage (Head, 1998; Geiser

et al., 2000; Ng et al., 2002). Despite these drawbacks it may be possible to use this simpler

system if suitably thick rigid materials are selected as cell walls and if the cell is carefully

calibrated, as used for example by Raveendiraraj (2009). A disadvantage of using materials

such as stainless steel or aluminium in the cell wall is that there can be no visual inspection of

the sample during testing.

The second method described of measuring separately changes in the volume of pore air and pore

water is rarely used in triaxial testing of unsaturated soils. There are many di�culties associated

with measuring changes in pore air volume including sensitivity to temperature changes, inability

to detect small air leakages, di�usion through membranes and tubing (Geiser et al., 2000; Ng

et al., 2002).

An alternative approach is to directly measure volume changes of the soil specimen using local

measurements. This may include the use of Hall E�ect transducers (e.g. Ng and Chiu, 2001;

Maâtouk et al., 1995). However these only involve measurements between two �xed points

and thus assumption needs to be made regarding the shape of the sample during loading and

shearing. Although accurate over the small strain range, at large strains this method may give

unrepresentative volume changes overall due to non-uniform deformations of the sample. Ng

and Chiu (2001, 2003) used a combination of techniques: using Hall-e�ect local transducers

at small strains and measuring volume changes in the cell �uid at larger strains. Alternative

local measuring techniques which have also been developed include the use of lasers to scan the

overall pro�le of the soil specimen (Romero et al., 1997; Romero, 1999) and image processing

techniques in triaxial testing were introduced by Macari et al. (1997).

3.5 Water retention behaviour

The soil water retention curve de�nes the relationship between the water retained within the

pores of a soil over a range of suctions and can be determined experimentally using a combination

of the di�erent techniques presented in Section 3.4.
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Figure 3.13: In�uence of soil type on water retention behaviour (Barbour, 1998; Vanapalli et al.,
1999)

3.5.1 In�uence of soil type

Figure 3.13 presents the water retention curves determined experimentally for four di�erent

soils including a sand, silt and clay (Barbour, 1998; Vanapalli et al., 1999). It is evident that in

the Regina clay, water is retained within the soil up to suctions of hundreds of MPa, whereas

the sand sample is largely desaturated at around 100kPa. Part of this di�erence in retention

behaviour presented in Figure 3.13 can indeed be attributed to the di�erence in pore sizes present

in sands, silt and clays. Section 3.3 described how based on capillary e�ects alone, di�erent

pore sizes could relate to varying negative water pressures (matric suction) (Equation 3.2).

Furthermore considering that adsorptive forces dominate at suctions higher than 10MPa (Tuller

and Or, 2005), it can be deduced that essentially these forces are not present in sands, but do

have a signi�cant in�uence on the retention behaviour of clays. Given then that the di�erent

mechanisms by which water is held in soils (capillary or adsorbed) occurs to varying degrees

within di�erent types of soils, it is not surprising that di�erent types of soils exhibit signi�cant

di�erences in their ability to retain water.
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3.5.2 In�uence of void ratio and soil structure

Even for the same soil, the e�ect of pore size distribution has an in�uence on water retention

behaviour. Figure 3.14 presents the water retention behaviour for three specimens of compacted

Boom clay following drying paths each at a di�erent initial void ratio (Romero, 1999; Nuth and

Laloui, 2008a). Void ratio e is de�ned as the ratio of the volume of voids Vv to the volume of

solids Vs present in a volume of soil:

e =
Vv
Vs

(3.6)

and can be related to the porosity n of a soil as:

n =
e

1 + e
(3.7)

where n is the ratio of the volume of voids Vv to the total soil volume V :

n =
Vv
V

(3.8)

In Figure 3.14 as the initial void ratio of the specimens decrease, the main drying curve is shifted

such that higher suctions are required to drain water from the pores in order to achieve a given

degree of saturation. This shift of the retention curve can be explained by considering that a

reduction in void ratio corresponds to an increase in dry density of the soil, which has been found

only to a�ect inter-aggregate porosity (macropores) (e.g. Delage et al., 1996; Lloret et al., 2003;

Romero and Simms, 2008). By considering capillary e�ects higher suctions are required to drain

water from smaller pores (Equation 3.2). However aside from the shift of the curves, another

di�erence is evident, the shape of the curve for the specimen with the highest initial void ratio

(more open initial structure) is markedly di�erent from the other two curves presented. It is

proposed that this change in shape of the curve occurs because this is a deformable soil, and thus

during drying signi�cant changes in volume occur which alter soil structure and subsequently

the shape of the retention curve (Romero and Vaunat, 2000; Nuth and Laloui, 2008a). The

changes in volume due to drying of the specimen with the lowest initial void ratio in this case

appears to be greater than for the other two specimens (Nuth and Laloui, 2008a). This can

be related to the fact that the specimen has an initially more open structure, characterised by
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Figure 3.14: In�uence of void ratio and structure on water retention behaviour of Boom clay
(Romero, 1999; Nuth and Laloui, 2008a))

a higher proportion of inter-aggregate (macro) pores, which subsequently undergo signi�cant

changes in volume in response to drying.

Independent of the in�uence of void ratio, soil structure has also been found to in�uence the

water retention behaviour (Vanapalli et al., 1999). Vanapalli et al. (1999) investigated the re-

tention behaviour of a sandy clay till with di�erent soil structures corresponding to specimens

(i) compacted under dry-of-optimum, (ii) at optimum and (iii) under wet-of optimum conditions

(Figure 3.15). Individual specimens were compacted at di�erent initial moisture contents (cor-

responding to dry, wet or optimum) at approximately the same dry density and then brought

to equilibrium with the desired level of suction either in the pressure plate or desiccator. In

Figure 3.15 it is evident that despite having similar void ratios for the same soil (identical par-

ticle size distribution and mineralogy) a di�erence in the air-entry value is exhibited for the

retention behaviour of specimens compacted dry of optimum compared to those compacted wet

of optimum. This may be explained by considering the soil structure which is created during

compaction at di�erent moisture contents. It is now widely accepted that clayey soils compacted

dry of optimum tend to exhibit bi-modal pore size distributions, characterised by inter-aggregate

pores (macropores between clay aggregates) and intra-aggregate pores (micropores within clay
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Figure 3.15: In�uence of compacted structure on water retention behaviour (Barbour, 1998;
Vanapalli et al., 1999)

aggregates). Whereas clays compacted wet of optimum tend to exhibit mono-modal pore size

distributions characterised by intra-aggregate pores, see Figure 3.16. Experimentally this has

been con�rmed by Ahmed et al. (1974); Delage et al. (1996); Prapaharan et al. (1991), among

others.

Vanapalli et al. (1999) proposes that the di�erences in water retention behaviour observed

between the di�erent compacted specimens can be directly related to the di�erent structures

created during compaction at di�erent moisture contents. The specimen compacted under dry of

optimum conditions has a more open soil structure with a dominant inter-aggregate pore mode.

On drying it is these large inter-aggregate pores which will empty �rst (Equation 3.2) and thus it

is the macrostructure which governs the drainage of water for dry of optimum specimens at low

suctions. Whereas in the fused fabric created at wet of optimum conditions and characterised

by intra-aggregate porosity (micropores), it is the microstructure which governs the emptying of

water from soil pores during drying. Consequently at a given suction level the wet of optimum

specimens can retain more water than the dry of optimum specimens.

The experimental evidence discussed here indicates the complex nature of water retention be-

haviour in unsaturated soils, which depends on grain size distribution, pore size distribution,

soil mineralogy and activity of clay minerals present. This discussion also highlights the coupled
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Figure 3.16: In�uence of compaction moisture content on pore size distribution for Jossigny silt
(Delage et al., 1996)
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nature of water retention and mechanical behaviour in soils and the importance of considering

soil structure in order to understand the (micro-scale) interactions which in�uence (macro-scale)

water retention and mechanical behaviour.

3.5.3 Modelling water retention behaviour

Several di�erent models have been proposed since the late 1950s in order to capture the water

retention behaviour of a soil, most of them have been empirical methods based on experimental

data (e.g. Gardner, 1956; Brooks and Corey, 1964). The equations proposed by van Genuchten

(1980) and Fredlund and Xing (1994) are presented here as they are two of the most widely

used equations. Both of these models have been derived by considering a pore size distribution

function in combination with capillary theory.

The following relationship between volumetric water content θ and suction s was proposed by

van Genuchten (1980):

θ = θr + (θs − θr)
[

1
1 + (as)n

]m
(3.9)

where θr is the residual water content, θs is the saturated water content and a, n, m are

parameters relating to the water retention curve where a relates to the air entry value, n to

the rate of change of the slope of the curve and m to the asymmetric shape of the curve. This

equation provided more �exibility than equations previously proposed. In order to obtain a

closed form equation, van Genuchten (1980) proposed that m and n were related:

m = 1− (
1
n

) (3.10)

Fredlund and Xing (1994) proposed a similar equation to van Genuchten (1980) as given below:

θ = θs

[
1

ln [e+ s/a]n

]m
(3.11)

where a is a parameter closely related to the air-entry value, n is a parameter which controls the

slope of the retention curve, m the asymmetric shape of the curve and e is the base of natural

logarithms. Sillers et al. (2001) state that equations which require three parameters, such as
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those presented, are in fact easier to use than two parameter equations due to their being more

�exible in terms of �tting experimental data.

More recently other equations have been developed which account for the in�uence of void ratio

on water retention behaviour Romero and Vaunat (2000); Gallipoli et al. (2003). Furthermore

Wheeler et al. (2003) proposed a water retention model which includes both hydraulic hysteresis

and the in�uence of void ratio.

It has long been recognised that soil water retention behaviour can be useful for determining

soil properties of unsaturated soils (Childs and Collis-George, 1948). In particular information

obtained from the retention behaviour may be used to predict the shear strength (e.g. Vanapalli,

1994; Fredlund et al., 1996; Vanapalli et al., 1996), hydraulic conductivity (e.g. Mualem, 1986;

Huang, 1994; Huang et al., 1998) and di�usion and adsorption coe�cients (e.g. Lim, 1995;

Lim et al., 1998) in unsaturated soils. An overview of the di�erent methods used to predict

unsaturated soil properties from the water retention behaviour is provided in Barbour (1998).

3.6 Mechanical behaviour of unsaturated soils

3.6.1 In�uence of suction on inter-particle contacts

As a soil is progressively dried, water is removed from the voids, initially from those pores which

have the largest entry diameter, however small amounts of pore water remain at the inter-particle

contacts of voids which have become �lled with air. The pore water present in soils can thus

be classi�ed as two types: bulk water or meniscus water (see Figure 3.17). Bulk water is the

pore water which is present within voids which are �lled with water, whereas meniscus water is

the pore water which surrounds inter-particle contacts in air-�lled voids (Wheeler et al., 2003).

Adsorbed water, discussed in Section 3.3.4.1, is so tightly bound to the soil surface, that for

this discussion it can be considered to act as part of the soil skeleton. The negative pore water

pressures acting within the bulk water have a di�erent e�ect on the soil skeleton compared to the

negative pore water pressures acting within the meniscus water. In a similar manner to saturated

soils changes in pore water pressure within bulk water in�uences both the tangential and normal
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Meniscus water 
Air Bulk water 

Figure 3.17: Bulk and meniscus water present in soil capillaries (After Wheeler et al., 2003)

forces transmitted at inter-particle contacts (Fisher, 1926; Wheeler et al., 2003). However the

presence of meniscus water at the particle contacts provides an additional component of inter-

particle force which is approximately normal to the contact, with no addition to the tangential

force (Fisher, 1926; Wheeler et al., 2003). This additional normal force at the inter-particle

contacts has a stabilising e�ect on the soil skeleton (Gens, 2010; Tarantino, 2010a).

Figure 3.18 illustrates two idealised spherical soil particles where meniscus water is present

at the inter-particle contact. Nnet is the contact force transmitted through the soil particles

constituting the soil skeleton upon loading. The additional normal force (∆N) is a result of

the surface tension between the water and air phases across the meniscus at the inter-particle

contact. Fisher (1926) derived an equation for the additional inter-particle contact force (∆N)

generated by meniscus water, between two particles of equal radius (R):

∆N = πTsR(2− r2
R

) (3.12)

where r2 is the radius of curvature of the air-water interface measured on the water side (see
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Figure 3.18: Idealised unsaturated soil inter-particle contact (After Karube and Kawai, 2001)

Figure 3.18), using the Young-Laplace equation for the pressure di�erence across the air-water

interface:

ua − uw = Ts(
1
r1
− 1
r2

) (3.13)

where r1 and r2 are the principal radii of curvature of the air-water interface. Fisher (1926) also

assumed that the cross-section of the meniscus water has a circular pro�le, though it is thought

that this is unlikely to be responsible for large errors.

Using Equation 3.12, Wheeler et al. (2003) showed that ∆N due to a single meniscus lens

increases with increasing suction up to some limiting value as suction tends to in�nity (see

Figure 3.19). Considering that the limiting value of ∆N as suction tends to in�nity is only

50% greater than the value of ∆N at zero suction, suggests that changes in suction within a

single water lens has little e�ect on the stability of that contact (Wheeler et al., 2003) . Rather

what is important in terms of stability is the overall number of inter-particle contacts within

a soil sample which have meniscus water present (Wheeler et al., 2003). The stabilising e�ect

of meniscus water can be said to be an on-o� e�ect, where meniscus water is present at inter-
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Figure 3.19: Additional inter-particle force due to presence of meniscus water (After Wheeler
et al., 2003)

particle contacts, the menisci act to bonds particles together, as the voids �ll with water, this

bonding e�ect is removed (Tarantino, 2010a).

In summary, changes in suction may in�uence the mechanical behaviour of an unsaturated soil

in two di�erent ways (Wheeler and Karube, 1996): (a) changes to the stress acting on the soil

skeleton by modifying the pore water (and or pore air) pressure acting within the voids and (b)

by providing an additional stabilising force which may be attributed to the presence of meniscus

water at inter-particle contacts.

3.6.2 Features of unsaturated soils behaviour

Often, it is the volumetric response of unsaturated soils to changes in water content which

can be the most problematic feature of their use as materials in engineering works. The main

features of the volume change behaviour and shear strength behaviour of unsaturated soils are

described below alongside experimental evidence related to each feature. Additional information

and experimental evidence regarding each of these features of unsaturated soil behaviour is

presented in Alonso et al. (1987).

� In�uence of suction on preconsolidation stress: Much experimental evidence is available

that suggests that an increase in soil suction increases the yield stress po (apparent pre-

consolidation stress) exhibited upon increased externally applied stresses. This e�ect has
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commonly been observed in constant water content oedometer tests (e.g. Dudley, 1970),

in suction controlled oedometer tests (e.g. Vicol, 1990) and more recently in suction con-

trolled isotropic compression tests (e.g. (Maâtouk et al., 1995; Wheeler and Sivakumar,

1995; Cui and Delage, 1996; Futai and Almeida, 2005)), see Figure 3.20. This behaviour

can be explained by considering the soil skeleton at a microscopic level. An increase in

suction would lead to the emptying of voids of bulk water, leading to an increased num-

ber of inter-particle contacts being surrounded by meniscus water. Such meniscus water

contribute an additional normal component to the inter-particle forces at these contacts,

leading to increased stability which would inhibit yielding or slippage at the contacts.

Similar to constitutive models for saturated soils, the apparent preconsolidation stress

in unsaturated soils is considered to be the stress which denotes the transition between

recoverable (elastic) and irrecoverable (plastic) volume changes.

� Variation in soil compressibility with suction: With regard to this aspect of unsaturated

soil behaviour, the experimental evidence has been less conclusive. Some researchers have

reported a reduction in post-yield compressibility with increasing suction, i.e. a reduction

in the slope of the normal compression line (sti�ening e�ect) (e.g. Vicol, 1990), however

others have reported an increase in compressibility with increasing suction (e.g. Futai and

Almeida, 2005). Yet other experimental campaigns have indicated an initial increase in

compressibility on moving from saturated to an unsaturated state, but further increases

in suction resulted in little variation or slight reductions in compressibility (e.g. Wheeler

and Sivakumar, 1995; Maâtouk et al., 1995; Ng and Chiu, 2001). The isotropic compres-

sion results from Wheeler et al. (2003) and Futai and Almeida (2005) are compared in

Figure 3.20. This is an area where further experimental evidence is required to inform the

development of future constitutive models.

� Wetting induced collapse: It has commonly been observed that natural and compacted

soils with an open structure (low density) may undergo volumetric collapse compression

when wetted under load (e.g. Jennings and Knight, 1957; Booth, 1975; Lawton et al., 1989;

Pereira and Fredlund, 2000 among many others). The amount of volumetric collapse which

occurs is dependent on the magnitude of the externally applied load. In fact swelling is

often observed on wetting under a low con�ning stress and the same soil wetted under
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Figure 3.20: Experimental evidence for (i) increase in preconsolidation stress with increasing
suction and (ii) variation in post-yield compressibility with suction: (a) initial increase and
subsequent reduction in soil compressibility with suction (Wheeler et al., 2003) and (b) increase
in compressibility with increasing suction (after Futai and Almeida, 2005)

a higher con�ning may exhibit collapse compression, (see Series 1 in Figure 3.21). For

a certain range of stresses the amount of collapse will increase with increasing con�ning

stress (e.g. Jennings and Knight, 1957; Booth, 1975), after which a maximum amount of

collapse may be reached at some intermediate value of con�ning stress, thereafter decreas-

ing (e.g. Balmaceda, 1991; Rao and Revanasiddappa, 2006), (see Series 2 in Figure 3.21).

Experimental evidence has also indicated that it is possible for a soil specimen to undergo

�rst expansive (swelling) and then compressive (collapse) behaviour along a single wetting

path (e.g. Josa et al., 1987; Sivakumar, 1993). This reversal in volumetric behaviour is

illustrated in Figure 3.22 during wetting paths for compacted kaolin (Wheeler and Sivaku-

mar, 1995). The swelling which occurs on wetting at low stresses in non-expansive soils

is due to the relaxation of the stresses on the soil skeleton as the suction reduces, this

behaviour is considered to be elastic in constitutive models. The phenomenon of volu-

metric compression on wetting may also be explained by considering the soil skeleton at

a microscopic level. As a soil is wetted under load, there is a progressive loss of meniscus

water, as voids become �lled with bulk water, and correspondingly there is an associated

loss of the additional normal forces at inter-particle contacts. If the applied external stress

is high enough to generate high tangential forces at the inter-particle contacts, on wetting

these tangential forces may overcome the normal forces causing slippage of the particles
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Figure 3.21: Volumetric collapse observed in compacted clayey sand specimens prepared from
residual soil: Specimen 1 exhibiting swelling at low vertical stress, Specimen 2 exhibiting a
maximum collapse at an intermediate stress level (Rao and Revanasiddappa, 2006)

at these contacts (Tarantino, 2010a). The phenomenon of volumetric collapse due to wet-

ting, results in an irrecoverable compression, due to the slippage of the particles and is

considered as plastic behaviour in constitutive models.

� Irrecoverable volumetric deformations due to changes in suction: Aside from the irrecov-

erable collapse compression due to wetting described above, unsaturated soils may also

undergo irreversible volumetric deformations due to (a) a reduction in suction, i.e. wet-

ting, such irreversible deformations are typically observed in expansive clays or (b) due

to the accumulation of irreversible deformations during drying-wetting cycles. Chu and

Mou (1973) subjected expansive Texan clays to wetting - drying cycles under suction con-

trolled conditions and both of the listed types of irreversible volumetric deformations were

observed: irreversible swelling during the �rst wetting cycle and a small accumulation of

swelling strains due to wetting-drying cycles (see Figure 3.23). Similar results exhibiting

both of these types of deformations have also been presented by Escario and Sáez (1986)

for Madrid grey clay. Additionally the accumulation of irreversible deformations due to

drying-wetting cycles has been widely reported for low to moderately active clays (e.g.

Yong et al., 1971; Josa et al., 1987).
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Figure 3.22: Reversal in volumetric behaviour observed during wetting tests on compacted kaolin
(Wheeler and Sivakumar, 1995)

 
Figure 3.23: Irreversible volumetric deformations induced by changes in suction for expansive
Texan clays tested under suction controlled conditions (Chu and Mou, 1973) (NB: 1psi = 6.9kPa)
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Figure 3.24: Shear strength data obtained for tests on Guadalix de la Sierra red clay in suction
controlled direct shear tests. Data presented in terms of (a) shear stress versus normal stress
and (b) shear stress versus suction (Escario and Sáez, 1986) (NB: 1kg/cm² = 98.1kPa)

� In�uence of suction on shear strength: Experimentally it has commonly been observed that

the shear strength of soils increases as suction increases (e.g. Fredlund et al., 1978; Escario

and Sáez, 1986, 1987), see Figure 3.24. Again this in�uence of suction on unsaturated

soil behaviour can be explained by considering the in�uence of meniscus water at inter-

particle contacts. As soil desaturates increasing numbers of the inter-particle contacts

are surrounded by meniscus water. As such these contacts have an additional normal

component of inter-particle force, with no additional tangential component, and therefore

provide additional frictional resistance to applied shear stresses. A number of di�erent

failure envelopes have been proposed to describe the increase of shear strength with suction

in unsaturated soils (e.g. Fredlund et al., 1978), these are discussed in more detail in

Section 3.7.2.

In this thesis, experimental campaigns have been designed to contribute to the existing knowl-

edge of unsaturated soil behaviour for a (natural) compacted �ll material. In particular, the

in�uence of suction on the preconsolidation and soil compressibility of the Bengawan Solo �ll

material is investigated under one-dimensional constant water content conditions in Chapter 5

and under isotropic suction controlled conditions in Chapter 6. The potential for collapse of the

Bengawan Solo �ll material for a wide range of di�erent initial specimen conditions is explored
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in Chapter 5. Additionally the in�uence of suction on shear strength is investigated in a number

of suction controlled triaxial tests presented in Chapter 6.

Attempts have been made to represent the main features of unsaturated soil behaviour, which

have been listed above, using constitutive models. A number of di�erent types of approaches,

models and their associated limitations are outlined in the following section.

3.7 Constitutive modelling of unsaturated soils

Constitutive modelling of the behaviour of unsaturated soils has progressively developed to

represent more and more of the features of unsaturated soil behaviour listed in Section 3.6.2

and in an increasingly integrated manner. In this section the di�erent types of stress states

variables which have been selected for the basis of model formulations are introduced. This is

followed by a brief discussion of the di�erent types of approaches which have been developed for

the constitutive modelling of unsaturated soils: (i) Failure envelopes, (ii) State surface approach

(iii) Elasto-plastic models. One of the �rst elasto-plastic frameworks proposed for describing

the mechanical behaviour of unsaturated soil behaviour is then presented in some detail (Alonso

et al., 1987, 1990). Following this, more recent advanced elasto-plastic models which are able to

incorporate (i) the behaviour of expansive clays, (ii) temperature and chemical e�ects and (iii)

hydro-mechanical coupling are discussed.

3.7.1 Stress state variables

Terzaghi (1936) described the stress state variable for saturated soils as the di�erence between

the total principle stresses and the pore water pressure acting on a soil plane. This stress state

variable for saturated soil is commonly known as the e�ective stress (σ′ij) and the average acting

over a volume of soil may be expressed as:

σ′ij = σij − uwδij (3.14)

where σij is the total normal stress and δij is the Kronecker's delta: where δi=j=1 and δi 6=j=0.

Terzaghi (1936) proposed that all measurable e�ects of a change in stress in saturated soil, in-
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cluding compression, distortion and changes in shearing resistance are exclusively due to changes

in e�ective stress. The e�ective stress concept has been fundamental in the development of soil

mechanics, given its ability to relate changes in soil behaviour to changes in stress conditions.

Equation 3.14 is valid for soils with incompressible grains where the pore space is �lled com-

pletely (saturated) with incompressible �uid. However Skempton (1960) determined that the

compressibility of grains in soils is generally negligible with respect to the overall compressibility

of the soil skeleton.

3.7.1.1 Single e�ective stress for unsaturated soils

Given the wide success of the e�ective stress approach for describing the behaviour of saturated

soils, attempts were made to �nd a similar single stress state variable applicable to the behaviour

of unsaturated soils (e.g. Croney et al. 1958; Bishop 1959). One of the most well known of these

is the single e�ective stress equation proposed by Bishop (1959):

σ′ij = (σij − uaδij) + χ(ua − uw)δij (3.15)

where χ is a parameter related to the degree of saturation of the soil which varies between 0 (for

a dry soil) and 1 (for a saturated soil). χ varies non-linearly and is highly dependent upon the

degree of saturation of the soil and the type of soil. Jennings and Burland (1962) were among

the �rst to criticise Bishop's e�ective stress equation as it was capable of predicting swelling

on wetting, but could not explain the phenomenon of volumetric collapse which is commonly

observed in unsaturated soils following wetting under load (e.g. Jennings and Burland, 1962;

Booth, 1975). Considering that on wetting, matric suction reduces down to zero upon reaching

saturation, according to Equation 3.15, this would lead to a reduction in e�ective stress. In line

with the behaviour of saturated soils, a slight increase in void ratio (swelling) would be expected

for a reduction in e�ective stress. However as outlined in Section 3.6.2, although swelling may be

observed as a result of on wetting at low con�ning stresses, at higher con�ning stresses collapse

compressions are often exhibited for soils with open structures.

The single e�ective stress approach, although suitable for explaining elastic behaviour exhibited

by unsaturated soils (e.g. swelling on wetting) is not capable of representing behaviour result-
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ing from the stabilising e�ect of meniscus water at the inter-particle contacts and associated

volumetric e�ects (Gens et al., 2006).

3.7.1.2 Independent stress variables

After the limitations of a single e�ective stress approach were realised, experimental research

provided support for the use of two separate stress state variables (e.g. Matyas and Radhakr-

ishna, 1968; Fredlund and Morgenstern, 1977). Fredlund and Morgenstern (1977) proposed that

the mechanical behaviour of unsaturated soils could be adequately described by using a com-

bination of two of the following three stress state variables (σ − ua), (σ − uw) and (ua − uw),

which was validated by a series of null tests (Fredlund and Morgenstern, 1977). In null tests

each quantity of the combined stresses is increased by the same amount and overall sample

volume and degree of saturation are monitored to ensure there are no changes as a result of

the changes in the stresses. (σ − ua) and (ua − uw) have been by far the most widely used

stress state variables in the experimental investigation and development of constitutive models

for unsaturated soils (e.g. Fredlund et al., 1978; Alonso et al., 1990; Maâtouk et al., 1995; Cui

and Delage, 1996). This combination enables the e�ects of total stress to be separated from the

e�ects of pore water pressure. Furthermore in practical problems pore air pressure is usually

atmospheric; therefore it appears appropriate that the stress state variables used should be those

that are both referenced to pore air pressure.

3.7.1.3 Alternative stress variables

More recently other stress state variables have been proposed which see a return to the use of

a Bishop-like e�ective stress alongside another stress variable to represent the stabilising e�ect

of suction. The variable based on that of Bishop's e�ective stress has been referred to as the

constitutive stress (σc) in order to indicate that it is not the only stress variable required to

describe fully unsaturated soil behaviour (Gens et al., 2006). Gens et al. (2006) and Nuth and

Laloui (2008b) further classify these more recent stress variables into two groups. In Group 1

suction is explicitly included in the de�nition of constitutive stress:

(σij)c = (σij − uaδij) + µ1(s)δij (3.16)
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where µ1 is a function of suction. The use of a Group 1 type of constitutive stress as proposed

by Geiser et al. (2000) and Loret and Khalili (2002) among others, implies an increase in

strength with suction, and therefore an additional relationship is not required as is the case for

independent stress state variables. However similar to the independent stress variables hydraulic

hysteresis cannot easily be represented by Group 1 variables. In Group 2 the constitutive stress

explicitly includes suction and degree of saturation:

(σij)c = (σij − uaδij) + µ2(s, Sr)δij (3.17)

where µ2 is a function of suction and degree of saturation. As such hydraulic hysteresis e�ects

are incorporated through the inclusion of degree of saturation and the increase in strength with

suction is also represented by the de�nition of the constitutive stress in Group 2. Such a consti-

tutive stress has been proposed by Gallipoli et al. (2003); Wheeler et al. (2003) and Sheng et al.

(2004) among others. Increasingly the selection of such modi�ed stress state variables have been

based on thermodynamic considerations, primarily on the work by Houlsby (1997). Consider-

ing that the constitutive stress in constitutive modelling is assumed to be work conjugate with

strains, Houlsby (1997) attempted to identify the strain-like quantity which is work conjugate

with suction by considering the rate of work input (dW ) per unit volume of unsaturated soil:

dW = [σij − (Sruw + (1− Sr)ua)δij ]dεij − n(ua − uw)dSr (3.18)

where dεij is the strain increment tensor, n is the porosity and dSr is the increment of degree

of saturation. Equation 3.18 neglects the work input required to compress the air phase and

the work dissipated by the �ow of �uids. Equation 3.18 indicates that the average skeleton

stress is work conjugate with the strain of the soil skeleton and that suction is work conjugate

with the strain-like variable −nSr. Wheeler et al. (2003) made direct use of the work input

considerations in the selection of their choice of stress variables termed Bishop's stress (σ∗ij) and

modi�ed suction (s∗):

σ∗ij = σij − [Sruw + (1− Sr)ua] δij (3.19)

s∗ = ns = n(ua − uw) (3.20)
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The use of alternative stress variables is an area of increasing research in the constitutive mod-

elling of unsaturated soils. Some of the di�erent models proposed using these alternative stress

variables are described further in the review of advanced elasto-plastic models for unsaturated

soils (Section 3.7.5). Further information on the di�erent types of stress variables selected for use

in the constitutive modelling of unsaturated soils and their associated limitations are presented

in detail by Gens et al. (2006); Nuth and Laloui (2008b) and summarised in Gens (2010).

3.7.2 Failure envelopes

The independent stress variable approach has been used to represent the variation in shear

strength (τ) observed with suction. One of the most widely known of these expressions is that

proposed by Fredlund et al. (1978):

τ = c′ + (σ − ua)tanφ′ + (ua − uw)tanφb (3.21)

where c′ is the cohesion intercept, φ′ is the angle of friction related to changes in net normal

stress and φb is the internal angle of friction related to changes in suction. Equation 3.21 is

an extension of the Mohr-Coulomb failure envelope for saturated soils, incorporating the two

independent stress state variables (σ − ua) and (ua − uw) discussed in Section 3.7.1. This

extended Mohr-Coulomb failure envelope corresponds to a three-dimensional planar surface as

illustrated in Figure 3.25. At zero matric suction, the extended Mohr-Coulomb diagram reverts

to the saturated condition. This is a desirable feature and one which is incorporated in most of

the constitutive models which have been developed for unsaturated soils.

Two main trends exist in the shear strength behaviour of unsaturated soils, both of which are

evident in the experimental data by Escario and Sáez (1986) which was presented in Figure 3.24.

Firstly as with saturated soils, shear strength increases with increasing net normal stress. Sec-

ondly shear strength increases with increasing matric suction. Fredlund et al. (1978) assumed φb

to be constant for a particular soil, which is clearly indicated in Figure 3.25, where φb illustrates

the rate of increase in shear strength due to matric suction. However experimental evidence

over larger suction ranges presented by Escario and Sáez (1986, 1987); Gan et al. (1988) among

others, showed that shear strength varied non-linearly with suction, (see Figure 3.24). In fact
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Figure 3.25: Extended Mohr-Coulomb failure envelope and surface for an unsaturated soil (Fred-
lund and Rahardjo, 1993)

at low matric suctions near the saturated condition, φb may be close to or equal to φ′ until the

air entry value of the soil is reached (saturated state). As matric suction increases φb decreases

to values as low as zero or even negative values on approaching residual shear strength (Escario

and Juca, 1989). Furthermore from a physical perspective, as illustrated in Figure 3.19, the ad-

ditional inter-particle force at contacts where meniscus water is present tends towards a limiting

value with increasing suction. Thus, once most of the inter-particle contacts are surrounded

by meniscus water (i.e. most of the bulk water has been removed) there will be no further

signi�cant increase in shear strength with suction.

The shear strength criterion proposed in Equation 3.21 also assumes that φ′ does not vary with

suction, which is supported by experimental evidence presented by Fredlund et al. (1978) and

Escario and Sáez (1986). However experimental evidence which suggests that φ′ may increase

with increasing suction has also been reported (e.g. Toll, 1990 for a lateritic gravel and Toll and

Ong, 2003 for a residual sandy clay). Others have also reported a decrease in φ′ with increasing

suction (e.g. Delage et al., 1987; Maâtouk et al., 1995 for silty soils). Delage et al. (1996) and

Delage (2002) collated various experimental shear strength data sets and although evidence for
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both increasing and decreasing angles of friction with increasing suction were observed, cohesion

was typically found to increase with increasing suction. Additional experimental evidence is

required for a wide range of soils in order to further investigate the in�uence of suction on φ′.

Some researchers have proposed non-linear relationships between shear strength and suction

based on knowledge of the soil water retention curve (e.g. Vanapalli et al., 1996). Alternative

shear strength criteria for unsaturated soils have also been proposed by Khalili and Khabbaz

(1998), who use a single e�ective stress approach and Vaunat et al. (2002) who attempt to

incorporate the in�uence of hydraulic hysteresis on shear strength, among others.

3.7.3 State surface approach

One of the �rst attempts to describe volume change behaviour in unsaturated soils using two

independent stress variables (net stress and suction) was carried out by Bishop and Blight (1963)

using three-dimensional plots with axes of net stress (σ−ua), void ratio (e) and suction (ua−uw).

Matyas and Radhakrishna (1968) later proposed that such a representation be considered as a

constitutive relationship for the volumetric behaviour of unsaturated soils, and that such a

�unique� representation be termed the state surface of the soil. Figure 3.26 illustrates the state

surface relating void ratio to net stress and suction. The state surface approach was capable of

representing the di�erent volume change behaviour resulting from wetting at di�erent net stress,

i.e. swelling at low net stresses and collapse at higher net stresses, (compare paths A−AS and

B−B′′ in Figure 3.26). An additional state surface was also proposed for changes in the degree

of saturation - net stress - suction space. Later analytical expressions for the di�erent state

surfaces (e, w or Sr) were proposed by Fredlund (1979) and Lloret and Alonso (1985).
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Figure 3.26: State surface approach: volume changes under equal all-round pressure plotted in
void ratio-net stress-suction space (Matyas and Radhakrishna, 1968)

Although the state surface approach was able to represent the swelling-collapse behaviour of

unsaturated soils on wetting at di�erent net stresses, a number of signi�cant limitations of the

approach have been outlined by a number of authors including Fredlund (1979) and Lloret and

Alonso (1985):

1. The state surface approach assumes that volume changes in unsaturated soils are not

stress path dependent. Matyas and Radhakrishna (1968) among other authors found that

state surfaces were unique, for a non-expansive silty clay, if the paths followed involved

only decreases in suction (wetting path) or increases in applied load. However the state

surfaces were not found to be unique if stress paths involved suction increases (drying) or

decreases in external load (Lloret and Alonso, 1985).

2. The state surfaces would have to be determined empirically for each given material and

for particular stress state conditions. Matyas and Radhakrishna (1968) presented di�er-

ent state surfaces for the same soil (80% �int powder - 20% kaolin) under (a) isotropic
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conditions and (b) Ko compression.

The state surface approach may provide a good method of presenting results from experimental

tests investigating volumetric behaviour of unsaturated soils, but considering the limitations

regarding stress path dependency and material speci�city, this approach did not appear to be a

good basis on which to form a more general framework of unsaturated soil behaviour.

3.7.4 An elasto-plastic framework for unsaturated soils

Following the development of the state surface approach to represent volumetric behaviour and

failure envelopes to describe the shear strength behaviour of unsaturated soils, there was mo-

tivation to develop a general consistent framework for unsaturated soil behaviour which could

(a) adequately represent the volume change behaviour of unsaturated soils (overcoming the

limitations of the state surface approach) and (b) provide an integrated approach to under-

standing the volumetric and shear strength behaviour of unsaturated soils. Considering the

relative success of representing the volumetric and shear strength behaviour of saturated soils

through elasto-plastic models, such as the Modi�ed Cam Clay (MCC) model (Roscoe and Bur-

land, 1968), elasto-plasticity was also considered for the development of a constitutive model

for unsaturated soil behaviour. This path also ensured that developments in unsaturated soil

mechanics remained closely related to the �eld of saturated soil mechanics (Gens, 2010).

Alonso et al. (1987) presented the concepts of an elasto-plastic framework for unsaturated soil

behaviour. Following this the mathematical formulation of an elasto-plastic critical state model

for unsaturated soils was presented in Alonso et al. (1990). This model is now commonly referred

to as the Barcelona Basic Model (BBM). The BBM was formulated using the independent stress

variables of net stress (σm−ua) and suction (ua−uw) and uses the MCC model as the reference

model, such that when suction is equal to zero (soil is saturated) the BBM reverts to the classic

MCC model. For isotropic conditions (σ1=σ2= σ3), the soil behaviour is described in the mean

net stress and suction (p, s) stress space, where:

Meannet stress p = σm − ua = (σ3 − ua) (3.22)
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Suction s = ua − uw (3.23)

and for triaxial conditions (σ2= σ3) in the deviator stress - mean net stress - suction (q, p, s)

stress space where:

Meannet stress p = σm − ua =
1
3

(σ1 + 2σ3)− ua (3.24)

Deviator stress q = (σ1 − ua)− (σ3 − ua) = σ1 − σ3 (3.25)

The BBM was intended to be a simple framework which would be able to represent many of the

fundamental features observed in unsaturated soils which are slightly or moderately expansive.

The success of this model ensures that it continues to be one of the most widely used constitutive

model for unsaturated soil behaviour. Some of the main elements of this model are outlined

here.

3.7.4.1 Loading-collapse yield surface

The framework presented by Alonso et al. (1987) introduced a yield surface termed the Loading-

Collapse (LC) curve (Figure 3.27) which could explain the volumetric behaviour associated with

soils following (external) loading and wetting paths. The framework predicts that any changes in

suction or load such that a specimen follows a path within the LC curve, will result in reversible

deformations (elastic behaviour), whether it be shrinkage/swelling due to changes in suction or

compression/expansion due to changes in load. Whereas any path which reaches the LC yield

surface whether due to an increase in load or a reduction in suction, will cause the yield surface

to shift to another position (A1B1 to A2B2) inducing irreversible volumetric deformations.

Movement of the LC yield surface will expand the elastic zone and will be controlled by a

single hardening parameter p∗o, the saturated preconsolidation pressure. The irreversible strain

induced by following the loading path in Figure 3.27, will be equal to the irreversible strain

induced by following the collapse path and therefore the irreversible compression will be equal

to that which occurs along the Normal Compression Line at zero suction (saturated) between

p∗o1 to p
∗
o2. The LC yield curve therefore links together the compressive strains related to loading

and compressive strains induced by wetting.
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Figure 3.27: LC yield curve in (p, s) stress space, used in BBM to describe loading and collapse
behaviour of an unsaturated soil (AfterAlonso et al., 1987)

Figure 3.28 presents the volumetric behaviour predicted by the BBM model for di�erent loading

and wetting paths. Paths L1, L2 and L3 represent loading paths at constant suction, these are

plotted in terms of speci�c volume (v = 1 + e) and load (mean net stress, p) in Figure 3.28b.

The LC curve predicts that as suction increases, the yield stress (preconsolidation stress) in the

v-p space increases. A sti�ening of the compression behaviour with increasing suction has also

been assumed, thus the post-yield compression curves diverge. In Figure 3.28a C1, C2 and C3

represent wetting paths at constant load, and are plotted in the v-p space in Figure 3.28c. C1

follows a wetting path (reducing suction) under low constant stress, which lies within the LC

curve (elastic region) and thus reversible swelling is predicted. C2 initially follows a path within

the elastic region, but as suction is reduced further, it reaches the LC curve and irreversible

volumetric compression occurs. If this is greater than the initial swelling or expansion, then net

collapse may result (Figure3.28c). The wetting path C3 at a higher stress level reaches the LC

curve almost immediately and thus is predicted to undergo the largest amount of collapse.

In the BBM model, isotropic normal compression lines are assumed to have di�erent gradients

and intercepts depending on the level of suction, (i.e. sti�ness dependence on suction). Thus
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Figure 3.28: Volumetric deformations following di�erent loading and wetting paths: (a) Loading
and wetting paths in the p-s space, (b) Compression behaviour in v-p space and (c) Swelling-
collapse behaviour in v-p space (After Alonso et al., 1987)
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following saturated soil behaviour the variation of speci�c volume v with suction s is given by:

v = N(s)− λ(s) ln
p

pc
(3.26)

where λ(s) is the gradient of the normal compression line and pc is a reference stress state at

which v = N(s). In this formulation it is assumed that λ(s) decreases with increasing suction

and its variation with suction is given by:

λ(s) = λ(0) [(1− r) exp(−βs) + r] (3.27)

where λ(0) is the gradient of the normal compression under saturated conditions, r is a constant

related to the maximum sti�ness of the soil, which lies between 0 and 1 and β is a parameter

which controls the rate of increase of soil sti�ness with suction.

It is assumed that on unloading and reloading at constant suction that the soil behaves elastically

(e.g. reversible swelling on unloading as for saturated soils). The BBM also incorporates elastic

volume changes due to suction unloading, i.e. reversible swelling due to wetting at low con�ning

stresses. Thus the elastic changes in speci�c volume are given by:

dve = −κdp
p
− κs

ds

(s+ patm)
(3.28)

where κ is the elastic sti�ness parameter for changes in net mean stress and κs is the elastic

sti�ness parameter for changes in suction and patm is atmospheric pressure. The model assumes

that κs is a soil constant, although Alonso et al. (1990) do suggest that it is likely to vary

with suction, but in the interest of developing a simple model and due to the lack of conclusive

experimental evidence, a constant value was adopted.

In the BBM model the expression of the LC yield surface is derived from the gradient of the

post-yield compression curve at di�erent suctions and is given by:

(
po
pc

)
=

(
p∗o
pc

)[λ(0)−κ]/[λ(s)−κ]

(3.29)

where po is the preconsolidation stress and p∗o is the preconsolidation stress at saturated condi-

tions. The LC curve is a fundamental element of the model allowing some of the main features
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associated with the volumetric behaviour of unsaturated soils to be predicted, including an in-

crease in the preconsolidation stress with increasing suction and volume changes due to wetting

at constant stress. In particular the LC curve can predict that a soil may exhibit (i) swelling

at a low con�ning stress (inside the elastic zone), (ii) collapse at a high con�ning stress (initial

condition is on the LC curve) and (iii) swelling and then collapse at an intermediate value of

con�ning stress (initial position inside the elastic zone and then reaches the LC curve).

3.7.4.2 Suction-increase yield surface

The BBM formulation also includes a suction-increase (SI) yield surface which can be seen in

Figure 3.29b. The suction-increase yield surface enables irreversible volumetric deformations

due to drying to be predicted. It is proposed that irreversible strains will begin to develop once

the soil has reached a value of suction corresponding to its past maximum value, (similar to

the concept of preconsolidation stress being the yield point for plastic volumetric strains due to

loading). With little experimental evidence regarding this behaviour, the suction-increase yield

surface is assumed to be a constant equal to s0 which represents the maximum past suction

experienced by the soil.

3.7.4.3 Extension to q-p-s space

The LC and SI yield surfaces explained above were extended into the triaxial stress space as

illustrated in Figure 3.29. In Figure 3.29a, in the q− p space the curve labelled s = 0 represents

the yield surface for saturated conditions. Considering that one of the desirable features of a

general framework for unsaturated soils was that it be compatible with saturated models, the

ellipse yield surface of the MCC model (Roscoe and Burland, 1968) was adopted. The ellipse

yield surface in the q − p plane is given by the equation:

q2 −M2(p+ ks)(po − p) = 0 (3.30)

where M is the slope of the critical state line, k is a constant describing the increase in cohesion

with suction. In the BBM model the increase in shear strength with suction is represented by
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Figure 3.29: BBM yield surfaces (a) Yield surface in (q, p) stress space for saturated (s = 0) and
unsaturated conditions (s) and (b) yield surface in (p, s) isotropic plane (Alonso et al., 1990)
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Figure 3.30: Three-dimensional view of the yield surfaces of the BBM model in (p, q, s) stress
space (Alonso et al., 1990, 1999)

a critical state line (CSL) which is parallel to the CSL for saturated conditions (Figure 3.29a).

The slope of the CSL M is assumed to remain constant and can be expressed as:

q = Mp+ ks (3.31)

ks is equal to ps and is responsible for the linear shift of the critical state line in the (p, q)

plane (Figure 3.29). The model thus assumes that the increase in shear strength due to suction

is due only to an increase in apparent cohesion (M constant similar to constant φ′) and also

assumes that apparent cohesion increases linearly with suction. These simplistic assumptions

are in line with the failure envelope for unsaturated soils proposed by Fredlund et al. (1978),

despite experimental evidence suggesting that shear strength varies non-linearly with suction

(Escario and Sáez, 1986; Escario and Juca, 1989), and that φ′ may not always be constant

(Delage et al., 1987; Futai and Almeida, 2005). The BBM model is summarised in Figure 3.30,

where all the yield surfaces are plotted in the three-dimensional q − p− s stress space.
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3.7.4.4 BBM assumptions and limitations

As a �rst attempt at developing an elasto-plastic model integrating the volumetric and shearing

behaviour of unsaturated soils, a number of simplifying assumptions were made, including (i) the

use of straight lines for the v− ln p relationships, (which predict that collapse strains will contin-

ually increase with increased net stress), (ii) a linear increase of apparent cohesion with suction,

which experimental evidence has suggested otherwise, (iii) that the elastic sti�ness parameter

ks is a constant and not dependent on suction, (iv) that the suction-increase yield surface is

a straight line corresponding to the maximum past suction and (v) the use of linear v − ln s

relationships, suggesting a linear reduction in speci�c volume with increasing suction, however

as the degree of saturation approaches the residual state the speci�c volume will converge to a

value corresponding to the air dried state (e.g. Cunningham, 2000).

Yet despite these simplifying assumptions the BBM model can describe many of the main fea-

tures associated with the mechanical behaviour of unsaturated soils including (see Figure 3.30):

� an increase in preconsolidation stress with increasing suction

� the occurrence of reversible swelling strains due to a reduction in suction at low con�ning

stresses

� the occurrence of irreversible collapse strains when suction decreases at high con�ning

stresses

� reversal of volumetric strains during wetting induced collapse

� the occurrence of irreversible shrinkage strains when suction increases above a threshold

value

� an increase in shear strength with increasing suction.

With respect to the variation in soil compressibility with suction, the BBM model initially

assumed that increases in suction sti�ens the soil response to external load post-yielding, i.e.

diverging normal compression lines in v−ln p space. However, experimental evidence has equally

been found for opposing behaviour, increasing post-yield compressibility with increasing suction,
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as discussed in Section 3.6.2 (e.g. Wheeler and Sivakumar, 1995; Futai and Almeida, 2005), where

λ increases with increasing suction. Wheeler et al. (2002) proposed that the BBM model could

however be used to predict converging normal compression lines at di�erent suctions by selecting

suitable values of the model parameters r and pc. Therefore using the BBM model, depending

on the values of parameters r and pc, the collapse strains predicted will either monotonically

increase or monotonically decrease with increasing applied stress.

The BBM model however cannot predict collapse strains which initially increase and then de-

crease with increasing applied stress which correspond to the occurrence of a maximum collapse

strain, which has commonly been reported in the literature (e.g. Balmaceda, 1991; Rao and Re-

vanasiddappa, 2006). This reduction in collapse compression observed at high stress levels can

be explained by considering that su�ciently high loads will act to destroy the initially open (col-

lapsible) soil structure, such that soil behaviour will tend towards a unique compression curve

which is independent of suction (Alonso et al., 1987). Based on the BBM model, Josa et al.

(1992) developed a model where non-linear relationships between void ratio and ln p enabled

collapse strains to be predicted which increased initially and then decreased at higher stresses.

Subsequent re�nements of the BBM model were made by a number of di�erent authors. For

example, Wheeler and Sivakumar (1995) proposed model functions derived more directly from

experimental results, including a non-linear increase of shear strength with suction and Cui and

Delage (1996) introduced an inclined ellipse yield surface in the q − p space, which is typical of

soils exhibiting anisotropy.

Despite the success of the BBM model and the associated re�nements which have been made to

the model, there remain other additional features of unsaturated soil behaviour which the BBM

model was never intended to predict, including:

1. irreversible strains exhibited by highly expansive clays

2. hydraulic hysteresis exhibited during wetting & drying cycles

3. coupling between water retention and mechanical behaviour.
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3.7.5 Advanced elasto-plastic models for unsaturated soils

Advanced elasto-plastic models have been developed in order to incorporate the mechanical

behaviour exhibited by expansive clays and to incorporate the e�ects of hydraulic hysteresis

on mechanical behaviour and the in�uence of the mechanical behaviour on the water retention

behaviour (i.e. in�uence of void ratio on water retention behaviour). These models introduce

additional complexity by considering additional yield surfaces and additional or alternative stress

variables. A number of these models are brie�y described here.

3.7.5.1 Model for expansive clays

Gens and Alonso (1992) presented a conceptual framework based on the BBM model that was

extended in order to incorporate the features of mechanical behaviour typically exhibited by

expansive clays: (i) irreversible stress path dependent behaviour on wetting and (ii) the ac-

cumulation of irreversible strains during drying-wetting cycles (e.g. Chu and Mou, 1973, see

Figure 3.23). Due to the fact that the behaviour of expansive clays largely arises from the

physico-chemical phenomena interactions occurring at the clay particle level, it was considered

bene�cial to incorporate a microstructural level into the elasto-plastic model (Gens and Alonso,

1992). Thus the model considers two levels of structure the microstructure, the clay particle level

and the macrostructural level which relates to the overall fabric and arrangement consisting of

clay aggregates and macropores. At the microstructural level, the clay particle arrangements are

assumed to be fully saturated and strains to be largely reversible. At the macrostructural level

the mechanical behaviour is characterised by the LC yield surface, as presented for the BBM. It is

assumed that changes in the macrostructure do not in�uence the microstructure, but that defor-

mations at the microstructural level may induce irreversible strains at the macrostructural level.

This model is summarised in Figure 3.31. The suction-increase (SI) and suction-decrease (SD)

yield surfaces introduced represent the onset of macrostructural irreversible (plastic) strains.

A mathematical formulation for the expansive model was presented by Alonso et al. (1994)

and re�ned by Alonso et al. (1999) in the Barcelona Expansive Model (BExM) to include the

features related to behaviour exhibited during drying-wetting cycles. The expansive model has

more recently been developed using generalised plasticity concepts (Sánchez and Gens, 2005).
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Figure 3.31: Yield surfaces in (p− q) stress space in BExM including (i) loading-collapse (LC)
(ii) suction-increase (SI) and (iii) suction-decrease (SD) yield surfaces (Alonso et al., 1999)

Motivation for models surrounding the behaviour of expansive clays has largely been due to

their use in the design of high level radioactive waste storage schemes. Considering that high

level radioactive waste is strongly heat emitting, the in�uence of temperature on mechanical

behaviour is a signi�cant issue. In particular, Sánchez et al. (2007) presented experimental and

modelling data which suggests that swelling pressures decrease with increasing temperature. The

BExM was extended to incorporate temperature e�ects occurring in the microstructural level

(Sánchez et al., 2007) and has been successfully used to predict the thermo-hydro-mechanical

behaviour observed in full-scale tests (Gens et al., 2009).

The mechanical behaviour of expansive clays due to their active clay content may also be sus-

ceptible to changes in the chemical environment. There are a wide number of di�erent chemical

processes which may in�uence the mechanical behaviour, for example precipitation or dissolu-

tion phenomena, oxidation or reduction processes, cation exchanges (Mitchell and Soga, 2005)

to name but a few. A number of di�erent chemo-mechanical models have been proposed which

address the e�ect of a speci�c chemical process, for example: the chemical degradation of bonded

geomaterials (Nova et al., 2003). The e�ects of cation exchanges in swelling clays has received
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particular attention due to its relevance to the use of expansive clays in nuclear waste repositories

(Gens et al., 2002, 2008; Gens, 2010).

3.7.5.2 Coupled water retention-mechanical models

The BBM does not directly take into account the in�uence of degree of saturation on the

mechanical behaviour, (this in�uence is solely expressed through matric suction). An additional

separate water retention model is required to relate matric suction to the degree of saturation,

which generally does not take into account hydraulic hysteresis. Furthermore the BBM also does

not directly take into account the in�uence of the void ratio on water retention behaviour. If

hydraulic parameters such as the degree of saturation are incorporated into the stress variables of

the constitutive model it is possible for water retention and mechanical behaviour to be coupled.

Vaunat et al. (2000) presented perhaps the �rst complete attempt at coupling water retention

and mechanical behaviour for unsaturated soils by coupling the water retention model proposed

by Romero and Vaunat (2000) with the BBM mechanical model. The model based on net stress

and suction variables incorporates an LC yield surface and two additional yield surfaces related

to hydraulic hysteresis: the suction-increase (SI) yield surface which de�nes irreversible (plastic)

behaviour due to drying and the suction-decrease (SD) yield surface de�ning plastic changes due

to wetting. The SI and SD yield surfaces are coupled with each other but not with the LC curve.

Wheeler et al. (2003) also presented an elasto-plastic model which fully coupled hydraulic hys-

teresis with mechanical behaviour (Figure 3.32). Wheeler et al. (2003) used the alternative stress

variables of Bishop's stress and modi�ed suction (s∗ = ns) as presented in Section 3.7.1.3, based

on the thermodynamic considerations and work input equation proposed by Houlsby (1997), se-

lecting the work-conjugate variables of strains and degree of saturation. Using these variables

Wheeler et al. (2003) proposed that the LC yield surface could be approximated to be a vertical

straight line and the SI and SD yield surfaces could be horizontal straight lines in the (s − p)

plane (see Figure 3.32) and that these three yield surfaces are fully coupled with each other.

In addition to the features of unsaturated soils captured by Alonso et al. (1990), the coupled

water retention-mechanical model proposed by Wheeler et al. (2003) is also capable of capturing

(i) irreversible compression during wetting-drying cycles, (ii) in�uence of wetting-drying cycles
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(a) 

(b) 

Figure 3.32: Coupled water retention and mechanical behaviour model proposed by Wheeler
et al. (2003): (a) hydraulic hysteresis incorporated in water retention model and (b) loading-
collapse (LC), suction-increase (SI) and suction-decrease (SD) yield surfaces in modi�ed suction
s∗- Bishop's stress p∗ plane
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on subsequent isotropic loading behaviour and (iii) a smooth transition between saturated and

unsaturated responses. A similar coupled water retention-mechanical behaviour model was

proposed by Sheng et al. (2004) using stress variables of Bishop's stress and suction.

In light of this shift towards the development of coupled water retention-mechanical behaviour

models, a number of works have been dedicated to improving water retention models for de-

formable soils, where changes in the degree of saturation are related to not only hydraulic paths

(wetting or drying) but also due to changes in void ratio (mechanical paths), for example Gal-

lipoli et al. (2003); Nuth and Laloui (2008a) and Tarantino (2009). Considering the signi�cant

developments in constitutive models of unsaturated soils in recent years, a wealth of information

is provided in review and key note papers dedicated to the topic (e.g. Gens et al., 2006, 2008;

Nuth and Laloui, 2008b). It is important to note here that as the level of complexity of these

elasto-plastic models increases, including the selection of alternative stress variables, the follow-

ing of particular stress paths in an experimental setting becomes increasingly more di�cult (e.g.

controlling Bishop's stress). Furthermore if degree of saturation is included in the de�nition of

the constitutive stress variables then information regarding changes in water content is required,

and often such data is either not available or is unreliable (Gens, 2010).

It is evident from reviewing the literature on the development of these constitutive models

that one of the limiting factors to the development of such models is the availability of good

quality experimental data sets for a wide range of suctions, stress paths and soil types. Many

of the constitutive models have been validated using typically homogeneous materials such as

compacted Speswhite kaolin (Sivakumar, 1993) or arti�cial mixtures of bentonite and kaolin

(Sharma, 1998) or material which has been very widely studied for a particular engineering

purpose (e.g. Boom clay, Romero, 1999). One of the aims of this research is to provide an

experimental data set for an unsaturated natural soil sampled from an engineering application

exhibiting problematic response. It is in this way that the database of experimental results for

unsaturated soils can expand to include di�erent soil types and can be related to the importance

of understanding the role of unsaturated soil behaviour in practical engineering applications.
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3.8 Conclusion

The Bengawan Solo material has been investigated in this research from an unsaturated soils

perspective due to its role as a �ll material in the construction of �ood embankments. Consid-

ering the signi�cant advances which have been made in the �eld of unsaturated soils in recent

decades, this chapter attempted to present an overview of this increasingly widening and rapidly

developing research area. Some of the basic physical mechanisms surrounding the retention of

water in soils under unsaturated conditions have been discussed alongside the concept of soil

suction. A number of the experimental techniques which have been developed in order to control

or measure suction were then reviewed. The important features of unsaturated soil behaviour,

both with respect to volume change and shear strength have been outlined in this chapter.

However, it remains clear that there is still a need for additional experimental results in order to

further explore certain aspects of their behaviour. This thesis investigates further some impor-

tant features through experimental testing of the Bengawan Solo �ll material, including: (i) the

phenomenon of volumetric collapse (Chapter 5), (ii) the in�uence of suction on soil compressibil-

ity (Chapter 6), (iii) the in�uence of suction on shearing behaviour (Chapter 6). Furthermore

this thesis investigates the role of compacted fabric in the behaviour of unsaturated soils. This

is explored in detail in Chapter 7, investigating in particular the in�uence of fabric on precon-

solidation stress and on soil compressibility. As highlighted in the review of constitutive models,

there is a need for high quality data sets to assist in furthering the understanding of unsaturated

soil behaviour. The experimental work presented in this thesis is intended to provide such a

data set.

97



Chapter 4

Characterisation

of Bengawan Solo �ll

4.1 Introduction

This chapter presents a detailed characterisation of the Bengawan Solo �ll material. This in-

cludes a description of the site investigation including details of the in-situ tests and soil sampling

carried out. The laboratory characterisation carried out is then presented including informa-

tion regarding the soil properties, particle size distribution, soil mineralogy, compaction and soil

water retention behaviour of this material.

4.2 Background site information

4.2.1 Seasonal weather variations

Takeuchi et al. (1995) present hydrological data recorded at the Bojonegoro observation station

(Table 4.1), which is located at a distance of approximately 40km from the site (see Figure 4.1).

Temperatures in the area remain fairly constant throughout the year, ranging from 26-28°C.
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However levels of precipitation and evaporation vary greatly depending on the season (wet or

dry), with evaporation greatly exceeding precipitation for six months of the year (May to Octo-

ber, dry season). During the dry season, the lowered river level and higher levels of evaporation

both contribute to reduce the moisture content of the �ll material within the embankment body.

Inversely, higher river levels and levels of precipitation during the wet season contribute to higher

moisture contents within the �ll material of the embankment.

4.2.2 Geology and founding layers

The research presented in this thesis is focused on the unsaturated mechanical behaviour of

the Bengawan Solo �ll, material sampled from within the embankment body, however for the

sake of completeness, a brief description of the geology and materials found at depth below the

embankments are presented here. The geology of the Bengawan Solo River Basin is presented

in Figure 4.1, which indicates that the site is predominantly characterised by alluvial deposits.

Information on the founding soils present below the man-made and natural embankments at

the Kedungharjo site are summarised in Figure 4.2. This data was obtained from two boreholes

drilled by ITS in September and October 2005 (Soemitro, 2005). The borehole data for both

embankments indicates subsurface layers of varying fractions of sand, silt and clay (typical of

alluvial soils). Below the man-made embankment (Figure 4.2a) N-values are are within the range

of 6-8 blows per 30cm of soil penetration. The founding soils below the natural embankment

Figure 4.2b) on the other hand show greater variation, ranging from 2-23 blows required per

30cm penetration. Assuming a correlation between undrained shear strength (Cu) and SPT

N-values of Cu = 5N (Stroud and Butler, 1975) and according to BS 8004 (BSI, 1986) the

founding material below the man-made embankment is mainly soft soil, whereas below the

natural embankment (Figure 4.2) the material ranges from very soft to sti�.

4.3 Site investigation of embankment �ll material

The site selected for further investigation of the embankment �ll material was the section of

embankment located next to the village of Kedungharjo, in particular the stretch of embankment
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Figure 4.1: Geological map of Bengawan Solo River Basin, East Java, Indonesia (After Takeuchi
et al., 1995)
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Figure 4.3: Area of site investigation located along Bengawan Solo River next to the village of
Kedungharjo, East Java, Indonesia

located between the global failure of the gabion reinforced embankment shown in Figure 2.11

and the shallow slip failure shown in Figure 2.10b. The boundary of the site investigation area

is highlighted in Figure 4.3.

The site investigation described herein took place in early May 2006. The site visit took place

at the end of the wet season (Table 4.1) and one week prior to the visit the embankments

investigated herein had been overtopped. As evident in the site investigation results presented

below the soil had retained a high moisture content. Due to this high moisture content, and

subsequent soft nature of the soil and the high level of the river, it was not possible to investigate

the soil on the outward face of the embankment. As such the investigation and sampling was

carried out on the step of the embankment as shown in Figure 4.3.

During the site investigation the soil was characterised as a soft brown clayey silt (EMBANK-

MENT FILL) according to descriptions given in BS5930:1999. In the upper layer (0 - 0.5m

depth) there was evidence of desiccation cracks and there was signi�cant small root content.

With increasing depth the root content decreased although fewer larger tap roots were observed

at 1.0 - 1.5m depth.
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4.3.1 In-situ tests

In order to determine the in-situ density (or �eld density) the small pouring cylinder sand

replacement method was used in accordance with BS1377-9:1990. A hole was excavated in the

�eld and �lled with (clean, air-dried and speci�cally graded) sand of which the bulk density

had been previously determined in the laboratory using a calibrated mould. At the �eld, the

mass of sand required to �ll the excavated hole was determined, and from this the volume of the

excavated hole was calculated. All of the soil from the excavated hole was removed and weighed

on site and thus the bulk density was determined. Representative samples of the excavated

material were stored in airtight containers for moisture content determination in the laboratory.

The moisture content, w refers to the mass of water removed by oven drying at 105°C mw,

expressed as a percentage of the dry mass of solids (oven dried soil mass), ms. The oven dry

soil mass refers to the constant soil mass achieved by drying, typically in a period of 12 - 24hrs.

The moisture content, w is thus given as:

w (%) =
mw

ms
× 100 (4.1)

From the bulk density ρ and the moisture content, the dry density, ρd can be determined:

ρd =
100ρ

100 + w
(4.2)

Table 4.2 presents the range of bulk densities, dry densities and moisture contents found during

the site investigation using the sand replacement method. In particular, it should be noted

that in-situ dry densities as low as 1.18Mg/m³ were found. The high moisture contents found

re�ected the recent overtopping of the embankments (up to 43%). Furthermore the moisture

contents and in-situ dry densities varied signi�cantly along the short stretch of the embankment

investigated (20m) (Figure 4.3), indicating heterogeneity within the �ll material. This is perhaps

not surprising to �nd in embankments which are constructed at relatively low cost and which

are therefore not strictly controlled in terms of compaction during construction.

In-situ undrained shear strength measurements were carried out using the vane shear test ac-

cording to BS1377-9:1990. A vane of cruciform cross-section, 150mm long and 75mm wide was
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Table 4.2: In-situ density measurements determined using sand replacement method

Property Range

In-situ bulk density (Mg/m³) 1.69 - 1.80
In-situ dry density (Mg/m³) 1.18 - 1.36

Moisture Content (%) 32 - 43
Degree of saturation (%) 88 - 90

used in the tests. A calibrated torque measurement device was clamped to the extension rods of

the vane. The torque head was rotated at a rate of between 0.1°/s and 0.2°/s until the maximum

de�ection was observed on the gauge. This maximum de�ection was recorded indicating the

torque required to shear the soil. At failure a cylindrical failure surface develops. The vane

shear strength (τf ) in kPa can be calculated as (BS1377-9:1990):

τf =
M

K
(4.3)

where M is the torque required to shear the soil (Nm) and K is a constant depending on the

dimensions and shape of the vane used which can be calculated as:

K = π
D2H

2
(1 +

D

3H
)10−6 (4.4)

where D is the width of the vane (mm) and H the height of the vane (mm). This calculation

assumes that the distribution of the shear strength is uniform across the ends of a cylinder and

around its perimeter.

Table 4.4 presents the undrained shear strength measurements recorded along the embankment.

Measurements were taken at two di�erent locations at two di�erent depths, 0.3m and 0.8m

respectively. At each location, four measurements were made in close proximity, but at a distance

so as not to be disturbed by the other tests. The Bengawan Solo �ll can thus be classi�ed as a

soft soil according to BS8004:1986 as it has undrained shear strength values between 20 - 40kPa.
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Table 4.4: In-situ undrained shear strength measurements determined using shear vane test

Location Depth (m) Undrained shear strength (kPa)

1 0.3 25
0.3 30
0.3 31
0.3 22

2 0.8 38
0.8 30
0.8 24
0.8 37

4.3.2 Soil sampling

During the site investigation both disturbed and undisturbed material was sampled for further

laboratory investigation at the University of Strathclyde. Disturbed material was sampled

from two di�erent depths 0.5m - 1.0m and 1.0 - 1.5m depth, herein referred to as D1 and

D2 respectively. In total approximately 75kg of disturbed material was sampled. Undisturbed

samples were taken using both open-drive tube sampling and block sampling. For the open-

drive sampling thin walled tubes were driven into the embankment using a manually rotated

jack incorporated within a loading frame. Supposedly undisturbed tube samples were taken

using ten, 100mm diameter tubes (U100s) made of galvanised steel with a sharpened cutting

edge. Immediately after sampling both ends of the sample were covered in wax to inhibit water

loss and were additionally capped with PVC ends. Undisturbed block samples were retrieved as

described in the Report on Tropical Residual Soils by the Geological Society Engineering Group

Working Party (Fookes, 1990). See Figure 4.4 for details on the block sampling method. Two

wooden boxes were used, which were internally lined a priori with aluminium sheets and further

sealed externally with wax around all edges and corners to inhibit water loss. The boxes were

approximately 50cm x 50cm x 50cm. Due to the di�culty in sampling undisturbed block samples

of this size, samples were only taken between depths of 0 - 0.5m and 0.5 - 1.0m. Generally the

amount of soil sampled in a single block sample is larger than for a tube sample. The increase

in mass makes it much more di�cult to remove easily from the ground and also increases

transportation costs. Block samples also require a larger trench to be excavated, disturbing

more of the site under investigation. The trenches at the Bengawan Solo embankments were

re�lled with neighbouring material after sampling in order to minimise the negative impact of
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Figure 4.4: Procedure for retrieving undisturbed block samples (after Fookes, 1990)

this sampling on the embankments.

Most of the testing campaigns presented in this research used the disturbed material sampled in

order to control initial moisture contents and dry densities. However a number of tests presented

in Chapter 5 were carried out using the undisturbed material, taken from the block samples. The

block samples were preferred for testing over the tube samples due to the reduced disturbance

of soil retrieved by block sampling (Chandler et al., 1992). In fact samples from the cylindrical

tubes were not used in any of the tests presented in this thesis.

4.3.3 Importing soil material

The disturbed and undisturbed samples were shipped back to the University of Strathclyde for

further investigation in the laboratory. The soil samples took over a month to be delivered

to Glasgow. In order to import non-European soil into the UK it was necessary to obtain a

soil licence from Science and Advice for Scottish Agriculture (SASA), a division of the Scottish

Government. The main concern with importing foreign material of this kind is the risk to native
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plants by the introduction of foreign pests. A soil licence was granted on an annual basis in

order for this material to remain stored in the UK. A SASA representative visited the research

laboratory where the material was to be stored and tested in order to assess that the facilities

were suitable. Conditions of the licence include that the material must not be used as a growth

medium and that the material must be sterilised in an Autoclave before disposal.

4.4 Basic Soil Properties

On return to the University of Strathclyde, initially a basic characterisation of the Bengawan

Solo �ll material was carried out. This characterisation included the determination of the particle

density, the particle size distribution, the Atterberg limits and organic content. These tests were

carried out in accordance with BS1377-2:1990, following the detailed procedures presented in

Head (1992).

Particle densities of 2.73Mg/m³ and 2.72Mg/m³ were determined for depths 0.5-1.0m (D1) and

1.0 - 1.5m (D2) respectively using the small pyknometer method. The particle size distribution

curve was determined for material sampled from both depths using wet sieving (1mm - 63µm)

and hygrometer sedimentation (<63µm). The soil samples were �rst pretreated with hydrogen

peroxide and hydrochloric acid to remove any organic or calcareous material. After �ltration

the samples were then dispersed using a solution of sodium hexametaphosphate and sodium

carbonate to ensure separation of particles within the silt and clay range (Head, 1992). Figure 4.5

presents the combined particle size distribution curves for the two depths investigated. The two

depths presented very similar particle size distributions. D1 is made up of 30% sand, 57% silt

and 13% clay and D2 consists of 29% sand, 55% silt and 16% clay. These particle fractions are

plotted on the US Department of Agriculture textural classi�cation chart in Figure 4.6. Using

this chart, the material can be classi�ed as a silty loam using the USDA terminology or clayey

silt in British Standard terminology. The uniformity coe�cient, U can give an indication of the

grading of the material and is the ratio of the 60% particle size to the 10% particle size. For

D1, U = 29 and for D2, U= 27, indicating that the Bengawan Solo �ll is a well graded material

in the clay, silt and sand range.
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The Liquid Limit was determined using the Cone Penetrometer Method according to BS1377-

2:1990. The plastic limit was determined by the traditional method of rolling threads on a glass

plate until the thread crumbles when rolled to a diameter of 3mm (BS1377-2:1990). Both the

liquid limit and plastic limit tests were carried out using two methods: (i) Dry preparation

and (ii) Natural preparation to investigate the in�uence of drying on the plasticity behaviour.

For the dry preparation, the soil was allowed to air dry, aggregations were broke down using

a mortar and pestle and was then sieved on the 425mm sieve. Water was then added to the

sample and mixed thoroughly and left overnight to homogenise. For the natural preparation,

undisturbed samples were used from cylindrical sampling tubes. The samples were chopped

up into small pieces and coarse materials removed where possible by hand. The sample was

then mixed with water and stored as before. The shrinkage limit tests were determined by Alvis

Atique as part of the investigation on the desiccation behaviour of this material. Shrinkage limits

were determined again for two di�erent methods: (i) air dried and (ii) oven dried samples. The

plasticity limits determined by the di�erent methods are presented in Table 4.5. There appears

to be little variation in the limits determined by both methods except for the liquid limit of D2,

which showed a di�erence of 13% between the dry method and the natural preparation method.

This may be due to coarser particles, perhaps organic matter remaining in the sample during

the natural preparation method.

Both depths had liquid limits greater than 50% indicating a soil of high plasticity as classi�ed

in the British Soil Classi�cation System (BSCS) as presented in BS5930:1999. Fookes (1990)

discusses the e�ects of air drying and oven drying on the behaviour of tropical residual soils.

Although it appeared that air drying of this material had little e�ect on the plasticity behaviour,

it was decided at this stage that no oven drying of the material should take place prior to its

being used in any of the tests presented in this research, due to it being a tropical soil (albeit a

transported soil). From a practical point of view, that meant that no soil which had been oven

dried was reused as testing material at any stage throughout this experimental investigation,

only material which had been air dried was reused.

The plasticity index (IP ) is the di�erence between the liquid limit and the plasticity limit. Using

the plasticity indices determined from the dry preparation method, gives IP values of 18% and

16% for D1 and D2 respectively. The plasticity chart used in the BSCS classi�cation of �ne soils
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Table 4.5: Atterberg limits determined under dry and natural preparation methods

Index D1: 0.5 - 1.0m D2: 1.0 - 1.5m

Air dried prep. wL 54 53
Natural prep. wL 52 40

Air dried prep. wP 36 37
Natural prep. wP 39 35

Air dried prep. ws 14 15

Oven dried prep. ws 15 15

is based on the plasticity index and liquid limit. Typically clays plot above the A-line and silts

below the A-line. As shown in Figure 4.7, the material plots below the A-line con�rming that

this material is indeed a silt of high plasticity (MH).

A linear relationship exists between the plasticity index of a soil and its clay fraction, this

relationship is referred to as the soil activity, as de�ned by Skempton (1953):

Activity =
IP

(% of clay size fraction)
(4.5)

The activity of D1 and D2 is 1.4 and 1.0 respectively. Activity is used as an index to indicate the

swelling potential of a clay soil as it can indicate which type of clay minerals are present. Mitchell

(1993) presents the activity of some clay minerals, most generally have activities lower than 1.0,

with the exception of smectites, which can have activities ranging between 1-7. These high

activity values found for this material, suggest that smectites are present in the clay fraction.

Further investigation of the clay minerals was carried out using X-ray di�raction, as presented

in Section 4.5.

The organic content was determined using the loss on ignition method according to BS1377-

3:1990. Samples of soil from both depths were dried for 24hrs in a furnace at 440°C. During

the ignition test, the carbon (constituting the organic matter) combines with the oxygen in the

furnace to form carbon dioxide gas, thus there is a change in mass of the specimens as the

organic content is removed. An organic content of 8% was found for D1 and 6% for D2. It is

also important to note that after heating in the furnace, both samples had turned red in colour,

most likely due to the oxidation of iron minerals in the soil. Details of the soil mineralogy are
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discussed in detail in Section 4.5. It is not surprising that the soil closer to the ground surface

had a slightly higher organic content, corresponding to the large number of roots observed in the

upper layers during the site investigation. Although these percentages are low, such percentages

of organic content can have a signi�cant e�ect on engineering behaviour. For example, Franklin

et al. (1973) found that when the organic content exceeds 8 to 10% the maximum dry density

of compaction decreased rapidly. Furthermore Croney and Croney (1998) state that the organic

content of soils immediately below road structures should not exceed 4 percent. According to

BS5930:1999, soils with an organic content between 5 - 10% may be referred to as organic silts

or clays. As such referring back to Figure 4.7, this material can be classi�ed as an organic silt

of high plasticity (MHO) according to the British Soils Classi�cation System (BS5930:1999).

Table 4.6 presents a summary of all the soil properties determined for the Bengawan Solo �ll.
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Table 4.6: Summary of Bengawan Solo �ll properties at depths of 0.5 - 1m and 1 - 1.5m

Properties D1: 0.5 - 1.0m D2: 1.0 - 1.5m

Particle density (Mg/m³) 2.73 2.72
Sand content (%) 30 29
Silt content (%) 57 55
Clay content (%) 13 16

Uniformity Coe�cient 29 27
Liquid Limit (%) 54 53
Plastic Limit (%) 36 37

Shrinkage Limit (%) 14 15
Plasticity Index (%) 18 16

Activity 1.4 1
Organic Content (%) 8 6
BSCS Classi�cation MHO MHO

4.5 Soil mineralogy

Information regarding the minerals present in a soil can be bene�cial in the understanding of

macro-scale testing results. In particular clay minerals have an important in�uence on soil

behaviour, even when they are present in small quantities (e.g. Grim, 1953; Mitchell, 1993).

Clay minerals also termed phyllosilicates are hydrous aluminium silicates with layered structures,

made up of silica sheets (Si-O), gibbsite sheets (Al-O) and brucite sheets (Mg/Fe-O) (Mitchell,

1993). The di�erent types of clay minerals di�er in the arrangement and composition of the

silica, gibbsite and brucite sheets. For example kaolinite is a 1:1 type mineral, composed of

one silica sheet and one gibbsite sheet, whereas montmorillonite is a 2:1 mineral where one

gibbsite sheet is sandwiched between two silica sheets (Mitchell, 1993). In montmorillonite

polar molecules including water and other organic minerals can enter between the unit cells in

montmorillonite commonly causing expansion of the minerals or even complete separation of

individual layers (Grim, 1953). This phenomenon at the unit cell level is responsible for the

signi�cant volume changes exhibited on wetting in expansive clays.

The soil mineralogy of the Bengawan Solo �ll was investigated in a series of X-ray di�raction

tests, which were kindly carried out at CIEMAT in Madrid, Spain under the direction of Dr.

Ana María Fernández Díaz. Powdered X-ray di�raction tests were undertaken to determine

the clay and non-clay minerals present in the soil. Figure 4.8 presents the X-ray di�ractograms

of random powder samples using the total soil fraction. The samples were prepared by drying
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to 60°C and then grinding the sample down to a particle size < 63mm. Figure 4.8 indicates

the di�erent minerals present in the soil. Non-clay minerals present include quartz, calcite and

feldspar (plagioclases). To the left of Figure 4.8 some of the smaller peaks indicate the presence

of Montmorillonite and Kaolinite clay minerals. Table 4.7 presents the mineralogical quanti�ca-

tion of the total fraction. The largest percentage (60%) found was that of total phyllosilicates

indicating clay minerals followed by quartz and then calcite for both depths. The large per-

centage of clay minerals found in the total fraction can be explained by the preparation which

required particles of < 63mm to be selected, thus showing a bias to those particles readily found

in that fraction. The change in colour which was observed during the organic content test can

be explained by the presence of magnesium hornblend (Table 4.7) which is an iron magnesium

silicate. The ignition test resulted in the oxidation of the iron ions present within this compound.

The type and quantity of clay minerals present were further investigated by carrying out X-

ray di�raction tests on oriented aggregates. Oriented aggregate mounts force the clay minerals

(plate-shaped phyllosilicates) to lie �at, which allows the operator to direct the incident X-ray

beam down the z axis of the minerals, enabling changes in the d-spacing of the mineral to be

detected (i.e. expansion or contraction) during subsequent treatments (Poppe et al., 2001).

Figure 4.9 presents the X-ray di�ractograms of oriented samples in the < 2mm fraction for

D1 (0.5 - 1.0m), after three di�erent treatments: (i) sample obtained at room temperature

(AO), (ii) after saturating with ethylene glycol (EG) and (iii) after heating to 550°C (550°C).

Figure 4.10 similarly presented the oriented X-ray di�ractograms for D2 (1.0 - 1.5m). These

oriented di�ractograms highlight that montmorillonite and kaolinite are the main clay minerals

present in this soil. Table 4.8 presents the quanti�cation of the clay minerals present by (%

mass) and indicates that the clay fraction is made up of 88% montmorillonite for both depths.

The high percentage of montmorillonite present in the clay fraction (88%) explains the high

activity values found (D1 = 1.4 and D2 = 1.0). As we will see in later chapters the presence of

montmorillonite plays an important role in the behaviour of the Bengawan Solo �ll, despite the

fact that the clay fraction is relatively small (~15%). In particular the strong attraction that

montmorillonite has for water in�uences the types of aggregates created at di�erent moisture

contents and its attraction for water, this is discussed in detail in Chapter 7.
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Figure 4.8: X-ray di�raction patterns of random powder samples (total fraction) (Sm: montmo-
rillonite, K: kaolinite; Phyll: total phyllosilicates; Qz: quartz; Plag: plagioclases; Cc: Calcite)
for samples D1: 0.5 - 1.0m and D2: 1.0 - 1.5m

Table 4.7: Total fraction mineralogical semi-quanti�cation by means of X-ray di�raction (%
mass)

Minerals* D1: 0.5 - 1.0m D2: 1.0 - 1.5m

Total Phyllosilicates 60 60
Quartz 18 14
Calcite 12 11

Plagioclases 9 14
Mg-hornblende 1 0.5

*Sample <63µm prepared

Table 4.8: Clay fraction (< 2mm fraction) mineralogical semi-quanti�cation by means of X-ray
di�raction (% mass)

Minerals D1: 0.5 - 1.0m D2: 1.0 - 1.5m
Smectite 88 88
Kaolinite 12 12
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4.6 Compaction behaviour

Compaction is the process by which solid soil particles are packed more closely together by

mechanical means. This is achieved by reducing the volume of air voids present in the soil and

thus increasing the dry density. Compaction is the most common method used to improve the

engineering properties of �ll material prior to construction. The increase in dry density due to

compaction can result in higher shear strength, lower compressibility and lower permeability of

the �ll material, properties generally desired in engineering works. In compaction tests the bulk

density, ρ is determined by measuring the mass of soil which �lls a mould of speci�c volume

under a given compactive e�ort and subsequent determination of the moisture content of the

soil (Equation 4.2).

Considering that �ood embankments are structures in which compaction speci�cations may

not be carefully adhered to, it was deemed important that the compaction behaviour of the

Bengawan Solo �ll be investigated for a wide range of moisture contents and dry densities. As

such tests were carried out at several di�erent compactive e�orts: (i) Extreme Light, (ii) BS

Light and (iii) BS Heavy. The compactive e�ort applied is dependent on a number of di�erent

factors and can be calculated as:

Compactive effort =
mass of rammer × drop× no. of blows× no. of layers× g

mould volume
(4.6)

Table 4.9 presents the di�erent procedures used to apply the corresponding compactive e�orts.

All of the tests were carried out using a British Standard compaction mould (volume = 1 litre).

BS Light and BS Heavy are the standard compaction tests as described in BS1377-4:1990. The

BS Heavy test (2682kJ/m³) uses a compactive e�ort 4.5 times greater than that of the BS Light

test (596kJ/m³). In order to obtain the relationship between moisture content and lower dry

densities, similar to those found in the �eld, the Extreme Light test (132kJm/m³) was carried

out with a compactive e�ort 4.5 times less than the BS Light test. The Extreme Light test used

the light rammer (2.5kg) with a drop of 300mm, but only 9 blows were applied over 2 layers

(see Table 4.9).

Figure 4.11 presents the compaction curves at the three di�erent compactive e�orts described.
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Table 4.9: Procedures used to achieve di�erent compactive e�orts

Test Name Rammer No. Blows Compactive E�ort

Mass (kg) Drop (mm) of layers per layer (kJ/m³)

Extreme Light 2.5 300 2 9 132
BS Light 2.5 300 3 27 596
BS Heavy 4.5 450 5 27 2682
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Figure 4.11: Compaction curves at three di�erent compactive e�orts: (i) Extreme Light,
132kJ/m³, (ii) BS Light, 596kJ/m³ and (iii) BS Heavy, 2682kJ/m³

For each of these tests, soil was prepared by sieving air dried crushed material through a 2mm

sieve. Each batch of soil was prepared at a di�erent moisture content separately and after

mixing with water was sealed for at least 48hrs to ensure that a homogeneous moisture content

was achieved, prior to testing.

It is interesting to note that an irregular double-peak compaction curve exists for this material

at low compactive e�orts. This double-peak is removed during compaction at a higher energy

level (BS Heavy) where the compaction curve returns to a typical single-peak curve. Table 4.10

presents details of the peaks and corresponding moisture contents obtained for the di�erent

compactive e�orts. As expected with increasing compactive e�ort the second peak occurred at

higher dry densities and lower moisture contents, (peak shifted upwards and to the left). The
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Table 4.10: Peak dry densities and moisture contents determined from compaction curves

Test Peak 1 Peak 2

ρd (Mg/m³) w (%) ρd (Mg/m³) w (%)

Extreme Light 1.34 9 1.27 36
BS Light 1.46 10 1.47 28
BS Heavy - - 1.66 21

�rst peak present also occurs at a higher dry density with increasing compactive e�ort. It is

also important to note that in the Extreme Light curve, the �rst peak at low moisture content

occurs at a dry density of 1.34Mg/m³ which is higher than that found at peak 2 (1.27Mg/m³).

In the case of the BS Light test the two peaks occur at a similar density. Speci�cations for

engineering works are often given as a percentage of the optimum value of dry density. In this

thesis where the term optimum dry density or optimum moisture content is used it refers to

the conditions found at the second peak of the compaction curves, the peak occurring at higher

moisture contents.

The embankments along the Bengawan Solo river were compacted to 80-85% of the optimum

dry density of the standard Proctor test. The standard Proctor test (593kJ/m³) is equivalent

to the BS Light test (596kJ/m³). 80-85% of the optimum dry density of the BS Light test

lies within the range of densities covered by the Extreme Light tests (see Figure 4.10). It is

evident that compacting at these densities would require a low compactive e�ort similar to that

applied in the Extreme Light test. Speci�ed design dry densities may not be achieved in low cost

projects, either due to di�culties in accurately controlling the mechanical energy applied or due

to di�culties in controlling the moisture content of the �ll, which is often subject to drying or

wetting, (depending on weather conditions) before compaction. In particular, in poorer countries

where basic compaction methods are used instead of more expensive compaction machinery, it

can be di�cult to achieve the desired dry density. From Figure 4.11 it can be seen how small

variations in moisture content may result in very di�erent dry densities achieved for a speci�c

compactive e�ort. For example, assuming the moisture content was speci�ed to be 30% in order

to give a design dry density of 1.21Mg/m³, an increase in moisture content of only 5% would

result in a dry density of 1.26Mg/m³, however more importantly a reduction in moisture content

of only 5% would result in a dry density of only 1.14Mg/m³. This is important for explaining

the heterogeneous nature of the �ll material found on site.
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Irregular compaction curves have been presented in the literature (e.g. Olson, 1963; Lee, 1976;

Ellis, 1980; Nawari and Schetelig, 1991), and are normally classi�ed as one and one-half peak,

double-peak or odd shaped curves. Irregular curves have been used as the justi�cation for the

use of dry compaction in arid areas, where water for compaction is an expensive resource (e.g.

Ellis, 1980). Olson (1963) proposed that the double-peak compaction curve that he found for

illitic clay was due to the formation of water menisci. Olson (1963) attributed the increasing

dry density at low moisture contents to a lubrication e�ect and suggested that the �rst peak

at low moisture content occurred due to a balance being reached between lubrication and the

formation of water menisci. Olson (1963) suggested that as the moisture content increases more

menisci forms and the dry density decreases, due to the increased resistance of the inter-particle

contacts, until all possible menisci have formed, at which the valley between the two peaks is

reached. Lee (1976) carried out tests on soils treated with an aerosol, a surface tension reducing

agent, this had the e�ect of reducing the amount of meniscus water formed. On these aerosol

treated soils the depression of the double-peak curve was removed, indicating that meniscus

water and thus matric suction plays a role in the formation of double-peak compaction curves.

Olson (1963) proposed that the double-peak curve would only occur in soils with a dominating

percentage of plate shaped particles. The Bengawan Solo �ll material however, has only a small

fraction of clay particles (~15%), albeit largely montmorillonite, which is made up of plate

shaped particles. Lee and Suedkamp (1972) researched the characteristics of irregularly shaped

compaction curves by investigating 34 di�erent soils. They found that typically soils with a

liquid limit of between 30 and 70% yielded single peak compaction curves, whereas soils with

a liquid limit lower than 30% or greater than 70% usually produced irregularly shaped curves.

There were a few exceptions to this rule caused by the mineralogy of the soils. The liquid limit of

the Bengawan Solo �ll material is 53-54% which suggests again that it is perhaps the mineralogy

of this material which has an in�uence on its compaction behaviour.

Lee (1976) also highlighted the importance of specimen preparation when dealing with soils

with irregularly shaped compaction curves. In particular Lee (1976) compared curves for reused

samples and new samples. Irregular curves were found for reused samples even after they had

been air dried and pulverised. This was found to be true for highly cohesive soils consisting

of a large clay fraction (75% and 100%) and was attributed to the creation of very dense clay
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packets created by pulverising. In this research, there was no opportunity to have new samples

for each compaction test as a limited amount of soil was brought from Indonesia to the UK for

testing. However the smaller amount of clay fraction present in the Bengawan Solo �ll suggests

that although this may have an in�uence it is not the only factor responsible in creating the

double-peak compaction curve.

This study proposes that it is the di�erent types of aggregates which are created at di�erent

moisture contents which is responsible for the irregular double-peak compaction curve observed.

With increasing moisture content, the aggregates (i) increase in size and (ii) become softer. For

example, in the case of the Extreme Light compaction curve, the �rst peak at w = 9% can be

explained by a dense packing of very �ne dry aggregates. The second peak of this curve occurs

at w = 36% and can be explained by its large soft aggregates, which easily fuse together under

this compactive e�ort. The trough (or valley) of the Extreme Light compaction curve occurs at

22% and is a result of the medium sized relatively �rm aggregates which retain their aggregate

form under this compactive e�ort, resulting in an open macrostructure being created. Evidence

of the e�ect of increasing moisture content on aggregate size and softness is presented in Chapter

7.

The compaction behaviour is fundamental to this research and testing throughout the thesis

has been based on the compaction curves presented and related back to the low dry densities

found in-situ. In Chapter 5 testing is carried out on samples at a number of di�erent compacted

states, in order to investigate the in�uence of initial moisture content and dry density on collapse

potential. In Chapter 6 isotropic and triaxial tests are carried out on specimens with an initial

compacted dry density of 1.18Mg/m³ and moisture content, 24%. This compacted state was

selected for a number of di�erent reasons: (i) in order to be of similar magnitude to the in-situ

dry density, (ii) as this dry density corresponds to 80%ρd(opt) and (iii) as it represents a dry-of-

optimum condition, which is the condition in which the embankments were constructed in the

�eld. Chapter 7 investigates in detail, the di�erent fabrics created by low-energy compaction at

a number of di�erent moisture contents for the same initial level of dry density (1.18Mg/m³)

and their in�uence on subsequent soil behaviour.
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4.7 Soil water retention behaviour

Alongside information on the compaction behaviour, it is also bene�cial to have information

regarding the the soil water retention behaviour when investigating unsaturated soils. In this

research three di�erent methods were used in the determination of the soil water retention

behaviour of the Bengawan Solo �ll: (i) Pressure plate method, (ii) Filter paper method and

(iii) Chilled mirror dew-point technique. The principles, advantages and disadvantages of each

of these methods were described in Chapter 3 (Section 3.4). The methodologies used for each

test is described here and the results obtained presented. Attempts were also made to use a

commercial (Wykeham Farrance) high capacity tensiometer for determination of the soil water

retention behaviour, although without success. Despite e�orts to follow the required saturation

procedures (Tarantino and Mongovì 2001), including the manufacturing of a custom saturation

chamber, after a few months the tensiometer stopped working due to internal leakages.

The initial conditions of the specimens used in the determination of the soil water retention

behaviour are presented in Table 4.11. wo is the initial moisture content, ρdo
is the initial dry

density, eo is the initial void ratio and Sro is the initial degree of saturation of the specimens

tested. The di�erent conditions tested here are relevant for the tests carried out in the following

chapters. Specimens compacted under dry-of-optimum conditions at low dry density (CM01,

CM02) are investigated further in terms of volumetric collapse behaviour in Chapter 5. The

potential for volumetric collapse in undisturbed specimens (CM04) is also investigated in Chap-

ter 5. The compacted conditions of wo = 24 %, ρdo
= 1.18 Mg/m³ as tested in FP04, FP05

and CM03 is the main reference condition used throughout this thesis, results corresponding to

these conditions are presented in Chapters 5, 6 and 7. Also further investigated in Chapter 7 is

the wet-of-optimum low dry density conditions at wo = 36 %, ρdo
= 1.18 Mg/m³ (PP02, FP06).

4.7.1 Low suction range: 0 - 1500kPa

The pressure plate method was used to determine the soil water retention curve in the low

suction range up to 1500kPa. The pressure plate method uses the axis translation technique as

discussed previously in Section 3.6. Testing was carried out using a 15bar ELE pressure plate

extractor (Model No. ELE 532-132) and a 15bar Soil Moisture Corp. high air entry ceramic
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plate. The pore water pressure was open to atmospheric pressure allowing a matric suction of

1500kPa to be reached. Prior to starting a pressure plate test, it was important to ensure that

the high air entry ceramic was fully saturated. This was achieved by half �lling the pressure

chamber in Figure 4.12a, with water and applying a pressure higher than the air entry value of

the stone (1600kPa) to ensure that water entered all the pores of the ceramic plate. This high

pressure was applied for several hours and the permeability of the stone was checked to ensure

full saturation was achieved.

Specimens were compacted in PVC retaining rings of 50mm diameter and 10mm height. Muslin

cloth was attached to the retaining rings using rubber bands. This was included to improve

contact between the soil specimen and the surface of the ceramic plate to ensure capillary action

took place between the two materials. The samples were compacted into PVC retaining rings

in two layers and the initial moisture content and dry density (immediately after compaction)

were determined (see Table 4.11).

Prior to placing the specimens in the chamber excess water due to saturation of the high air

entry ceramic was removed. However, a �ne mist of water was sprayed onto the surface of the

ceramic in order to further ensure that a good contact was achieved. Alongside the specimens, a

further two empty rings �lled only with water were placed on the ceramic (Figure 4.12b). This

was to create a more humid environment in the chamber and prevent evaporation occurring

at the top of the samples and to minimise loss of water from the ceramic plate. This is an

important issue in the use of the axis-translation technique, as often the air applied is dry air,

in this case coming from a compressor, which typically has low values of relative humidity (5%,

Jotisankasa et al., 2007), which in itself can impose a suction much higher than the suction

imposed by the axis translation technique via the psychrometric law. It is important to ensure

that the main physical phenomenon occurring in the pressure cell are due to the axis translation

technique and not other processes. This water was topped up during the test when the chamber

was opened to weigh the specimens.

After placing the specimens onto the ceramic plate, de-aired water was carefully applied to the

surface of the ceramic plate in order to allow saturation of the compacted specimens via capillary

rise. The initial samples were allowed to saturate over a period of 5 days and it was assumed

that full saturation had been reached when a �lm of water was observed on the upper surface of
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(a) (b) 

soil specimens 

Ø=50mm, H=10mm 

water filled 

rings 

muslin cloth 

Figure 4.12: Pressure plate method: (a) 15bar ELE pressure chamber, (b) samples placed on
ceramic plate

each specimen. After the saturation stage each sample was weighed and one sample was used

to determine the initial moisture content of the specimens. As such these tests were used to

determine the main drying curve of the soil water retention curve, starting from a fully saturated

state. Matric suction was applied by increasing the air pressure inside the chamber in stages, at

each stage the specimen was allowed to equalise and then the moisture content of one sample was

determined for each matric suction applied. In order to determine if equilibration had occurred

the samples were weighed on a daily basis after an initial 4 days equilibrium time after each new

pressure was applied (to avoid unnecessary loss of soil material). The muslin cloth also aided

in minimising soil loss during weighing. Each specimen was deemed to be in equilibrium if the

change in mass (equivalent to change in water volume) was less than 0.025g/day. The weighing

method was preferred over the volumetric method which is dependent on observing the change

of volume of water in the pore water pressure line, typically in a graduated burette when open to

atmospheric pressure. It can be di�cult to determine accurately if equilibrium has been reached

using the burette due to air di�usion through the ceramic stone. Air which may be dissolved

in the water above the ceramic plate may come out of solution below the ceramic plate as it

reaches a lower water pressure (atmospheric). Matric suctions up to 1200kPa were applied in

this method.

Figure 4.13 presents results obtained using the pressure plate method. Series PP01 were com-

pacted at an initial moisture content of 30.7% to an initial dry density of 1.21Mg/m³ (see Ta-

ble 4.11). In this series the moisture content achieved after equalisation at a given suction level

was determined by carrying out a moisture content check on a single specimen. Series PP02 were
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Figure 4.13: Pressure plate results, PP01: wo = 30.7 %, ρdo
= 1.21 Mg/m³; PP02: wo = 36.6

%, ρdo = 1.18 Mg/m³

compacted at a higher moisture content (36.6%) and slightly lower dry density (1.18Mg/m³).

In PP02, the moisture content at each stage was determined by the change in mass recorded

after equalisation at each stage and an average was calculated for the di�erent specimens tested.

As all of these samples were brought to an initial saturated state before the application of air

pressure, this represents the main drying curve within the range 0-1500kPa. It is di�cult to

measure accurately changes in the volume of specimens due to suction in the pressure plate and

this was not attempted in these tests. It is noted however that that the method outlined by

Péron et al. (2007) involving immersion of the soil specimens in kerdane oil, is a good technique

for enabling additional volumetric information to be obtained from pressure plate tests.

4.7.2 Intermediate suction range: < 5MPa

The �lter paper method was carried out according to the procedure detailed in Bulut et al.

(2001) to determine the relationship between moisture content and matric suction up to 5MPa.

Air dried, crushed soil passing the 2mm sieve was used in these tests. Samples were mixed at

a speci�ed moisture content, and sealed in plastic bags to homogenise for at least 24hrs prior
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to testing. A Whatman No. 42 �lter paper was sandwiched between two Whatman No. 1 �lter

papers. Tweezers were used at all times when handling �lter papers. The soil slices were taped

together using insulating tape and wrapped in two layers of cling �lm and place in a labelled

container. All containers were placed in a temperature controlled environment (cool box �lled

with polystyrene) and left in a temperature controlled room.

In order to determine the matric suction, the samples were left for 7 days to reach equilibrium.

Prior to removing the �lter paper, the cool mass of the moisture content tins was recorded (Tc).

The sample was then taken out of the plastic container, unwrapped and the Whatman No. 42

�lter paper placed inside the weighing tin and weighed (M1). This stage was initially carried out

with two people in order to achieve as short a time as possible (typically 5s) (see Figure 4.14b).

However with practice, it was possible to achieve this short exposure time, working alone. After

weighing the moisture content tins containing the �lter papers, they were placed in an oven at

105°C for at least 24hrs with their lids half open. Prior to weighing the now dry �lter papers

the moisture content tin lids were closed for approximately 15 mins (in the oven) in order for

the hot mass to equalise before weighing. On removal from the oven the tins were placed

on an aluminium block for 10s to expedite the cooling process and then immediately weighed

(M2). The hot mass of the empty tin was then also recorded (Th). All measurements taken,

were recorded to four decimal places. The moisture content of the �lter papers (wf ) was then

determined:

wf =
(M1 − Tc)− (M2 − Th)

(M2 − Th)
(4.7)

This moisture content was then used to determine the corresponding suction using the calibration

equations given in Ridley et al. (2003) for Whatman No. 42 �lter papers. For moisture contents

<47%, suction (kPa) can be calculated as:

log10(suction) = 4.842− 0.0622wf (4.8)

For moisture contents > 47%, suction (kPa) can be calculated as:

log10(suction) = 6.050− 2.48logwf (4.9)
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(a) (b) 

Figure 4.14: Filter paper method: (a) specimen in 3 slices, (b) removal of �lter people by two
people

Figure 4.15 presents results of several di�erent series of tests carried out using the �lter paper

method. Series FP01, FP02 and FP03 correspond to single point measurements carried out

on compacted specimens. In series FP01 specimens at di�erent moisture contents were com-

pacted to a dry density of 1.2Mg/m³. In series FP02 and FP03, measurements were made on

samples with initial as-compacted states corresponding to di�erent positions on the BS Light

and Extreme Light compaction curves, respectively. Specimens in series FP01, FP02 and FP03

(see table 4.11) were compacted in the BS compaction mould, at a desired moisture content

and dry density, these samples (105mm in diameter) were then extruded from this mould and

sliced into 3 layers of approximately 30cm (see Figure 4.14a). In this way two di�erent moisture

contents of the �lter paper could be determined for one sample and an average obtained. These

independent measurements all tend to follow along the same curve, regardless of compacted dry

density.

Measurements in Series FP04, FP05 and FP06 were carried out on compacted specimens fol-

lowing a drying path, in which subsequent measurements were taken after periods of drying

(2 hrs) followed by equalisation. In Figure 4.15 these series are represented with symbols con-

nected with lines. It is also important to note that specimens in FP04, FP05 and FP06 were all

compacted within a much smaller mould, (retaining ring of 60mm diameter, 20mm high) to the

same initial dry density of 1.18Mg/m³. For each specimen two slices were compacted, between

which a Whatman No. 42 was sandwiched. Interestingly on drying, Series FP04, FP05 and

FP06 all indicate a change in water retention behaviour as they approach the results of Series

FP01 and FP02. This appears to suggest that these may be scanning curves tending towards a

main drying curve. Nuth and Laloui (2008a) drew an analogy between this type of soil water

127



Chapter 4 Characterisation of Bengawan Solo �ll

retention behaviour and the normal compression line determined during consolidation. During

mechanical consolidation, where reversible and irreversible changes due to loading are generally

indicated by a change in slope at a yielding position (preconsolidation stress), similar �yielding�

may also occur when scanning curves approach main drying curves. In Figure 4.15 FP04, FP05

and FP06 a clear change in slope is evident as they approach what appears to be the main

drying curve. The scanning portions of these curves appear to be relatively parallel. Further-

more, FP06 compacted at a higher moisture content of ~ 36% rejoined the main drying curve

at a suction of 75kPa whereas specimens FP04 and FP05 compacted at lower moisture contents

exhibited somewhat �sti�er� behaviour �yielding� at higher suctions. Even the small shift of

the retention behaviour between FP04 and FP05 appears to be due to the slightly higher (1%)

initial moisture content of FP05.

In Figure 4.15 there appears to be an important di�erence in the retention behaviour of those

specimens compacted in the BS mould (FP01, FP02, FP03) and those prepared by compacting

in smaller retaining rings (FP04, FP05, FP06). It appears that the di�erent sizes of these

specimens and ultimately preparation method resulted in di�erent retention behaviour of the

�ll material.

Throughout this thesis the specimen conditions of particular interest are those at low dry density

close to the as-constructed conditions (1.18 - 1.25 Mg/m³). This range is covered by the Extreme

Light compaction curve. In Figure 4.16 the variation of suction across the Extreme Light

compaction curve is plotted. From the valley to wet-of-optimum the suction ranges from close

to 1000 kPa to as little as several kPa. Suction increases rapidly on the dry side with small

reductions in moisture content (even at constant dry density) resulting in signi�cantly higher

suction values.

4.7.3 High suction range: 1-100MPa

The chilled mirror dew-point technique was used to determine water retention behaviour at

higher suctions in the range of 1-100MPa. Tests were carried out using the WP4 potentiameter

(Decagon Devices, 2003) (Figure 4.17) in the Department of Geotechnical Engineering and
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Figure 4.15: Filter paper results, FP01 specimens compacted to 1.2Mg/m³, FP02 and FP03
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Geosciences at the Universitat Politècnica de Catalunya (UPC), Barcelona. The principle behind

this test was explained in Section 3.6. The methodology used is brie�y explained here.

Specimens were trimmed from larger compacted or undisturbed samples to �t the testing cups

used (15mm³), making sure that the height of the sample was not greater than the cup height

as this could result in contamination of the sensors within the dew-point chamber (Decagon De-

vices, 2003). The initial mass of the cup was recorded, followed by the mass of the cup plus

the specimen. It was also important to check the initial moisture content of each specimen,

using the trimmings of the prepared sample, as the moisture content values for the retention

curve were determined based on the change in mass from the initial conditions. All mass mea-

surements were taken using a high precision balance with readings to 4 decimal places. Suction

readings were taken by placing the specimen into the drawer of the potentiameter as shown in

Figure 4.17b. First of all the temperature of the soil specimen was recorded, if it was lower than

the chamber temperature, a cooler was activated to lower the temperature in the chamber, if

the temperature of the soil was too high, the drawer was opened and the specimen allowed to

cool in the laboratory. Once the temperature reading equalised, a suction reading was obtained.

Two suction measurements were recorded and the second reading used, and corresponding tem-

perature recorded. Before and after each measurement the mass of the specimen plus cup was

recorded as the mass of the specimen may vary during the reading time. The average mass was

used to calculate the moisture content for the corresponding suction reading.

Depending on the retention path to be followed the specimens were wetted or dried. To follow a

drying path, specimens were left open to the laboratory atmosphere for a period of approximately

1hr, after which time they were sealed using the cup lid and insulating tape, and allowed to

equalise for a minimum period of 2hrs. To follow a wetting path, very small water drops were

applied using a hypodermic needle. Care was taken to ensure that water was not applied to the

same area in subsequent wetting stages. After this the samples were again sealed and allowed

to equalise for a minimum period of 2hrs. These short equalisation times were deemed su�cient

due to the small volume of soil being investigated.

The chilled mirror dew-point psychrometer measures total suction, the values recorded were

then adjusted using a calibration for this speci�c device as presented in Cardoso et al. (2007),

which was carried out by comparing the total suction measured recorded for a wide range of
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(a) (b) 

Figure 4.17: Chilled mirror dew-point technique (a) WP4 psychrometer and (b) mounting a
specimen

NaCl standard salt solutions of varying molality.

Figure 4.18 presents the soil water retention behaviour up to 100MPa for both compacted and

undisturbed specimens. A number of tests were carried out on samples compacted under dry-

of-optimum conditions to low dry densities and subjected to drying paths (CM01 AND CM03).

The wetting path followed by CM02 appears to have a distinctly di�erent slope to the path of

the same specimen subjected to drying (CM01), suggesting that it may be a scanning curve

bounded by the main drying curve. In series CM04, it was evident that the initial higher dry

density (1.36Mg/m³) of the undisturbed specimen was responsible for the shift in the retention

curve. Despite the di�erences between the various specimens, all of the curves converged at

a suction close to 100MPa. This very high suction was achieved by letting the specimens dry

in the laboratory until a constant moisture content had been achieved (~6%). During the

investigation of the isotropic and shearing behaviour (Chapter 6), specimens were prepared

by air drying until the residual moisture content had been reached, in order to determine the

behaviour of the Bengawan Solo �ll under this high suction of 100MPa.

4.7.4 Combined soil water retention behaviour

In Figure 4.19 the results obtained using the �lter paper method and chilled mirror dew-point

psychrometer are plotted alongside the van Genuchten model with parameters: a = 7kPa, n

= 1.17, m = 0.145. It is interesting to note that the results from CM02 (specimen followed

wetting path) lie approximately parallel to the curves obtained at low suctions in the �lter
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(drying), CM04: wo = 34.6 %, ρdo
= 1.36 Mg/m³ (undisturbed - drying)

paper experiments due to drying (FP04, FP05, FP06). This con�rms that these portions of

the curves with distinctly di�erent slopes are indeed scanning curves. It appears that the

independent measurements carried out using the �lter paper method (FP01, FP02, FP03) may

also lie along individual scanning paths. For all of these results (for low density compacted

specimens), at suctions greater than 1MPa the curves all converge along one main drying path.

It appears however though that the initial (compacted) moisture content has an important

in�uence on the retention behaviour at suctions lower than 1.5MPa with specimens compacted

at higher moisture contents (FP06: 36%) rejoining the main drying curve at much lower suctions

(~75kPa) compared to 1.5MPa for a specimen compacted at a lower moisture content (CM02:

18%).

Figure 4.19 indicates that there is a lack of retention data at very low suctions (< 10kPa).

This should be further investigated for samples starting from initially saturated conditions and

could be carried out for example using a Delta-T T5 tensiometer which operates from 0-85kPa.

Neither the undisturbed results nor those obtained using the pressure plate method were plotted

in Figure 4.19 as the results obtained appear to di�er from the other results presented.
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All the experimental results determined using the di�erent methods are presented in Figure 4.20.

It is evident that the curve for the undisturbed specimen (CM04) lies above that of the other

curves presented. This can be explained by considering that as the dry density of a sample in-

creases, the pore sizes decrease and considering capillary phenomenon (Kelvin's capillary model

equation) higher suctions are required to drain water from the soil.

The results of the pressure plate method also appear to overestimate suction when compared

with the �lter paper measurements (Figure 4.20) for specimens of the same initial dry density

and within the same low suction range. These di�erence may be explained by: (i) considering

that the pressure plate specimens were all initially saturated prior to drying (unlike in the other

methods) and (ii) during drying in the pressure plate, specimens undergo shrinkage, perhaps

more shrinkage than occurs when drying in the laboratory due to the dry air applied, even with

the extra free water inside the chamber. This shrinkage, results in higher dry densities during

drying and may explain the shift upwards in the retention curve towards the measurements

of the undisturbed samples. Suction measurements carried out by the MUSE network (Marie

Curie Research Training Network) as part of a benchmark exercise found pressure plate mea-

surements overestimated suction, when compared to measurements obtained using high capacity

tensiometers and the osmotic technique (Tarantino et al., 2011). Furthermore the pressure plate

results also overestimated suction when compared to results of the suction controlled oedometer,

although both techniques made use of the axis translation technique (Tarantino et al., 2011).

Tests carried out by the author also presented in Tarantino et al. (2011) appear to suggest that

the contact load applied to specimens within the pressure chamber controls the nature of the

contact between the specimen and the high air entry ceramic plate. As the vertical stress applied

to the specimen increased, the moisture content of the specimens at the end of equalisation un-

der a given suction, reduced signi�cantly. These results appear to suggest that a higher contact

load improves the hydraulic connectivity between the ceramic plate and the soil specimen.

4.8 Conclusion

This chapter has presented an overview of the Bengawan Solo �ll material which is investi-

gated throughout this thesis. This material can be classi�ed as an organic silt of high plasticity
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(MHO). Investigation of the mineralogy identi�ed that montmorillonite was the main clay min-

eral present, which may have an important in�uence on the behaviour of this material. An

important �nding during the characterisation of this material was the irregular double-peak

compaction curve which was found to exist at low dry densities. The irregular compaction curve

is investigated further in Chapter 7, where the double peak curve is explained based on the na-

ture of the soil aggregates created at di�erent moisture contents. The experimental campaigns

presented in the following chapters were carried out with speci�c reference to the compaction

and retention behaviour presented here.
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Chapter 5

Volumetric collapse behaviour

5.1 Introduction

This chapter focuses on one of the important features commonly observed in the behaviour

of unsaturated soils: volumetric collapse compression. Relatively simple, load and soak tests

were carried out using conventional oedometer apparatus to investigate the collapse potential

of the Bengawan Solo �ll under di�erent initial compaction conditions (wo, ρdo
). Such tests

can be easily carried out in engineering practice and provide useful information to engineers

particularly where earthworks are to be constructed using compacted �ll. In order to assist

the interpretation of these relatively simple tests, a fabric study using Environmental Scanning

Electron Microscopy and Mercury Intrusion Porosimetry was carried out and the evolution of

the soil fabric due to loading and soaking was investigated. Within this chapter, three failure

pathways are presented which propose that volumetric collapse behaviour may play a role in

triggering �ood embankment instabilities.

A major part of this PhD programme was dedicated to the development of the geotechnical

research laboratory in the Department of Civil Engineering at the University of Strathclyde. As

such, all the testing equipment used at the University of Strathclyde presented within this thesis

was purchased, acquired, adapted, designed, manufactured, set-up and calibrated (as required)

by or on behalf of the author, for the purposes of carrying out this research. The one exception to
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this was the pressure plate chamber, which was already in the laboratory prior to the beginning

of this research. Thus, the initial stages of this PhD research focused on carrying out relatively

simple load and soak tests using conventional oedometer apparatus as presented in this chapter.

5.2 Load and soak oedometer tests

5.2.1 Background

Many unsaturated soils may undergo signi�cant volume changes when wetted under load (Fred-

lund and Rahardjo, 1993). At low stress levels, wetting may induce swelling, whereas irreversible

volumetric collapse compression may result from wetting under higher stress levels (Alonso,

1993). This settlement may occur rapidly if water is readily available. Lawton et al. (1992)

de�ned wetting-induced collapse as the densi�cation of a soil caused by the addition of water

at a constant total stress. Figure 5.1 presents a simpli�ed schematic of the rearrangement of

soil aggregates within a low density specimen subjected to wetting under a constant vertical

stress (oedometer conditions). It is evident that the rearrangement due to soaking results in an

irrecoverable settlement (∆H) and ultimately a denser specimen. The term `volumetric collapse'

is used in the rest of this thesis to identify this irreversible hydro-mechanical phenomenon as

opposed to the term �collapse� which can be ambiguous, as it is more generally used to indicate

a failure along a slip surface. There are four main conditions required for volumetric collapse

to occur (Barden et al., 1973; Mitchell, 1993): (i) an open partly unstable, partly saturated

fabric; (ii) high enough total stress that causes the structure to be metastable; (iii) soil suction

or cementing agent which stabilises the structure when unsaturated and (iv) the addition of

water. Each of these must be present to produce volumetric collapse, the degree to which each

is present in�uences the resulting settlement observed.

A common observation during load and soak tests is that samples collapse from their initial water

content loading curve to the saturated compression line (Holtz and Hilf, 1961). It is generally

accepted that the amount of volumetric collapse which occurs is dependent on (i) dry density,

(ii) moisture content and (iii) the applied stress level. Lawton et al. (1989) found that collapse

potential generally increases as the as-compacted dry density decreases and as the compaction
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Figure 5.1: Simpli�ed schematic of the rearrangement of soil aggregates due to volumetric
collapse (a) specimen compacted to low dry density under dry of optimum conditions and (b)
saturated specimen after wetting at constant stress under one-dimensional loading

moisture content decreases. Studies have also observed that above a certain dry density no

volumetric collapse will occur regardless of moisture content (e.g. Booth, 1975, 1977; Lawton

et al., 1989). However for expansive soils, although a higher density may eliminate volumetric

collapse it may induce unacceptable swelling potentials (Lawton et al., 1989). Some researchers

suggested that samples compacted at a moisture content above the Proctor optimum do not

collapse (e.g. Barden et al., 1973). However, data from Booth (1975) illustrated how specimens

compacted at moisture contents wet of optimum and then conditioned to drier moisture contents

may exhibit signi�cant volumetric collapse. Furthermore data from Lawton (1986) (as cited in

Lawton et al., 1992) indicated that depending on stress level, signi�cant volumetric collapse can

also occur in specimens compacted at moisture contents wet of optimum and then subsequently

tested at the as-compacted condition. This led to the suggestion that some critical pre-wetting

degree of saturation exists above which negligible volumetric collapse will occur, taking into

account both dry density and the stress level applied (e.g. Booth, 1977; Lawton et al., 1989,

1992).

The studies mentioned above have been very useful in terms of understanding the likelihood for

volumetric collapse in compacted soils, particularly for application to practical problems. How-

ever, these studies were largely carried out before an elasto-plastic framework for the behaviour

of unsaturated soils was developed. The BBM model presented in Section 3.7.4 illustrates how
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the use of the Loading-Collapse yield surface can be used to predict both elastic and plastic

deformations occurring along wetting and loading paths. Elastic behaviour corresponding to

paths followed within the yield surface, e.g. wetting at low con�ning stresses resulting in elastic

swelling, and plastic behaviour occurring on reaching the yield surface, e.g. wetting at higher

con�ning stresses resulting in plastic volumetric compression. The bene�t of considering volu-

metric collapse in light of the elasto-plastic models developed for unsaturated soils is that the

phenomenon can be explained in an integrated manner, considering jointly volumetric defor-

mations due to loading and wetting in the form of the LC curve. Furthermore it reduces the

reliance on empirical relationships related to soil speci�c characteristics (e.g. compaction con-

ditions, pre-wetting conditions). Within the BBM model (Alonso et al., 1990) the response of

any soil to wetting can be predicted by considering its initial state in terms of suction, initial

applied stress, and the wetting path to be followed. This requires the determination of the LC

curve, which generally should be carried out using suction controlled or suction monitored appa-

ratus. The tests presented in this chapter were however conducted using conventional apparatus

without the bene�t of suction control.

Often it is the addition of water which is reported as the trigger for volumetric collapse occurring

in-situ. Booth (1977) reported slip failures in highway embankments attributed to collapse

failures due to in�ltration of water. Miranda (1988) reported crack failures in earth dams in

Brazil due to volumetric collapse settlements occurring after the �rst �lling of the reservoirs

after heavy periods of rainfall. In naturally occurring arid soils, urbanisation may give rise to

a number of potential water sources e.g. landscape irrigation sources, broken pipelines or poor

surface drainage resulting in irrecoverable volumetric settlements (Houston et al., 2001).

It was considered important to investigate the potential for volumetric collapse occurring within

the Bengawan Solo �ll material as all four of the requirements for collapse could be identi�ed

as occurring in-situ:

1. The gabion reinforced embankment was constructed dry-of-optimum at 80-85% of Proctor

peak dry density (R. Soemitro, personal communication, March 2007) creating a low

density open, partly unstable structure.

2. At conditions dry of optimum and at low dry density, the Bengawan Solo �ll exhibited
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suctions up to 1MPa (Figure 4.14), indicating that suction plays an important stabilising

role in unsaturated conditions for this material.

3. Clearly due to its use in the construction of a �ood defence embankment, the Bengawan

Solo �ll has a readily available access to water at the site.

4. The engineering works constructed at the site to protect the outward face of the em-

bankments from erosion, (as presented in Chapter 2) have provided a source of additional

loading.

This chapter suggests that the remediation works introduced (gabions or concrete slabs) have

provided the additional loading required alongside the low dry densities, dry of optimum mois-

ture contents and readily available access to water to produce conditions favouring in-situ vol-

umetric collapse.

5.2.2 Objectives & experimental campaign

Conventional oedometer apparatus was used for the load and soak tests presented in this chapter

in order to illustrate how simple tests on unsaturated material can be useful to engineers in

practice. A series of conventional load and soak oedometer tests were carried out with the aim

of identifying the potential for collapse within the Bengawan Solo �ll material under a number

of di�erent initial conditions. Of particular interest was the potential for collapse in specimens

close to the as-constructed conditions, dry of optimum and at low dry densities, Series COA

and Series COB in Table 5.1. As illustrated in Figure 5.2 the initial conditions for Series COA

and COB lie within the valley of the Extreme Light compaction curve. In order to investigate

the in�uence of initial dry density on the collapse potential a number of tests were carried out

at the valley of the BS Light compaction curve (Series COC, see Figure 5.2). For comparison

tests were also conducted close to the peaks of the BS Light (Series COD) and Extreme Light

(Series COE) compaction curves. In order to further investigate the in�uence of initial moisture

content on the collapse behaviour, tests were conducted at the optimum moisture content of the

Extreme Light curve (Series COF) but at the same low initial dry density of Series COB. Series

COG investigated the potential for collapse in specimens which are compacted wet of optimum
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Figure 5.2: Load and soak average series initial conditions with reference to compaction curves

and allowed to dry (compacted at 36% dried to 20%). Finally, load and soak tests were carried

out on undisturbed specimens (Series COH), whose average initial conditions are also presented

in Figure 5.2.

The description of each series and the average series initial moisture content (wo) and initial dry

density (ρdo
) are presented in Table 5.1. Please note that as mentioned in Chapter 4, where the

term �peak� or �optimum� is used, this refers to the second peak observed at higher moisture

contents for the Extreme Light and BS Light compaction curves. The test reference assigned

to each individual specimen tested is presented in Table 5.2, where for example COA1, refers

to Conventional Oedometer, Series A, Test 1. Table 5.2 also presents the individual initial

conditions (wo, ρdo
, eo, Sro

) along with the vertical stress at which the specimen was soaked, if

relevant.

141



Chapter 5 Volumetric collapse behaviour

Table 5.1: Load and soak testing campaign series

Series Series Description Average series
wo (%)

Average series
ρdo

(Mg/m³)

COA Valley of Extreme Light compaction curve 19.8 1.17
COB Dry of optimum of Extreme Light

compaction curve at low dry density
24.0 1.18

COC Valley of BS Light compaction curve 19.4 1.37
COD Peak of BS Light compaction curve 29.2 1.43
COE Peak of Extreme Light compaction curve 35.9 1.26
COF Optimum w% of Extreme Light compaction

curve at low dry density
35.9 1.18

COG Prepared at optimum w% of Extreme Light
compaction curve then dried

20.0 1.26, 1.38

COH Undisturbed 34.8 1.21

Table 5.2: Initial conditions of specimens used in load and soak testing campaign

Test reference wo
(%)

ρdo

(Mg/m³)
eo Sro

(%)
Vertical stress on
soaking (kPa)

COA1 20.8 1.17 1.336 42.3 SAT (3)
COA2 19.1 1.19 1.289 40.3 CW
COA3 20.8 1.17 1.331 42.5 32
COA4 18.2 1.16 1.339 37.0 63
COA5 18.8 1.15 1.358 37.7 125
COA6 20.5 1.16 1.337 41.7 253
COA7 20.5 1.19 1.284 43.4 538
COB1 24.0 1.18 1.298 50.3 SAT (3)
COB2 24.0 1.18 1.301 50.2 CW
COB3 24.0 1.18 1.305 50.0 125
COC1 19.4 1.37 0.982 53.6 SAT (3)
COC2 19.4 1.37 0.986 53.4 CW
COC3 19.4 1.37 0.982 53.6 125
COD1 29.2 1.44 0.882 89.7 SAT (3)
COD2 29.2 1.43 0.896 88.4 CW
COD3 29.2 1.43 0.896 88.4 125
COE1 35.9 1.22 1.239 78.8 SAT (3)
COE2 35.9 1.29 1.108 88.2 CW
COE3 35.9 1.28 1.129 86.6 125
COF1 36.2 1.16 1.356 72.7 SAT (3)
COF2 35.4 1.20 1.277 75.4 CW
COF3 36.2 1.18 1.297 76.0 63
COG1 20.1 1.26 1.153 47.4 125
COG2 19.8 1.38 0.969 55.4 125
COH1 33.6 1.23 1.206 75.8 SAT (3)
COH2 34.1 1.27 1.145 81.2 CW
COH3 35.6 1.23 1.212 80.0 63
COH4 35.7 1.12 1.437 67.6 125
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5.2.3 Specimen Preparation

The samples for the load and soak tests were prepared using air dried crushed material passing

the 4mm sieve. The air dried material was then mixed with water to give the desired moisture

content. Due to the fact that some water remains within the particles when air dried it was

important to carry out a moisture content check of this material prior to mixing. The amount

of water to be added (∆mw) was then calculated as:

∆mw =
(wd − wa)
(100 + wa)

×ma (5.1)

where wd is the desired moisture content, wa is the air dried moisture content and ma is the

mass of the air dried soil to be mixed with water. De-aired water was added to the air dried

soil in small amounts by using a �ne nozzle spray and was hand mixed at regular intervals.

The mixing process was carried out in zip-lock sealable plastic bags to minimise both soil and

moisture losses during this process. Water continued to be added until the total mass of the

sample had increased by the amount calculated above, i.e. equal to the additional mass of water

required. After mixing, the samples were sealed in their plastic bags, after removal of most of

the air, and sealed in plastic containers. Sample were left for at least 24hrs in order for the

distribution of moisture to homogenise before preparing the specimens.

At the beginning of this research, samples were initially prepared separately for each specimen

to be tested. As is evident in the specimens of Series COA, this led to some variation in the

initial conditions. With practise and by changing some small procedures such as preparing

all specimens for one series together in a single batch, the preparation of nominally identical

samples was improved, for example in Series COB and COC.

Series COA-G were all carried out on compacted specimens. With the exception of Series COD

and COE, all of these specimens were prepared in the following manner. The mass of soil (m)

to be added in order to reach a required dry density (ρd) was calculated as follows:

m =
ρd(100 + w)

(100)
× V (5.2)

where V is the volume of the retaining ring. The mass of soil required was added to the
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retaining rings in three stages. The retaining rings used in this oedometer apparatus were

60mm in diameter and 18mm high. The specimens were compacted in three layers using a

tamping rod, and a small light hammer; the number of blows varied depending on the target

dry density. After the addition of each layer the soil was scari�ed to ensure good contact was

made with the above layer. An oedometer cell and the accessories used for specimen preparation

are presented in Figure 5.3.

In Series COD and COE samples were compacted at the BS Light and Extreme Light peak

conditions in the BS compaction mould in order to recreate as closely as possible the peak

conditions. These samples were then extruded and retaining rings with a sharp cutting edge

were used to sample the specimens in these series (Figure 5.3). The specimens tested in Series

COG were �rst prepared in a larger ring (75mm diameter) at a moisture content of 36% and were

dried until a moisture content of 20% had been reached. The new moisture content determined

was �rst estimated using the change in mass due to drying, at this stage the specimens were

sampled from the dried samples using retaining rings with sharp cutting edges. After sampling

the new moisture content was veri�ed using the soil trimmings.

In Series COH undisturbed specimens were tested. These were sampled from one of the undis-

turbed block samples, again using the retaining rings with a sharp cutting edge. Typical of the

heterogeneous nature of this �ll material, the undisturbed samples showed variation in moisture

content (33.6-35.6%) and dry density (1.12-1.27Mg/m³) within the same block sample.

All of the specimens which were sampled using retaining rings with a sharp cutting edge were

tested within these same rings to minimise soil disturbance.

5.2.4 Experimental Methodology

The load and soak tests were carried out in front loading oedometer apparatus. Loading frames

and 10mm vertical displacement transducers (Wykeham Farrance) were used in the test set-up

(Figure 5.4). Details of the calibration of the loading frames and the transducers used are pre-

sented in Appendix A. Existing oedometer cells of the �xed ring type, previously manufactured

in the Department of Civil Engineering at the University of Strathclyde were used. The dis-
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Figure 5.3: Photograph of oedometer cell and accessories

placement transducers were connected to National Instruments hardware (SCXI chassis) and

controlled using LabVIEW, enabling measurements to be recorded automatically.

In most of the series, at least one saturated test, one unsaturated test and one collapse test was

carried out. A fully saturated test, as referred to here, is one in which after applying a contact

load of 3kPa (100g mass), water was added to the oedometer pot, and any swelling taking place

recorded. In these tests, the porous discs placed above and below the soil specimen were kept

in de-aired water prior to testing. Furthermore in the saturated tests, drainage was allowed to

take place both at the bottom and at the top of the specimen.

In the unsaturated tests, no water was added to the specimen at any stage during the test.

The porous discs used in these tests were oven dried before use. Essentially these were constant

water content tests. As such no drainage was allowed at the bottom of the sample (bottom

drainage outlet closed) and the top of the sample was open to atmospheric pressure. In order

to minimise moisture losses due to evaporation at the upper drainage outlet, a small tube was

connected to the outlet and placed in a beaker of water. Typically moisture content losses of
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around 1% were observed at the end of the two week testing period. It is thought that this small

loss in moisture content may have been due to water being pushed into the dry porous stones

during loading.

When investigating the collapse potential, the samples followed �rst the conditions of the unsat-

urated tests under constant water content conditions. After loading to the speci�ed stress level,

the specimen was soaked by adding de-aired water to the oedometer cell. Water entered the

specimen via small holes in the top cap (Figure 5.3). At this stage the bottom drainage outlet

was also opened. Any immediate displacement due to the addition of water was recorded for a

period of 60mins, after which the next loading increment was applied. This period of 60mins

was deemed su�cient by recording the change in settlement over time after soaking. Figure 5.5

presents the evolution of collapse settlement for tests COA3 and COA5. For each specimen

after 20mins, 89% and 98% of the total collapse settlement had occurred for COA3 and COA5

respectively.

The oedometer apparatus was set-up and the specimens were mounted as described in detail by

Head (1982). Load increments were applied every 24hrs in the following increments: 3, 6, 12,
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Figure 5.5: Collapse settlement over time for COA3 (water added at 32kPa) and COA5 (water
added at 125kPa)

28, 60, 125, 185, 253, 538, 1100kPa. A total of 16 measurements were recorded over the 24hr

period. However immediately after the addition of water (during swelling or collapse) readings

were recorded every 15s.

5.2.5 Calculations

Of interest in oedometer tests is the volume change of the soil specimen due to loading and or

wetting, which corresponds to a change in volume of the voids. The void ratio e is equal to:

e =
Vv
Vs

=
ρs
ρd
− 1 (5.3)

where Vv is the volume of voids, Vs is the volume of solids, ρs is the particle density of the soil

and ρd is the dry density. As the specimen is laterally restrained within a retaining ring in an

oedometer test only changes in the height of the specimen are permitted. Thus the change in

height ∆H with respect to the initial height Ho is proportional to the change in the void ratio

∆e with respect to the initial void ratio eo:

∆H
Ho

=
∆e

1 + eo
(5.4)
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thus ∆e can be determined as:

∆e =
1 + eo
Ho

∆H = F∆H (5.5)

where F is a coe�cient which relates the change in void ratio to the change in height, and is

dependent only on the initial specimen conditions. In this way the void ratio of the specimen at

any stage of the test can be determined from the initial void ratio and the cumulative settlement

recorded. In this chapter results from the oedometer tests are plotted in terms of speci�c volume

against vertical stress, where speci�c volume, v is de�ned as:

v = e+ 1 (5.6)

In Series COA and COH where there were signi�cant discrepancies in the initial dry density

of the specimens, the results are plotted in terms of normalised speci�c volume, (v/vo) against

vertical stress.

Where collapse was observed the specimens were evaluated in terms of their collapse potential.

The collapse potential was calculated as (Jennings and Knight, 1957):

Collapse potential =
∆e

1 + eu
× 100% (5.7)

where ∆e is the change in void ratio of the specimen on wetting under the desired pressure,

eu is the unsoaked void ratio of the specimen prior to wetting. Where swelling was observed

they were calculated as in equation 5.7, but with ∆e equal to the increase in void ratio of the

specimen on wetting (positive values).

5.2.6 Results & discussion

For each series typically specimens have been tested under saturated and constant water content

conditions. Furthermore at least one specimen has followed a path of loading under CW condi-

tions followed by saturation. Under saturated conditions dissipation of the pore water pressure

occurs such that at the end of a loading step, the vertical stress applied is equivalent to the

e�ective stress (σv − uw) or σ′. Under CW conditions the vertical stress applied is equal to the
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net vertical stress (σv − ua) or σv, as ua is equal to atmospheric pressure. Due to the di�erent

conditions tested in each series, the results are plotted as vertical stress against speci�c volume

v or normalised speci�c volume (v/vo).

Figure 5.6a presents the load and soak curves of Series COA, where specimens were compacted

at low dry density and dry of optimum, within the valley of the Extreme Light compaction

curve. Some swelling (swelling potential of 2.0%) occurred when water was added at a contact

load of 3kPa (COA1). The swelling observed in the Bengawan Solo �ll is associated with

the active clay minerals, i.e. smectites which were present in high proportion within the clay

fraction, as identi�ed using X-ray di�raction (Section 4.5). Volumetric collapse of specimens

occurred over a wide range of stress levels from 32kPa to 538kPa. In all of the specimens which

underwent volumetric collapse (COA3-COA7), the paths �rst followed the compression curve

of the unsaturated specimen (COA2) and after soaking followed that of the saturated specimen

(COA1). The amount of volumetric collapse which occurred increased with vertical stress at

low stress levels and reduced with stress at higher stress levels. Figure 5.6b presents the collapse

potential determined for each stress level in Series COA and indicates that a maximum collapse

potential of 13.6% was determined for test COA5, in which the specimen was soaked at a vertical

stress of 125kPa. The results of Series COA are important because they indicate that close to

the as-constructed conditions of the embankment the Bengawan Solo �ll is collapsible and that

applying a vertical stress up to 125kPa increases the collapse potential and loads above 125kPa

act to reduce the collapse potential.

In Series COB specimens were again tested at low dry density, (ρdo
= 1.18Mg/m³) which is

equivalent to the lower limit of the range used to construct the embankments (80% of Proctor

dry density), and at an initial moisture content dry of optimum (wo = 24%). The initial

conditions used in Series COB are the initial conditions selected for further investigation in

Chapters 6 and 7. Swelling was again observed when wetting under a small contact load of

3kPa (swelling potential of 1.8%) (Figure 5.7). Soaking at a vertical stress of 125kPa again

induced volumetric collapse (Figure 5.7), with a collapse potential of 11.6%, still a signi�cant

amount of volumetric collapse (Figure 5.7). This collapse potential is slightly lower than that

found at the same stress level for Series COA and may be explained by considering the increase

in initial moisture content and slight increase in initial dry density. (Figure 5.7).
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In order to investigate the in�uence of initial compacted dry density on volumetric collapse

behaviour, specimens in Series COC were compacted at approximately the same initial mois-

ture content as Series COA but were compacted to a higher initial dry density (1.37Mg/m³),

representing the valley of the BS Light compaction curve. A higher amount of swelling was

observed (COC1) when soaked at a vertical stress of 3kPa (swelling potential of 2.8%) com-

pared to Series COA and COB, which can be explained by the higher initial dry density of this

specimen (Figure 5.8). Even under this higher compactive e�ort volumetric collapse was still

observed (COC3). However due to the higher initial dry density of the specimen, soaking at a

vertical stress of 125kPa resulted in a smaller amount of collapse (collapse potential of 2.3%)

than was observed in Series COA and COB. Series COC illustrates how increasing the initial

dry density of the soil can reduce collapse potentials considerably. If we consider that the rear-

rangement of soil aggregates into a denser structure (Figure 5.1) on wetting is dependent on the

porosity available and the distribution of the size of these available pore spaces, it follows that a

specimen compacted at higher dry density and loaded, will have a lower available porosity into

which aggregates can deform (causing overall volumetric changes) than a specimen compacted

at a lower dry density. By comparing Series COA and COC, we can see that increasing the dry

density from 1.15Mg/m³ to 1.37Mg/m³ (a 20% increase) reduced the collapse potential due to

soaking at 125kPa from 13.6% to 2.3%, a reduction of over 80%. Speci�cation of appropriate

compaction conditions for collapsible �ll material is one method of minimising unwanted set-

tlements in construction projects where such settlements may lead to further damage or reduce

the functional performance of an earth structure.

In Series COD and COE where specimens were compacted at the peak conditions of the BS

Light and Extreme Light compaction curves respectively, little swelling was observed on wetting

at 3kPa and little to no collapse was observed on wetting at 125kPa (Figures 5.9 and 5.10).

³). These results indicate that for the Bengawan Solo �ll material no collapse is likely to

occur close to the optimum compaction conditions (Peak 2) of the Extreme Light or BS Light

compaction curves. COE1 was prepared at an initially slightly lower dry density, which explains

the di�erence in speci�c volume at low stress levels as seen in Figure 5.10.

Series F investigated specimens prepared at the optimum moisture content of the Extreme

Light curve (36%) but at low dry density (1.18Mg/m³) in order to investigate the in�uence of
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moisture content. Little to no swelling or collapse was observed in these specimens (Figure 5.11).

Comparing these results to those of Series COB, prepared at 24% and an initial dry density of

1.18Mg/m³, it appears that increasing moisture content appears to minimise the potential for

collapse for the Bengawan Solo �ll. However unfortunately a load and soak test was not carried

out at a vertical stress of 125kPa in Series COF which would enable a better comparison. At

the higher moisture contents tested (Series COE and COF), minimal volume changes have been

observed on wetting under load, even at relatively low dry densities. This can be explained

by considering that at this moisture contents (~36%), the soil aggregates are of a softer nature

than those compared at lower moisture contents, thus loading of the material deforms these soft

aggregates, forcing them to move into the available pore space. Therefore, when water is added

after loading, the potential for collapse has already reduced such that no signi�cant volume

changes will occur.

In an attempt to explore what could happen when compacted material dries, specimens in

Series G were compacted initially at w = 36% and ρd = 1.05Mg/m³ and ρd = 1.20 Mg/m³

moisture content and allowed to dry to w = 20% and ρd = 1.26Mg/m³ and 1.38Mg/m³. Clearly

154



Chapter 5 Volumetric collapse behaviour

 

1.7

1.8

1.9

2.0

2.1

2.2

1 10 100 1000

S
p
e
c
ifi

c
 v

o
lu

m
e
, 

v

Vertical stress, σv (kPa)

COG1 (Water added at 125kPa)

COG2 (Water added at 125kPa)

Figure 5.12: Load and soak results for Series COG: Prepared at optimum w% of Extreme Light
compaction curve then dried to 20% (COG1: w= 20.1%, ρd = 1.26Mg/m³, COG2: w= 19.8%,
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specimen COG1 in Figure 5.12, dried to the lower dry density of 1.26Mg/m³ exhibited more

collapse (8.9% collapse potential) than COG2, which was dried to 1.38Mg/m³ (3.3% collapse

potential) on soaking at a vertical stress of 125kPa. This indicates the strong role of initial dry

density on the amount of volumetric collapse occurring. A reduction in dry density of approx.

9% increased the collapse potential by almost threefold.

It is important to note here that volumetric collapse was observed in samples after drying,

despite the fact that drying induced overall shrinkage of the specimens and thus an increase in dry

density. However it is necessary to remember here that the Bengawan Solo �ll contains expansive

clay (montmorillonite) and it is very well known that expansive clays may undergo important

volume changes under wetting and or drying paths and that changes in the microstructure

can be responsible for overall macro-mechanical behaviour, e.g. Alonso et al. (1999). Here it is

proposed that on drying although the overall porosity of the specimen reduces, it is possible that

the portion of the pore space related to inter-aggregate pores (macro-porosity) has increased,

and the pore volume related to intra-aggregate porosity has greatly reduced. This may create

a more open macrostructure (although in an overall denser specimen) making it susceptible to
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volumetric collapse under the appropriate conditions.

In terms of practical relevance it appears that the results of Series COG are also important,

in that it is not su�cient for an engineer to specify compaction conditions wet of optimum in

order to minimise volumetric collapse. It may also be important to consider the response of the

soil to drying, if this is likely to occur in-situ and the potential for collapse any dried material

may have. Series COG illustrated that samples compacted wet and then dried can still have

signi�cant collapse potentials on wetting under load. By comparing COG2 (w= 19.8%, ρd =

1.38Mg/m³) with a similar compacted specimen COC3 (w= 19.4%, ρdo
= 1.37Mg/m³) (both

soaked at a vertical stress of 125kPa), it is apparent that the collapse potential remains of similar

magnitude (and is even slightly higher) at 3.3% for COG2 compared with 2.3% determined for

COC3, despite being compacted at a higher moisture content of 36% and then allowed to dry.

Engineers must specify compaction conditions with relatively high dry densities even at high

moisture contents (optimum or wet of optimum), so that even upon drying the collapse potential

for the material will remain low. This issue of drying may not be important in every case, but

in the case of the Bengawan Solo �ll where embankments are generally constructed during the

dry season, and as such material may undergo further drying before the beginning of the wet

season, it should be taken into consideration.

The potential for collapse in undisturbed samples was investigated in Series COH. It should be

noted however that when the sampling took place in-situ the embankments had been recently

overtopped, which explains their high moisture content (approx. 35%). Due to the variability

in the undisturbed samples, these results were plotted in terms of normalised speci�c volume.

Little to no swelling or collapse was observed in these samples, most likely due to their high

initial moisture contents, or because the specimens have already undergone volumetric collapse

in-situ.

Table 5.3 presents a qualitative guide to understanding collapse potentials; this guide is pri-

marily for use in relation to tropical residual soils (Fookes, 1990), but nevertheless this gives a

useful indication of the severity of the problem of collapse according to the determined collapse

potential.

Table 5.4 presents a summary of all of the load and soak tests carried out, including their

initial conditions, conditions prior to soaking and indicates the collapse or swelling potential
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Table 5.3: Guidance on collapse potential (Fookes, 1990, p.63)

Collapse Potential (%) Likely severity of problem

< 1 No problem
1 - 5 Moderate trouble
5 - 10 Trouble
10 - 20 Severe trouble
> 20 Very severe trouble
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determined. It may be inferred from these results that for the Bengawan Solo �ll material, spec-

imens with a degree of saturation above 80% prior to soaking are unlikely to exhibit signi�cant

volumetric collapse on wetting.

With a di�erent objective, the results of the oedometer tests carried out, were analysed in terms

of their yielding and compression behaviour. The yield stress (σvc) for both the saturated (σ′vc)

and unsaturated (σvc), conditions was determined using Casagrande's graphical construction

method (Casagrande, 1936). The term yield stress is used here to de�ne the transition between

low compressibility behaviour and a higher compressibility behaviour. The yield stresses dis-

cussed here are related to stress history, suction and structural e�ects (which is investigated in

detail in Chapter 7). Casagrande's method was used because it is perhaps the most widely used

method of determining the yield stress and is readily understood by the engineering community.

It is acknowledged here that there are many other alternative methods for de�ning the yield

stress including Janbu (1969), Pacheco Silva (1970), Becker et al. (1987), Burland (1990), Ja-

cobsen (1992) and Onitsuka et al. (1995) among others. Grozic et al. (2003) presents a detailed

study of the use of di�erent methods for glaciomarine clays and gives an interesting overview

of how these methods compare with each other. Despite the shortcomings of the Casagrande

method, namely (i) that the position of maximum curvature of the compression curve can be

di�cult to locate precisely in soils that exhibit a more rounded transition and (ii) that the posi-

tion of maximum curvature is subject to scale e�ects, it tended to give results neither higher nor

lower than those obtained by �ve of the alternative methods listed above (Grozic et al., 2003).

Furthermore the compression index Cc and swell index Cs was determined from the saturated

and constant water content oedometer tests, where Cc is the slope of the post-yield compression

curve and Cs is the slope of the unloading portion of the curve in the e− log σv plot. Table 1.4

presents the σvc, Cc and Cs for the saturated and unsaturated condition of each series tested.

As expected, in all the series, the saturated conditions had a lower σvc than the corresponding

constant water content test. This indicates one of the ways in which matric suction can act to

sti�en soil behaviour by increasing the region in which soil deformations are recoverable (elastic

changes). The di�erence between the σvc for the saturated and constant water content tests

for each series ranged from as little as 1kPa (Series COD) to as much as 467kPa (Series COC).

The much higher σvc found in COC2 (compared to COC1) can be explained by the fact that
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Table 5.5: Yield stress σvc, compression index Cc and swell index Cs of saturated and unsatu-
rated specimens tested

Test Reference Condition wo
(%)

ρdo

(Mg/m³)
σvc
(kPa)

Cc Cs

COA1 SAT 20.8 1.17 18 0.47 0.06
COA2 CW 19.1 1.19 95 0.46 0.02

COB1 SAT 24.0 1.18 27 0.60 0.05
COB2 CW 24.0 1.18 170 0.66 0.02

COC1 SAT 19.4 1.37 70 0.33 0.05
COC2 CW 19.4 1.37 537 0.38 0.01

COD1 SAT 29.2 1.44 126 0.25 0.05
COD2 CW 29.2 1.43 127 0.30 0.05

COE1 SAT 35.9 1.22 40 0.39 0.06
COE2 CW 35.9 1.29 61 0.33 0.04

COF1 SAT 36.2 1.16 32 0.47 0.03
COF2 CW 35.4 1.20 63 0.50 0.04

COH1 SAT 33.6 1.23 51 0.31 0.06
COH2 CW 34.1 1.27 68 0.30 0.06

it was a specimen of relatively high dry density, dry of optimum at 20% moisture content, and

therefore correspondingly would presumably have a relatively high matric suction.

In terms of the post-yield compression behaviour the trend was less clear, in some cases, the

compression index Cc was similar for both conditions in the same series (Series COA, COH), in

others Cc was higher for the constant water content condition (Series COB, COC, COD, COF)

and in others Cc was higher for the saturated condition (Series COE). The swell index appeared

to be in�uence by the initial moisture content of the specimens tested, in each series where

specimens were compacted dry of optimum of Extreme Light and BS Light compaction curves

(wo< 28%), a higher swell index was determined for the saturated tests than the corresponding

constant water content test (Series COA, COB, COC). This means that the saturated specimens

exhibited more swelling on unloading than the unsaturated specimens. For specimens compacted

at wo> 28% (Series COD, COE, COF) swell index was similar for both the saturated and

unsaturated specimens. The in�uence of suction on the post-yield compression behaviour of the

Bengawan Solo �ll is further investigated in Chapter 6 in experiments equipped with suction

control, in which specimens were subjected to isotropic loading.
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5.2.7 Possible failure pathways

The mechanical study presented in this chapter has identi�ed that the Bengawan Solo �ll mate-

rial is indeed collapsible under dry of optimum, low density conditions. In particular specimens

prepared close to the as-constructed conditions of the gabion reinforced embankment exhibited

signi�cant collapse (as high as 13.6%). Considering that all the conditions required for volumet-

ric collapse were identi�ed as occurring along the Bengawan Solo embankments, it is proposed

here that such irrecoverable deformations exhibited by collapsible �ll on wetting could play a

role in triggering instabilities in �ood embankments, particularly where protection measures

have been installed which have introduced additional loading.

Figure 5.14 presents three di�erent failure pathways, which may be triggered by volumetric

collapse behaviour. Pathway A illustrates how protection measures, resulting in additional

loading may induce localised collapse failures in an embankment with one or more collapsible

�ll layers. This may simply be several layers of soil with a lower dry density due to variation

in the compactive e�ort applied during construction. The localised collapse failures may be

su�cient to trigger global failure of the embankment. It is possible that this pathway may

have played a role in the large global failure observed in the gabion-reinforced section of the

Bengawan Solo embankments, which occurred during the �rst wet season after its construction.

In Figure 5.14, Pathway B indicates how an embankment with a collapsible �ll layer may undergo

volumetric collapse under its own self-weight. The volumetric collapse would lead to a reduction

of the height of the embankment, and perhaps a functional failure of the embankment, i.e. the

design crest height is not maintained. The reduction in the crest height would also increase the

risk of overtopping and once overtopped, erosion of the landward face could occur, seriously

damaging the integrity of the embankment.

Due to the heterogeneity of �ll material used and the poor control of compaction in �ood

embankment construction of extensive length, it is likely that volumetric collapse could occur to

di�ering degrees along a susceptible embankment. This could result in di�erential settlements

(Pathway C) along the length of an embankment where either Pathway A or Pathway B has

occurred. These may induce transversal cracks along the crest and slopes of the embankment,

creating preferential �ow paths for seepage through the embankment, possibly resulting in piping
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instability.

Assuming then that the occurrence of volumetric collapse within �ood embankments may trigger

a number of di�erent failure modes, this may explain why this phenomenon has been overlooked.

It is possible that after the failure of a �ood embankment the mode of failure recorded has been

attributed to the resulting macro-mechanism observed, where in fact volumetric collapse has

possibly played a role in initiating the mechanism.

The three failure pathways proposed here are based on the records of types of failures occurring

due to volumetric collapse in other types of engineered embankments. The role of collapsible soils

in earth dam structures has been well documented, in particular in the so called �Alka-Seltzer�

dams of North East Brazil (e.g.Miranda, 1988; Pereira and Fredlund, 2000; Pereira et al., 2005).

In these earth dams piping failures due to cracks resulting from collapse settlements have been

reported (Miranda, 1988; Lawton et al., 1992). Booth (1977) investigating highway failures in

South Africa, reported large vertical deformations up to 0.5m due to collapse settlements and also

indicated how a highway failure initially thought to be a shear slip failure was later attributed

to volumetric collapse. Despite the recognition of this mechanism in the failure of earth dams,

highway embankments and in compacted soils under foundations (e.g. Lawton et al., 1992), there

remain few studies on the volumetric collapse of �ll material in �ood embankments. Given their

close proximity to water and the large scale in which the construction of �ood embankments

is often carried out, (which may lead to poor compaction control), it is proposed that the

volumetric collapse phenomenon should be routinely considered particularly if an embankment is

to be constructed under dry of optimum conditions or where protection or remediation measures

(involving additional loading) are to be introduced.

5.2.8 Mechanical Behaviour Summary

Relatively simple conventional load and soak oedometer tests presented herein have provided

important information regarding the collapsible nature of this material. In particular, under

low density, dry of optimum conditions (close to as-compacted conditions) this material may

exhibit signi�cant volumetric collapse (Series COA, COB). Increasing the compactive e�ort (Se-

ries COC) or compacted moisture content (Series COF) tended to reduce the amount of collapse
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observed. Specimens compacted at optimum conditions of the BS Light or Extreme Light com-

paction curves (Series COD, COE), did not exhibit volumetric collapse behaviour. Interestingly

specimens compacted at high moisture content and then dried (Series COG) exhibited signif-

icant volumetric collapse after drying, despite an overall increase in dry density. These tests

indicate that for the Bengawan Solo �ll important structural changes occur due to wetting and

drying, which are responsible for overall macro-scale behaviour. Furthermore the results of Se-

ries COG indicate the importance of not only specifying wet of optimum moisture contents but

also appropriate initial dry densities. Considering that the conditions for volumetric collapse

may be present in �ood embankments, three di�erent failure pathways were presented here,

which illustrate how the role of collapsible �ll layers may trigger instabilities.

5.3 Fabric Study

5.3.1 Objective

A microstructural investigation was carried out in order to (i) investigate the fabric of the

Bengawan Solo �ll and (ii) to investigate the evolution of this fabric due to loading and wetting

changes. The fabric study was carried out at UPC Barcelona, in collaboration with Dr Enrique

Romero.

5.3.2 Background

The study of the fabric of compacted soils has long been a topic of interest, since the early

works by Lambe (1958b), (1958a). The development and use of experimental techniques such as

Scanning Electron Microscopy (SEM), Environmental Scanning Electron Microscopy (ESEM)

and Mercury Intrusion Porosimetry (MIP) in the study of soils has enabled further revision and

discussion on the arrangement of soil particles (e.g. Collins and McGown, 1974; Barden and

Sides, 1970; Barden et al., 1973; Juang and Holtz, 1986a; Delage and Lefebvre, 1984; Romero,

1999). The importance of understanding soil fabric has been further highlighted by the links

which have been made between fabric and mechanical response (Alonso et al., 1987) and the
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development of the Barcelona Expansive Model (BExM) for expansive soils, where soil response

is directly related to two distinct levels of structure: (i) microstructure and (ii) macrostructure

(Gens and Alonso, 1992; Alonso et al., 1999).

The study presented in this chapter was carried out using both ESEM and MIP to investigate the

evolution of soil fabric during volumetric collapse to assist the interpretation of the macroscopic

mechanical tests. The ESEM technique enables a direct, qualitative observation of the soil

fabric arrangement whereas the MIP technique provides quantitative data on the soil porosity,

in particular enabling the pore size distribution of a soil specimen to be obtained. The pore

size distribution is an essential element of soil fabric (Romero, 1999), and with all other things

being equal (particle sizes and distribution, void ratio, dry density) pore size distribution may

be responsible for di�erences in permeability, compressibility and strength (Juang and Holtz,

1986a). For example, a soil with many small pores is likely to have a lower saturated permeability

than one with a fewer number of larger pores (Juang and Holtz, 1986a).

SEM and MIP have often been used independently or together in the investigation of microstruc-

tural features of soils (e.g. Barden et al., 1973; Collins and McGown, 1974; Delage and Lefebvre,

1984; Gri�ths and Joshi, 1989; Prapaharan et al., 1991; Jommi and Sciotti, 2003). Barden et al.

(1973) used SEM to investigate the arrangements existing within collapsible soils and concluded

that the collapse mechanism of clayey soils was due to an e�ective aggregated macrostructure

rather than the rearrangement of �occulated clay particles on wetting. Several studies have

compared laboratory and �eld compacted material using SEM and MIP (Prapaharan et al.,

1991; Jommi and Sciotti, 2003) raising questions over whether soil compacted in the laboratory

should be used as a reliable reference material for �eld compaction given the resulting di�erences

in microstructure.

With the shift towards the use of ESEM, in which the sample can be imaged in its natural

wet condition, researchers are again turning their attention to the fabric changes which occur

along hydraulic paths. Villar and Lloret (2001) observed the swelling behaviour of compacted

FEBEX bentonite under constant volume, in which macropores became �lled with the swelling

bentonite particles. Zhang et al. (2005) investigated changes in the fabric of a double porosity

tropical soil along drying and wetting paths.

Although primarily for the determination of pore size distribution MIP data has also been used
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to determine saturated permeability (e.g. Garcia-Bengochea et al., 1979; Juang and Holtz,

1986a,b) to derive the water retention curve (e.g. Romero, 1999; Simms and Yanful, 2002,

2005) and more recently in the determination of unsaturated permeability (Simms and Yanful,

2005). Water retention behaviour determined using MIP may di�er from experimental values

for a number of reasons: (i) only the retention of water due to capillary e�ects is considered,

any water held by adsorptive forces will not be accounted for and (ii) the MIP derived curve

assumes that the material is non-deformable under drying paths, which is not the case for many

soils, particularly those with expansive clays which undergo important volumetric changes on

drying. A recent state of the art review of microstructure investigation with special attention

to MIP and ESEM has been presented in Romero and Simms (2008).

5.3.3 Soil fabric classi�cation

Based on SEM investigations for a wide range of natural soils, Collins and McGown (1974)

developed a classi�cation for soil fabric based on the main structural features observed: (i)

elementary particle arrangements, (ii) particle assemblages and (iii) pore spaces. Elementary

particle arrangements consist of individual clay platelet interactions or individual silt or sand

grain interactions. The particle assemblages are made up of groupings of the elementary particle

arrangements. Di�erent types of particle assemblages are illustrated in Figure 5.15, and include

connectors, aggregations, interweaving bunches and matrix fabrics (Collins and McGown, 1974).

Collins and McGown (1974) identify four groups of pore space (see Figure 5.16): (i) Intra-element

pores which are located within the elementary particle arrangements, (ii) Intra-assemblage pores,

pores occurring within particle assemblages, (iii) Inter-assemblage pores occurring between as-

semblages and (iv) Trans-assemblage pores pores which traverse the soil fabric.

Alonso et al. (1987) presented an interpretation of these microfabric features which is illustrated

in Figure 5.17. It is common to refer to the intra-assemblage pores with speci�c reference to

the nature of the particle assemblage, for example pores within a matrix assemblage are termed

intra-matrix pores and pores within an aggregate assemblage are termed intra-aggregate pores

(Alonso et al., 1987). The inter-assemblage pores are also more commonly referred to as inter-

aggregate pores for an aggregated fabric (e.g. Romero, 1999; Lloret et al., 2003). Similarly,

Delage et al. (2006) presented a description of the pores found at di�erent microstructural levels
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Figure 5.15: Schematic representations of particle assemblages; (a) (b) (c) connectors; (d) ir-
regular aggregations linked by connector assemblages; (e) irregular aggregations forming a hon-
eycomb arrangement; (f) regular aggregations interacting with silt or sand grains; (g) regular
aggregation interacting with particle matrix; (h) interweaving bunches of clay; (j) interweaving
bunches of clay with silt inclusions; (k) clay particle matrix: (I) granular particle matrix (Collins
and McGown, 1974)

 

Figure 5.16: Schematic representation of pore space types (Collins and McGown, 1974)
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Figure 5.17: Types of microfabric (a) Clay matrix predominantly integrated by elementary
particles of clay platelets and a few grains of silt or sand, (b) Microfabric of a clay predominantly
integrated by aggregations of elementary particle arrangements, (c) Sand or silt matrix with
clay connectors between individual grains and (d) Elementary particle arrangement in a parallel
con�guration (Alonso et al., 1987)
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Figure 5.18: Schematic of soil fabric with pore space de�nitions as used in this research

in clays: (i) inter-layer spaces, pores inside clay particles (intra-element), (ii) inter-particle voids

inside clay aggregates (intra-aggregate) and (iii) pores between clay aggregates (inter-aggregate).

Figure 5.18 presents a simpli�ed schematic of the arrangement of soil particles for a material

containing signi�cant quantities of sand, silt along with an important clay fraction. The four

di�erent levels of pore spaces indicated are those used referred to within this thesis, based on

the classi�cations outlined above:

1. Inter-aggregate pore: pore space between aggregations, where aggregations consist of sand

and silt particles clothed in clay matrix and clay aggregates.

2. Intra-aggregate pore (or intra-matrix): pore space within aggregations (or within a ma-

trix), between arrangements of sand and silt particles and clay aggregates.

3. Intra-clay aggregate pore (or intra-clay matrix): pore space between elementary clay par-

ticle arrangements whether in a clay aggregate or present in a clay matrix. A number of

microstructural studies on compacted clays containing smectites have reported an intra-

(clay) aggregate pore size of 0.008-0.02µm (e.g. Lloret et al., 2003; Delage et al., 2006).

4. Intra-element pore: pore space within the elementary clay particle arrangement and corre-
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sponds to the planar inter-layer spaces (Delage et al., 2006). For soils containing montmo-

rillonite the intra-element pore size has reported to be between 10Å - 21.6Å, corresponding

to between 0 and 4 adsorbed water layers (Saiyouri et al., 2000).

5.3.4 Fabric study specimens

The compaction conditions of Series COA, tested in the load and soak oedometer (dry of op-

timum at low dry density), were selected for further investigation in the fabric study. The

specimens investigated corresponded to the path followed when loading and soaking under a

vertical stress of 125kPa, the maximum collapse observed for Series COA. As such three di�er-

ent specimens were prepared: (i) Compacted, (ii) Compacted loaded and (iii) Compacted loaded

& soaked (Figure 5.19). The compacted specimen was prepared in the oedometer retaining ring.

The compacted loaded specimen was prepared by loading the compacted specimen to 125kPa

for 24hrs in the oedometer apparatus and then removing for testing. The compacted loaded and

soaked specimen was loaded to 125kPa for 24hrs and then inundated with water in the oedome-

ter apparatus. The specimen conditions are illustrated in Figure 5.19 and detailed in Table 5.6.

Furthermore a specimen sampled from the undisturbed block sample was also investigated for

comparison purposes.
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Figure 5.19: Specimens selected for investigated in fabric study according to load and soak tests:
(i) Compacted, (ii) Compacted loaded and (iii) Compacted loaded & soaked
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Table 5.6: Specimen conditions investigated in fabric study

Specimen Name Reference w (%) ρd (Mg/m³) e Sr (%)

Compacted C 19.5 1.15 1.38 38.6
Compacted, loaded CL 19.0 1.19 1.29 40.2
Compacted, loaded & soaked CLS 27.7 1.39 0.95 79.2
Undisturbed U 34.7 1.36 1.00 94.4

5.3.5 Environmental Scanning Electron Microscopy tests

5.3.5.1 Experimental Equipment

The Electroscan 2020 ESEM located within the Department of Material Sciences and Metallurgy

at UPC, Barcelona was used in this study. Dr. José María Manero Planella kindly provided

assistance in the imaging process.

Figure 5.20 presents a cross-section of a typical ESEM machine (Danilatos, 1993). Romero and

Simms (2008) describe the processes operating within the ESEM equipment; the following is a

brief summary of this explanation. Inside the ESEM there are regions of increasing vacuum; the

specimen chamber has a low vacuum, which can have an absolute pressure up to 3kPa, whereas

the electron gun chamber can maintain a very good vacuum (10−5Pa). The application of the

vacuum is important for ensuring the movement of electrons within the chambers. A beam

of primary electrons is emitted from the electron gun in the direction of the specimen. These

electrons, hit the surface of the specimen causing it to emit secondary electrons, which then

accelerate towards the Gaseous Secondary Electron Detector (GSED), due to its positive charge.

Moving through the gaseous environment these secondary electrons collide with gas particles

resulting in additional secondary electrons being emitted, creating further positive gaseous ions.

The positively charged gaseous ions are then attracted to the surface of the specimen, which has

become negatively charged, due to the bombardment of the primary electrons, thus cancelling

out charge e�ects. It is in this way that non-conductive samples can be imaged. The GSED

forms an image based on the signal intensity of the secondary electrons received from di�erent

locations across the surface of the specimen.

Generally water vapour is the gas used in the sample chamber because it allows maximum

signal ampli�cation and has a high charge neutralisation capacity (Romero and Simms, 2008).
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Electron gun 

Condenser lenses 

Stigmator 

Scan coils 

Objective lens 

Bullet 

Gaseous Secondary 
Electron Detector (GSED) 

Gas inlet          
(0-3000 Pa) 

Upper pressure limiting aperture 
(10-2Pa) 

Isolation valve 

(10-4 Pa) 

Gun chamber 

(10-5 Pa) 

Sample 
chamber Sample stub 

Stage 

Lower pressure limiting aperture 
(20 Pa) 

Figure 5.20: Schematic of ESEM equipment (After Danilatos, 1993)

In ESEM the vapour pressure can be controlled along with the chamber temperature allowing

specimens to be observed under di�erent relative humidity and hence under wetting and dry-

ing stages. Further information on the ESEM technique and its applications can be found in

Danilatos (1993) and Romero and Simms (2008) among others.

5.3.5.2 Specimen Preparation

One of the main advantages of the ESEM over conventional SEM equipment is that it allows

samples to be imaged in their natural (wet) condition, eliminating the need for freeze drying.

Furthermore samples do not have to be covered in a conductive coating when imaging in the

ESEM. This greatly reduces specimen preparation time.

Despite these advantages, care must still be taken during specimen preparation particularly as

only very small specimens can be imaged (several mm³). The specimen should be separated from

the original sample not by cutting but by fragmenting or fracturing the sample in as natural a

way as possible in order to maintain the natural structure of the soil. If the specimen were to

be cut using a cutting tool, a completely �at unnatural surface would be observed under the
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ESEM. Care must be taken so that the very small specimen selected is representative of the

larger sample. After fracturing from the larger sample, the small specimen was placed on a

black adhesive non-conducting material on a small mounting block.

5.3.5.3 Chamber conditions

In the observation of these specimens the sample chamber conditions were maintained at a

constant vapour pressure of 5Torr and a temperature of 10°C (1Torr = 760mmHg = 0.133kPa).

It should be noted that these were the conditions of the chamber and not the temperature or

pressure of the sample. Saturated water vapour pressure in equilibrium with free water at a

temperature of 10°C is equal to 9.21Torr (calculated using the Antoine equation). As such the

relative humidity of the chamber at a constant vapour pressure of 5Torr is approximately 54%.

The total suction imposed within the chamber can be calculated using the pyschrometric law

(Equation 1.1) and is equivalent to 80MPa, however this is the imposed suction in the chamber

and not the actual suction within the soil sample. Under such conditions, samples tend to

dry and therefore specimens were imaged immediately after mounting in the chamber to avoid

unnecessary drying.

5.3.5.4 ESEM Results

Figures 5.21 to 5.24 present the ESEM micrographs of the di�erent specimens investigated. Fig-

ure 5.21 presents two images of the compacted specimen. The compacted specimen has an open

structure characterised by large inter-aggregate pores, surrounded by de�ned soil aggregates

which are linked via bridging material. In the ESEM images it is di�cult to discern individ-

ual sand and silt grain particles, instead it appears that all the particles are clothed with clay

particles forming aggregations.

Moving to the compacted, loaded specimen in Figure 5.22, inter-aggregate pores and de�ned

soil aggregations are still present along with bridging connections. However, it appears perhaps

that the loading process is responsible for breaking some bridging connections.

Figure 5.23 shows the compacted, loaded & soaked specimen (i.e. after collapse). In this

specimen, there is a marked absence of inter-aggregate pores. It is though, still possible to
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(a) 

(b) 

Soil aggregate 
Inter-aggregate pore 

Connector         

(Bridging material) 

Soil aggregate 

Inter-aggregate pore 

Connector         

(Bridging material) 

Figure 5.21: ESEM micrograph of Compacted specimen at (a) 250x magni�cation, and (b) 200x
magni�cation
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Soil aggregate 

Inter-aggregate pore 
Connector         

(Bridging material) 

Figure 5.22: ESEM micrograph of Compacted loaded specimen (200x magni�cation)

 

Soil aggregate 

(not well defined) 

Fused matrix fabric 

Figure 5.23: ESEM micrograph of Compacted loaded & soaked specimen (330x magni�cation)
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Soil aggregate 

(not well defined) 

Fused matrix fabric 

Figure 5.24: ESEM micrograph of Undisturbed specimen (300x magni�cation)

determine where soil aggregations existed prior to wetting, though these are not well de�ned.

However as a result of the soaking, the fabric has become fused due to a softening of the

aggregations and the fabric as a whole has become more uniform. Similar changes in fabric due

to loading and wetting were observed in the ESEM by Monroy (2006). The overall change in

fabric associated with a decrease in suction (wetting), as viewed in Figure 5.23 can be attributed

to (i) the loss of rigidity of soil aggregations (softening), (ii) the loss of strength on wetting of

bridging material and (iii) the loss of the stabilising e�ect arising from suction. These changes

all result in the loss of inter-aggregate pores which are absent in Figure 5.23. It is the loss of

these inter-aggregate pores on wetting which appears to be responsible for the collapse induced

volume changes observed in the oedometer tests presented in this chapter.

Finally the microstructure of an undisturbed sample was also investigated using ESEM. There

are distinct similarities between the Undisturbed specimen (Figure 5.24) and the Compacted,

loaded & soaked specimen (Figure 5.23), namely both show fused soil aggregations within a

uniform fabric, with a marked absence of inter-aggregate pores. The outer covering of the fabric
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Figure 5.25: ESEM micrograph of diatom (phytoplankton) found in Bengawan Solo �ll

in the undisturbed specimen appears to be more rounded than that of the Compacted, loaded

and soaked specimen; this may attributed to the higher moisture content of the undisturbed

sample (34.7% compared to 27.7%). The comparison of Figures 5.23 and 5.24 suggests that the

microstructure of the undisturbed sample is very similar to that of the Compacted, loaded and

soaked specimen (collapsed) created in the laboratory with initial conditions, dry of optimum

at low dry density.

On a side note during the ESEM investigation evidence of plant �bres and the presence of

diatoms were observed (Figure 5.25). Diatoms are single celled phytoplankton; this indicates

the alluvial origin of the Bengawan Solo �ll.
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5.3.6 Mercury Intrusion Porosimetry tests

5.3.6.1 Principle

MIP is based on the principle that a non-wetting �uid (see Figure 3.2, Chapter 3) will enter

the pores of a soil progressively under an applied pressure. Washburn (1921) related the pore

entrance diameter d to the absolute pressure applied P :

P =
−4σHg cos θnw

d
(5.8)

where θnw is the non-wetting contact angle between mercury and the solid particle and σHg

is the surface tension of mercury. Diamond (1970) determined a contact angle of 139° for

montmorillonite and 147° for other clay minerals. Romero (1999) suggested a contact angle of

140° for use with Boom clay. Due to the high proportion of montmorillonite in the clay fraction

of the Bengawan Solo �ll a contact angle of 140° was selected. A value of 0.484N/m for surface

tension was used in these tests as has been repeatedly reported elsewhere (e.g. Delage and

Lefebvre, 1984; Gri�ths and Joshi, 1989; Romero and Simms, 2008).

The Washburn equation (5.8) is valid for pores of cylindrical shape which are in�nitely parallel

in form, this is an over simpli�cation of the pore network found within soils. Similar to the

hysteresis found in the soil water retention curve, hysteresis also exists in the use of the MIP

technique: (i) rain drop e�ect, i.e. the contact angle may vary depending on whether the non-

wetting �uid is advancing or receding, (ii) ink-bottle e�ect, where pores with larger diameters

are not detected until their entrances of smaller diameter are penetrated (see Figure 3.16). Due

to the e�ect of the constricted pores, the diameters determined in the MIP tests are referred

to here as entrance pore size diameters. There are also a number of other limitations in the

ability of the MIP technique to detect all pores within a soil. Isolated pores are pores which

are entirely surrounded by solid particles and thus cannot be intruded. This enclosed porosity

is thought not to be signi�cant in soils (Romero and Simms, 2008). The smallest pores of a

sample however, may also not be intruded due to the pressure capacity of the MIP equipment,

this is referred to as the non-intruded porosity. Furthermore the minimum practical pressure

of the apparatus limits the maximum pore diameter which can be detected, this is referred to
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as the non-detected porosity (Romero and Simms, 2008). For these reasons the intruded void

ratio determined using the MIP technique may not be similar to the actual void ratio of the soil

specimen tested.

Another concern regarding the use of the MIP technique is the question over whether the high

pressures applied during mercury intrusion damages or changes the very structure the technique

is intended to investigate. Lawrence (1978), however presented data to suggest that virtually no

sample damage occurred upon mercury intrusion. Three di�erent soil types were intruded with

mercury which was subsequently removed by heating to 200°C, a second intrusion with mercury

showed an almost identical pore size distribution to the �rst intrusion indicating no sample

damage. Delage and Lefebvre (1984) presented strong agreement between pore size diameters

measured using SEM and from MIP analyses, again suggesting that the mercury intrusion is

not detrimental to the soil structure. Two main factors have been proposed to support this

evidence: (i) at high pressures the pore network is largely �lled with mercury already which is

nearly incompressible and (ii) although the pressures may be very high, the forces acting to cause

volume changes are very low due to the very small diameters being investigated (Reed et al.,

1980; Gri�ths and Joshi, 1989). Despite its associated limitations and simpli�ed assumptions

the MIP technique enables a very useful quanti�cation of soil microstructure to be determined

(Romero and Simms, 2008).

5.3.6.2 Experimental Equipment

The MIP tests presented here were carried out in the Department of Geotechnical Engineering

and Geosciences at UPC using a Micromeritics Autopore IV 9500 porosimeter (Figure 5.26a).

The porosimeter used has a low pressure system (Figure 5.26b) for pressures from approximately

3kPa to 345kPa corresponding to a detection of entrance pore diameters in the range of 0.48mm

to 4.4mm. The high pressure system (Figure 5.26c) reaches pressures up to 223MPa correspond-

ing to an entrance pore diameter of 7nm, the smallest pore which can be intruded using this

apparatus. Considering the classi�cation of soil pores, intra-element pores cannot be detected

using MIP. Due to the presence of montmorillonite in the clays fraction, it is expected that the

inter-layer pores in the Bengawan Solo �ll would be in the range of 1 - 2nm (Saiyouri et al.,

2000).
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(a) 

(b) 

(c) 

Figure 5.26: MIP Equipment: (a) Micromeritics Autopore IV 9500, (b) low pressure unit and
(c) high pressure unit

5.3.6.3 Specimen Preparation

In order to accurately determine the pore size distribution of a soil sample, its pores must

be free from water. Oven drying or air drying can cause signi�cant alteration (shrinkage) to

the soil structure of samples with clay particles (Ahmed et al., 1974). As such the freeze-drying

technique (Delage et al., 1982) has become the standard method of specimen preparation for MIP

tests. The samples to be investigated (Table 5.6) were carefully trimmed into cubes measuring

approximately 10mm on each side (1cm³) and were subsequently freeze dried. Freeze drying

involves rapid freezing of the specimens to cryogenic temperatures (< -130°C) usually by the

direct immersion in liquid nitrogen. This was followed by true vacuum drying to remove water

by sublimation at a temperature of between -60°C and -80°C, in order to prevent the formation

of water menisci lenses which are responsible for the shrinkage which occurs on drying. After

freeze drying the samples were kept in a desiccator until testing.

5.3.6.4 Experimental Methodology

The freeze dried specimen was weighed immediately prior to testing and then placed inside the

cup penetrometer (Figure 5.27a). Penetrometer 950-61711-00 was used for all these tests with

a bulb volume of 50cm³. A little grease was smeared around the outer rim of the cup to ensure
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a good contact with the penetrometer lid. The lid was then �xed to the cup using the �xing

collar and tightening tool. The lid was tightly sealed in order to ensure a vacuum can be created

inside the cup. The penetrometer shaft was then placed into the low pressure unit (Figure 5.26b)

and the outer metal ring secured tightly. On starting the test, a vacuum is applied to the cup,

this is because the mercury pressure applied is in terms of absolute pressure. This vacuum

is applied in three steps: �rst the pressure inside the cup is reduced to 3psi (20.7kPa), then

to 900µmHg, (0.1kPa) and �nally the pressure is reduced to 50µmHg (e�ectively 0kPa). The

vacuum application stage takes only a few minutes after which mercury is allowed to �ow into

the penetrometer. The low pressure intrusion stage which involves increasing mercury pressure

up to 345kPa lasted approximately 2hours. Once complete the penetrometer was removed from

the low pressure unit and the assembly weight of the penetrometer weighed to 4 decimal places

before inserting into the high pressure unit (Figure 5.26c). In the high pressure intrusion stage,

mercury pressure was increased continuously to 223MPa, lasting typically 12hrs, after which an

extrusion cycle followed.

Figure 5.27 presents a specimen (a) before and (b) after mercury intrusion. The specimen

taken after testing was cut open to illustrate how the mercury intrudes into the inner pores of

the sample. After extrusion some mercury remains trapped in constricted pores. Delage and

Lefebvre (1984) proposed that the entrapped or constricted porosity corresponds to the inter-

aggregate pore space whereas the free porosity (that which can be extruded) corresponds to the

intra-aggregate pore space.

Particular care was taken when dismantling the tests and during the cleaning of equipment to

ensure that all of the used mercury was carefully collected and stored for disposal following

safety procedures used routinely at UPC.

5.3.6.5 Calculations

The output of the MIP tests are given in terms of pressure p and cumulative intrusion volume v

(ml/g), which is normalised by the specimen mass Ms. The pore entrance diameter can thus be

determined by rearranging Equation 5.8. As the void ratio e in general, refers to the volume of

voids Vv expressed in terms of the volume of solids Vs, the intruded void ratio eINTR (void ratio
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(a) (b) 

Figure 5.27: MIP samples (a) prior to testing and (b) after testing

of specimen intruded with mercury) can be determined as the product of the particle density ρs

and the cumulative intrusion volume v:

eINTR =
Vv(intr)

Vs
= ρsv =

Ms

Vs
×
Vv(intr)

Ms
(5.9)

As such the intruded porosity nINTR can be determined as:

nINTR =
Vv(intr)

V
=

eINTR
1 + eINTR

(5.10)

The degree of saturation of mercury Srnw is thus equal to:

Srnw =
Vv(intr)

Vv(total)
=

nINTR
(nINTR)max

(5.11)

Plotting the MIP results against a pore size density function PSD is a useful tool for identifying

the dominant pore sizes found within soil specimens. Here the pore size density function was

determined as the di�erence in the intruded void ratio divided by the logarithm of the entrance

pore diameter. Calculating the pore size density function in terms of log4d helps to overcome

distortions due to the wide range of pore sizes found in specimens, which typically range over

several magnitudes (Romero, 1999).

PSD =
−4eINTR
log4d

=
−(ei+1 − ei)
log(di+1

di
)

(5.12)
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5.3.6.6 Results

As discussed above, the void ratio of a specimen intruded during a MIP test may not be similar

to its estimated void ratio. In fact the void ratio e of a specimen may be equal to the sum of

the maximum intruded void ratio eINTR, the non-intruded void ratio eni and the non-detected

void ratio end:

e = eINTR(max) + eni + end (5.13)

where the non-intruded void ratio is that which cannot be intruded due to the specimen having

pores less than 7nm in size (minimum pore size which can be intruded according to pressure

capacity of porosimeter, 223MPa), or due to the presence of totally isolated pores and the non-

detected void ratio end, is the void ratio which cannot be detected due to the presence of very

large macropores in the specimen (>450µm). In order to account for this non-detected void

ratio, it was thus necessary to �rst determine the non-intruded void ratio eni. The non-intruded

void ratio was estimated by carrying out an MIP test on a desiccated slurry specimen. This

specimen was prepared by �rst creating a slurry at a moisture content of 70%, and then allowing

it to shrink freely until air dried. No cracks appeared during the shrinkage stage, due to the

small initial geometry of the slurry sample (7cm x 7cm x 3cm). In this way a very high density

sample was prepared with the following initial conditions: w = 9.2%, ρd= 2.00Mg/m³, e = 0.361,

Sr =6.9%. Subsequently this specimen was freeze-dried. This high density specimen displayed

no visible macropores (>450µm) and thus the void ratio of this specimen was considered to be

equal to the maximum void ratio intruded eINTR(max) plus the non-intruded void ratio eni:

e = eINTR(max) + eni (5.14)

Figure 5.28 presents (a) the cumulative void ratio intruded and extruded and (b) the pore

size density function for the desiccated slurry specimen. The maximum void ratio intruded is

highlighted in Figure 5.28a: eINTR(max) = 0.283, thus eni= 0.078. It is assumed here that

the non-intruded void ratio is the same for all specimens of the same material which have

been tested using the same MIP equipment. Given that the non-intruded void ratio relates to

micropores <7nm, and isolated pores, this void ratio is more dependent on the inherent nature

183



Chapter 5 Volumetric collapse behaviour

0

0.05

0.1

0.15

0.2

0.25

0.3

1 100 10000 1000000

C
u
m

u
la

tiv
e
 v

o
id

 r
a
tio

 
in

tr
u
d
e
d
/e

xt
ru

d
e
d
, 

e
IN

T
R

Entrance Pore Size, d (nm)

0

0.2

0.4

0.6

0.8

1

1 100 10000 1000000

P
o
re

 s
iz

e
 d

e
n

s
ity

 f
u

n
c
ti
o
n

 
(-

Δ
e
/Δ

lo
g
d
)

Entrance pore size, d (nm)
  

(a) 

(b) 

Extrusion data 

Intrusion data 

eINTR(max) =0.283 

Intra-aggregate pores 

~ 1µm 

Intra-clay aggregate 

pores ~ 20nm 

Figure 5.28: MIP results of high density dried slurry specimen (a) Cumulative void ratio intruded
and (b) Pore size density function
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of the particles rather than their rearrangement, and thus is unlikely to vary greatly for di�erent

specimens of the same soil material.

Figure 5.29 presents the cumulative void ratio intrusion and pore density function plots for the

three specimens following the process of volumetric collapse: (i) Compacted, (ii) Compacted

loaded and (iii) Compacted loaded & soaked. It is interesting to note that for all three samples

a pore mode corresponding to 20nm was found. Lloret et al. (2003) and Delage et al. (2006)

found similar pore modes for specimens of compacted bentonite from 8-20nm. This pore mode

found in all the specimens of Bengawan Solo �ll tested, including the dried slurry specimen

(Figure 5.28) can be considered to correspond to the intra-clay aggregate porosity, i.e. the pore

spaces between clay particles.

From Figure 5.29b it can be inferred that it is likely that the Compacted sample has a bi-modal

pore size distribution, but one of the pore modes, corresponding to very large inter-aggregate

pores, could not be detected in the MIP, as they occurred at a size > 450mm. An example

of a large inter-aggregate pore observed in the compacted sample is presented in Figure 5.30,

however macropores as large as 450mm could also not be detected in the ESEM due to the very

small specimen size imaged. The presence of these very large inter-aggregate pores indicates

the very open structure created during compaction at low density and dry of optimum moisture

content. Loading the compacted specimen to 125kPa resulted in a shift in the inter-aggregate

pore size to 170mm, into the range detectable using MIP. Moving from the Compacted loaded

to the Compacted loaded & soaked specimen resulted in a reduction in the dominant pore

size observed from 170mm to 2.1mm. Evidence of these pore sizes found in the corresponding

specimens are presented in Figures 5.31 and 5.33. In light of the ESEM images presented, it is

evident that there is a shift from an aggregated fabric to a matrix dominated fabric. The shift

in pore size can be interpreted as the signi�cant reduction of the inter-aggregate pores as the

aggregates become fused and are thus called here intra-matrix pores, the pores present within

the matrix of soil particles. Figure 5.23 for the Compacted loaded & soaked specimen shows a

distinct absence of inter-aggregate pores. Monroy (2006), similarly found the a reduction in the

inter-aggregate porosity and the creation of an intra-aggregate porosity (or inter-arrangement

porosity) after wetting loaded specimens. This can be explained by considering that soaking

softens the bridging material present at aggregate contacts, causing rearrangement of aggregates
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Inter-aggregate pore 

>>250µm  

 

Figure 5.30: ESEM micrograph of an inter-aggregate pore present in the compacted specimen
(>�> 250µm)

 

Inter-aggregate pore 

~170µm  

Figure 5.31: ESEM micrograph of inter-aggregate pore present in compacted loaded specimen
(~170µm)
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to �ll inter-aggregate pores. This inter-aggregate porosity is further reduced as the aggregates

themselves soften on wetting, and fuse together to form an overall matrix type fabric.

Figure 5.32 presents the cumulative void ratio intrusion and pore size density function plots for

(i) the Compacted loaded & soaked specimen and (ii) the undisturbed specimen. It is evident

that these specimens show striking similarities, in particular the pore size density function plot

indicates that both samples have a dominant pore mode at 2.1mm. Evidence of pores of this

size found in these specimens is presented in Figures 5.33 and 5.34. The similarity in the pore

sizes found between these specimens further supports the observations made using the ESEM

which presented similar fused fabrics for both the Compacted loaded & soaked specimen, and

the undisturbed specimen (Figures 5.23 and 5.24).

5.3.7 Summary

The fabric investigation presented here highlights the changes which occur during the process

of collapse. A summary of the results are presented in Figures 5.35 and 5.36. The MIP results

con�rmed the loss of inter-aggregate pores on wetting by indicating that it was responsible for a

shift in pore mode from 170mm to 2.1mm. The sample which underwent volumetric collapse on

loading and soaking in the laboratory showed a very similar fabric to the undisturbed sample

in the ESEM images. The similarity of the microstructure was con�rmed by the MIP results

which indicated that both samples have the same dominant pore size (2.1mm). It appears from

this investigation that it is possible that the undisturbed material sampled at the end of the

wet season has already undergone the process of volumetric collapse in-situ under its own self

weight.

5.4 Conclusions

In this chapter a series of simple load and soak laboratory tests were carried out on the Ben-

gawan Solo �ll material under a number of di�erent initial compaction conditions. These tests

highlighted the collapsible nature of this �ll material under dry of optimum conditions (Series

COA, COB and COC) and in particular when compacted to low dry density (Series COA) at
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Figure 5.32: MIP results for (i) Compacted loaded & soaked and (ii) Undisturbed specimens
(a) Cumulative void ratio intruded and (b) Pore size density function. Void ratio non-intruded
eni= 0.078 for all specimens. Void ratio non-detected, CLS: end= 0.040, U: end= 0.066

189



Chapter 5 Volumetric collapse behaviour

 

Intra-matrix pores: 

1 - 2 µm 

Figure 5.33: ESEM micrograph of dominant intra-matrix pores present in compacted loaded &
soaked specimen (~2µm)

 

Intra-matrix pores: 

1 - 2µm 

Figure 5.34: ESEM micrograph of dominant intra-matrix pore size present in undisturbed spec-
imen (~2µm)
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conditions similar to the as-constructed conditions of the Bengawan Solo embankment. Under

these conditions collapse behaviour was exhibited under a number of di�erent vertical stresses

(32kPa to 538kPa), with maximum collapse occurring at 125kPa. Interestingly signi�cant vol-

umetric collapse was observed in specimens which had been compacted wet and then dried

(Series COG), despite an overall reduction in dry density. This suggests that the presence of

montmorillonite in this clay induces important structural changes during drying which may be

responsible for macroscopic volumetric behaviour.

The oedometer tests were complemented with a fabric study which was carried out in order to

identify the changes in soil fabric occurring due to loading and wetting. The ESEM micrographs

indicated a reduction in inter-aggregate porosity due to soaking, which was con�rmed by the MIP

study which indicated that soaking alone was responsible for a shift in pore mode from 170µm

to 2.1µm. It is proposed that the soaking process resulted in the softening of aggregations, the

loss of strength of bridging material and the loss of the stabilisation due to suction all of which

contributed to the formation of a fused uniform matrix type fabric with few inter-aggregate

pores. Furthermore results of the fabric study suggest that the undisturbed sample tested may

have already undergone the process of volumetric collapse in-situ.

This chapter also presented three possible di�erent failure pathways which propose that volu-

metric collapse on wetting could play a role in the local or global failure of a �ood embankment.

In particular this may occur when �ood embankments are additionally loaded by the installation

of protection measures. These failure pathways have been presented here because although the

mechanism is widely known and reported in the geotechnical engineering community, it is not

often cited in the literature as a possible failure mode of �ood embankments. Furthermore this

chapter has demonstrated here how simple conventional load and soak oedometer tests can give

an important indication of the collapsible behaviour of �ll material under planned construc-

tion conditions (or conditions present in the �eld). It is recommended that these simple tests

should be carried out as standard practice before selecting compaction conditions for new �ood

embankments or particularly as a check in cases where additional loading is to be introduced.
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Chapter 6

Isotropic compression and shearing

behaviour

6.1 Introduction

One of the main objectives of this research was to investigate the mechanical behaviour of

the Bengawan Solo �ll material under unsaturated conditions. In this chapter the in�uence

of suction on the volumetric and shearing behaviour of this �ll material is explored. Isotropic

compression and triaxial (compression) tests were carried out under saturated, suction controlled

and constant water content conditions. The experimental equipment used and the experimental

procedures followed are described herein. Results of the isotropic compression tests and shearing

tests carried out on the Bengawan Solo �ll material at di�erent suction levels are then discussed.

Some of the experimental data obtained was subsequently used in a routine stability analysis

carried out in order to investigate the e�ect of shear strength reduction upon wetting on the

stability of the Bengawan Solo embankments.
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6.2 Background

6.2.1 In�uence of suction on volumetric behaviour

As brie�y described in Chapter 3, Section 3.6.2, suction in�uences both the preconsolidation

stress exhibited by an unsaturated specimen subjected to increasing external load, and also the

compressibility of the material post-yielding. Many experimental investigations have con�rmed

that specimens with a higher suction will exhibit a higher yield stress upon external loading

than a similar specimen at a lower suction (e.g. Dudley, 1970; Vicol, 1990; Maâtouk et al., 1995;

Wheeler and Sivakumar, 1995).

Initially the in�uence of suction on preconsolidation stress was typically investigated by carrying

out oedometer compression tests on samples compacted at the same initial dry density but at

di�erent initial moisture contents (representing varying suction) (e.g. Dudley, 1970). However

this type of test does not account for the changes in structure resulting from compacting at

di�erent initial moisture contents. Studies have therefore also been carried out with the aim

of minimising structural e�ects in order to better understand the e�ect of suction (e.g. Vicol,

1990). Vicol (1990) investigated the volumetric behaviour of reconstituted specimens which

were brought to di�erent suctions in a suction controlled oedometer, which were maintained

constant during loading. The specimens tested therefore had an initial common microstructure

but were tested under di�erent suction levels (s=1500kPa, s = 0kPa). With the e�ects of

structure minimised, the results of these tests (Vicol, 1990) did indeed illustrate an increase in

preconsolidation stress with increasing suction.

Subsequently increasing experimental evidence to support this in�uence of suction on preconsol-

idation stress has been presented by di�erent authors, who have prepared nominally �identical�

compacted specimens and then allowed them to equalise under di�erent suction levels before

loading isotropically (e.g. Maâtouk et al., 1995; Wheeler and Sivakumar, 1995; Cui and Delage,

1996). Evidence that increasing suction increases the preconsolidation stress has also been pre-

sented for undisturbed specimens (e.g. Futai and Almeida, 2005) although it is more di�cult

to ensure specimens are identical when testing undisturbed material, perhaps due to structural

e�ects. This in�uence of suction on preconsolidation stress has been incorporated into constitu-
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tive models for unsaturated soils in the form of the loading-collapse curve (Alonso et al., 1987,

1990).

The in�uence of suction on the post-yield compression behaviour of soils is however less clear

cut. The one-dimensional compression of the reconstituted samples by Vicol (1990) indicated

that the specimen with a higher suction was markedly sti�er than the corresponding saturated

specimen, i.e. the slope of the compression line decreased as suction increased. It is this in�uence

of suction which was incorporated into the initial formulation of the BBM (Alonso et al., 1990).

However experimental evidence has also been presented which indicates that soil sti�ness may

reduce with increasing suction, and that this is perhaps more noticeable when comparing the

behaviour of saturated specimens and unsaturated specimens at low suction (e.g. Maâtouk et al.,

1995; Wheeler and Sivakumar, 1995; Ng and Chiu, 2001). For example the isotropic compression

results of compacted speswhite kaolin presented in Wheeler and Sivakumar (1995) indicate an

increase in the slope of the normal compression line λ(s) with increasing suction up to a suction

of 200kPa, after which λ(s) decreases. Similarly Ng and Chiu (2001) present results which

indicate that λ(s) increases (reduction in sti�ness) up to a suction of 80kPa, and then decreases

for a loosely compacted volcanic �ll. Futai and Almeida (2005) observed a continued increase in

soil compressibility from saturated conditions to air dried conditions for an undisturbed gneiss

residual soil (Figure 3.20).

It is clear that experimental evidence is still required in order to further our understanding of

the in�uence of suction on the sti�ness of unsaturated soils. It is anticipated that the results

obtained from the isotopic compression tests presented in this chapter can contribute to the

existing body of work on the in�uence of suction on the volumetric behaviour of compacted

natural soils.

6.2.2 In�uence of suction on shearing behaviour

As discussed in Section 3.6.2, it has commonly been observed that an unsaturated soil exhibits a

higher shear strength than the same soil under saturated conditions (e.g. Escario, 1980; Escario

and Sáez, 1987). This phenomenon has been attributed to the e�ect of meniscus water at inter-

particle contacts which provides an additional normal force and consequently acts to increase
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the resistance of the soil to shearing (Figure 3.18). Much of the early research on the shear

strength of unsaturated soils primarily focused on the determination of the angle of friction

(φ′) and cohesion (c′) at failure. Many of these experiments were carried out using modi�ed

direct shear tests (e.g. Escario, 1980). Notably Bishop and Donald (1961) performed suction

controlled triaxial tests at an early stage in the development of the �eld of unsaturated soil

mechanics. Also of interest was the variation of cohesion and the angle of friction with suction;

in particular shear strength was found to increase non-linearly with suction towards a limiting

value of strength (Escario and Sáez, 1987).

The development of the Barcelona Basic Model (Alonso et al., 1990) provided one of the �rst

constitutive models for unsaturated soils which integrated both volume change and shearing

behaviour within a framework of elasto-plasticity. Subsequently experimental results were pre-

sented which monitored volume changes during shearing, among the �rst to present such results

were Toll (1990); Maâtouk et al. (1995); Wheeler and Sivakumar (1995); Cui and Delage (1996).

More recently frameworks, such as those presented by Gallipoli et al. (2003) and Wheeler et al.

(2003) have helped to focus attention on the importance of the degree of saturation and its

in�uence on critical state parameters. Among others, Toll and Ong (2003); Jotisankasa et al.

(2009); Raveendiraraj (2009) have presented experimental evidence in terms of the degree of

saturation. However, despite this progress there still remains a need for more triaxial testing

which monitor specimen volume changes and changes in water content during shearing under

suction controlled conditions for a wide range of di�erent soils.

6.3 Objectives & experimental campaign

The aim of this experimental campaign was to investigate the isotropic compression behaviour

and shearing behaviour of the Bengawan Solo �ll material under saturated and unsaturated

conditions. The speci�c objectives were to investigate the in�uence of suction on (i) yield stress,

(ii) post-yield compressibility and (iii) shear strength. In order to span the full range of suction

possible, four di�erent levels of suction were investigated: (i) s = 0kPa (saturated conditions), (ii)

s = 50kPa (suction controlled conditions), (iii) s = 400kPa (suction controlled conditions) and

(iv) initial s ~ 100 MPa (constant water content conditions). The suction controlled tests were
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carried out using the axis-translation technique, its implementation in these tests is described

in Section 6.5.2.

In the isotropic compression tests, specimens were loaded to 1000kPa (e�ective or) net stress

under constant loading rates (see Section 6.5.5). Triaxial tests were performed at each suction

level under three di�erent (e�ective or) net con�ning stresses of 25kPa, 100kPa and 300kPa

respectively. These stresses were selected to represent con�ning stresses found close to the crest

of the embankment, at the base of the embankment and within the founding layers, respectively.

6.4 Experimental Equipment

6.4.1 Isotropic compression testing equipment

Existing cells available in the civil engineering department were adapted for testing unsaturated

soils. Primarily this involved replacing the standard acrylic cell body with an aluminium cell

body in order to enable global measurements of the specimen volume change, by reducing

expansion of the cell due to the application of cell pressures and avoiding cell volume losses due

to absorption, typically found in acrylic cells (e.g. Wheeler, 1986). The aluminium cell body

used had an internal diameter of 75mm and a wall thickness of 10mm. The aluminium cell

body was �tted between the existing cell base and cell cover with two large �at membranes,

and securely tightened with three tie rods, in order to seal the cell at the top and bottom. The

main disadvantages of using the aluminium body was that the specimen could not be viewed

during testing, and air bubbles which may have become entrained during �lling of the cell could

not be observed. To minimise the air bubbles entrained, the cell was �lled very slowly, taking

approximately 15mins to �ll the cell. In suction controlled tests, a base pedestal with a high

air entry ceramic (15bar) was used, to enable suction control via the axis translation technique

(see Section 6.5.2).

The isotropic cell had four connections to the base: (i) Cell pressure line connected to the cell

base, (ii) Pore water pressure line connected to the base pedestal, (iii) a second connection to

the base pedestal, for �ushing underneath the ceramic stone and (iv) Connection to the top
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cap, for applying pore air pressure during suction controlled tests, or for applying back pressure

during saturated tests. There was a second connection to the top cap available, which was not

used in this experimental campaign.

In the isotropic tests the change in volume of the soil specimen under a constant rate of loading

was of most interest. Due to the presence of air in unsaturated soil specimens, the volume change

cannot be determined solely by the volume changes in the back pressure line. Thus, the volume

change in the cell pressure line was recorded (global measurement). However measurements

on the cell pressure line require several corrections and are less accurate than those on the

back pressure line (Head, 1998). Head (1998) provides a detailed list of the di�erent factors

which should be taken into account when making independent volume measurements on the

cell pressure line. These include: (i) irregularities on the specimen surface, (ii) air trapped

between the specimen and the rubber membrane, (iii) air trapped at top of cell, (iv) expansion

of cell walls due to pressure increase, (v) continued expansion of cell walls over time, at constant

pressure (creep), (vi) absorption of water into, and migration through, cell body, (vii) leakage of

water through piston bushing, through membrane, or from lines and valves, (viii) movement of

piston during shearing. The actual volume change of the specimen which is the desired measured

quantity, can be attributed to (i) the change in volume of the air voids and (ii) the change in

volume due to the movement of water into or out of the specimen. Details of the calibration of

the isotropic cell carried out to account for these di�erent e�ects can be found in Appendix A,

Section A.2.1.

Figure 6.1 presents the testing set-up used in the isotropic compression tests. Data from the

pore pressure transducer was recorded using the data acquisition pad which was connected to

a computer, along with the two pressure-volume controllers via an RS232 multiplexer. Pore air

pressure was applied to the top cap of the specimen and was controlled manually by means of

a pressure gauge. The system also included a humidity chamber and a �ushing system, both

of which are explained in further detail in Section 6.5.2. Calibration of the pore water pressure

transducer used during the saturated tests and calibration of the air pressure gauge used during

suction controlled tests are presented in Appendix A, Section A.2.3. Further information is also

given regarding the range and accuracy of the pressure-volume controllers used in the isotropic

testing set-up.
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Figure 6.1: Isotropic testing set-up

6.4.2 Triaxial testing equipment

Similar to the isotropic equipment, the triaxial cell was adapted from an existing cell by introduc-

ing an aluminium body (10mm thickness) with an internal diameter of 75mm. The aluminium

body was secured to the existing cell base and cover using three tie rods and sealed with �at

rubber membranes at each end.

The triaxial cell had four connections to the base: (i) Cell pressure line connected to the cell

base, (ii) Pore water pressure line connected to the base pedestal, (iii) a second connection to

the base pedestal, for �ushing underneath the ceramic stone during suction controlled tests (iv)

Connection to the top cap, for applying pore air pressure during suction controlled tests, or for

applying back pressure during saturated tests. During suction controlled tests a base pedestal

with a 15 bar ceramic disc was used in order to control suction using the axis-translation

technique.

Preliminary shearing tests indicated that the traditional top cap design was unsuitable for testing

the Bengawan Solo �ll material, as at the end of the tests the top cap and porous stones lay at

a signi�cant angle to the horizontal. This was attributed to the soft nature of this soil, which

permitted localised failure to occur directly underneath the top cap. In order to avoid this type
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Figure 6.2: (a) Schematic and (b) Photograph of triaxial cell

 

Ball bearing, 
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Figure 6.3: Top cap arrangement in triaxial cell (a) existing arrangement, (b) modi�ed arrange-
ment
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of failure occurring the top cap design was altered as illustrated in Figure 6.3. In the modi�ed

design, a recess was manufactured into the top cap, into which a stainless steel ball bearing was

placed. By forcing the loading ram to be inserted into the recess for the transmission of load,

the amount of possible rotation of the top cap was greatly reduced (Figure 6.3). This modi�ed

design was successful as can be observed in Figure 6.21, all of the specimens appeared to have

a fairly horizontal top surface at the end of testing.

Figures 6.4 and 6.5 present the overall triaxial system lay-out. A Wykeham Farrance 50kN

Tritech load frame was used to set a constant shearing rate in these tests. Cell pressure was

controlled and cell volume monitored using a GDS pressure-volume controller, with a maximum

pressure limit of 2MPa. Pore water pressure was also controlled and changes in the water

volume entering or leaving the specimen were monitored using a second GDS pressure-volume

controller. The volume change of the specimen was determined by monitoring the global changes

in the cell volume. The small internal diameter (~75mm) of the triaxial cell, meant that it

was unfortunately not possible to introduce internal instrumentation. Pore air pressure was

introduced via a port in the top cap during suction controlled tests. The pore air pressure was

manually regulated using an air pressure gauge (see Figure 6.5). The pore air pressure was the

only variable not monitored or controlled by the computer.

An external ELE s-type load cell, with an upper limit of 5kN was used to measure the axial force

acting on the soil specimen. A WF 25mm external linear displacement transducer was used to

measure the axial strain of the specimen. During saturated tests, a WF pore water pressure

transducer was connected underneath the base pedestal to monitor changes in pore pressure

through the specimen. The instrumentation was connected to a GDS 8 channel data acquisition

pad, which was connected to the computer via a RS232 serial port. The two pressure-volume

controllers used a GPIB bus connection, the load frame was connected to the PC using a RS232

to USB converter connection. All equipment was controlled using GDSLab software, a screen

shot of the triaxial set-up can be seen in Figure 6.6.

Details of the calibration of the load cell, linear displacement transducer, pore water pressure

transducer and air pressure gauge used in the triaxial testing system are presented in Ap-

pendix A, A.3.2. Additionally calibrations was also carried out to account for the e�ects of

uplift pressure when using an s-type load cell.
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Figure 6.5: Photograph of triaxial system

 

Figure 6.6: GDS Lab software screen
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6.5 Experimental Methodology

6.5.1 Specimen preparation

The specimen initial conditions of wo = 24% and ρdo= 1.18Mg/m³ (ρ= 1.46Mg/m³, Sr = 50.0%,

e = 1.31) were the target initial conditions for all of the tests presented in this chapter. This

dry density of 1.18Mg/m³ was selected as it is similar to the low dry densities found in-situ and

also it represents 80% of the BS Light peak density; the embankments were to be constructed

at 80% of Proctor density, (Soemitro, private communication, 2006). A moisture content of

24% (4% less than optimum) was selected in order to represent the conditions under which the

embankments were constructed, where material removed from the river bed was spread out and

left to dry on top of the existing embankments prior to compaction.

Samples were prepared from air dried crushed material which passed the 2mm sieve. This

material was then hand mixed with de-aired water in sealable plastic bags (to minimise water

losses) to achieve the desired moisture content. Samples were left within the sealed plastic bags,

and stored inside sealable plastic containers for at least 24hrs before compaction to ensure the

mixed water had distributed evenly throughout the sample.

All specimens were compacted dynamically in a 3 part split mould, with an internal diameter

of 38mm to achieve the initial desired conditions. The isotropic specimens were half height

specimens with an initial height of 38mm, whereas the triaxial specimens had an initial height

of 76mm. The isotropic specimens were compacted in 3 layers using 22g per layer and 8 blows

of a small light hammer of mass 334g. The triaxial specimens were compacted in 5 layers using

26.5g per layer and 10 blows of the light hammer. The top of each layer was scari�ed before

adding a new layer in order to ensure there was a good contact between layers. Figure 6.7

presents the equipment used to compact the specimens and illustrates a compacted triaxial

specimen. After compaction, three measurements of the initial height and three measurements

of the initial diameter were made using vernier callipers (measurement to 0.01mm) and the

initial mass of each specimen was recorded to 3 decimal places.
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Figure 6.7: Compaction of triaxial specimen (a) Compaction equipment, (b) 3 part split mould,
(c) scari�cation of layers and (d) compacted specimen
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6.5.2 Axis translation technique

The axis translation technique was used as the method of controlling suction in both the isotropic

and triaxial tests. This method was selected primarily due to the ease of adapting existing

equipment in order to implement the technique. This including �tting a standard base pedestal

with a 15bar high air entry value ceramic stone (34mm diameter, 7.14mm thickness), with a

circular groove machined underneath the stone to aid the �ushing of water. A fully saturated

ceramic stone provides the necessary barrier to gas �ow required to control suction using the

axis translation technique (Hilf, 1956). Pore water pressure was applied underneath the ceramic

stone using a GDS pressure-volume controller and pore air pressure was applied to the top of

the specimen, via the top cap, from a manually controlled air pressure line.

Prior to each suction controlled test the ceramic disc was saturated and the permeability checked

in order to ensure no cracking of the stone had occurred. Saturation of the ceramic disc was

achieved by applying a water pressure of 1600kPa above the stone while the back pressure un-

derneath the stone was controlled at 0kPa using the pressure-volume controllers. Full saturation

was deemed to have been reached once a steady �ow through the disc was achieved, and the

permeability calculated was equal to the saturated permeability of the stone. The 1500kPa

ceramic stone used in the triaxial tests has a saturated water permeability of 5.8 × 10−11 m/s

and that used in the isotropic tests has a saturated water permeability of 3.79× 10−11 m/s (see

Figure 6.8), as determined in numerous tests in the laboratory. It should be noted however that

these values di�er from the saturated permeability of 2.6×10−11 m/s proposed by Soil Moisture

Corporation for the 15bar ceramic stone (Soil Moisture 2008).

The saturated permeability (k) of the ceramic disc was calculated using Darcy's Law:

q = Aki (6.1)

where q is the rate of �ow (m³/s), A is the cross-sectional area of the ceramic disc (m²) (disc

diameter is 50mm), and i is the hydraulic gradient (dimensionless) where i is determined as:

i =
h1 − h2

L
(6.2)
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Figure 6.8: Permeability of ceramic stones used in isotropic and triaxial set-ups

where h1 is the pressure above the disc in terms of water head, h2 is the water head below the

disc and L is the thickness of the ceramic disc (7.14mm).

This disc is a high air entry value ceramic, thus when fully saturated air should not pass through

the disc unless an air pressure greater than 1500kPa is applied to its surface. However air may

still pass through the disc, even when fully saturated due to the process of air di�usion. Air may

dissolve into the pore �uid above the ceramic when under a high pressure and pass through the

ceramic. As the pressure below the ceramic is generally lower than that above (in order to apply

a matric suction) the air may come out of solution underneath the ceramic. The accumulation

of di�used air under the ceramic stone may result in a loss of continuity between the pore water

in the soil specimen and the water in the control system, furthermore it may lead to errors in

pore water volume measurements during drained tests. The rate at which air may accumulate

under the ceramic disc may be described by the following relationship (Fredlund and Rahardjo,

1993; Romero, 1999; Airò Farulla and Ferrari, 2005):

dVd
dt

=
nADh(ua − uw)
(uw + uatm)tc

(6.3)
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where Vd is the volume of di�used air accumulating under the disc in time t, n is the porosity,

A the cross-sectional area and tc is the thickness of the disc. h is the volumetric coe�cient of

solubility of dissolved air in water, from Henry's law h = 0.018 at 22°C (Henry's law states that

the amount of gas which dissolves in a given type and volume of liquid is directly proportional to

the partial pressure of that gas in equilibrium with that liquid). uatm is the absolute atmospheric

pressure and D is the air di�usion coe�cient. Results presented by Airò Farulla and Ferrari

(2005) indicate that values of D lie between 3× 10−11 and 2× 10−10m²/s for suctions less than

700kPa. Above 700kPa D increases with increasing suction. For this reason, in these tests, the

axis translation technique was not used in the application of suctions higher than 700kPa.

As can be deduced from Equation 6.3, increasing uw is an e�ective means of reducing the

accumulation of di�used air underneath the ceramic disc. This is the technique recommended by

Delage et al. (2008) for minimising air di�usion. Accordingly, the pore water pressure underneath

the stone was maintained at a minimum of 200kPa during suction controlled tests. In order to

remove any air bubbles which accumulate underneath the ceramic stone, a �ushing system

was set-up, which was connected to the second port of the reservoir under the porous stone.

A separate pressure system involving an air-water cylinder was used for this purpose, which

enabled a slightly lower pressure (180kPa) to be applied, for 30s every 2-3 days during testing

under suction controlled conditions. This resulted in a �ow of water from the pore water pressure

source (set at 200kPa) with the aim of �ushing out any air bubbles present.

Another factor which should be considered when using the axis translation technique is the

in�uence of the relative humidity of the imposed air. If the relative humidity is low, as is

typically the case for air coming from air compressors, alongside the liquid �ow through the

ceramic disc, (which imposes matric suction), evaporation of the top surface of the soil specimen

may also occur (Delage et al., 2008). Jotisankasa et al. (2007) reported a relative humidity value

of 5% for dry air coming from a compressor. In order to minimise the e�ect of this dry air, it

was passed through a humidity chamber (Figure 6.5) before entering the isotropic or triaxial

cells. Essentially the humidity chamber consisted of a sealed stainless steel cell with an inlet

and outlet, within which a height of water of several centimetres was maintained. The dry air

coming from the compressor was thus forced to �ow across the surface of the water, increasing

its relative humidity.

208



Chapter 6 Isotropic compression and shearing behaviour

6.5.3 General setting-up procedures

6.5.3.1 Flushing of drainage lines

An ELE de-airing tank was used to de-air tap water under vacuum. All water was de-aired

for at least 30 minutes before use in the experimental set-up. Tap water was preferred over

distilled water for these experiments due to the potential corrosive nature of de-aired distilled

water on membranes and o-rings (Head, 1998). Only de-aired water was used to �ll the cells, for

�ushing drainage lines and pressure transducers prior to testing and for the �lling of pressure-

volume controllers. The cell pressure and pore water pressure lines were primed before use.

Considering that saturation of the high air entry ceramic discs occurred prior to the test set-up

it was important to ensure no water remained in the line to the top cap for the suction controlled

and constant water content tests, air at a pressure of 200kPa was forced to �ow through these

connections for 15min to remove any residual water. In the saturated tests the pore pressure

transducer was �ushed of any air bubbles using the de-airing block in which it was mounted.

During this initial set-up, a layer of water was maintained at all times on top of the ceramic

disc.

6.5.3.2 Setting a zero datum

Prior to each test, the pressure-volume controllers and pore water pressure (p.w.p.) transducer

(saturated tests only) were checked against a zero datum and zeroed if necessary. The air vents

at the top of the isotropic and triaxial cells were used as the datum points. The cells were

�lled with water and the controller responsible for the cell pressure and that for the pore water

pressure would be zeroed at the point at which water emerged from the air vent. This was

similarly carried out for the p.w.p. transducer (saturated tests only). For the suction controlled

tests, this was carried out immediately prior to saturation of the high air entry ceramic disc.

6.5.3.3 Mounting a specimen

In the saturated tests a saturated porous stone was placed onto a conventional base pedestal

(2 drainage ports), followed by a �lter paper (Whatman No.1) onto which the specimen was
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Figure 6.9: Triaxial mounting accessories

placed. In the suction controlled tests specimens were placed directly onto the saturated ceramic

surface to ensure a good contact was achieved. The ceramic was lightly sprayed with water before

placing the specimen to further ensure a good hydraulic connectivity between the specimen and

the ceramic and to prevent drying out of the ceramic surface prior to the start of the test. In

the constant water content tests, the high air entry ceramic was left to air dry for several days

in the laboratory, to create a barrier to liquid �ow.

After mounting the specimen on the base pedestal, latex membranes were placed around the

specimens using a suction membrane device, Figure 6.9. Two latex membranes were used for

each specimen and new membranes were used in each test to minimise risks due to leaking

membranes. For the saturated tests, all membranes, o-rings and porous stones were stored in

water overnight before the test. For the suction controlled tests and constant water content

tests, dry membranes and porous stones were used. Silicon grease was smeared onto the outside

of the inner membrane, before placing the second membrane in order to act as a barrier to

water and air �ow through the membranes, see Figure 6.10. A �lter paper and porous stone was

placed on the top of each specimen before attaching the top cap. O-rings were used to seal the

soil specimen, two o-rings were placed at the bottom of both the inner and outer membrane to

secure the membrane to the base pedestal and one o-ring secured the top of each membrane to

the top cap. The o-rings at the top of the specimen were placed using the o-ring stretcher tool
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Figure 6.10: Mounting of triaxial specimen

(Figure 6.9). After each test porous stones were cleaned in an ultrasonic water bath to displace

any soil particles which may have become clogged. After mounting the specimen, silicon grease

was smeared into the groove of the base o-ring before placing the cell body, to ensure a good

seal was made and to minimise the trapping of air bubbles. For the triaxial cell, silicon grease

was also smeared around the loading ram to prevent any leakages during the shearing stage.

With the air vent open the cell was then �lled very slowly with de-aired water to minimise the

risk of entrapping air bubbles during �lling, typically taking 15mins to �ll the cell.

6.5.3.4 Loading ram and specimen contact (triaxial tests)

An external s-type load cell was used in the triaxial set-up. As such the uplift force acting on

the ram due to cell pressure had to be accounted for. Furthermore it was necessary to apply a

nominal contact load of 0.015kN exceeding the uplift force to ensure that contact was maintained

between the specimen and the loading ram. Once the specimen was mounted and the cell body

in place (air vent still open), the base platen was raised such that an axial force of 0.015kN

was measured (q = 13kPa). At this stage the linear displacement transducer mounted on the
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crossbar connected to the loading ram, was �xed in place and the zero reading set.

The cell pressure increments which could be applied to the specimen at the beginning of the test

also had to be considered in terms of the uplift force acting on the loading ram. Considering

the large area of the loading ram (Ar= 282mm²) and the contact load necessary to maintain

contact 0.015kN, cell pressure had to be applied in increments less than 53kPa at the start of

the test in order to ensure contact between the loading ram and the specimen was maintained.

6.5.4 Application of suction

6.5.4.1 Saturated tests

In the saturated tests (zero suction), specimens were wetted from their initially unsaturated

compacted state in the isotropic or triaxial cell by circulating water from under the (conven-

tional) base pedestal to the top of the specimen. During circulation the pore water pressure

applied was maintained at 8kPa, the cell pressure at 15kPa and the top of the specimen was open

to atmospheric pressure. Water was circulated until the rate of volume of water exiting the spec-

imen via the top cap (measured by mass) was approximately equal to the rate of water entering

the specimen under the base pedestal (determined from the pressure-volume controller). This

was generally achieved in 15-20mins. Following this stage, pore water pressure was introduced

via the top cap and the valve to the pore water pressure transducer (connected to the second

port of the base pedestal) was opened. The cell pressure and pore water pressure were then

ramped simultaneously to pressures of 210kPa and 200kPa over a period of 30mins. After these

two saturation stages, B values > 0.97 were typically achieved, where B is equal to the change

in pore water pressure (measured by the p.w.p. transducer) over the change in cell pressure

(Skempton, 1954).

6.5.4.2 Suction controlled tests

The limitation regarding the application of initial pressure increments (<53kPa) to ensure con-

tact is maintained between the loading ram and specimen, became particularly signi�cant in
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the suction controlled tests, with elevated pore air and pore water pressures. Cell pressure

was increased in increments of 15kPa controlled by the GDS Lab software. For each step, the

axial force required to overcome the uplift force and maintain contact with the specimen was

determined experimentally a priori and fed into the GDS Lab software. After each cell pres-

sure increment the pore air pressure applied to the specimen was increased manually via the

air pressure regulator, also in increments of 15kPa, with never more than a mean net stress of

20kPa applied between steps. This could correspond to up to as many as 40 steps to achieve the

required initial stresses. Once the desired cell pressure and pore air pressures had been reached,

then the pore water pressure under the base pedestal was raised. The pore water pressure was

the last pressure to be applied and the �rst to be removed at the end of the test in order to

ensure no high pressure di�erential existed across the ceramic disc from bottom to top which

could cause it to crack.

Preliminary tests on the use of the axis-translation technique for suction control within the

Bengawan Solo �ll material highlighted di�culties related to wetting the specimens. Due to the

open (low density) structure prepared by compaction, the material could not draw water up

from the ceramic stone easily. After a few days of applying suction to the specimen, rates of

water uptake had dropped to 0.0004mm³/s. In order to wet the specimen su�ciently to reach

a suction of 50kPa, (an addition of approx. 4.5cm³ to the initial compacted specimen), would

take 126 days to achieve (almost 4.5 months). To minimise this time an initial wetting stage

was applied where ua−uw= -15kPa, i.e. a positive pore water pressure was applied underneath

the ceramic stone (rate of water transfer to specimen equal to approx. 0.0144mm³/s. Once the

specimen had been wetted su�ciently, (up to 7 days for s= 50kPa) the pore water pressure was

reduced to give the desired suction levels (ua − uw= 50kPa or 400kPa) and the suction allowed

to equalise throughout the specimen. In summary for the suction controlled tests, suction was

applied by subjecting the specimens to an initial wetting stage followed by a subsequent drying

stage, to achieve an overall net wetting of the specimen.

6.5.4.3 Constant water content tests

Constant water content tests were carried out on air dried specimens in order to investigate the

soil behaviour under the maximum suction considered in this study. The compacted specimens
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prepared at wo= 24% and ρdo
= 1.18Mg/m³ were left to dry in the laboratory for a minimum

of �ve days until a constant water content was obtained (w ~ 6%). Referring back to the

soil water retention curves presented in Chapter 4, Figure 4.18 obtained using the chilled-mirror

psychrometer, a moisture content of 6% (achieved by air drying in the laboratory) for a specimen

with similar initial compacted conditions (Series CM03), corresponds to a suction of 100MPa.

6.5.5 Isotropic loading

In the isotropic compression tests, the radial stress (cell pressure) was continuously increased

at constant suction (for s=0, 50 and 400kPa) and at constant water content for the air dried

specimens. It may be preferable to carry out all the tests at the same constant rate of loading but

for unsaturated soils this can result in ine�cient testing campaigns. Mainly this is due to the fact

that excess pore air pressure can dissipate at a rate up to �fty times faster than excess pore water

pressure (Romero, 1999). Thus it is important in the selection of loading rates to consider if water

or air drainage will be the dominant process; this is largely dependent on the degree of saturation

of the specimens to be compressed. For this material it was considered that for specimens

with Sr > 85%, water drainage dominates, whereas for Sr < 85% air removal dominates. In

suction controlled tests the presence of the ceramic disc directly below the specimen increases

the drainage length and also has an impedance e�ect on water drainage. Di�erent constant

rates of loading were thus selected according to the degree of saturation of the specimen to be

loaded. The di�erent rates of loading selected are listed in Table 6.3.

In the triaxial tests the desired e�ective or net radial stress was applied in a single step loading

and thereafter allowed to consolidate. For the saturated tests, this loading step was applied

after saturation of the specimen (s = 0kPa). Similarly for the constant water content specimens,

this was conducted after the specimens were air dried (initial s ~ 100,000kPa). However for the

suction controlled tests, the cell pressure required to give the desired net radial stress was applied

immediately prior to the suction application stage and thereafter allowed to equilibrate. Thus

for these tests the volume changes due to suction application and equalisation and those due to

consolidation processes cannot be distinguished. Results from the load and soak oedometer tests

presented in Chapter 5 (Figures 5.6, 5.7 and 5.8) verify that the net volume change experienced

by the Bengawan Solo �ll material is the same irrespective of whether the material is wetted
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Table 6.1: Rates of shearing used by various authors in controlled suction triaxial tests where
drainage length was equal to H (After Delage, 2002)

Author Soil Shearing rate (µm/min)

Bishop and Donald (1961) Braehead silt 2.13
Gulhati and Satija (1981) Dhanauri clay 6
Ho and Fredlund (1982) Silty sand 1.43

Wheeler and Sivakumar (1995) Speswhite kaolin 1.4
Rampino et al. (1999) Silty sand 1.27

Futai and Almeida (2005) Residual gneiss 5

and then loaded or loaded �rst and then wetted, suggesting stress path independency. It is for

this reason that it was decided in these tests to set the required net radial stress �rst and then

immediately after to follow the initial wetting path to apply suction, in an attempt to reduce test

durations. Although it is recognised that this involved sacri�cing additional information which

could have been obtained from these tests. This additional information was however obtained

in the isotropic compression tests which were carried out at the same suction levels.

6.5.6 Shearing stage (triaxial tests)

Without the bene�t of suction measurement, it is not possible to know if the imposed suction

is the actual suction within the soil specimen during shearing. It is thus di�cult to estimate an

appropriate strain rate. In all of the triaxial tests presented herein, shearing of the Bengawan

Solo �ll was carried out at a constant shearing rate of 5mm/min (0.007%/min). This shearing

rate was selected based on rates used by various authors for suction controlled tests, where the

drainage length was equal to the length of the specimen, as used in this experimental campaign,

see Table 6.1.

Table 6.2 presents the drainage conditions during suction equalisation, consolidation and shear-

ing for the di�erent tests conducted. In the saturated and suction controlled tests the pore

water or pore air and pore water was permitted to drain. However in the constant water con-

tent tests, no drainage of the pore water was permitted, only pore air drainage was permitted.

Fully undrained tests (no drainage of pore air or pore water) were not carried out due to the

di�culty of ensuring there is no pore air drainage through the latex membrane. For all of the

triaxial tests presented herein cell pressure was maintained constant during shearing.
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Table 6.2: Drainage conditions during suction equalisation, consolidation and shearing stages

Drainage

Pore air pressure Pore water pressure

Saturated tests N/A Yes
Suction Controlled tests Yes Yes

Constant water content tests Yes No

6.6 Calculations

In a triaxial test with a cylindrical specimen it is generally implicitly assumed that the axial

stress σa is equal to the major principal stress σ1, and that the radial stress σr, the all-round

pressure applied to the specimen by the cell pressure, is equal to the intermediate principal

stress σ2 and equal to the minor principal stress σ3, such that the mean total principal stress p

is equal to:

p =
σa + 2σr

3
(6.4)

For saturated tests, the mean e�ective stress p′ is equal to p − uw. For unsaturated tests, the

mean net stress p is equal to p − ua. The deviator stress q is equal to the axial stress applied

in excess of the radial stress and because it is de�ned as the di�erence between two stresses its

value is the same irrespective of whether total or e�ective stresses are considered:

q = σ′a − σ′r = σa − σr (6.5)

In the tests presented in this chapter, the GDS data acquisition system was used to record

automatically the following readings and measurements every 2 minutes: Time from start of

tests, time from start of stage, cell pressure, pore water pressure, �ow of water into cell, �ow

of water into specimen, load cell reading and axial displacement. Only pore air pressure was

required to be recorded manually. From these raw data values, deviator stress q, mean e�ective

stress p′, mean net stress p (unsaturated tests), speci�c volume v and degree of saturation can

be calculated as outlined below.

In order to calculate the axial force F applied to the specimen, it is necessary to also consider

the force applied to the specimen by the cell pressure applied within the cell and the uplift force
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acting on the load cell due to the use of a non-submersible load cell :

F = LC + σr(As −Aram) (6.6)

where LC is the load cell measurement, As is the cross-sectional area of the soil specimen and

Aram is the cross-sectional area of the loading ram. The axial stress σa acting on the specimen

is equal to:

σa =
F

As
=

F

(Vo −∆V )
(Ho −∆H) (6.7)

where Ho is the height of the specimen at the beginning of the test stage, 4H is the axial

displacement since the beginning of the test stage, Vo is the volume of the specimen at the

beginning of the test stage and 4V is the change in volume of the specimen since the beginning

of the test stage. In this way the change in cross-sectional area due to barrelling during shearing

is accounted for by considering the progressive changes in height and volume of the specimen.

The measured deviator stress (qm) can then be determined from the di�erence of the calculated

axial stress and radial stress applied to the specimen (Equation 6.5). This value however should

be corrected for the e�ects of the rubber membranes surrounding the specimen. In these tests

two rubber membranes, each 0.2mm thick were used, thus the membrane correction (qmem)

given in BS1377-8:1990 was adjusted accordingly by the multiplication factor given by Head

(1998):
38
D
× t

0.2
(6.8)

where D is the diameter of the specimen and t is the total thickness of the membranes used to

enclose the specimen. Thus a value of qmem equal to 0.3kPa at 1% axial strain was used for the

membrane correction and the corrected deviator stress was determined as follows:

q = qm − 100
4H
Ho

qmem (6.9)

The mean e�ective and mean net stresses were calculated as follows:

p′ = (σr − uw) +
q

3
(6.10)
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p̄ = (σr − ua) +
q

3
(6.11)

and suction determined as the excess of pore air pressure over pore water pressure applied to

the specimen:

s = ua − uw (6.12)

The speci�c volume v and degree of saturation Sr of the specimens during testing was determined

as:

v =
ρs(Vo −4V )

Ms
(6.13)

Sr =
Vw
Vv

=
Mw

ρw

V − Vs
=

1
ρw

(Mo −Ms)−4Vw

(Vo −4V )−
(
Ms

ρs

) (6.14)

where ρs is the particle density of the Bengawan Solo �ll (2.72 Mg/m³), Mo is the mass of the

specimen at the beginning of the test, Ms is the mass of solids within the specimen as measured

by oven drying at the end of the test, ρw is the density of water at 20°C (0.99 Mg/m³), 4Vw is

the change in pore water volume since the start of the test.

6.7 Results & discussion

6.7.1 Specimen conditions

Table 6.3 presents the conditions of all the specimens tested measured immediately after com-

paction and at the end of testing.

Despite using dynamic compaction to prepare the isotropic and triaxial specimens, relatively

similar initial conditions were achieved in all the test specimens. The average initial moisture

content and dry density of all the specimens immediately after compaction was 23.9% ±1.2,

1.19Mg/m³ ±0.02 respectively. The average initial speci�c volume and degree of saturation of

the specimens immediately after compaction was 2.288 ±0.044 and 50.5% ±1.8 respectively.

The ranges achieved are similar to those reported by Raveendiraraj (2009) who used static

compaction to prepare specimens of speswhite kaolin. Figure 6.11 presents the variation in
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Figure 6.11: Variation of initial conditions (a) moisture content, (b) dry density, (c) speci�c
volume and (d) degree of saturation of triaxial specimens after compaction
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initial water content, dry density, speci�c volume and degree of saturation of all specimens

immediately after compaction. Initial moisture content was relatively well controlled as all

specimens were within ±1.2 of 23.9%, typically lower moisture contents were due to evaporation

during mixing and during storage, whereas higher moisture contents were due to the addition

of too much water during sample mixing.

6.7.2 Isotropic compression behaviour

The stress paths followed by the isotropic compression tests in the suction - mean net stress

plane are shown in Figure 6.12. For specimens I1, I2 and I3 the specimens were wetted from

their initial compacted state with an approximate suction of 470kPa (determined from the water

retention curve) to the desired level of suction. Once suction had equalised the specimens were

then loaded to 1 MPa (800kPa for I1) mean net stress and then unloaded.

The isotropic compression behaviour exhibited at di�erent suction levels is presented in Fig-

ure 6.13 in terms of speci�c volume versus mean net stress. It is evident in Figure 6.13 that as

suction increases the yield stress (p0) increases from 15kPa to 155kPa. Furthermore the slope of

the normal compression line (λ) increases with increasing suction, with the compression curves

appearing to converge at higher stress levels. The slope of the swelling line (κ) appears to vary

much less, suggesting that the swelling behaviour due to unloading is independent of suction as

was proposed by Alonso et al. (1990). It is also evident in Figure 6.13 that the normal compres-

sion curves at di�erent suctions appear to converge towards that of the saturated behaviour at

higher stresses.

In Figure 6.14 the variation of λ and κ with suction for the Bengawan Solo �ll are compared with

values reported in the literature for other soils. For the six data sets presented it appears that

there is signi�cant increase in λ between saturated conditions and low suction levels (<100kPa).

Thereafter there is a slower rate of increase in λ with increasing suction (Bengawan Solo �ll,

Futai and Almeida, 2005) or a decrease in λ with further increases in suction (Maâtouk et al.,

1995; Wheeler and Sivakumar, 1995; Ng and Chiu, 2001). In terms of the swelling behaviour

due to unloading, only one of the data sets presented shows a strong trend: κ reducing with
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Table 6.4: Isotropic compression parameters

Test Reference Suction p0 λ(s) κ(s)

I1 0 15 0.17 0.05
I2 50 55 0.25 0.05
I3 400 155 0.30 0.04

‡Approximate initial suction
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Figure 6.15: Yield stresses p0 against suction: Experimental data and BBM loading collapse
curve

increasing suction (Futai and Almeida, 2005), for the other soils, the Bengawan Solo �ll included

it appears that κ varies around a fairly constant value for a particular soil, regardless of suction.

The yield stresses exhibited upon isotropic loading for each suction levels are plotted in Fig-

ure 6.15 alongside the BBM loading collapse curve (LC). In the original BBM formulation

(Alonso et al., 1990), it was anticipated that λ would decrease with increasing suction, this was

not found to be the case for the Bengawan Solo �ll material. Thus, the selection of parameters

for determining the LC curve followed the recommendations given by Wheeler et al. (2002)

such that an r value greater than 1 was selected (r = 1.25) and a su�ciently high value of pc

(reference stress) was selected (pc = 200,000kPa). Additionally the following parameter values

were selected:β = 0.013kPa-1, p∗0= 15kPa, λ(0) = 0.17 and κ = 0.04.
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6.7.3 Shearing behaviour

6.7.3.1 Suction application

For the saturated tests, the initial compacted specimen (wo=24%, ρdo
= 1.18Mg/m³) was wet-

ted by circulating water from the bottom of the specimen to the top, in a second stage the

cell pressure and back pressure were ramped to pressures of 210kPa and 200kPa respectively,

during this stage the B value (Skempton, 1954) was monitored to ensure close to full saturation

had occurred. Figure 6.16 presents the variation of B during the saturation ramp applied to

specimens T1, T2 and T3.

In the suction controlled tests, the variation in the pore water volume was monitored in order

to determine when suction equalisation had occurred. The amount of water to be added to

the specimens during the wetting stage was determined from the water retention curve for

uncon�ned specimens, considering that the con�ning stress was applied simultaneously to the

wetting stages, this explains the subsequent reduction in pore water volume observed during all

the tests during the suction equalisation stage (Figures 6.17 and 6.18). As a general rule, the

time required for equalisation of the suction throughout the specimen was equal to twice the

duration of the wetting stage.

Figure 6.19 illustrates the variation in moisture content of the specimens air dried in the lab-

oratory. A more or less constant moisture content of 6-7% was achieved after 5 days, this is

considered to correspond to a total suction of approximately 100MPa, based on data obtained

using the chilled mirror dew point psychrometer tests, presented in Section 4.7.3. Due to the

high suction present, suction was not controlled during these tests, rather they were sheared

under constant water content conditions.

6.7.3.2 Triaxial results

In Figure 6.20 the deviator stress q versus axial strain εa is plotted for each of the di�erent

suction levels tested (a) saturated conditions, (b) suction = 50kPa, (c) suction = 400kPa and

(d) constant water content tests with an initial suction of approximately 100MPa. As expected
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the shear strength of the soil increases with increasing e�ective or net con�ning stress. There

is a clear distinction between the behaviour of the soil under saturated and suction controlled

conditions (Figure 6.20a, b and c) and the behaviour of the soil at the maximum suction level

(Figure 6.20d). In the former (Figure 6.20a, b and c) deviator stress monotonically increases

with increasing axial strain, with only some of the tests ( T1, T2, T7) reaching a fairly constant

q by the end of the tests (axial strain = 20%). In tests T3, T4, T5, T6, T8 and T9, q is

still continuing to increase at the end of the test, suggesting that these tests have not reached

a critical state. The critical state of a soil specimen is de�ned as having been reached when

shearing produces no further changes of stress (q or p) or volume, typically at large axial strains

(Roscoe et al., 1958). For tests T1 - T9 initial shearing produces a steep increase in deviator

stress at very small axial strains. Figure 6.21 illustrates that these specimens (T1-T9) tended

to undergo barrelling during shearing.

The air dried specimens (T10 - T12) on the other hand all exhibited a peak shear strength

between 0.5 and 1.1% axial strain, followed by rapid softening behaviour, reaching fairly constant

values of q by axial strains of around 10%. Such behaviour is typical of dense sands and

overconsolidated clays. It should be noted here that the air drying of the compacted Bengawan

Solo �ll essentially created aggregates of low moisture content, strongly bonded together at this

high suction level (100MPa). At this low level of moisture content (6-7%) the material behaves

as a bonded granular material. In fact specimens T10 and T11 (at 25kPa and 100kPa net

con�ning stress) crumbled entirely during shearing, although it was still possible to distinguish

shear planes, see Figure 6.21. T12 exhibited barrelling deformation, with shear planes also

evident.

In Figure 6.22, deviator stress versus axial strain are plotted for each level of net con�ning stress

applied (25, 100 and 300kPa). In these plots it is evident that increasing suction increases the

shear strength of the Bengawan Solo �ll. It is clear that at all the stress levels the air dried

specimens exhibit a much higher shear strength and markedly di�erent behaviour characterised

by peak failures.

Despite best e�orts to calibrate the triaxial cell used in this testing campaign in order to deter-

mine specimen volume changes from changes in the global cell volume, (see Appendix A, A.3.1),

the specimen volume change results during shearing were found to be unreliable and for this
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reason have not been presented here. One of the main drawbacks of the cell used was the fact

that the loading ram had a relatively large cross-sectional area (Aram = 282mm²) compared

to the initial cross-sectional area of the specimen (As = 1134mm²). During shearing as the

piston moves into the cell, a volume of water equal to Aram∆H is forced to move out of the cell.

Considering the large area of the loading ram, the volume displaced during shearing could be

as much as 7200mm³, corresponding to more than 8% of the initial specimen volume. Although

this e�ect was accounted for during data analysis, the specimen volume change determined re-

mained unsatisfactory and it is thought that this e�ect contributed to masking the true specimen

volume change during shearing. Furthermore the cell volume measuring line remained open to a

large bore diameter pipe (1/4 inch NPT) (used for �lling the cell) during volume measurement.

It is thought that any air bubbles or �uctuations in volume in this large diameter pipe due to

temperature e�ects also contributed to errors in determining changes in the specimen volume.

In the isotropic cell, the cell pressure line was isolated during testing and connected only to the

test cell and the position of the loading ram remained �xed throughout the isotropic tests.

It is recognised here that the lack of reliable volumetric data is a signi�cant shortcoming of

the experimental data presented herein and its potential for use as a data set in future works.

Furthermore the adaptation of existing triaxial equipment for the testing of unsaturated soils is

thus not as straightforward as it may seem, it appears that the cell used was not �t for purpose

in terms of its suitability for measuring specimen volume changes.

Given the lack of volumetric data and the fact that half of the specimens tested had not reached

a constant level of stress by the end of the test, it was not considered a worthwhile exercise

to consider the data in terms of an unsaturated critical state framework. Rather the data

are considered here in terms of shear strength parameters. It is hoped that the information

presented can contribute to existing knowledge on the in�uence of suction on shear strength.

6.7.3.3 Shear strength parameters

The peak deviator stress (either at failure or at an axial strain of 20%) and the stress path fol-

lowed during the triaxial tests are presented in Figure 6.23a. The peak deviator stress obtained

for each con�ning stress level is then plotted against suction (suction + atmospheric pressure)
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in Figure 6.23b. The much higher shear stress exhibited by the air dried specimens is a function

not only of the suction level but also the soil fabric, which in this state is markedly di�erent to

that of the specimens tested at lower suction levels, which contributes to a much higher apparent

cohesion. The very high apparent cohesion determined for the air dried specimens (e.g. 260 kPa

in T12) may be explained by the bonded aggregated specimen created by air drying.

In order to investigate the in�uence of suction on the shear strength behaviour of the Ben-

gawan Solo �ll, the parameters, φ′ (e�ective angle of friction) and c′ (apparent cohesion) were

determined from Mohr's circles plotted for each of the suction levels tested (see Figure 6.24).

It should be noted that the drained cohesion determined under saturated conditions (30kPa)

is particularly high. With increasing suction, it appears that both φ′ and c′ increase for the

Bengawan Solo �ll material, although at low suctions (0 - 400kPa) cohesion appears to be less

in�uenced by changes in suction than the angle of friction. Similar evidence for increasing φ′

with suction has also been reported by a number of authors (e.g. Toll and Ong, 2003; Futai and

Almeida, 2005). Delage and Graham (1996) collated various experimental data sets and found

evidence of increasing and decreasing angles of friction with increasing suction. In Figure 6.25

the variation of shear strength parameters with suction determined for the Bengawan Solo �ll are

compared with values reported in the literature. For all the data sets presented in Figure 6.25

φ′ and c′ increase to varying degrees with increasing suction. Despite this one of the most

commonly used shear strength criterion (that proposed by Fredlund et al., 1978) assumes that

φ′ does not vary with suction. Similarly within a critical state framework, the BBM (Alonso

et al., 1990) assumes that M (slope of the critical state line in q − p space) is constant and

that cohesion increases with increasing suction, whereas data by Wheeler and Sivakumar (1995)

and Cui and Delage (1996) found both M and cohesion to increase with increasing suction.

An increase in M with suction may be explained by the inclined yield curves found for such

soils (q − p space), due to anisotropy, either as a result of compaction (Cui and Delage, 1996;

Wheeler and Sivakumar, 1995) or anisotropy present in undisturbed soils (Futai and Almeida,

2005). Alternatively, Toll (2000) argues that the increase in the angle of friction with suction is

due to the aggregated fabric of compacted clayey soils which may vary signi�cantly with suction.

Furthermore Toll (2000) argues that the symbol φ′ should be reserved for the angle of friction

in saturated conditions and that φa should be used to represent the strength component due to

net stress and φb the strength component due to suction.
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6.8 Slope stability analysis

A well known phenomenon reported in the literature for the failure of slopes and embankments

is the reduction of shear strength due to wetting (e.g. Krahn et al., 1989; Rahardjo et al.,

1995; Kim et al., 2004). In an attempt to investigate how the variation in shear strength of

the �ll material with changes in suction may in�uence the stability of the Bengawan Solo �ood

embankments, a routine stability analysis was carried out using the limit equilibrium method,

using Slope/w (Geoslope International Ltd.). The Factor of Safety was computed using the

Morgenstern-Price Method (Morgenstern and Price, 1965) and a half sine inter-slice function.

The borehole data presented in Figure 4.2 (Chapter 4) was used in the selection of the geotechni-

cal properties for the founding layers. The di�erent layers were converted to values of undrained

shear strength, assuming the relationship proposed by Stroud and Butler (1975) which consid-

ers that the undrained shear strength (Cu) is equal to 5 times the SPT N-value. The founding

layers were assumed to be fully saturated at all times and were considered to be undrained.

This may not strictly be the case but the assumptions are considered suitable for investigating

the in�uence of suction on the embankment stability.

Two scenarios were investigated representing: (i) the condition of the embankment immediately

after construction in which the embankment �ll is unsaturated and the Bengawan Solo River

level is low, as construction was carried out during the dry season and (ii) the condition of

the embankment typical of the wet season, when most of the embankment body has become

saturated and the river level is high. In the scenario representing conditions immediately after

construction, the river level was assumed to be 1 m high; in the wet season scenario the river

level was set to be 7 m high.

Values of angle of friction and apparent cohesion determined in the triaxial testing campaign

were used in the selection of the geotechnical properties of the �ll material. The �ll material

below the water table was assigned as saturated and that above the water table was deemed to

be unsaturated. For the saturated �ll material, the saturated parameters determined were used,

φ′ = 24.9 ° and c′ =30 kPa. Although the failure criterion proposed by Fredlund et al. (1978)

can be used in conjunction with Slope/w, it was preferred not to use it in this case considering

that the founding assumption that φ′ is independent of suction, is not valid for the Bengawan
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Solo �ll material. Rather the unsaturated material was assumed to be at a moisture content

of approx. 22-23 % at a suction of 400 kPa, corresponding to dry of optimum compaction

conditions and values of φ′ = 30.4 ° and c′ =55 kPa determined for this suction level in the

triaxial tests were used. Considering that during the long dry season from May to October,

evaporation considerably exceeds precipitation in the Bojonegoro area (Takeuchi et al., 1995), it

is not unreasonable to assume that such moisture contents may also be typical of the �ll material

during the dry season (especially in the absence of additional in-situ data). Additionally the

in�uence of loading due to the gabions present along this section of embankment was also

introduced into the stability analysis. The gabion �ll was assumed to have a density of 1.6

tonnes per m³ (MGS, 2004).

Considering only the increase in water level between the dry and wet season and thus changes

in the bulk unit weight and shear strength of the �ll material due to saturation, the Factor

of Safety determined was higher in the wet season (2.19) than in the dry season (1.52), (see

Figure 6.26). The higher Factor of Safety determined for the wet season scenario may be

explained by considering that the higher river level applies a greater hydrostatic pressure which

acts to stabilise the embankment. This simple analysis indicates that the variation of the shear

strength of the �ll material due to changes in suction is not the mechanism responsible for the

global failure of the gabion reinforced embankment illustrated in Figure 2.11 (Chapter 2). This

result is essentially an artifact of the high drained cohesion determined for the Bengawan Solo

�ll under saturated conditions.

A simple analysis was carried out to investigate the e�ect of rapid drawdown on stability assum-

ing that the whole of the embankment body remains fully saturated and undrained immediately

after drawdown (see Figure 6.27). A low Factor of Safety of 1.12 was obtained which illustrates

that embankments constructed with the Bengawan Solo �ll may be susceptible to instability due

to rapid drawdown as has been observed along these embankments (Soemitro, private commu-

nication, 2006). However the global failure of the gabion reinforced embankment was not linked

with any closure of the Babat barrage upstream. It is likely then that the global failure of the

gabion reinforced embankment was due to a combination of di�erent factors, including seepage,

overtopping erosion and the volumetric collapse of the poorly compacted layers. Investigation

of the in�uence of such factors would require coupled seepage analyses and unsaturated �nite
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element modelling of the embankments, work which is outside the scope of this thesis, though

is recommended for further research.

6.9 Conclusions

The isotropic compression tests presented herein indicate that for the Bengawan Solo �ll ma-

terial the yield stress (po) exhibited upon external loading increases with increasing suction.

Furthermore the results presented indicate an increase in soil compressibility (an increase in λ)

with increasing suction. As is evident from the literature the in�uence of suction on post-yield

compressibility is not yet well understood, with increasing suction leading to a reduction in the

compressibility of some soils (e.g. Matyas and Radhakrishna, 1968; Cui and Delage, 1996), an

increase in others (e.g. Futai and Almeida, 2005), or only a distinct di�erence between saturated

and unsaturated states with little variation thereafter (e.g. Wheeler and Sivakumar, 1995; Ng

and Chiu, 2001). Some authors have suggested that such variation in the in�uence of suction

on compressibility may be related to soil fabric (e.g. Toll, 1990; Toll and Ong, 2003). Chapter

7 investigates the role of compacted fabric on soil compressibility under di�erent saturation

conditions.

The shear strength behaviour of the Bengawan Solo �ll has been investigated at a number of

di�erent suction levels, it is evident that shear strength increases with increasing suction. In

particular angle of friction and cohesion have been found to increase with increasing suction. A

routine slope stability analysis indicated that the reduction in shear strength due to saturation

did not negatively in�uence the stability of the Bengawan Solo embankment. It is likely that

a combination of other mechanisms have been responsible for the global failure of the gabion

reinforced embankment. It is anticipated that erosion and volumetric collapse may have played

a role in this failure. Further experimental information is required on the variation in the

permeability of this material in order to investigate in more detail mechanisms contributing to

the poor performance of these �ood embankments.
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(a) Dry season scenario 
(immediately after construction) 

(b) Wet season scenario 

Figure 6.26: Variation in factor of safety of Bengawan Solo embankments (a) immediately after
construction in the dry season (river level = 1m) and (b) during the wet season (river level =
7m)
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Immediately after rapid drawdown 

Figure 6.27: Critical slip surface and Factor of Safety obtained immediately after rapid draw-
down
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Chapter 7

In�uence of compacted fabric on

volumetric behaviour

7.1 Introduction

In this chapter, the soil fabric created during compaction of the Bengawan Solo �ll material is

investigated, with particular emphasis given to its in�uence on compression behaviour. As a

�rst attempt to investigate the in�uence of soil structure on volumetric behaviour, tests were

conducted at di�erent initial compaction conditions (wo, ρdo
) using the conventional oedometer

apparatus under constant water content and saturated conditions. During mixing of the soil with

water the formation of soil aggregates was observed. Results from the conventional oedometer

tests and evidence during compaction tests suggest that the presence of soil aggregates may play

a role in the mechanical response of the soil. The aggregates created upon mixing at di�erent

moisture contents and their in�uence on compacted structure was further investigated using

Mercury Intrusion Porosimetry. Tests were then carried out on di�erent specimens compacted

of aggregates of a widely varying nature in order to assess their in�uence on the yielding and

compressibility behaviour of the soil under constant water content and saturated conditions.

The equipment used was designed and manufactured at UPC, Barcelona and is herein referred

to as the UPC oedometer. Finally, a carefully designed series of tests were carried out under
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suction controlled conditions in an attempt to isolate the e�ects of soil structure on volumetric

behaviour.

7.2 Structured soils

The term soil structure as used herein refers to the de�nition given by Mitchell (1993), where

structure is the combination of soil fabric and inter-particle forces, which are not purely fric-

tional (e.g. cementation). In classical soil mechanics, soil is considered to be a homogeneous

continuum (e.g. Houlsby, 1979) which can be described by considering the di�erent fractions

of solid and pore �uids present, quanti�ed as values averaged over a representative volume

(generally represented in phase diagrams). This approach assumes that soil structure at the

particle scale does not have a signi�cant in�uence on the macroscopic mechanical behaviour of

the soil. However for some soils this is not the case, these soils are referred to here as structured

soils. In general, the e�ects of structure on mechanical behaviour has been investigated for two

main types of structured soils: (i) intact (or natural) bonded soils (Burland, 1990; Leroueil and

Vaughan, 1990) and (ii) aggregated soils (Koliji, 2008).

7.2.1 Intact bonded soils

The mechanical response of intact (or natural) bonded soils di�ers from that of a reconsti-

tuted soil of the same mineralogy, where a reconstituted soil is de�ned as one which has been

thoroughly mixed at a water content equal to or greater than the liquid limit (Burland, 1990).

Essentially in a reconstituted soil, soil structure is considered to have been fully removed, and

for this reason reconstituted soils are used as the reference state when investigating structured

soils (Burland, 1990). The di�ering mechanical response exhibited by intact bonded soils is

attributed to the bonding or cementation of particles (Leroueil and Vaughan, 1990), referred to

here as inter-particle bonding.

Mitchell (1993) lists many di�erent factors which may in�uence soil structure, with composi-

tional and environmental factors contributing to initial soil structure with physical and chemical

processes responsible for subsequent changes in structure. Leroueil and Vaughan (1990) detail
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some of the speci�c causes of inter-particle bonding: (i) solution and deposition of silica at par-

ticle contacts in sands, (ii) cold welding at inter-particles under high pressure, (iii) deposition of

carbonates, hydroxides and organic matter from solution, (iv) recrystallisation of minerals dur-

ing weathering, (v) modi�cation of adsorbed water layers and inter-particle attractive forces in

clays. However despite the di�erent origins of such inter-particle bonding, Leroueil and Vaughan

(1990) suggest that the structural e�ects on engineering behaviour are similar.

The in�uence of bonded structures on mechanical behaviour has been investigated for a wide

range of di�erent soils including soft clays (e.g. Mesri et al., 1975; Smith et al., 1992), sti� clays

(e.g. Burland et al., 1996; Amorosi and Rampello, 2007), granular soils (e.g. Coop and Atkinson,

1993) and residual soils (e.g. Wesley, 1974; Coop and Atkinson, 1993). Generally these studies

have attributed structural e�ects to inter-particle bonding without an in-depth investigation

of the soil fabric. On the whole these studies have been largely limited to testing intact sam-

ples under fully saturated conditions and comparing the behaviour with that of reconstituted

samples.

Intact bonded soils typically exhibit sti� behaviour prior to yielding (Figure 7.1). This sti�

behaviour has often been assumed to be recoverable, suggesting that such deformations are

elastic and independent of structure (e.g. Gens and Nova, 1993). However although the pre-yield

behaviour is sti�, Leroueil and Vaughan (1990) argue that the behaviour may not necessarily

be elastic as structure may be damaged even at stresses lower than the primary yield.

The inter-particle bonds present in structured soils provide additional stability to the soil skele-

ton, increasing strength and increasing the stress domain within which the soil exhibits sti�

behaviour (Leroueil and Vaughan, 1990). The position of yield (Y in Figure 7.1c) will depend

on the strength of the bonded structure (Leroueil and Vaughan, 1990). The compression curves

of intact bonded soils typically lie to the right of the normal compression curve of reconstituted

soils (Figure 7.1a and b). It is the presence of the inter-particle bonds which enable the struc-

tured soil to exist at higher void ratios than are possible for the corresponding reconstituted soil

at the same stress (Leroueil and Vaughan, 1990).

The bonded structure also in�uences the soil behaviour exhibited post-yield, as the structure

is not removed immediately upon reaching the primary yield point (Y) (Leroueil and Vaughan,
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Figure 7.1: Comparison of the compression behaviour of structured and destructured specimens
(a) intact samples of Mexico City clay (data from Mesri et al., 1975), (b) intact samples of
residual soil from Java (data fromWesley, 1974) and (c) schematic of permissible space according
to structural state (Leroueil and Vaughan, 1990)
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1990). Typically bonded soils exhibit steeper post-yielding compression curves than for de-

structured material, characterised by higher values of the compression index Cc (Burland, 1990;

Leroueil and Vaughan, 1990). For structured soils Cc has been found to correlate with the initial

void ratio and sensitivity of clays (Leroueil et al., 1983) rather than with plasticity (e.g. Skemp-

ton and Jones, 1944). It has commonly been observed that as the stress applied increases and

the specimen has undergone su�cient strain, the compression curve exhibited by an initially

bonded soil converges to that of the reconstituted material (e.g. Wesley, 1974; Mesri et al., 1975;

Burland, 1990; Leroueil and Vaughan, 1990). This behaviour can be explained by considering

that post-yield the material is undergoing a progressive loss of structure (destructuring) with

increasing stress (Burland, 1990; Leroueil and Vaughan, 1990), such that the response of the

material becomes similar to that of the reconstituted soil as the in�uence of structure reduces.

However, Leroueil and Vaughan (1990) also argue that complete removal of structure does not

necessarily imply that the state of the soil will lie upon the normal compression line of the re-

constituted material, as further strains may be required to establish a similar fabric and packing

arrangement.

7.2.2 Aggregated soils

The second group of soils for which structure may in�uence mechanical behaviour is aggregated

soils. Such soils are characterised with aggregations of particles, which vary in terms of their

size, shape, texture, sti�ness and porosity. The arrangement of such aggregations may result

in an open soil fabric with an often bi- or multi-modal pore size distribution. Aggregations are

commonly found in compacted soils dry of optimum (e.g. Collins and McGown, 1974; Delage

et al., 1996; Lloret et al., 2003) and in agricultural soils (e.g. Horn and Dexter, 1989; Horn, 2003;

Carter, 2004). In agricultural soils, aggregations are desirable in that the resulting open structure

eases the passage of water, light, nutrients and provides suitable spaces for biological activity

(Charman and Murphy, 1998). Aggregated soils by de�nition have generally been investigated

by considering their soil fabric, that is the arrangement (shape, size and distribution) of solid

particles and pore space present (Collins and McGown, 1974). The classi�cations of soil fabric

used today are still largely based on the hierarchy of solid particles and pore spaces outlined

by Collins and McGown (1974). This classi�cation was presented in detail in Section 5.3.3.
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This chapter focuses on the in�uence of aggregated soil structures created by compaction, on

mechanical behaviour.

The soil fabric created due to compaction has been an area of study for many years. Early

concepts by Lambe (1958b) proposed that �occulated structures were created for clays com-

pacted dry of optimum and that dispersed structures were created in clays at moisture contents

wet of optimum, by considering the double water layer theory and colloidal chemistry. Lambe

then attempted to relate these soil fabrics (dispersed and �occulated) to observed engineering

behaviour (Lambe, 1958a).

Such early concepts have largely been replaced as a result of the development of microstructural

investigation techniques including SEM, ESEM and MIP which have enabled direct observation

and measurement of soil microfabric (e.g. Diamond, 1970; Barden et al., 1973; Collins and Mc-

Gown, 1974; Prapaharan et al., 1991). More recently techniques such as neutron radiography

and tomography have also been used to study soil fabric (e.g. Koliji, 2008). It is now gener-

ally accepted that a soil sample compacted dry of optimum is made up of an arrangement of

aggregates whereas samples compacted wet of optimum consist of a matrix fabric of a more

homogeneous texture. MIP results have indicated that soils compacted dry of optimum typ-

ically have a bi-modal or multi-modal pore size distribution whereas samples compacted wet

of optimum demonstrate a mono-modal distribution (e.g. Diamond, 1970; Ahmed et al., 1974;

Juang and Holtz, 1986a; Prapaharan et al., 1991; Delage et al., 1996), see Figure 3.16. Due to

the compacted state of these soils, it is important to investigate the in�uence of an aggregated

structure on mechanical behaviour under unsaturated conditions.

Compacted structure can in�uence water retention behaviour (e.g. Vanapalli et al., 1999), as

discussed in Section 3.5.2. The in�uence of structure generated during compaction has also been

linked with volumetric collapse behaviour. Typically specimens prepared dry of optimum at low

dry density may exhibit collapse behaviour whereas specimens compacted wet of optimum may

show no collapse or may even exhibit swelling behaviour. For the Bengawan Solo �ll material

such results were presented in Chapter 5 of this thesis. Studies carried out by Booth (1975; 1977)

recognised the importance of considering soil structure when investigating volumetric collapse

behaviour. In one of set of tests Booth (1975) compacted specimens at the same moisture

content and then conditioned them to di�erent moisture contents prior to loading by drying or
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wetting. This was carried out for specimens at a number of di�erent compactive e�orts. Despite

having the same initial fabric (compacted at same initial moisture content), the specimens

conditioned to drier moisture contents exhibited higher collapse strains than those conditioned

to higher moisture contents. This result indicates that initial fabric alone cannot account for

the variations in volumetric collapse observed for many soils when compacted dry of optimum

compared to samples compacted wet of optimum. Similarly in Chapter 5 of this thesis, Series

COG illustrated that a specimen compacted wet of optimum may exhibit signi�cant collapse

after following a drying path. In another set of tests, Booth (1975) compacted specimens at

di�erent moisture contents to the same dry density and then conditioned the specimens to the

same degree of saturation prior to loading. Of three di�erent soils tested only one (sandy silt)

exhibited some moderate di�erence in collapse strains attributed to di�erences in the initial

compacted fabric. For the other two soils tested negligible di�erences in collapse behaviour were

observed. Although Booth (1975) made attempts to control moisture content and dry density,

these tests were carried out in conventional oedometer apparatus, without the bene�t of suction

control, and thus variations in suction may have also existed. With the signi�cant developments

in experimental techniques for suction measurement and suction control in the last �fty years,

it is worthwhile to investigate now the in�uence of structure while also taking into account the

e�ects of soil suction.

Gens et al. (1996) presented such a study on the in�uence of soil fabric on volumetric collapse.

One set of tests presented, compares the behaviour of specimens (i) compacted under dry of

optimum conditions (Series D) and (ii) prepared wet of optimum (Series W) and then brought

to the same conditions of moisture content, dry density and suction of D prior to loading (see

Figure 7.2a). In this way any di�erences in soil behaviour could be attributed to the soil fabric,

as all conditions prior to loading were the same (w, ρd, s). Specimens in Series W and D both

exhibited volumetric collapse on soaking at 600kPa, however that of Series D, compacted under

dry of optimum conditions, exhibited signi�cantly higher collapse (Figure 7.2b). This result

indicates that the fabric created during compaction may have an important in�uence on the

subsequent volumetric behaviour for some soils.

Despite these e�orts to study the e�ect of structure on volumetric collapse behaviour, few stud-

ies have yet attempted to study the e�ect of aggregated structure solely on yielding and soil
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Figure 7.2: In�uence of initial compacted structure on volumetric collapse behaviour (a) spec-
imens compacted at dry of optimum (D), and wet of optimum (W) and brought to the same
conditions of D, (b) volumetric collapse exhibited on loading at 600kPa (Gens et al., 1996)

compressibility. One such study is the work carried out by Koliji (2008), which compared the

compression behaviour of aggregated and reconstituted specimens at di�erent states of satura-

tion. In this way the approach of the study was similar to those carried out for intact bonded

soils using the reconstituted specimen as the reference state, but under di�erent saturation con-

ditions. As such specimens were not prepared at the same initial conditions of moisture content

and dry density, all the reconstituted samples were prepared in an initially saturated state, al-

though they were tested under the same applied suction in the oedometer. Comparison of the

oedometer results (Figure 7.3) indicate that: (i) the compression curves for the aggregated and

reconstituted specimens tend to converge at high e�ective vertical stresses, (ii) the aggregated

specimens exhibit higher post-yielding compressibility (i.e. higher compression index Cc) and

(iii) the aggregated specimens existed at higher void ratios than the reconstituted specimens

at a given stress level (until very high stresses were reached). Essentially it appears that the

in�uence of an aggregated structure on compression behaviour is very similar to that of an intact

bonded soil, despite the di�erent possible causes of the structure (as suggested by Leroueil and

Vaughan, 1990).

Koliji (2008) also investigated the in�uence of suction on the mechanical response of these

structured and destructured specimens (Figure 7.4). For both reconstituted and aggregated
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Figure 7.3: Comparison of compression behaviour of reconstituted and aggregated specimens
under (a) dry conditions for Bioley silt and Abist silty clay and (b) suction controlled conditions
at s = 1500kPa for Bioley silt (Koliji, 2008)

Figure 7.4: Comparison of unsaturated compression behaviour (a) reconstituted Bioley silt and
(b) aggregated Bioley silt at di�erent suction levels (Koliji, 2008)
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specimens the yield stress was found to increase with increasing suction. The slope of the normal

compression line of the reconstituted specimens increased moving from saturated to unsaturated

specimens, but varied little thereafter with further increases in suction. Whereas the aggregated

specimens exhibited a continuing increase in the slope of the post-yield compression curves

with increasing suction. It is acknowledged here that the yield stress exhibited by structured

specimens is a function of both stress state and stress history but also soil structure (Leroueil

and Vaughan, 1990) and in unsaturated conditions suction. For this reason the term yield stress

is adopted, rather than the term preconsolidation stress.

In this chapter the emphasis is on the in�uence of the aggregated soil structure of the Bengawan

Solo �ll created by compaction, on compression behaviour. Tests conducted using conventional

oedometer apparatus presented in the next section investigate the in�uence of initial moisture

content, dry density and soil fabric on yielding and compressibility of the Bengawan Solo �ll.

The types of aggregates created by mixing at di�erent moisture contents and the corresponding

compacted structure are then investigated. The second half of the chapter presents results from

tests conducted in the UPC suction controlled oedometer, which have been speci�cally designed

to investigate the in�uence of di�erent soil structures on the yield stress and compressibility

of the Bengawan Solo �ll. Instead of only comparing aggregated structures with reconstituted

(destructured) specimens, specimens with di�erent fabrics have been created and brought to the

same conditions of dry density, moisture content and suction prior to loading. In this way any

di�erence in behaviour observed can be attributed solely to the e�ect of soil fabric.

7.3 Conventional oedometer tests

7.3.1 Testing programme & objectives

Initially conventional oedometer apparatus was used to investigate the in�uence of initial con-

ditions (wo, ρdo) in compacted and reconstituted specimens, on the yielding behaviour and

compressibility of the Bengawan Solo �ll. Table 7.1 presents details of each series and the con-

ditions of each test specimen prior to loading. The test references listed in Table 7.1 follow on

from the naming convention used in Chapter 5 (e.g. COI1 refers to Conventional Oedometer
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Table 7.1: Series details & initial conditions

Test Ref. wo (%) ρdo
(Mg/m³) eo Sro

Loading Condition

COI1 16.2 1.17 1.324 33.3 CW
COI2 23.4 1.20 1.263 50.3 CW
COI3 27.2 1.22 1.226 60.3 CW

COJ1 22.3 1.34 1.030 59.0 SAT
COJ2 22.2 1.55 0.755 79.9 SAT

COK1 52.2 1.14 1.383 100.0 SAT
COK2 48.1 1.16 1.356 96.3 SAT
COK3 40.8 1.25 1.181 93.7 SAT
COK4 38.2 1.30 1.098 94.3 SAT

COB1* 24.0 1.18 1.298 50.3 SAT
COF2* 35.4 1.20 1.277 75.4 CW

∗Tests from Chapter 5, presented here for comparison purposes

equipment, Series I, Test 1). In Series COI, specimens were compacted at a similar initial dry

density (~1.2Mg/m³) but at di�erent moisture contents and tested under constant water (CW)

conditions. In Series COJ specimens were compacted at a similar initial moisture content but to

a di�erent initial dry density and then tested under saturated conditions (SAT). In Series COK,

specimens were all prepared from an initial reconstituted slurry sample, prepared at a moisture

content close to the liquid limit (wL = 53%) and allowed to dry for durations of 1, 2 and 3 days

respectively and were then tested under saturated conditions. During drying, shrinkage of the

samples occurred and thus specimens achieved di�erent moisture contents and dry densities but

all originating from the same initial destructured fabric.

The objectives of these simple conventional tests are to investigate for the Bengawan Solo �ll

material: (i) the in�uence of moisture content and (ii) dry density on the yielding behaviour

and compressibility of compacted and reconstituted specimens.

7.3.2 Experimental Methodology

The equipment used for these tests was the conventional oedometer apparatus, presented in

Chapter 5, Section 5.2.4.
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7.3.2.1 Specimen preparation

For Series COI and COJ specimens were prepared from 2mm sieved air dried, crushed material.

Samples were mixed to the desired moisture content and left to homogenise for at least 24hrs

before compaction. Samples were then prepared by compacting into the oedometer retaining

ring (Ø = 60mm, h = 18mm) in three layers, using a tamping rod and light hammer. The

mass required to reach a given density was weighed out in three batches and compacted in three

separate layers to improve the homogeneity of the specimen.

In Series COK, each of the specimens were prepared from an initial slurry sample, prepared

at a moisture content close to the liquid limit, in a much larger ring. The slurry sample itself

was tested under saturated conditions alongside samples which were allowed to dry for 1, 2

and 3 days respectively. The slurry samples were prepared by lightly pressing the reconstituted

material with a palette knife to ensure removal of air pockets and to give a smooth surface. A

cutting ring with a sharp edge was used to sample specimens from the desiccated slurries. These

specimens remained within the cutting rings during oedometer testing.

7.3.2.2 Test set-up

Specimens in Series COI were tested under constant water content conditions. No drainage

was permitted from the bottom of the oedometer cell, and the top drainage outlet was open

to the atmosphere. A small tube connected the top drainage outlet to a beaker of water,

where the water surface was free to the atmosphere, in order to minimise moisture losses due to

evaporation.

Specimens in Series COJ and COK were tested under saturated conditions; top and bottom

drainage outlets remained open during loading. Water was added when the specimen was

mounted and under a small contact load of 3kPa, any swelling observed was recorded.

7.3.2.3 Loading

Vertical stress was applied to the front loading oedometer by the addition of weights in 24hr

intervals, up to a maximum of approximately 1MPa. Loading and unloading paths were followed.

253



Chapter 7 In�uence of compacted fabric on volumetric behaviour

7.3.3 Results

7.3.3.1 Series COI

Figure 7.5 presents the oedometer curves for Series COI, where specimens were tested under

constant water content at similar initial dry density but varying moisture content, ranging

from 16% to 35%. The saturated reconstituted slurry sample (w = 52%, COK1) tested under

saturated conditions is also presented here for comparison purposes. The constant water content

results should be considered in terms of net vertical stress (σv − ua) also denoted as σv. The

saturated test results should be considered in terms of e�ective stress σv − ua or σ′v. In Series

COI, ua is atmospheric and in the saturated tests no back pressure was applied, thus all results

are plotted against applied vertical stress (Figure 7.5). The yield stress σvc was determined

for each curve using Casagrande's graphical method (Casagrande, 1936) and the compression

index Cc and swell index Cs were also determined (Table 7.2). The swelling behaviour exhibited

by soils due to unloading is typically well represented by a straight line in a semi-log plot of

v − log σ′v and it appears that this is also true of structured soils (e.g. Leroueil and Vaughan,

1990). On the other hand, it can be di�cult to assign a single value of Cc to structured soils

where the value of Cc may vary continuously after yielding. Terzaghi et al. (1996) suggest

that a secant value of Cc (rather than tangential) be taken between σ′vc and 2σ′vc, if such a

parameter is required for settlement calculations. In this chapter values of Cc are presented in

order to compare the post-yield compression behaviour of specimens of varying structure. The

Cc values presented correspond to the steepest portion of the v − log σv plots, and is marked

on each of the graphs for clarity. It is evident in Figure 7.5 that all of the compression curves

of the compacted specimens lie to the right of the virgin compression line for the reconstituted

material. As moisture content reduces the compacted compression curves lie further away from

the reconstituted curve, withstanding higher void ratios under the same stress level.

Figure 7.6 illustrates more clearly how the compacted moisture content in�uences yield stress,

soil compressibility and swelling behaviour. It is clear that σvc (or σ′vcfor COK1) increases as

moisture content decreases from 20kPa at wo = 52% to 200kPa at wo = 16%. Furthermore it is

evident that Cc increases as the moisture content decreases, indicating that the compressibility

of the soil increases as moisture content decreases, within the range of moisture contents tested.
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Figure 7.5: Series COI: Constant water content tests for specimens compacted at di�erent
initial moisture contents (a) speci�c volume and (b) normalised speci�c volume against e�ective
vertical stress
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Figure 7.6: In�uence of initial moisture content on (a) σvc and (b) Cc and Cs
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The initial moisture content also appears to in�uence the swell index, with it increasing with

increasing compacted moisture content. The in�uence of moisture content on σvc , Cc and

Cs observed in Series COI cannot be solely attributed to soil structure e�ects as the specimens

compacted at di�erent moisture contents will have di�erent initial suctions which also in�uences

yielding and compression behaviour. In order to investigate if compacted moisture content has

an important in�uence on the soil structure of the Bengawan Solo �ll, the aggregates created

at di�erent moisture contents and their corresponding compacted structure is investigated in

further detail in Section 7.4.

7.3.3.2 Series COJ

Figure 7.7 presents the oedometer curves for three specimens compacted at similar initial mois-

ture content but to di�erent initial dry densities and loaded under saturated conditions. It

is evident in these results that as the initial dry density increased, the yield stress exhibited

increased, which we expect as for these specimens the yield stress is directly related to the com-

pactive energy applied, with a higher compactive energy being required to prepare specimens at

a higher density. Initially COB1 exhibits a markedly di�erent post-yield compression behaviour

with a much higher Cc value than COJ1. At higher stresses the post-yielding compression be-

haviour for the two specimens converges, this suggests that the initial steep curve of COB1 is

due to destructuration of the soil fabric present in the lower density specimen. The compression

curves of COB1 and COJ1 also converge towards that of COJ2 (high initial dry density). The

swell index determined from the unloading curve was the same for all three tests (Cs=0.05) in

Figure 7.7. Table 7.2 presents σ′vc, Cc and Cs for the curves in Series COJ. The swelling poten-

tial observed on saturation increased as the initial dry density increased from 1.8% for COB1 to

3.0% for COJ2. It was not possible to determine Cc for COJ2, as it had not yet undergone much

post-yield compression, even at 1MPa of e�ective vertical stress, indicating the sti�er nature of

the high density specimen. These results indicate that initial dry density controls yield stress

and that at low dry densities higher compressibility may be observed due to the more open

fabric initially present.

257



Chapter 7 In�uence of compacted fabric on volumetric behaviour

1.4

1.6

1.8

2.0

2.2

2.4

1 10 100 1000 10000

S
p
e
ci

fi
c
 v

o
lu

m
e
, 

v

Effective vertical stress, σ΄v (kPa)

COB1 (w=24.0%, ρd = 1.18Mg/m³)

COJ1 (w=22.3%, ρd = 1.34Mg/m³)

COJ2 (w=22.2%, ρd = 1.55Mg/m³)

COB1: Cc = 0.60  

COJ1: Cc = 0.34  
CS = 0.05  

Figure 7.7: Series COJ: Saturated oedometer tests for specimens all prepared at di�erent dry
density but similar initial moisture content

7.3.3.3 Series COK

In Series COK slurry samples were prepared and then dried for 1 day, 2 days, and 3 days, and

then loaded under saturated conditions. COK1 is the reconstituted specimen tested with no

drying. As the samples were progressively dried from an initial slurry they underwent changes in

moisture content and volume, as such these specimens all had di�erent initial moisture contents

and dry densities (Figure 7.8), but were all prepared from the same initial destructured fabric. In

Figure 7.9 it is evident that all the specimens exhibit similar post-yield compression and swelling

behaviour with values of Cc between 0.41 and 0.42 and values of Cs between 0.06 and 0.07 for

all the specimens tested in Series COK. The main di�erence in the compression behaviour of

specimens in Series COK is that as the dry density of the specimens increased, the yield stress

increased. The increased dry density is a consequence of the shrinkage of the specimens during

drying, resulting in a higher mass of solids per unit volume which corresponds to an increased

domain in which sti� behaviour is exhibited. In Figure 7.10 σ′vc is plotted against initial dry

density, (initial referring here to the condition immediately prior to loading). Table 7.2 presents

the values of σ′vc, Cc and Cs determined for the curves presented in Figure 7.9. It should also be
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Figure 7.8: Shrinkage of slurry specimens

noted that despite the similarities in the values of Cc and Cs the specimens prepared by drying

all lie to the right of the reconstituted line, perhaps this is an indication of some structural

e�ects due to the drying process which have not been removed by hydration and subsequent

loading. This di�erence is not thought to be due to an error associated with the experimental

equipment as both COK1 and COK2 were carried out in the same experimental set-up (same

oedometer cell, loading frame and linear displacement transducer).

Test COK1 will be used as a reference state for the comparison of compression curves of di�erent

specimens later in this chapter, following the approach adopted in the study of intact bonded

soils. Burland (1990) proposed that the saturated compression curve of a soil reconstituted at a

water content of between wL and 1.5wL be termed the intrinsic compression curve. The intrinsic

properties associated with the reconstituted state are denoted with an asterisk (e.g. C∗c ,C
∗
s ).

Figure 7.11 presents the intrinsic compression line of the Bengawan Solo �ll and its associated

intrinsic properties. The initial response of the reconstituted soil to loading is slightly sti�er

than would be expected for such a sample and can be explained by the light pressing action

undertaken when placing the material into the oedometer ring (to remove air pockets). Burland

(1990) further proposed that the compression curves of natural (structured) and reconstituted

(destructured) clays be compared using a normalised parameter of void ratio, de�ned as the
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Table 7.2: Yielding and compressibility parameters of Series COI, COJ and COK

Test Ref. wo (%) ρdo (Mg/m³) σvc or σ′vc (kPa) Cc Cs

COI1 16.2 1.17 200 0.62 0.02
COI2 23.4 1.20 160 0.55 -
COI3 27.2 1.22 125 0.48 -
COF2* 35.4 1.20 63 0.50 0.04

COB1* 24.0 1.18 27 0.35 0.05
COJ1 22.3 1.34 60 0.34 0.05
COJ2 22.2 1.55 210 - 0.05

COK1 52.2 1.14 20 0.42 0.07
COK2 48.1 1.16 36 0.42 0.07
COK3 40.8 1.25 90 0.41 0.06
COK4 38.2 1.30 123 0.41 0.06

*Tests from Chapter 5, presented here for comparison purposes
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void index, Iv:

Iv =
e− e∗100
C∗c

(7.1)

where e∗100 is the void ratio of the saturated reconstituted soil under a vertical e�ective stress

of 100kPa. For the Bengawan Solo �ll e∗100= 1.020 and C∗c is the compression index of the

reconstituted soil Cc = 0.42 (see Figure 7.11). Later in this chapter the void index (Iv) is used

to compare the compression behaviour of specimens prepared with di�erent soil fabrics.

The intrinsic compression line (ICL) for a number of di�erent soils is presented in Figure 7.12,

evidently there is a strong relationship between the ICL and the liquid limit (wL). The void

ratio at which a soil can exist in its reconstituted state at a given stress level decreases as the

liquid limit reduces. Furthermore the gradient of the ICL also decreases with decreasing wL.

The ICL for the Bengawan Solo �ll (wL = 52.7%) plots between the data of soils with wL of

46.7% and 67.5% respectively. Despite the fact that the Bengawan Solo �ll plots below the

A-line on the Casagrande's plasticity chart (see Figure 4.7), and all the other soils plotted on

Figure 7.12 plot above the A-line (Burland, 1990), it appears in terms of the ICL to follow the

same pattern closely related to the wL.
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7.3.4 Summary

These initial results carried out in the conventional apparatus have investigated the in�uence of

moisture content, dry density and role of initial fabric on the yield stress and soil compressibility.

In Series COI, compacted specimens tested under CW conditions indicated that:

� the yield stress increased as the compacted moisture content decreased

� Cc increased as the compacted moisture content decreased

� Cs decreased as the compacted moisture content decreased

It is anticipated that such behaviour is due to a combination of structural and suction e�ects. As

such in the next section the in�uence of moisture content on compacted soil fabric is investigated

in detail.

In Series COJ, compacted specimens tested under saturated conditions indicated that:

� the yield stress increased as the compacted dry density increased

� specimens prepared at the same compacted moisture content exhibit similar post-yield

compression and swell behaviour

In Series COK, reconstituted specimens tested under saturated conditions indicated that:

� as the duration of drying increased (up to 3 days), corresponding to decreases in the initial

moisture content and increases in the initial dry density, the yield stress increased

� specimens prepared from the same initial fabric exhibit similar post-yield compression and

swell behaviour.
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7.4 Soil structure created by compaction

7.4.1 Soil aggregates

The �rst step in investigating the soil structure created by compaction was to identify the size

and nature of the aggregates created at di�erent moisture contents. All compacted specimens

were prepared by spraying water onto the air dried material (passing the 2mm sieve) and hand-

mixing. As the moisture content is increased the size of the aggregates also increases, see

Figure 7.13. In order to determine the aggregate size distribution the aggregates created by

mixing at 9%, 24% and 36% were then passed through a series of sieves with no addition of

dispersant, water or mechanical force, i.e. the aggregate sizes were maintained. It is evident in

Figure 7.13 that the aggregate size distribution changes with increasing moisture content, from

a well-graded distribution for the 9% sample to a fairly uniform distribution for the 36% sample.

The aggregates mixed at 9% range up to 4mm in size, the 24% sample contains aggregates up to

10mm, whereas the 36% sample contains aggregates up to 40mm. It is clear that the size of the

aggregates produced is greatly in�uenced by the mixing moisture content, see Figures 7.13b, c

and d. Tarantino and De Col (2009) presented similar evidence of increasing aggregate size with

increasing moisture content for hand-mixed kaolin samples, although the sizes of the aggregates

observed were much smaller overall, up to 1mm. The very large aggregates observed here at

a high moisture content (36%) can be explained by considering that the clay fraction present

in this material is montmorillonite and at high moisture contents, smaller aggregations easily

attach themselves to each other to form larger overall aggregations (or assemblages).

Another important property of the aggregates is also in�uenced by moisture content: aggregate

sti�ness. The sti�ness of individual aggregates reduces with increasing moisture content. At a

moisture content of 9% the aggregates created are �ne, dry and sti�. These aggregates cannot

be broken between �ngers easily, and are essentially granular in nature. In contrast however are

the large, wet, soft aggregates created at 36% moisture content. These aggregates can easily be

squeezed between �ngers and are plastic in nature. At a moisture content of 24%, the aggregates

have increased in size, but remain relatively �rm.
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7.4.2 Irregular compaction curve

These changes in the nature of the aggregates is particularly important when considering the

structure created by compaction. Essentially these changes can explain the irregular compaction

curve obtained for the Bengawan Solo �ll at low compactive e�orts, introduced in Section 4.6.

Figure 7.14 presents the double-peak compaction curve determined at a compactive e�ort of

132kJ/m³ (Extreme Light compaction curve), alongside photographic evidence of the di�erent

structures created by compaction at di�erent moisture contents. The �rst peak of the irregular

compaction curve occurs at a moisture content of 9%, and can be explained by a dense packing

of these very �ne, dry (granular) aggregates. The second peak of the extreme light curve occurs

at a moisture content of 36% and can be explained by its large soft aggregates, which easily

fuse together under this compactive e�ort, creating a more homogeneous fabric. The trough

(or valley) of the extreme light compaction curve occurs at a moisture content of 22-24% and

is a result of the medium sized relatively �rm aggregates created at this moisture content,

which retain their aggregate form under this compactive e�ort, resulting in an open fabric being

created. This aggregated open fabric is clearly visible in Figure 7.14 (w = 23.7%), its crumbly

nature is also evident, illustrated by the di�culty in cutting slices of this compacted sample.

The sti�ness of these aggregates have provided su�cient resistance to the compactive e�ort,

such that the form of the aggregates has been maintained.

On the basis of this information we can revisit the initial results presented from series COI,

COJ and COK. In Series COJ and COK material was initially prepared at the same moisture

content either in aggregated form (COJ) or reconstituted form (no aggregates, COK). For each

of these series the post-yield compression behaviour of the specimens was similar, similar values

of Cc and Cs. In Series COI however where specimens were compacted at di�erent moisture

contents and thus would have been formed of aggregates of varying size and sti�ness, the com-

pression behaviour exhibited was signi�cantly di�erent. However these tests were carried out

under constant water content conditions and therefore suction alongside structure is likely to be

in�uencing this behaviour. The tests carried out in the suction controlled oedometer have been

designed to isolate the e�ects of structure from that of suction.
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7.4.3 Microstructural study

7.4.3.1 Objectives and methodology

Mercury intrusion porosimetry tests were carried out at UPC, Barcelona in order to determine

how the aggregates created at di�erent moisture contents in�uence the compacted structure

obtained. Three specimens referred to as X, Y and Z were investigated, these were compacted

at moisture contents of 9%, 24% and 36% respectively and compacted to an initial dry density

of 1.18Mg/m³ (see Figure 7.15). This low dry density was selected as it corresponds to 80% of

the maximum BS Light dry density, is similar to in-situ low dry densities found, and has been

used as a references state throughout this thesis. These compaction conditions correspond to

the specimen conditions which were investigated further in the UPC oedometer.

Where possible the specimens were prepared and compacted at Strathclyde in the same way

as for the UPC oedometer tests (Section 7.5.3.2) before being shipped to UPC for testing.

In the case of the low moisture content specimens (w ~ 9%), a sample of the material at the

desired moisture content was shipped. Due to the granular powdery nature of these aggregates,

Specimen X was compacted in the MIP penetrometer by light tamping. This is similar to the
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Table 7.3: Initial conditions of specimens X, Y, Z

Specimen wo(%) ρdo
(Mg/m³) eo Sro

(%) ew

X 9.0 1.18 1.306 18.8 0.245
Y 24.0 1.18 1.304 50.2 0.653
Z 36.5 1.17 1.318 75.3 0.993

method used to prepare this loosely packed specimen in the oedometer retaining ring. The same

porosimeter equipment was used for these tests as was presented in Section 5.3.6. Furthermore

the results presented here were determined using the same values for the non-wetting contact

angle (140°) and surface tension (0.484N/m) as presented in Section 5.3.6.

7.4.3.2 Comparison of specimens X, Y, Z

Specimens X, Y and Z were investigated using MIP in order to determine the in�uence of

di�erent types of aggregates on the resulting compacted structure of specimens with the same

dry density. Initial conditions of the MIP specimens are presented in Table 7.3 and are also

located on the compaction plot presented in Figure 7.15.

Figure 7.16 presents the cumulative void ratio intruded for the three specimens X, Y and Z. Even

on this plot it is evident, that despite their similar initial dry density, there is a clear di�erence

in the intrusion slopes of each specimen. The non-detected void ratio (end) which corresponds

to pores greater than 0.5mm was calculated as in Section 5.3.6.6 using the non-intruded void

ratio (eni) which was determined for the high density desiccated slurry specimen (Figure 5.28),

where eni is due to isolated pores and pores with an entrance diameter less than 7nm. For the

Bengawan Solo �ll eni is assumed to be a constant value for all soil specimens equal to 0.078.

The water ratio ew which is the volume of water per volume of solids (ew = w ρs

ρw
) is also noted

in Figure 7.16. If we assume that water �lls �rst the smallest pores in a soil then the ew can

be used to separate the pore sizes which correspond to the water �lled pores and those pores

which are air �lled (Tarantino, 2010b). The water ratio is also listed in Table 7.3.

The di�erences in the three compacted structures are also more clearly identi�ed in Figure 7.17.

Considering that the specimens are all compacted to the same dry density, these results clearly

indicate di�erences in pore size distribution due to the nature of the aggregates created at
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Figure 7.16: Cumulative void ratio intruded for Specimens X, Y and Z

di�erent moisture contents and their subsequent arrangement when compacted. The three

specimens (X, Y and Z) all exhibit multi-modal porosity within the range of pore sizes detected

by the MIP (7nm to 0.5mm).

Specimen X exhibited a bi-modal distribution, with a dominant peak at an apparent pore

diameter of 36µm, and a smaller peak at approx. 20nm (see Figure 7.17a). It is important

to remember here that the specimens are prepared from air dried crushed material passing the

2mm sieve to which water is added. In the case of Specimen X (w = 9%) only a small amount

of water has been added (the hygroscopic water content is around 6% depending on relative

humidity within the laboratory). Thus, if we consider that this specimen is made up of sand,

silt and clay particles tightly bonded together to form dense soil packets at a high suction level

(Tarantino and De Col, 2009), we can attribute the small pores (20nm) to pores within the

clay packets (intra-clay aggregate porosity) and the larger pores (36µm) to the inter-aggregate

porosity. Similar values for intra-clay aggregate porosity (8-20nm) have been reported for clays

containing smectite (e.g. Lloret et al., 2003; Delage et al., 2006). The shaded area in Figure 7.17a

corresponds to the water �lled pores within Specimen X determined using ew, which indicates

that pores up to 268nm would be �lled with water. This indicates that even at very low moisture

contents the aggregates are themselves saturated when compacted, and it is the inter-aggregate
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pores which are air �lled. The fabric of Specimen X, based on this quanti�cation of the pore

size distribution, is illustrated in Figure 7.18a.

Specimen Y presents a tri-modal pore size distribution with a signi�cant peak representing

inter-aggregate pores at an apparent pore size of 140µm, a smaller peak at an apparent pore

size of 0.4µm, representing the intra-aggregate pores and a third peak at an apparent pore size

diameter of 20nm, as above this represents the intra-clay aggregate porosity (Figure 7.17b).

Again, it is the intra-aggregate pores up to 68mm which are �lled with water on compaction

and the inter-aggregate pores are air �lled. A possible schematic representation of the fabric of

Specimen Y, with its tri-modal pore size distribution is presented in Figure 7.18b.

Specimen Z exhibited a bi-modal pore size distribution within the range detected by the MIP,

with a dominant pore size at an apparent diameter of 1.9µm corresponding to the intra-aggregate

porosity and a smaller peak corresponding to the intra-clay porosity (see Figure 7.17c and

Figure 7.18c). It is expected that a porosity exists for this specimen at pore sizes greater than

450µm (outwith the range of the MIP) but it is not anticipated that this would be the dominant

peak and it is more likely that it corresponds to an inter-assemblage porosity (see Figure 7.18).

Furthermore it has commonly been reported that the frequency of inter-aggregate pores are

reduced (and often absent) in specimens compacted wet of optimum compared to specimens

compacted dry of optimum (e.g. Ahmed et al., 1974; Garcia-Bengochea et al., 1979; Delage

et al., 1996).

Considering the soil aggregates prior to compaction, water is held within the intra-aggregate

pores under tension (i.e. the pore water pressure is negative). Upon the application of a

compactive e�ort in a compaction mould the aggregates will initially be subjected to undrained

loading, which causes the pore water pressure within the aggregates to increase. If the pore

water pressure increases to values above atmospheric pressure then water will be forced out of

the intra-aggregate pores and begin to invade the inter-aggregate pore space (Tarantino, 2010b).

This appears to be the case in Specimen Z (Figure 7.17c) where the shaded area representing

the pore sizes �lled with water extends beyond that of the intra-aggregate pores and in fact

covers the entire range of pores detected by the MIP. This expulsion of water due to the loading

of the aggregates also explains the distortion of the aggregates compacted at w = 36%, which

can easily be remoulded by hand, resulting in a fused fabric of homogeneous texture.
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For all of the specimens the intra-clay aggregate porosity remains at approximately 20nm,

indicating that this structural level is not a�ected by compactive e�ort as reported by Lloret

et al. (2003). As moisture content was increased from X to Z it appears that the intra-aggregate

porosity increases both in terms of pore size and frequency, with no intra-aggregate porosity

found in X where the clay particles are tightly bonded together. Moving from Specimen Y to Z

the intra-aggregate pore size increases in terms of pore size from 0.4µm to 1.9µm and frequency.

It appears the size of the inter-aggregate pores increases from 36µm (X) to 140µm (Y). It is then

expected that a larger inter-assemblage porosity exists for Specimen Z at a pore size >450µm.

Such increases in pore sizes are related to the packing arrangement of the increasing size of the

aggregates with moisture content as illustrated in Figure 7.18.

Although bi-modal pore size distributions have commonly been reported in the literature for

clays compacted dry of optimum (Ahmed et al., 1974; Delage et al., 1996; Romero, 1999; Lloret

et al., 2003; Tarantino and De Col, 2008 among others) it should not be surprising to �nd multi

or tri-modal pore size distributions in soils with a mixture of sand, silt and clay particles, such

as the Bengawan Solo �ll. Futai and Almeida (2005) presented a tri-modal pore size distribution

for an undisturbed residual gneiss soil, with two dominant peaks and a third much smaller peak

at an intermediate pore size.

7.4.4 Water retention behaviour

It is possible to derive the relationship between soil moisture content and matric suction (water

retention behaviour) from MIP data. In a normal soil drying path, e.g. as conducted in a

pressure plate, water (the wetting �uid) recedes from the soil pores and it is air (the non-

wetting �uid) which advances into the pores. A wetting �uid is one which at a solid surface

makes a contact angle of less than 90° at the boundary with another �uid, whereas a non-wetting

�uid makes a contact angle which is greater than 90° (see Figure 3.2). Thus the injection of

mercury, which has a contact angle of 140° can also be considered as a soil drying path, with

mercury, the non-wetting �uid advancing into the soil pores as air, in this case the wetting �uid

recedes from the pores.

The relationship between the mercury pressure applied p and the equivalent matric suction
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(ua − uw) can be determined for the same pore diameter d (Romero, 1999):

(ua − uw) =
4σwcosθw

d
(7.2)

p = −4σHgcosθnw
d

(7.3)

(ua − uw) = − σwcosθw
σHgcosθnw

p ≈ 0.196p (7.4)

where σw is the surface tension of water which is equal to 0.0728N/m at a temperature of 20°C,

cosθw is equal to 1 for the air-water interface. Thus with θnw equal to 140° and σHg equal to

0.484N/m, suction is approximately equal to 0.196 times the applied mercury pressure.

The volume of pores not intruded by mercury should be used in the determination of the moisture

content, which corresponds to the equivalent applied air pressure. The degree of saturation of

the non-wetting �uid (mercury) Srnw plus the degree of saturation of the wetting �uid (air) Sr

equals 1:

Srnw + Sr = 1 (7.5)

Using the standard relationship between the degree of saturation of water Sr, void ratio e and

particle density ρs, the moisture content w can be determined, but by using instead the degree

of saturation not intruded (1− Srnw) (Romero, 1999):

Sre = ρsw (7.6)

w =
e

ρs
(1− Srnw) (7.7)

w = wsat(1− Srnw) (7.8)

where wsat is the moisture content at Sr = 1. However, a residual water content should be used

to correctly evaluate the water content or degree of saturation corresponding to the equivalent

applied matric suction which accounts for pores not intruded by the mercury and for the ad-

sorption mechanism which occurs at higher suctions (Romero, 1999; Romero and Simms, 2008).

In soils, water is generally held due to capillarity forces at the wetter range of the retention

curve (usually at suctions below 1 MPa), and by adsorption forces on particle surfaces at higher

suctions. Tuller and Or (2005) separate the water retention domain according to capillary and
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Figure 7.19: Experimental retention curve data compared with MIP derived retention curves:
FP05: wo = 24.8 %, ρdo

= 1.18 Mg/m³, FP06: wo = 35.7 %, ρdo
= 1.18 Mg/m³, CM03: wo =

23.6 %, ρdo = 1.17 Mg/m³, MIP-Y: wo = 24.0 %, ρdo = 1.18 Mg/m³, MIP-Z: wo = 36.5 %, ρdo

= 1.17 Mg/m³ (FP - Filter paper data, CM - Chilled-mirror dew-point data, MIP - Mercury
intrusion porosimetry data)

adsorptive contributions. In this case, the derivation of the water retention curve was limited

to the low-suction range (suctions below 2 MPa), in which capillarity is assumed to dominate

the water retention properties. In addition, a residual water content of 16% was considered to

match MIP data with the psychrometer (chilled-mirror) and �lter paper data at this transitional

suction level.

Figure 7.19 presents the MIP derived water retention curves alongside some of the experimental

data presented in Chapter 4 from �lter paper (FP) and chilled-mirror dew-point tests (CM) on

specimens compacted to similar initial conditions. The shape of the MIP curves for specimens Y

and Z is similar to that obtained from the experimental data of FP05 (wo = 24.8 %, ρdo
= 1.18

Mg/m³) and FP06 (wo = 35.7 %, ρdo = 1.18 Mg/m³) respectively. It is interesting to note that

the MIP data for the higher moisture content specimen (MIP-Z) exhibits sti� behaviour at lower

suctions followed by a change in slope as it approaches the main drying curve of the material

at higher suctions and is similar in shape to the experimental data of series FP06 for an initial

moisture content of 36%. This change in behaviour appears to be linked with the desaturation of
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the intra-aggregate porosity (in this case sand, silt and clay aggregate arrangements). It follows

then that the steep curve determined for MIP-Y at very low suctions (several kPa) can be

attributed to inter-aggregate porosity, as it is the largest pores which desaturate �rst on drying

(increasing suction). At high suctions (>1 MPa) the retention behaviour will be governed by

the intra-clay aggregate porosity, but as mentioned other e�ects such as adsorption will tend to

dominate over capillary e�ects within this range.

7.4.5 Summary

Mixing of the Bengawan Solo �ll at di�erent moisture contents results in the formation of ag-

gregates which di�er in terms of size and sti�ness. Such aggregates appear to be responsible for

the irregular double-peak compaction curve determined for this material. The microstructural

investigation illustrated the di�erences in the pore size distribution of the fabrics created by

compacting these di�erent aggregates to the same dry density. Recollection of the water reten-

tion data here and comparison with MIP data has illustrated that the di�erent fabrics owing

to their di�erent pore size distributions exhibit markedly di�erent retention behaviour at low

suctions (<1 MPa). In the next section, the response of the di�erent compacted fabrics (X, Y

and Z) to applied loading will be investigated under di�erent saturation conditions.

If we consider that it can be di�cult to accurately control moisture content and compactive

e�ort during the construction of earthworks, these results can be important from a practical

perspective. Small variations in the remoulding moisture content at the same compactive e�ort

can result in signi�cant di�erences in structure and dry density. Similarly variations in com-

pactive e�ort will also in�uence dry density. In cases such as the construction of the Bengawan

Solo �ll embankments where traditional compaction methods are used, and where in the dry

season soil broken down and spread out to dry, may become fully air dried in a matter of hours,

it is di�cult to have a good control over the compaction conditions. Ultimately this will lead

to soil of varying moisture content, dry density and structure throughout the embankment.
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7.5 UPC oedometer tests

7.5.1 Testing programme & objectives

The main objective of the testing campaign carried out using the UPC oedometer was to in-

vestigate the e�ect of structure on the volumetric behaviour of the Bengawan Solo �ll material.

Table 7.4 presents details of the di�erent series, initial conditions and conditions prior to loading

of the di�erent specimens tested. Each test has been assigned a speci�c test reference, where

for example UOA1 refers to UPC oedometer, Series A, Test 1. The location of the initial state

of the specimens and paths followed were presented on the compaction curve in Figure 7.15.

Series UOA investigates the volumetric behaviour of specimens X, Y and Z, compacted at three

di�erent moisture contents (9%, 24% and 36%) to the same initial dry density (1.18Mg/m³)

under constant water content conditions. In Series UOB, specimens X, Y, Z were loaded under

saturated conditions. In Series UOC, three specimens of di�ering initial fabric were brought to

similar conditions of dry density and moisture content prior to loading under constant water

conditions. These specimens are referred to as X-Y, Y-Y and Z*-Y. Finally in Series UOD, these

specimens of di�ering initial fabric were brought to similar conditions of dry density, moisture

content and suction before loading under suction controlled conditions.

The main objectives of this experimental study was to:

� Investigate how the di�erent structures created by compacting aggregates prepared at dif-

ferent moisture contents, in�uences yielding and compression behaviour exhibited during

loading under constant water content (Series UOA) and saturated conditions (Series UOB)

� Investigate if initial compacted fabric in�uences volumetric behaviour even after similar

conditions of moisture content, dry density (Series UOC) and suction have been reached

prior to loading (Series UOD).
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7.5.2 Experimental Equipment

7.5.2.1 UPC oedometer cell

Figure 7.20 presents a schematic of the UPC oedometer cell used in this testing campaign and

Figure 7.21 is a photograph of the cell and its accessories. Such equipment is used routinely

at UPC, Barcelona, (e.g. Romero and Jommi, 2008). The stainless steel cell enables oedometer

tests to be carried out on unsaturated soil specimens of maximum height 20mm and a diameter

of 50mm. Unsaturated soils can be tested in this equipment by controlling either matric or

total suctions. Matric suction is controlled through the axis translation technique by using

base pedestals with a high air-entry value ceramic and by applying an air pressure inside the

cell. A 1500kPa air entry ceramic discs was used in this testing campaign, see Figure 7.21.

The cell has also been designed to enable application of total suctions by vapour transfer,

where partially saturated salt solutions with varying quantities of salt solute can be used to

achieve a predetermined relative humidity in the system. However in this testing campaign the

vapour equilibrium technique was not used and where suction was controlled, the axis translation

technique was used.

The cell has been primarily designed for pneumatic loading with the diaphragm pressure applied

using compressed air, however in this campaign the diaphragm pressure was applied by hydraulic

loading through the application of water pressure in the upper chamber, via a GDS pressure-

volume controller. In order to use the cell as a hydraulic loading system it was important to

ensure proper �lling of the upper chamber, prior to the application of pressures. Thus, the

cell had to be placed on its side during �lling of the upper chamber in order to ensure the

bleed valve was at the highest point during �lling, so as to not to entrain any air bubbles in

the upper chamber. The cell can be used with two di�erent loading pistons, one which allows

the application of a net vertical stress which is equal to the di�erence between the diaphragm

pressure and the air pressure. The second piston enables a doubling of the net stress applied to

be achieved for the same diaphragm pressure. In the following tests the 1:1 ratio loading piston

was used (Figure 7.21). The upper chamber is separated from the specimen chamber by a 1mm

thick rubber membrane (Figure 7.21) on which the diaphragm pressure acts, thus transferring

a vertical stress onto the specimen.
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Figure 7.20: Schematic of UPC suction controlled oedometer

 

Oedometer cell base Oedometer cell body Oedometer cell lid 

1 bar ceramic base Diaphragm and piston 50mm Ø retaining ring 

50mm Ø 

tamping rod 

50mm Ø cutting ring 

Base pedestal for 

saturated specimens 

15 bar ceramic base  

Figure 7.21: UPC oedometer cell and accessories
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The UPC oedometer equipment used in this testing campaign bene�ted not only from the ability

to control suction but also from the fact that continuous loading of the specimen was possible

compared to the step-loading used with the conventional oedometer equipment. Cui and Delage

(1996) presented evidence to suggest that continuous loading tests may be better suited for

suction controlled tests than using a step loading procedure, particularly when higher suctions

are to be applied. They proposed that in step loading tests the soil suction may not be controlled

as desired, due to the sudden increase in load inducing undrained conditions and thus excess

pore water pressures within the specimen. Depending on the permeability of the soil, this lower

induced suction may exist for some time (48hrs for an oedometer specimen with a drainage path

of 2cm, Cui and Delage, 1996).

7.5.2.2 System set-up

Figure 7.22 presents photographs of (a) the mounted oedometer cell and (b) the system set-up.

Two GDS pressure-volume controllers were used in conjunction with the oedometer cell, one

controlling the hydraulic loading, thus acting as the vertical pressure source. This controller

was connected to the upper chamber of the oedometer cell. The other pressure-volume controller

was used to control the pore water pressure under the base pedestal, as required. In the suction

controlled tests, pore air pressure was applied via the specimen top cap (a series of concentric

annular rings) by an air pressure compressor capable of reaching 1600kPa.

A 10mm ELE LVDT was used to measure the displacement of the soil specimen (Figure 7.22a)

during testing. This transducer was calibrated against a dial gauge using a strain controlled

loading frame. The calibration curve is presented in Appendix A (Figure A.14). The system

included a GDS data acquisition pad in order to enable continuous displacement measurements

to be recorded automatically. The GDS data acquisition pad was connected to the system PC

using the standard RS232 serial connection. The two pressure-volume controllers were also

connected to the PC, using a serial to USB converter connection. In this way aside from the

pore air pressure which was controlled manually, the system was fully automated.
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Figure 7.22: Photographs of (a) UPC suction controlled oedometer cell and (b) system set-up
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7.5.3 Experimental Methodology

7.5.3.1 Sample Preparation

Samples of soil at moisture contents of 9%, 24% and 36% respectively were prepared from

crushed air dried material passing the 2mm sieve. The water required to reach the desired

moisture content was added using a �ne spray bottle, and monitored by mass weighing until the

addition of water required had been reached to within 1 decimal place. The added moisture was

hand mixed in zip-lock bags after several sprays, ensuring water was evenly distributed. After

mixing the bags were sealed (after removal of most of the air) and placed in sealable plastic

containers. Samples were left for a minimum of 24hrs to ensure homogenisation of the moisture

content, before compaction was carried out.

7.5.3.2 Specimen Preparation

In Series UOA (Constant water content tests) and UOB (Saturated tests) specimens were com-

pacted in the retaining ring (50mm diameter, 20mm height) with samples prepared at the desired

moisture contents of 9%, 24% and 36% respectively. As presented in Section 7.4, samples pre-

pared at these moisture contents consist of very di�erent aggregates, varying both in terms of

size and sti�ness of individual aggregates. Specimens were all compacted to an initial dry den-

sity of 1.18Mg/m³. The preparation of these specimens at the same initial dry density required

varying degrees of compactive e�ort, as can be deduced from Figure 7.15. Conditions X and

Z both lie below the Extreme Light Compaction Curve, whereas condition Y lies above this

curve, indicating that it requires more energy than the other two states to be produced. This

was evident in the compaction process.

Specimen X was prepared by placing a mass of 50.5g in 3 layers, of the very �ne, dry aggregates

(w =9%) into the retaining ring; this specimen was loosely packed and required very little

actual compactive e�ort, only light tamping was applied to ensure a level surface of each layer

was obtained. For the preparation of Specimen Y, a mass of 57.5g was added in three layers, but

due to the relatively �rm aggregates present at this moisture content (w =24%) 8 blows of a light

hammer were applied to the tamping rod for each layer. Between layers the soil was scari�ed
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A: w = 9%, 1.18Mg/m3 B: w = 24%, 1.18Mg/m3 C: w = 36%, 1.18Mg/m3 

(a) 

(b) 

Figure 7.23: Photographs of compacted specimens X, Y & Z (a) in colour and (b) with the
colours inverted

to ensure a good contact was created. A mass of 63g of soil was placed into the retaining ring

in 3 layers for the preparation of Specimen Z. However a lower compactive e�ort was required

to reach the desired initial dry density, due to the softness of the aggregates at this moisture

content (w =36%), 2 blows of the light hammer were applied per layer. These procedures were

determined by practice. Figure 7.23 illustrates the di�erences in the compacted specimens X,

Y and Z. The photographs are presented both in colour and with their colours inverted in order

to illustrate the di�erences in the compacted specimens produced; in particular highlighting the

di�erences in the aggregates and associated porosity present within these specimens.

The range of moisture contents selected for investigation 9%, 24% and 36%, compacted at

the same dry density of 1.18Mg/m³ enabled a good range of the degree of saturation to be

investigated, corresponding to specimens with Sr equal to approximately 20%, 50% and 75%

respectively (Table 7.4).

The tests in Series UOC and Series UOD were dedicated to isolating the e�ects of structure on
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volumetric behaviour. This was investigated by creating specimens with three di�erent initial

soil structures and bringing them to similar conditions of w (%), ρd (Mg/m³) (24%, 1.18Mg/m³)

and thus also Sr (%) and e. The di�erent initial structures were achieved by drying and wetting

specimens prepared at di�erent positions of the compaction curve (see Figure 7.15) and are

referred to as Specimens X-Y (i.e. prepared at X and brought to the initial conditions of Y),

Y-Y and Z*-Y. In Series UOC, these three specimens of di�ering initial structure were tested

under constant water content conditions whereas in Series UOD, these three specimens were

also brought to the same suction before loading under suction controlled conditions.

Specimen X-Y was prepared by compacting a sample at X (9%, 1.18Mg/m³) and wetting under

constant volume until a moisture content of 24% was reached (Figure 7.15). By maintaining

a constant volume and changing only the amount of water present in the specimen, the dry

density of 1.18Mg/m³ could be maintained. The specimen X-Y was wetted by applying a

negative suction of 15kPa (positive pore water pressure) while under a contact load of 20kPa.

A volume of water of 6950mm³ was required to achieve a moisture content of 24%. Using the

1500kPa high air entry ceramic stone this wetting could be achieved in approximately 33hrs. In

order to ensure that swelling did not take place the vertical stress applied was ramped from an

initial contact load of 20kPa to 25kPa over the �rst 5hrs of the wetting stage.

Specimen Z*-Y was prepared by compacting a sample at Z* (36%, 1.00Mg/m³) and drying to

24%, 1.18Mg/m³ (Figure 7.15). Samples were prepared at the lower dry density of 1.00Mg/m³

to account for the increase in dry density due to shrinkage on drying. As a result this initial

sample was prepared in a retaining ring of diameter 60mm and height 32mm. The change

in moisture content of the sample on drying was monitored by weighing the sample until the

desired moisture content of 24% had been reached. Typically this involved a loss of moisture of

approximately 10.8g, which could be achieved by leaving the sample to air dry in the laboratory

for approximately 43hrs. Once the desired moisture content had been reached the specimen was

trimmed using a cutting ring (Figure 7.24) of diameter 50mm and height 20mm, and a wire

saw. A moisture content check was carried out on the remaining trimmings, which was used for

the calculation of the specimen conditions (conditions prior to loading). It was not possible to

test the specimen within the cutting ring in the oedometer cell, as a �at surface was required

at both the top and bottom of the retaining ring against which o-rings pressed to form a seal.
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Sample Z*-Y Before air drying Sample Z*-Y After air drying Trimming of specimen Z*-Y 

Figure 7.24: Preparation of specimen Z*-Y

The �ne edge of the cutting ring, would not have enabled the system to be sealed. Thus, the

specimen was then transferred from the cutting ring to the retaining ring of the oedometer cell

prior to testing. Despite this not being an ideal situation, no visible disturbance of the specimen

occurred during transfer.

7.5.3.3 Testing procedures

A number of di�erent types of tests were carried out as part of this testing campaign including

Constant Water content tests, Saturated tests and Suction controlled tests using the axis trans-

lation technique. Each type of test required slightly di�erent test set ups and procedures to be

followed.

In the saturated tests specimens were mounted on a base pedestal consisting of a series of

concentric annular rings (see Figure 7.21). The specimens were wetted by applying a vertical

pressure of 15kPa and a back pressure to the base pedestal of 8kPa with the port at the top of

the specimen open, for a period of at least 15mins until no more air was observed exiting the

specimen, and the rate of �ow of water out was approximately equal to the in�ow of water. After

this, the vertical pressure was raised to 210kPa and the back pressure was raised to 200kPa to

ensure full saturation. Any swelling occurring during the saturation stages was recorded. After

the saturation stages, both the top and bottom of the specimen were connected to the back

pressure source, enabling two way drainage of the specimen during loading and therefore a

quicker rate of loading was permitted (25kPa/hr).
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In constant water content tests, no pore water drainage was allowed, and only drainage of pore

air was permitted. In these tests the specimens were mounted on top of a base pedestal which

had a high air entry ceramic disc installed. The ceramic disc was fully air dried prior to testing

in order to act as a barrier to �ow. The valves to the base pedestal remained closed during these

tests, ensuring no drainage of pore water was permitted. Only one valve connected to the top

of the specimen remained open to the atmosphere during the test, in order to enable drainage

of the pore air inside the specimen. To prevent drying occurring at the top of the specimen due

to evaporation resulting from this open connection, the valve to the top of the specimen was

connected to the atmosphere via tubing which was inserted into a beaker of water, with a free

surface open to the laboratory atmosphere. This additional set-up was only used during loading

stages, and was removed prior to unloading, as it would have led to the uptake of water.

Suction controlled tests were carried out using the axis-translation technique, thus the specimens

were mounted on a base pedestal consisting of a 1500kPa high air entry value ceramic disc. As

described in Section 6.5.2, the ceramic disc was saturated and the permeability checked prior

to each test by applying a water pressure of 1600kPa above the stone while maintaining the

back pressure under the stone at 0kPa. The 1500kPa ceramic stone used in these tests has a

saturated water permeability of 5.3× 10−11 m/s. Figure A.15 in Appendix A presents a typical

curve of �ow through the saturated ceramic stone. In order to minimise air di�usion through

the ceramic stone the pore water pressure was maintained at a minimum of 200kPa during

suction controlled tests and �ushing underneath the stone was carried out regularly to remove

air bubbles located below the ceramic. Finally the pore air coming from the compressor was �rst

directed through a humidity chamber to minimise any drying e�ects. For further information

on the adoption of these procedures see Section 6.5.2. For the suction controlled tests carried

out in Series UOD, a suction of 470kPa was determined from the water retention behaviour of

specimens at the initial conditions used in these tests (Figure 7.19) and was selected as it is

close to the suction value corresponding to the initial compacted condition of Specimen Y (wo

= 24% and ρdo
=1.18Mg/m³).
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Figure 7.25: Time evolution of settlement for loading step (30kPa to 60kPa) in a Saturated and
Constant Water Content oedometer test for specimens with wo= 24% and ρdo

= 1.18Mg/m³

7.5.3.4 Loading rates

In this experimental campaign loading was carried out in the suction controlled oedometer under

constant loading rates by setting the water pressure in the upper chamber to increase to a certain

pressure over a given time. In saturated tests, it is preferable to carry out tests at the same

constant rate of loading in order to make the test results comparable, however in unsaturated

tests this would make for very ine�cient testing programmes with respect to time. In saturated

tests only water is drained from the soil specimen, however in unsaturated tests, air is also

drained from the specimen. It is important to note that the drainage of air can occur up to �fty

times faster than the drainage of water (Romero, 1999), thus it is important in the selection of

loading rates to consider if water or air drainage will be the dominant process, which is largely

dependent on the degree of saturation of the specimens to be compressed. For this material it

was considered that for specimens with Sr > 85%, water drainage dominates, whereas for Sr <

85% air removal dominates. In suction controlled tests the presence of the ceramic disc directly

below the specimen increases the drainage length and also has an impedance e�ect on water

drainage.

When selecting the rates of loading to be applied, reference was made to the data available from

the step loading oedometer tests carried out on specimens with w = 24% and ρd = 1.18Mg/m3
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(Series COB, Chapter 5). Figure 7.25 presents the evolution of settlement with time during

a loading step from 30kPa to 60kPa carried out in the conventional oedometer equipment on

a fully saturated specimen and one which was loaded under constant water content conditions

(CW). For the saturated specimen, 98% of consolidation had occurred within approximately

60mins, whereas for the CW specimen 100% consolidation had been reached in less than 3mins.

It appears that full consolidation of the saturated specimen is approached at t =177mins. This

con�rms that pore air drainage can occur up to �fty times faster than pore water drainage

as found by Romero (1999). Considering these results, a constant rate of loading (CRL) of

25kPa/hr was selected for the saturated tests, providing double drainage was allowed (as was

the case in the conventional oedometer apparatus), giving a drainage length of 10mm.

For Series UOA, the CW tests the constant rate of loading (CRL) selected for each test re�ects

the initial degree of saturation of the specimen. Specimen UOA1 with Sr ≈ 20%, a CRL of

100kPa/hr was selected, for Specimen UOA2 with Sr ≈ 50%, 50kPa/hr was selected and for

Specimen UOA3 with Sr ≈ 75%, 5kPa/hr was selected. In Series UOC, where all specimens

were brought to Sr ≈ 50% prior to loading under constant water content conditions, a CRL of

50kPa/hr was selected. In Series UOD, all specimens were brought to Sr ≈ 50% prior to loading

under suction controlled conditions (s=470kPa), a CRL of 50kPa/hr was selected. These rates

re�ect the additional drainage length due to the ceramic disc and the single drainage, which

gives a drainage length of 27mm, (specimen height is 20mm and ceramic thickness is 7mm).

7.5.4 Results & discussion

Figure 7.26 presents a comparison of results obtained for compacted Specimen Y, loaded under

constant water content conditions in both the conventional step loading apparatus and in the

UPC oedometer equipment. The change in volumetric behaviour (presented in terms of speci�c

volume normalised with respect to initial speci�c volume) are in very good agreement with

respect to the post-yield compression behaviour at high stresses and the swelling behaviour

observed during unloading. The small di�erences observed in the compression curves close

to the yield points are thought to be associated with the di�erence in the type of loading

used within each apparatus. In the conventional apparatus, vertical stresses are applied in

steps (corresponding to dead weights) whereas in the UPC oedometer continuously increasing
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Figure 7.26: Comparison of constant water content tests at condition Y (wo = 24%, ρdo =
1.18Mg/m³) carried out in the conventional oedometer equipment and UPC oedometer equip-
ment

loading can be applied, (in this case hydraulically). It is likely that the much smaller increments

of load applied with the UPC oedometer enabled the specimen to remain sti�er for longer,

whereas the application of a much larger load increment at one time to achieve the same stress

level corresponded to more compression. Nevertheless, these results on independent specimens

validates the performance of the two types of oedometer equipment.

7.5.4.1 In�uence of compacted fabric at di�erent initial states

The behaviour of the Bengawan Solo �ll material at compacted conditions corresponding to X,

Y and Z are presented here �rst under constant water content conditions and then subsequently

under saturated conditions in an attempt to investigate if the aggregated structure created dur-

ing compaction in�uences the mechanical response upon one dimensional loading. Compaction
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conditions responsible for compacted fabric are wo, ρdo and the method of compaction, whereas

initial state conditions refer to the stress state and suction (σvi, si) of specimens prior to loading.

In this section the specimens tested have been prepared at di�erent compaction conditions thus

generating di�erent compacted fabrics. These specimens are then loaded from di�erent initial

states, (i.e. they have di�erent initial suctions).

The volumetric behaviour of the specimens X, Y and Z compacted at w = 9%, 24% and 36%,

each to an initial dry density of 1.18Mg/m³ are compared in Figure 7.27a for loading under

constant water content conditions (Series UOA). The results are presented in terms of speci�c

volume against net vertical stress (σv), where ua is atmospheric. It is evident that there is no

clear trend in yield stress (σvc) or compressibility of the soil with respect to moisture content.

In fact there is an increase in σvc from 150 to 220kPa when moving from UOA3 (wo = 36%) to

UOA2 (wo = 24%) , but then σvc decreases to 96kPa when wo is further reduced (UOA1). With

respect to the post-yield compressibility of the soil, similar results are found, the value of Cc

increases as wo is reduced from 36% to 24% (UOA3 to UOA2), which was similarly observed in

the results of Series COI presented at the beginning of this chapter. However by extending the

range of moisture contents investigated here, it becomes clear that this is not the full story, as wo

is further reduced to 9%, soil compressibility post-yielding reduces. Thus it is Specimen UOA2

compacted at the intermediate water content of 24% which exhibits the greatest compressibility

with a Cc value of 1.01. There appears to be less signi�cant variation in the swell indexes

determined. All the values corresponding to the yield stress, compression and swell indexes for

all the curves listed in this experimental campaign are listed in the summary Table 7.5 at the

end of the chapter.

If suction were the governing in�uence on the compression behaviour of these specimens, accord-

ing to the Barcelona Basic Model (Alonso et al., 1990) it would be expected that a reduction

in w and therefore an increase in suction would provide an additional bonding e�ect which

would increase the domain in which sti� behaviour would be observed, and ultimately lead to

an increase in yield stress. According to the water retention curves determined experimentally

for the Bengawan Solo �ll (Figure 7.19) the initial suction values for the compacted specimens

are estimated to be 2kPa (Z: wo = 36%), 470kPa (Y: wo = 24%) and 40MPa (X: wo = 9%)

respectively. Despite this wide range in suctions covered, the yield stress did not appear to
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Figure 7.27: Series UOA : Constant water content, one-dimensional consolidation of samples
prepared at three di�erent initial moisture contents each compacted to the same initial dry
density of 1.18Mg/m³. UOA1: wo = 9.3%, ρdo = 1.18Mg/m³, UOA2: wo = 24.4%, ρdo=
1.18Mg/m³, UOA3: wo = 36.2%, ρdo = 1.18Mg/m³, COK1: wo = 52.2%, ρdo = 1.14Mg/m³.
(a) speci�c volume vs net vertical stress and (b) comparison with reconstituted material in terms
of void index.
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increase continuously with increasing suction. In terms of compressibility behaviour governed

by suction either an increase in the sti�ening of the soil behaviour would be expected with

increasing suction (e.g. Vicol, 1990; Romero, 1999) or a reduction in the sti�ness (e.g. Futai and

Almeida, 2005). However the BBM and other critical state models describing the in�uence of

suction on the mechanical behaviour of unsaturated soils have generally been supported by the

experimental testing of specimens which all have the same initial compacted conditions (prior

to the application of di�erent values of suction). This means that such specimens all have

a common initial fabric. The microstructural investigation of the compacted specimens X, Y

and Z clearly illustrated that these specimens each have a di�erent initial fabric. It appears

from Figure 7.27a that suction alone is not su�cient to describe the di�erences in the compres-

sion behaviour observed, and for this reason it may be concluded that the di�erent compacted

structures created also play a role in the mechanical response to loading.

In Figure 7.27b the compression curves for UOA1, UOA2 and UOA3 are plotted in terms of

void index alongside the compression curve of the saturated reconstituted specimen (COK1),

which is regarded here as de�ning the Intrinsic Compression Line (ICL). This is in line with the

approach proposed by Burland (1990) for intact bonded soils. As for naturally bonded soils,

the aggregated specimens lie to the right of the ICL. UOA2 appears to converge with the ICL

at high stresses, which corresponds to a high degree of saturation (UOA2: Sr=94% at 1MPa).

Test UOA3 was in fact not a truly constant water content test as it had a high initial degree of

saturation (Sro
= 75.3%) and on loading it remained under constant water content conditions

until the volume change induced by loading resulted in full saturation of the specimen occurring,

at which time water began to be expelled from the specimen. A degree of saturation of 100%

was achieved at a vertical stress of 245kPa. Close to this stress level the slope of the post-

compression curve of UOA3 follows approximately parallel to that of the ICL, however it is

not clear the reason why it is shifted above the ICL even once the specimen has become fully

saturated. This saturation of the specimen due to loading is the reason why it was important

to select loading rates for the CW tests which re�ected their initial degree of saturation.

In order to investigate solely the in�uence of the initial compacted fabric on the volumetric

behaviour, the e�ect of suction was removed by testing under fully saturated conditions. Fig-

ure 7.28 presents the saturated compression curves carried out in Series UOB for specimens
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at initial conditions X, Y and Z. Although structural e�ects are perhaps less apparent than

for the partially saturated specimens tested in Series UOA, the curves do not all exhibit the

same yielding and compression behaviour. In particular yielding does not occur at the same

yield stress (σ′vc); σ
′
vc appears to increase as the initial compacted moisture content was re-

duced, from 18kPa (UOB3, wo = 36%) to 42kPa (UOB1, w = 9%). The saturated compression

curve of UOB3 follows closely the response exhibited by the reconstituted specimen (COK1),

(Figure 7.28b). The curve of UOB2 (wo = 24%) lies below the ICL and then appears to cross

over it again at higher stresses. Such an intersection of the ICL has previously been presented

by Monroy (2006) when comparing the compression behaviour of compacted and reconstituted

specimens of London clay under saturated conditions. It is more evident however that UOB1

(wo= 9%) overall undergoes signi�cantly less settlement under loading to the same e�ective

vertical stress as specimens UOB2 and UOB3. Although it has a similar shape to the curve of

UOB2, it does not appear to converge towards the ICL suggesting that there is some e�ect of

fabric which is still in�uencing the mechanical response even at high stresses. These results are

important because they indicate that the compacted fabric may still to an extent in�uence the

volumetric behaviour, in this case the yield stress, even under saturated conditions.

In an attempt to separate the mechanical response which can be attributed to soil structure

(fabric + bonding) and that which can be attributed to soil fabric only, the compression be-

haviour for each initial compacted state (X, Y and Z) are compared in Figure 7.29. In each

plot (Figure 7.29a, b, and c), the specimens have the same initial fabric, the di�erences in the

curves can be attributed to di�erences in suction: in the saturated tests suction is zero, whereas

in the CW tests the suction is not controlled, but rather decreases with increasing load. It

is evident that the corresponding partially saturated (CW) compression curves exhibit higher

yield stresses and exist at higher speci�c volumes than their corresponding saturated specimens

at the same e�ective stress. The CW compression curves appear to converge with the saturated

compression curves at high degrees of saturation.

Considering the variation in yield stress observed in Series UOA and UOB, it is proposed that

the initial sti� behaviour exhibited by the compacted specimens (X, Y and Z) is associated with

the sti�ness of the aggregates as also reported by Koliji et al. (2009). In the CW conditions the

nature of the aggregates initially remain as reported after mixing (Section 7.4). In this way it
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Figure 7.28: Series UOB: Saturated one-dimensional consolidation of samples prepared at three
di�erent initial moisture contents, compacted to the same an initial dry density. UOB1: wo =
9.4%, ρdo = 1.18Mg/m³, UOB2: wo = 23.3%, ρdo= 1.18Mg/m³, UOB3: wo = 34.9%, ρdo =
1.19Mg/m³. (a) speci�c volume vs e�ective vertical stress and (b) comparison with reconstituted
material in terms of void index.
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becomes evident that Specimen Z (UOA3) with its soft wet aggregates would exhibit a smaller

yield stress than that of Specimen Y, which has smaller �rmer aggregates. Although the �ne

dry powdery aggregates of Specimen X were thought to be sti�er than those of Y, the lower σvc

observed can be explained by considering the brittle nature of these aggregates in such a dry

state (w = 9%). In the case of Series UOB, despite all the specimens being saturated prior to

loading, an aggregate sti�ness appears to be retained from the initial compacted fabric. With

σ′vc increasing from Specimen Z to X.

It is important here to also remember that by compacting the specimens all at the same initial

dry density, the specimens contain the same mass of solids in each specimen, and in particular

have the same porosity (n ∼57%). The microstructural investigation highlighted however, that

although the overall porosity may be the same for these compacted states, the distribution of

that porosity di�ered signi�cantly between Specimens X, Y and Z. Considering that compression

essentially is the rearrangement of solids such that voids spaces are reduced, one can visualise

how it may be easier for aggregated solids to move into a larger single pore space (e.g. an

inter-assemblage or inter-aggregate pore space), than to occupy the same volume of voids by

invading many pores of a much smaller entrance diameter. It has recently been argued that

the aggregates within compacted soils are essentially similar to reconstituted soil of the same

mineralogy and that the di�erence between compacted and reconstituted soils at a given suction

is the presence or lack thereof of larger inter-aggregate porosity (Tarantino, 2010b). Thus, in

order for an aggregated specimen to rejoin the ICL the large inter-aggregate (or inter-assemblage)

pores must be closed.

The porosity of Specimen Z (w = 36%) which was not detected by the MIP was attributed to

much larger inter-assemblage pores (>450µm) as illustrated in Figure 7.18c. The removal of

these large air �lled pores (as determined by consideration of the water ratio of the specimen,

Figure 7.17) is thought to correspond to the steep slope of the compression curve (UOA3)

exhibited immediately after yielding (see Figure 7.29c). This steep slope is only observed over

a small range of vertical stresses as this accounts for 25% porosity. The wet nature of the

aggregates also ensures that the solids can deform easily into these large pore spaces at relatively

lower applied stresses (compared to UOA1 and UOA2). It is evident in Figure 7.27a that the

greatest post-yield compressibility was exhibited in curve UOA2 (Specimen Y), with a Cc value
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of 1.01. This high compressibility can be explained by considering that the dominant pore size

found for Specimen Y was an inter-aggregate porosity with an entrance diameter of 140µm.

These air �lled voids (see Figure 7.17b) account for 40% porosity of specimen Y and the relative

sti�ness of these aggregates requires a vertical stress of approximately 1MPa to force solid

particles into almost all of these pore spaces (Figure 7.29b). As for Specimen X, the air �lled

voids correspond to over 50% porosity (total overall porosity for all specimens is approx. 60%),

furthermore these pores are of a smaller entrance diameter (36µm) which makes it increasingly

di�cult for aggregated solids to intrude into. For this reason at a vertical stress of 1MPa UOA1

is not close to rejoining its corresponding saturated curve (UOB1), see Figure 7.29a.

7.5.4.2 In�uence of compacted fabric on specimens brought to the same initial

state conditions

It appears then that under partially saturated or fully saturated conditions compacted fabric

may have an in�uence on the volumetric behaviour of the Bengawan Solo �ll at di�erent initial

states. But an important question remains over whether the in�uence of compacted fabric

on soil behaviour is in addition to the in�uence of initial states of stress and suction. Gens

(1996) outlined two possible limits regarding the in�uence of initial compacted fabric. The �rst

possibility is that initial compacted fabric is totally responsible for subsequent soil behaviour,

in which case each compacted condition gives rise to essentially a di�erent soil. Di�erent initial

states would result but furthermore di�erent constitutive model parameters would be required

to describe the behaviour of soil for each compaction condition. The second extreme limit is

that initial compacted fabric has a negligible in�uence on soil behaviour and any di�erences in

such behaviour may be explained by di�erences in initial states. This would suggest that for

one soil, one set of constitutive model parameters would su�ce for all compaction conditions

and only the initial state conditions would vary. These two extremes regarding the in�uence of

compacted fabric on soil behaviour, and how it may be accounted for in constitutive modelling

are illustrated in Figure 7.30 (Gens, 1996).

In an attempt to provide some experimental evidence which may support one of the two possi-

bilities presented above, two series of tests were carried out where the di�erent initial compacted

fabrics exhibited by specimens X, Y and Z were subsequently brought to similar conditions of
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modelling (After, Gens, 1996)
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w and ρd prior to loading. In Series UOC, these specimens were loaded under CW conditions,

whereas in Series UOD, the specimens were additionally brought to the same suction and then

loaded under suction controlled conditions.

Figure 7.31 presents the results of the constant water content tests carried out on three specimens

of di�ering initial fabric brought to similar conditions prior to loading (Series UOC). Specimen

X-Y (UOC1), which was prepared at wo = 9% and ρdo = 1.18Mg/m³ and then wetted under

constant volume conditions (Figure 7.31b), shows markedly di�erent behaviour to specimens Y

(UOA2) and Z*-Y (UOC2). Specimen Z*-Y prepared at wo = 35.3% and ρdo
= 1.00Mg/m³

was dried to achieve similar conditions of w and ρd prior to loading. UOC1 (Specimen X-Y)

exhibits a much lower yield stress (σvc=55kPa) and a lower post-yield compressibility (Cc=0.57)

compared to the specimens (Y and Z*-Y) (Table 7.5). The slightly higher w of X-Y prior to

loading (w = 25.8%) is not thought to be solely responsible for these signi�cant di�erences

in behaviour. The swelling index values determined were di�erent for each of the specimens.

It appears that initial compacted fabric may have an important in�uence on subsequent soil

behaviour.

Specimens Y (UOA2) and Z*-Y (UOC2) appear to have a very similar volumetric response to

loading under CW conditions, which is evident despite the small di�erence in the dry density

prior to loading (Figure 7.31a). Their yield stresses are of similar magnitude (Y: 250kPa, Z*-Y:

200kPa) and their post-yield compression curve is of similar shape and slope. The similarities

in the behaviours of UOA2 (Y) and UOC2 (Z*-Y) can be explained by considering the nature

of the aggregates present at the beginning of loading. In Specimen Z*-Y, the wetter softer

aggregates created at Z* (w = 36%) have reduced in size on drying (aggregate shrinkage) and

also as water has been removed from the aggregates they have become more rigid, essentially

they have become aggregates similar to those presented in specimen Y, compacted at w = 24%.

On the other hand specimen X-Y does not have these medium sized aggregates (up to 10mm).

Specimen X initially has much smaller aggregates (up to 4mm) and has an inter-aggregate

porosity at a lower pore size (36µm). On wetting to position Y , the small aggregates have a

tendency to swell as they absorb water (due to the montmorillonite present in the clay fraction).

Carrying out this wetting path under constant volume conditions forces the aggregates to swell

into the existing inter-aggregate porosity. It is proposed that this swelling forces the aggregates
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Figure 7.31: Series UOC: Constant water content one-dimensional consolidation tests, 3 samples
of di�ering initial fabric brought to similar conditions prior to loading. UOC1: w = 25.8%, ρd
= 1.17Mg/m³, UOA2: w = 24.4%, ρd = 1.18Mg/m³, UOC2: w = 24.1%, ρd = 1.16Mg/m³. (a)
speci�c volume vs net vertical stress, (b) speci�c volume vs degree of saturation, (c) degree of
saturation vs net vertical stress and (d) comparison with reconstituted material in terms of void
index
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to thus fuse together creating a more homogeneous texture, which can no longer be characterised

as an aggregated structure. Inter-aggregate porosity size has been further reduced and aggregate

arrangements are no longer de�ned. The loss of the aggregated structure could explain the lower

σvc observed in UOC1 and the reduction in inter-aggregate porosity would explain the sti�er

post-yielding behaviour observed.

It had been planned that the specimens X-Y and Z*-Y would also be investigated using MIP.

However due to di�culties with the freeze drying equipment, it was not possible to carry out

these tests during the time frame of this thesis. With the recent acquisition of MIP equipment

within the Faculty of Engineering at the University of Strathclyde, it is envisaged that these tests

will be carried out in the near future, in order to support the results and discussion presented

herein.

Figure 7.31b presents the variation in speci�c volume against the degree of saturation for the

tests carried out under CW conditions. Loading and unloading follows along the same curve

and the shape of this curve is very similar for all three tests, although it is slightly shifted for

(UOC1) due to its slightly higher moisture content prior to loading. As expected in these CW

tests the Sr increases as the vertical stress applied to the specimens increases, as the specimens

are unloaded Sr reduces (Figure 7.31c). As for the results presented in Series UOA (CW),

the compression curves of all the specimens lie to the right of the intrinsic compression line

(COK1), (Figure 7.31d). In this Series the Sr was calculated by assuming that no pore water

was removed or introduced into the specimens during loading. The actual variation in moisture

content determined by measurement at the end of the tests indicates that UOC1 increased by

0.5%, UOA2 by 0.2% and UOC2 by 0.9% during the loading and unloading stages. These

relatively small increases may be attributed to residual water remaining within the oedometer

cell and accessories prior to mounting the specimens.

Figure 7.32 presents the compression curves of two di�erent Z*-Y specimens (UOC2 and UOC3)

dried from initial wet conditions, to di�erent moisture contents and dry density and loaded

under CW conditions. It is interesting to note that both specimens, compacted with the same

wet aggregates w ~36% converge to exactly the same post-yielding compression line despite

di�erences in compacted dry density and dry density prior to loading. The curve relating the

variation in speci�c volume with degree of saturation is again very similar, showing that loading
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and unloading steps follow along the same curve despite the di�erences in dry density between

UOC2 and UOC3 (Figure 7.31b).

In order to investigate if the in�uence of compacted structure is in addition to the e�ect of the

initial state, the specimens tested in Series UOC were brought to the same level of suction, using

the axis-translation technique, prior to loading. Subsequently the specimens were loaded under

suction controlled conditions (Series UOD). In this way any di�erences in volumetric behaviour

upon one-dimensional loading and unloading may be attributed solely to the initial compacted

fabric. A suction equal to 470kPa was selected for these tests in order to be as close as possible

to the suction of Specimen Y at wo = 24% and ρdo = 1.18Mg/m³, this was determined using

the water retention data presented in Section 4.7.

Figure 7.33 presents the results of Series UOD, it is evident that the behaviour of UOD2 and

UOD3 corresponding to specimens Y-Y and Z*-Y are more similar than that of UOD1, which

corresponds to the X-Y specimen. As found in Series UOC (Figure 7.31a) the X-Y specimen

exhibits a lower σvc than the other two specimens (143kPa) compared to 300kPa for UOD2 and

220kPa for UOD3. Specimen X-Y also exhibits lower post-yield compressibility (Cc = 0.59) than

specimens Y-Y and Z*-Y. Although these e�ects are similar to those observed in Series UOC,

the overall di�erence between the compression curves of the di�erent specimens is much lower

(Figure 7.33a). This suggests that although there may be some residual e�ects from the initial

compacted fabric, the di�erences between specimens of di�erent initial fabric are less signi�cant

when loaded from the same initial suction. This experimental evidence appears to support

the second possibility proposed by Gens (1996) that the in�uence of initial compacted fabric

is essentially negligible and that the soil behaviour can be adequately described by considering

the initial state of stress and suction. This suggests that one set of model parameters would be

su�cient to describe the behaviour of a given soil regardless of compaction conditions.

It is also interesting to note that the swell index determined for each curve under suction

controlled conditions is the same (Cs = 0.01). Considering that in the Series UOC presented

above, Cs varied for each of the di�erent compacted fabrics, it appears that the swell index may

be more related to suction and is independent of soil structure. This may be of consequence

for constitutive modelling where often the recoverable (elastic) response of soil on unloading is

considered to be independent of suction (e.g. BBM Alonso et al., 1990) and independent of soil
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Table 7.5: Yielding and compressibility parameters

Test Ref. Specimen Testing Condition σvc or σ′vc (kPa) Cc Cs

UOA1 X CW 150 0.34 0.02
UOA2 Y CW 220 1.01 0.02
UOA3 Z CW 96 0.72 0.03

UOB1 X SAT 42 0.43 0.02
UOB2 Y SAT 20 0.46 0.03
UOB3 Z SAT 18 0.33 0.03

UOC1 X-Y CW 55 0.57 0.03
UOC2 Z*-Y CW 250 1.19 0.01
UOC3 Z*-Y CW 200 1.22 0.01

UOD1 X-Y SC 143 0.59 0.01
UOD2 Y-Y SC 300 0.82 0.01
UOD3 Z*-Y SC 220 0.82 0.01

SAT - Saturated, CW- Constant water content, SC - Suction controlled

structure (e.g. Gens and Nova, 1993).

Figure 7.33b indicates that under suction controlled conditions the degree of saturation varies

with void ratio, and again loading and unloading paths follows along the same curve. Such ex-

perimental evidence suggests that the degree of saturation is not only related to suction but also

speci�c volume. This explains why specimens at the same suction may exist at di�erent degrees

of saturation if they have di�erent speci�c volumes, as speci�c volume decreases (reduction in

volume of voids) the retention curve becomes shifted, such that for a given suction, a lower v

would retain a higher Sr than a specimen of higher v, see Figure 3.14.

The compression curves obtained during suction controlled conditions result in higher net yield

stresses than for each of the same specimens tested in Series UOC (CW conditions), thus indi-

cating that suction contributes an additional bonding e�ect which acts to resist against yielding

under increased loading. See Table 7.5 for a summary of all yielding and compressibility param-

eters determined for the tests carried out in the UPC oedometer.

Again it had been anticipated that specimens X-Y, Y-Y and Z*-Y after the application of s

= 470kPa would have been investigated using MIP; this was not possible at this time for the

reason mentioned above, though is planned to be carried out in the future.
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7.5.5 Summary

Investigation of specimens of varying initial compacted fabric at di�erent initial states in the

UPC oedometer has indicated that:

� In CW tests the e�ects of suction and aggregation were not separated and together they

appeared to in�uence the partially saturated response of the Bengawan Solo �ll to one

dimensional loading (Series UOA)

� In partially saturated states the compression curves lie to the right of the intrinsic compres-

sion line (ICL), converging when the degree of saturation of the specimens tends towards

unity. This is similar to the behaviour of intact bonded soils under saturated conditions

(Series UOA).

� Even under saturated conditions, fabric e�ects due to aggregation appeared to not be

completely removed with a specimen of smaller �rmer aggregates undergoing overall less

settlement (Test UOB1)

� The stress at which yielding occurs upon loading appears to be associated with the sti�ness

of the aggregates. Compacted specimens with �rmer aggregates resulting in higher yield

stresses (Series UOA and UOB).

� The variation in post-yield compressibility with di�erent compacted fabrics is related to

the pore size distribution, compressibility is higher where a large fraction of the porosity

is characterised by pores with a large entrance diameter.

Comparing the volumetric response of specimens with di�erent initial compacted fabric which

were subsequently brought to similar initial conditions prior to loading illustrated that:

� On loading aggregated structures (de�ned by having a signi�cant inter-aggregate porosity)

exhibit a higher yield stress compared to specimens with a more homogeneous textured

fabric (Series UOC and UOD)

� Aggregated structures exhibit a higher post-yielding compressibility compared to a more

homogeneous textured fabric. It is anticipated that the compressibility is a function of the

pore size distribution (Series UOC and UOD).
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� Under CW conditions the specimens of varying initial compacted fabric but similar con-

ditions of w and ρdo
prior to loading illustrated markedly di�erent response from UOC1,

which was a function of both structure and suction.

� Although similar e�ects were observed for di�erent compacted specimens loaded at similar

initial conditions of w and ρdo
and suction the di�erences between the compression curves

were largely reduced (Series UOD).

� Comparing the results of Series UOC and UOD suggests that the swelling observed due

to unloading may be more related to suction rather than structure, though further work

would be necessary to con�rm this.

7.6 Conclusions

This chapter presents an investigation into the compacted fabric created in the Bengawan Solo

�ll at low compactive e�orts, typical of those found in-situ. At such a range the irregular double

peak compaction curve was determined for this material. The type of aggregates created by

mixing at di�erent moisture contents of compacted soil fabric has been related to this irregu-

lar compaction curve, by considering aggregate size and sti�ness. The microstructural study

presented in Section 7.4 illustrated that such aggregates in�uenced the soil fabric created by

compaction, (when compacting to low dry densities). The variation in the nature of the aggre-

gates created with moisture content may be important when considering compaction in the �eld.

As illustrated by the Extreme Light compaction curve, small variations in moisture content can

result in important di�erences in dry density as a result of the aggregates formed.

Oedometer tests carried out on specimens with varying initial compacted fabric brought to

the same initial conditions suggest that aggregated structures exhibit higher yielding stresses

and higher post-yield compressibility than specimens of a more homogeneous texture (less ag-

gregated). Under partially saturated conditions without suction control there appeared to be

signi�cant di�erences in volumetric behaviour related to initial compacted fabric. This is rele-

vant for �eld conditions where suction is not controlled, and in particular for poorly compacted

structures where the compaction conditions of moisture content or dry density are not rigorously

maintained giving rise to signi�cant variations in compacted fabric.
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In carefully designed experiments taking into account the in�uence of suction (by also control-

ling w, ρd, e, Sr) it was observed however, that the residual e�ect on volumetric behaviour due

to solely the in�uence of initial compacted fabric is small. This result illustrates the importance

of considering soil structure for compacted specimens under suction controlled conditions. Fur-

thermore these results support the view that for a given soil (of a certain mineralogy and grain

size distribution) that the soil behaviour can be described through the use of one set of model

parameters regardless of compaction conditions. At least this appears to be the case for the

Bengawan Solo �ll material, further experimental testing of a wide range of soils is required.
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Chapter 8

Conclusions and recommendations

8.1 Introduction

The Bengawan Solo �ll material investigated in this thesis was sampled from �ood embankments

located along the Bengawan Solo river in East Java, Indonesia. An underlying aim of this

research was to investigate a natural soil from an engineering application in which unsaturated

conditions may be relevant. In particular the main objectives of this research project were to:

1. Undertake a site and laboratory characterisation of the Bengawan Solo �ll material, includ-

ing detailed investigation of the soil mineralogy, compaction and water retention behaviour

2. Investigate the potential for volumetric collapse behaviour in this material, and to inves-

tigate the changes in soil fabric occurring due to loading and wetting

3. Investigate the isotropic compression and shearing behaviour of this material under di�er-

ent levels of suction

4. Investigate the soil structure of the Bengawan Solo �ll created by compaction at di�erent

moisture contents and attempt to isolate the e�ect of compacted fabric on soil compression

behaviour.
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Throughout this thesis the �ndings of each chapter have been presented in the corresponding

concluding section, and for this reason they are not repeated here in their entirety. In this �nal

chapter only the main general conclusions are presented according to each of the objectives listed

above. For clarity, the conclusions have been further divided into the following sections (where

appropriate): (i) relevance to site conditions, (ii) contributions to existing knowledge and (iii)

limitations and recommendations for future work.

8.2 Characterisation of the Bengawan Solo �ll

8.2.1 Summary

Prior to investigation of the mechanical behaviour of the Bengawan Solo �ll it was necessary to

carry out an initial characterisation of the material. The important or interesting features of

this material are listed below:

� The Bengawan Solo �ll is an organic silt of high plasticity (MHO) according to BS5930:1999.

� X-ray di�raction indicated that the clay fraction is mostly made up of montmorillonite

(88%), which explains why despite the small clay fraction present in this �ll material, it

plays an important role in the overall mechanical behaviour of this material.

� An irregular double-peak compaction curve was obtained for this material at low com-

pactive e�orts (similar to those used in the �eld) and was related to the varying nature of

soil aggregates (in terms of size and sti�ness) created on mixing with water.

� Investigation of the water retention behaviour using a combination of di�erent techniques

including the pressure plate �lter paper and chilled mirror psychrometer, indicated that

at high moisture contents (>35%), suction was in the range of several kPa whereas in air

dried compacted specimens at low moisture contents (~6%), suctions of up to 100MPa

were recorded.
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8.2.2 Limitations & recommendations for future work

The main shortcoming with regards to the characterisation of the Bengawan Solo �ll material

was the limited �eld study conducted. A more in depth analysis of the performance of the

embankments would require information on the variation of the dry density and moisture content

of the embankment �ll with seasonal changes. This would have required at least several more

visits to the site, at a distance of more than 7,500 miles from the University of Strathclyde, for

which additional funding would have had to be sourced. Furthermore the distance to the site

and limited collaboration led to di�culties in obtaining detailed information on the construction

of the Bengawan Solo embankments. The majority of the work conducted as part of this PhD

was carried out on disturbed material sampled from the embankments and remoulded in the

laboratory. Further work on this material could be carried out on the undisturbed block and

cylindrical specimens sampled to investigate further the in-situ soil structure and its evolution

when following drying and wetting paths.

8.3 Volumetric collapse behaviour

8.3.1 Relevance to site conditions

Load and soak oedometer tests carried out in conventional oedometer apparatus illustrated that

the Bengawan Solo �ll material is collapsible under dry of optimum and low density conditions,

at compaction conditions close to the as-constructed conditions of the man-made embankments.

Signi�cant volumetric collapse was also observed in specimens compacted wet of optimum at low

dry density and then subsequently dried prior to loading (and then soaking), despite an overall

reduction in dry density. This highlights the importance of achieving a su�ciently high dry

density during construction, regardless of compaction moisture content, in order to minimise

subsequent volumetric collapse. ESEM and MIP results indicate a strong similarity between

the microstructure of undisturbed specimens and specimens which have been remoulded in

the laboratory and undergone subsequent volumetric collapse. This appears to suggest that

the undisturbed material in the embankment has already undergone the process of volumetric

collapse in-situ.
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8.3.2 Contributions to existing knowledge

The use of both MIP and ESEM techniques enabled the changes occurring in the microstructure

due to loading and wetting to be identi�ed. For the Bengawan Solo �ll, soaking after loading

resulted in a reduction in the inter-aggregate porosity, which was readily visible in the ESEM

micrographs. The MIP study con�rmed this indicating that soaking alone was responsible for

a shift in the dominant pore mode from 170µm to 2.4µm. Furthermore the ESEM micrographs

indicated that the soaking process resulted in the softening of aggregations, the loss of the

stabilisation due to suction and the loss of strength of bridging material and contacts, all of

which contributed to the formation of a fused uniform fabric with very few inter-aggregate

pores present.

Three di�erent failure pathways were proposed which illustrate how volumetric collapse on

wetting could possibly play a role in triggering failure modes in �ood embankments, where �ll

material has been compacted to low dry densities. This work highlights how collapsible �ll layers

in �ood embankments may reduce the overall integrity of such embankments and could possibly

lead to the local or global failure of an embankment, despite the fact that this phenomenon is

rarely cited in the literature as a possible failure mode of �ood embankments. The behaviour

of such collapsible �ll layers is of particular importance where remediation measures are to be

installed which will introduce additional loading to low density �ll material, as in the case of

the Bengawan Solo embankments.

The investigation into the volumetric collapse behaviour of the Bengawan Solo �ll has demon-

strated how simple load and soak oedometer tests using conventional oedometer apparatus can

provide an important indication of the collapsible behaviour of �ll material under planned con-

struction conditions (or conditions present in the �eld). It is recommended that these simple

tests should be carried out as standard practice before selecting compaction conditions for new

�ood embankments or particularly as a check in cases where additional loading is to be intro-

duced to existing embankments.
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8.3.3 Limitations & recommendations for future work

The large inter-aggregate pores (>450µm) present in the compacted specimen could not be

detected using MIP, such larger pores found in low density open structures require a combination

of techniques to detect the wide range of pore sizes present. Neutron tomography could be

used to detect pore sizes in the larger range (up to 10mm) as used by Koliji (2008). Work is

currently being carried out at the University of Strathclyde on the development of a laser for

non-destructive volume measurements which could be used in the quanti�cation of larger pore

sizes.

Additional research should be carried out to investigate how heterogeneities in the compaction

of �ll material can in�uence the variation in the potential for volumetric collapse throughout a

�ood embankment. This kind of research should be carried out ideally on a test embankment

at the �eld scale using di�erent compaction methods.

8.4 Isotropic & shearing behaviour

8.4.1 Relevance to site conditions

The shear strength of the Bengawan Solo �ll material was investigated under four di�erent

suction levels and three di�erent net con�ning stresses. Using shear strength data obtained

from the triaxial tests, a routine slope stability analysis indicated that the reduction in shear

strength due to saturation did not in�uence negatively the stability of the embankments. A

simple analysis investigating rapid drawdown illustrated that embankments constructed of this

�ll material are likely to be susceptible to failure as a result of this process. Given though

that there is no record of closure of the Babat Barrage close to when the failure of the gabion

reinforced embankment occurred, it is likely that a combination of other mechanisms have been

responsible for this global failure including erosion and volumetric collapse, among others.
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8.4.2 Contributions to existing knowledge

The isotropic and triaxial tests carried out on the Bengawan Solo �ll provide a set of data

regarding the compression behaviour and shear strength for a compacted soil under a number of

di�erent suction levels. The isotropic compression tests indicated that as suction increased the

yield stress increased, and the post-yield compressibility also increased. Both the angle of friction

(φ′) and the cohesion intercept (c′) appeared to increase with increasing suction. At suctions

less than 500kPa it appears that suction in�uences more strongly φ′ than c′. Signi�cantly higher

shear strength parameters were obtained under air dried conditions (s ~ 100MPa), which may

be attributed not only to the level of suction but also the bonded aggregated structure of such

air dried specimens.

8.4.3 Limitations & recommendations for future work

A major limitation of this work is the lack of reliable volume change data during shearing.

This is attributed to shortcomings in the experimental set-up resulting from adaptation of

existing equipment for unsaturated soils testing. Prior to use of this equipment in any future

experimental campaigns, the issue of volume change will be fully addressed and recti�ed.

The permeability of the Bengawan Solo �ll material was not investigated in detail as part of this

research and it is recommended that an experimental campaign be carried out to characterise

the variation of permeability with dry density and suction in order to account for seepage

through the embankment and thus enable an improved understanding of the performance of

the Bengawan Solo embankments. It is hoped that the experimental data presented herein

can be used to inform future detailed investigations into factors in�uencing the stability of the

Bengawan Solo embankments.
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8.5 In�uence of compacted fabric on volumetric behaviour

8.5.1 Relevance to site conditions

The di�erences in the nature of the aggregates formed at di�erent moisture contents may be

relevant for �eld compaction. Such aggregations appear to strongly in�uence the compacted

fabric and as such attempts should be made at the Bengawan Solo embankments to better control

the moisture content of the �ll material during construction. Furthermore in future projects

using this �ll material the compactive e�ort applied should be more rigorously controlled to

minimise variation in the dry density throughout the embankment.

8.5.2 Contributions to existing knowledge

The irregular double peak compaction curve observed at low compactive e�orts for the Ben-

gawan Solo �ll has been attributed to the type of aggregates created by mixing at di�erent

moisture contents. A microstructural investigation illustrates that aggregates prepared at dif-

ferent moisture contents lead to very di�erent compacted fabrics, even at the same dry density.

Specimens of varying initial fabric brought to the same conditions of w, ρd prior to loading

under CW conditions illustrated that more aggregated fabrics exhibit a higher yield stress and

a higher post-yield compressibility than specimens of a more homogeneous texture. Under

CW conditions, initial compacted fabric appeared to in�uence volumetric behaviour but taking

suction also into account, the di�erences in behaviour due to initial compacted fabric greatly

reduced. This is an important result in terms of constitutive modelling as it supports the

argument that for a given soil, one set of model parameters could be su�cient to describe its

behaviour, regardless of initial compaction conditions. At least this appears to be the case for

the Bengawan Solo �ll material.

8.5.3 Limitations & recommendations for future work

It was not possible during the time frame of the thesis to conduct MIP tests on specimens

X-Y, Y-Y and Z*-Y once brought to the same level of suction (s = 470kPa). It was originally
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envisaged that these tests would be carried out as part of the PhD to support the experimental

campaign presented in Chapter 7, however due to di�culties with the freeze drying equipment at

UPC, this was not possible. In light of the recent acquisition of a mercury intrusion porosimeter

by the Engineering Faculty at Strathclyde, it is anticipated that these tests will be carried out

in the near future to complete this study presented into the in�uence of compacted structure

on subsequent volumetric behaviour.

As a continuation of this study, it would be interesting to investigate if these same specimens

X-Y, Y-Y and Z*Y, prepared using di�erent compaction conditions (w, ρd) and then brought

to the same initial state (σv, s) exhibit signi�cant di�erences in volumetric collapse behaviour.

Such additional information is required for a range of di�erent soils in order to investigate

further the in�uence of initial compacted fabric on subsequent volumetric behaviour and should

be considered alongside the results presented by Booth (1975) and Gens et al. (1996).

In order to provide further understanding to the role of soil structure, it is recommended here

that additional experimental information is required comparing the volumetric and shearing

behaviour exhibited by reconstituted and compacted material of the same soil under saturated

and suction controlled conditions. Testing should be carried out for a wide range of di�erent soils

and be supplemented with detailed information of the soil structure. Such research would provide

additional insight into the in�uence of suction on post-yield compressibility (due to loading) and

swelling behaviour (due to unloading), an area which remains to be fully understood.
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Appendix A

Equipment calibration

A.1 Conventional oedometer equipment

A.1.1 Calibration of conventional loading frames & cells

Following the procedure outlined in Head (1982) the conventional oedometer loading frames

and cells were calibrated as a single unit for each set-up. The cells were assembled as for a

standard test but with a stainless steel disc in the place of the soil specimen, loads were applied

to the specimen and any deformation in the loading frame and cells recorded. Three loading

and unloading cycles were applied up to a maximum of 1000kPa (as used in the oedometer

tests) and the mean deformation loading curve for each set-up obtained. This is presented

in Figure A.1. Incremental deformations of the loading frame were then subtracted from the

settlement readings at the end of a loading step for tests on soil specimens.

A.1.2 Calibration of linear displacement transducers

The linear displacement transducers used in the conventional oedometer tests were calibrated

prior to use, against a dial gauge using a strain controlled loading frame where the base platen

was displaced at a constant rate of 0.165mm/s. As is evident in Figure A.2 the displacement
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Figure A.1: Calibration of loading frames used in conventional oedometer tests
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Figure A.2: Calibration of linear displacement transducers used in conventional oedometer tests
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transducers do not respond in a very linearly manner at the extreme limits of use (as is typical

of many transducers), the transducers were always positioned such that they were located well

within their working range at the beginning of a test, and were capable of recording any poten-

tial swelling or compression behaviour. For each transducer used a linear calibration with an

accuracy of ± 0.03mm was obtained within the range of 2 - 8 mm.

A.2 Isotropic compression equipment

A.2.1 Isotropic cell

In order to measure the change in volume of a specimen by measuring global volume changes

occurring within the cell, changes in volume due to immediate expansion and creep had to be

taken into account. Immediate volume changes due to expansion of the cell walls as cell pressure

is applied was determined by following the procedure outlined by Head (1998) (Section 17.3.1).

Immediate volume changes were recorded using a GDS pressure-volume controller up to the

maximum cell pressure used in the isotropic tests. The immediate volume changes exhibited are

presented in Figure A.3. During calibration and in all of the tests, �lling of the cell was carried

out very slowly to minimise the volume of air trapped within the cell. Membranes were folded

over the o-rings at the top and bottom of soil specimens, to avoid air bubbles becoming trapped

between the o-rings. Two separate linear calibrations were used to account for immediate cell

volume changes, those occurring up to 140kPa and for cell pressures applied beyond 140kPa.

In the isotropic tests the e�ect of creep was deemed to be less important than immediate cell

volume changes as the pressure was not held constant but rather increased continuously during

loading and decreased continuously during unloading. However in order to ensure there were

no discrepancies due to creep volume changes, the volume change due to expansion of the cell

walls over time was investigated at several pressures: 500kPa, 1000kPa and 1500kPa covering

the range of cell pressures to be tested in the isotropic cell. Figure A.8 presents the changes in

cell volume over time for up to 4 days at a cell pressure of 1000kPa.

350



 
y = 0.0207x

y = 0.0034x + 2.3568

0

1

2

3

4

5

6

7

8

9

0 500 1000 1500 2000

Im
m

e
d

ia
te

 c
e

ll 
v
o

lu
m

e
 c

h
a

n
g

e
 (

c
m

³)

Cell Pressure (kPa)

Figure A.3: Variation in immediate cell volume change in isotropic cell with cell pressure
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A.2.2 GDS pressure-volume controllers

In the isotropic system an advanced GDS pressure - volume controller (ADVDPC) was used to

control the cell pressure and monitor cell volume changes. A standard GDS pressure-volume

controller (STDDPC) was used to control the pore water pressure and record the volume of

water �owing into or draining out of the specimen. Details of the operating capacity, resolution

and accuracy of these controllers is given in Table A.1. In all of the other test set-ups described

in this thesis, only ADVDPC pressure-volume controllers have been used.

Table A.1: Comparison of GDS pressure - volume controllers GDS (2005a,b)

Controller STDDPC ADVDPC
Pressure range (MPa) 3 2
Volume capacity (cm³) 200 200
Pressure resolution (kPa) 1 0.5
Volume resolution (mm³) 1 0.5

Pressure measurement accuracy (kPa) 4.5 2
Volume measurement accuracy (% of measured value) < 0.25 < 0.1

Volume measurement accuracy (backlash mm³) ±30 ±12

A.2.3 Instrumentation

Figure A.5 presents the calibration of the pore water pressure transducer used in the saturated

isotropic compression tests. The pressure transducer was calibrated while mounted in the cell,

against the ADVDPC pressure-volume controller, by applying increasing cell pressure to the

cell. Prior to the start of any test, the pressure-volume controllers and pressure transducer if

used, were all set to zero pressure at the same position, The bleed valve at the top of the cell

was used as the zero datum point, due to ease of checking and resetting if necessary. A linear

calibration was obtained with an accuracy of ± 1.2kPa.

The manual air pressure gauge used to regulate the pore air pressure applied in the suction

controlled tests was calibrated against the ADVDPC pressure-volume controller via an air-water

bladder interface. Figure A.6 presents the calibration of the manual air pressure gauge. During

the isotropic tests presented herein the pressure was maintained constant and therefore the air

pressure was maintained at a constant value during loading. This calibration was therefore only
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Figure A.5: Calibration of pore water pressure transducer used in the saturated isotropic tests
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used to determine the value at which the air pressure gauge should be positioned during the

tests.

A.3 Triaxial testing equipment

A.3.1 Triaxial cell

As for the isotropic cell, the triaxial cell was calibrated for immediate cell volume changes

related to cell pressure variation, (Figure A.7). Similar to the isotropic cell the immediate cell

volume changes were accounted for by considering two linear correlations, one for pressure up to

70kPa and another for pressures above 70kPa. In the triaxial tests cell pressure was maintained

constant during shearing. Thus it was important to determine the relevant changes in volume

due to time dependent e�ects (creep) at di�erent pressures (Figure A.8). The rate of change

of volume with time did not appear to be highly dependent on pressure level and were within

a range of 0.03cm³/day to 0.05cm³/day. Considering a test which runs for one month, creep

alone could contribute to 1.5% volume change of a specimen of 38mm diameter. The creep

e�ects may also have contributed to the unreliable volume change measurements obtained in

these tests. Furthermore there appeared to be a signi�cant variation in the data obtained which

may be related to temperature e�ects in the laboratory. All the triaxial tests were conducted in

a temperature controlled laboratory but independent measurement of the actual temperature

at the triaxial test location was not measured during the tests.

A.3.2 Instrumentation

The 5kN ELE load cell used in the triaxial tests was calibrated using a proving ring, which had

been calibrated directly against dead weights. The proving ring was mounted onto the load

frame and the load cell was lined up directly onto the proving ring. The base platen of the load

frame was raised at a constant rate, divisions of the proving ring were recorded and converted

to kN, and the output voltage of the load cell was recorded. Figure A.9 presents the linear

calibration of the load cell which within the range used for the triaxial tests (< 2kN) has an
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Figure A.7: Immediate cell volume changes in triaxial cell
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Figure A.9: Calibration of 5kN Load cell

accuracy of ± 0.005kN, which corresponds to an accuracy of the deviator stress of ± 4.4kPa for

a 38mm diameter soil sample.

It was not possible to use an internal submersible load cell due to the small size of the triaxial

cell used in these tests, because of this it was necessary to take into account the uplift force

acting on the load cell due to the cell pressure applied within the cell. Theoretically the uplift

force should be equal to the area of the piston ram multiplied by the cell pressure applied.

Piston diameter is 18.95mm and the area of the piston ram (Aram) is 282mm² . In order to

check for friction e�ects in the piston ram, this relationship was checked by reading the uplift

force recorded by the load cell with increasing pressure (see Figure A.10). It is evident that the

friction e�ects for this piston are not signi�cant and thus uplift force was accounted for in the

triaxial results using the aforementioned relationship (Aram ∗ σ3).

The linear displacement transducer used in the triaxial tests was calibrated against a dial gauge,

both were mounted onto the strain controlled load frame, and the base platen was raised at a

constant rate. Figure A.11 presents the calibration relationship for the linear displacement

transducer, which had an accuracy of ± 0.04mm in the range of 0.5 mm to 25mm, again non-

linearity is evident close to zero displacement. The volume change associated with the movement
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Figure A.10: Load cell readings due to uplift pressure

of the piston ram into the cell (Vram) during shearing was calculated as:

Vram = Aram ∗ 4H (A.1)

The pore pressure transducer used, in the saturated tests was calibrated while mounted in

position connected to a port on the standard base pedestal, by �lling the cell with water only

and applying increasing cell pressures. Figure A.12 presents the calibration of the pore pressure

transducer. A linear calibration was obtained between 0 and 1000 kPa with an accuracy of ±

1.3kPa.

In order to ensure there were no di�erences in pressures between the di�erent devices used in

the tests, the pressure-volume controllers were reset to a zero pressure datum prior to the start

of each test. This was carried out while setting up the cell for the saturation of the porous stone.

The bleed valve at the top of the cell was used as the zero pressure datum, simply because it

facilitated checking of the pressures easily. When the pore water pressure transducer was used,

its pressure was also set to zero at the same datum. At the same time, the load cell reading was

set to zero when raising the base platen (with a water only �lled cell) caused water to emerge from
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Figure A.11: Calibration of 25mm Linear displacement transducer
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Figure A.12: Calibration of pore pressure transducer
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Figure A.13: Calibration of air pressure gauge

the bleed valve. The gauge used to control the pore air pressure manually was also calibrated

against a GDS pressure-volume controller, where the pressure had been set to zero at the bleed

valve position. The gauge was calibrated by connecting it to an air-water pressure cylinder,

where the pressure is transferred between the two phases across a bladder. Figure A.13 presents

the calibration of the air pressure gauge against a pressure volume controller. This calibration

was used to regulate the pore air pressure applied in the suction controlled tests.

A.4 UPC Oedometer equipment

A.4.1 Instrumentation

Figure A.14 presents the calibration curve for the ELE 10mm linear displacement transducer

used in the UPC oedometer set-up. The ELE displacement transducer was found to have a good

accuracy in its working range of ± 0.008mm.
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Figure A.14: LVDT Calibration curve

A.4.2 Saturation of ceramic disc

Figure A.15 presents a typical curve of the �ow through the ceramic disc used in the UPC

oedometer set-up once saturation had been achieved. The ceramic disc was saturated by apply-

ing a constant pressure above the ceramic disc of 1600kPa and zero water pressure below the

disc, these pressures were maintained using the GDS pressure-volume controllers. This pres-

sure di�erential was maintained for approximately 30mins prior to each test. The saturated

permeability of the disc was then calculated and compared with previously obtained values in

the laboratory to ensure that no cracking of the disc had occurred. The disc had a saturated

permeability of 5.3× 10−11 m/s.
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Figure A.15: Saturation of the 1500kPa air entry ceramic disc
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