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Abstract

Soft soils are deposited globally, especially in estuarine or coastal areas. In recent

years, the land resource has lessened due to rapid urbanisation and population growth

around the globe. It is crucial to develop land on poor ground conditions to solve the

issue of land shortage due to urbanisation. South East Queensland is a particular

region where soft soils are widely deposited. More construction is expected to be

carried out on its soft soil deposits as the urbanisation continues. However, the

existence of soft soils can cause construction complications because of the following

reasons: having high compressibility and water content, accompanied by low shear

strength and permeability. Therefore, the study of the mechanical behaviour of

reconstituted and stabilised soft soils is significant in geotechnical engineering

practice.

There are limitations in previous research regarding the properties of soft soils. For

example, the common particles in soft soils are clay, silt, and sand particles. The

behaviour of clay and sand particles are unique and easy to identify. However, the

behaviour of silt particles lies in between the behaviours of clay and sand. It is

important that some previous studies found that the behaviour of silt is not in

accordance with the critical-state framework adopted for clay and sand. It is suggested

that the behaviour of silts is a transitional form between clay and sand. Some silts

exhibit sand-like behaviour, while some exhibit clay-like behaviour. Consequently, it

is important to understand silt’s physical, mineralogical, strength and microstructural

behaviour, as it is presently recognised that gaps in understanding its fundamental

behaviour exist.
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In addition, soft soils need to be stabilised by suitable ground improvement

techniques before any structure can be safely constructed on it. It is widely known

that in-situ soil mixing or stabilisation (e.g., mass mixing or deep soil mixing) has

been proven to be an effective ground improvement technique in improving the

engineering properties of soft soils.

Cement is one of the commonly used cementitious materials which can be used to

treat soft soil in the application of in-situ soil mixing. It can increase the soil mix

strength and decrease the water content by triggering the hydration of cement and

pozzolanic reactions. The use of cement to stabilise soft soils and the behaviour of

cement-stabilised soils has been extensively investigated in many previous studies.

However, the use of cement can cause environmental issues as the production of

cement results in high emissions of carbon dioxide (CO2). Hence, it is essential also to

consider other suitable types of stabilisation additives to reduce the amount of cement

used in the stabilisation of soft soil. Fly ash and a commercially available additive

DuraCrete, were investigated in this study as partial replacements of cement. The

behaviour of specimens stabilised by cement, fly ash-blended cement, and DuraCrete-

blended cement under both unconfined compressive (UC) and consolidated isotropic

undrained (CIU) conditions were investigated in this study. The experimental results

proved that fly ash and DuraCrete can be used as partial replacements of cement to

achieve more remarkable improvement results than just cement alone in stabilising

soft soils. DuraCrete is more effective compared to fly ash because the addition of

DuraCrete can reduce the amount of cement needed for the stabilisation while also

improving the strength of stabilised specimens.
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This project seeks to investigate a) the mechanical behaviour of South East

Queensland soft soil stabilised by cement with different cement content; b) the effect

of the presence of silt particles on the mechanical behaviour of soft soils, such as

evaluating the behaviour of silty soils within the critical-state framework; c) the effect

of the presence of silt particles on the mechanical and microstructural of soft soils

after stabilised by cement; and d) the use of fly ash and DuraCrete as partial

replacements of cement in soft soil stabilisation. A series of laboratory tests consisting

of consolidated isotropic undrained (CIU) triaxial tests, unconfined compressive

strength (UCS) tests, and scanning electron microscope (SEM) tests were conducted

in this study to achieve these objectives.

South East Queensland soft soil was collected and stabilised by cement with varying

initial soil water content and cement content. The mechanical and microstructural

behaviour of natural and cement-stabilised South East Queensland soft soil was

investigated. Some empirical equations were derived to estimate the strength of South

East Queensland soft soil specimens with different cement content. The

microstructure of cement-stabilised soil specimens was also analysed and interpreted.

A series of triaxial compressive tests were conducted in this study on five types of

soft soils with varying clay and silt contents, and therefore the effect of silt contents

on the strength and critical state behaviours of soft soils were investigated. The

empirical equations were proposed to evaluate the effect of silt content on the stress

paths of reconstituted soft soils under consolidated isotropic undrained triaxial tests

and the critical state parameters. Based on the observations from the CIU triaxial

compression tests, it can be concluded that

1. For silty soils which have a plasticity index above 29%, even the soils are
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classified as silt by Atterberg limit testing results, but the soils show clay-like

behaviour in the critical state framework, evidenced by the corresponding

normally consolidated line (NCL) and critical state line (CSL) are parallel.

2. For silty soils, which have a plasticity index between 19% and 29%, the soils

show a transitional behaviour between the clay-like and sand-like behaviour,

as the corresponding normally consolidated line (NCL) and critical state line

(CSL) are becoming non-parallel.

3. For silty soils, which have a plasticity index lower than 19%, it shows typical

sand-like behaviour.

These types of soft soils were then stabilised by cement with varying cement content.

A further series of unconfined compression tests were conducted for each group of

cement-stabilised soil specimens. As the silt content might exhibit a different

influence on the strength of cement-stabilised samples, a varying dosage of cement

content was considered in this study. The experimental results indicate that silt

content plays a different role in soil stabilisation under different cement contents. The

effect of cement content and silt content on the microstructure development of

stabilised soils were also analysed by utilising the Scanning Electron Microscope

(SEM) images. With the increase of cement dosage, the number of cementitious

products, such as reticulated CSH and needle-shaped ettringite, was notably increased,

resulting in a denser structure. This can be attributed to the hydration of cement and

the pozzolanic reactions.

As for the effect of silt content, since particle size plays a significant role in

microstructure development, both cement and silt contents can dramatically affect the

pore size distribution. When the cement content is lower than 10%, clay platelets can
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fill the pore spaces and the cementitious products can enhance the inter-cluster bond

strength by aggregating clay and silt platelets together to form larger and denser

aggregates responsible for the strength improvement. When the cement content is

between 10% and 20%, the stabilised soil strengths increase with the increase of silt

content and then decrease when silt contents are higher than 50%. This is because the

strength gained from cementitious product enhancement was partially countered by

the increment of pore size caused by the excessive cement and silt contents. When the

cement content is higher than 20%, the strength shows a negative correlation with silt

content, which can be attributed to the incomplete reaction of cement due to the

reduction of clay content.

Regarding the partial replacement of cement by adopting fly ash and DuraCrete, the

UCS and CIU testing results show that both fly ash and DuraCrete are very effective

as partial replacements of cement to reduce the cement content and CO2 emission. Fly

ash can the provide the highest reduction in the cement replacement content, and it

can also provide the highest reduction in CO2 emission. However, at the same mixture

content (e.g., 25%), the UCS of the specimens stabilised by fly ash-blended cement is

lower than that stabilised by cement only. Thus, more material is needed when using

fly ash to partially replace cement to maintain the same UCS. Even though, the CO2

footprint can still be reduced because the CO2 emission rate of fly ash is much lesser

than that of pure cement. Therefore, fly ash is effective as a partial replacement of

cement to reduce the use of cement and CO2 emission.

Compared to fly ash, DuraCrete is more effective as a partial replacement of cement

in some circumstances. For example, the total mixture content is reduced to achieve a

target strength of 500 kPa when using DuraCrete-blended cement instead of pure
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cement only. The reduction in total mixture content is an essential advantage by using

DuraCrete compared to using fly ash. Comparing the proportional quantities of fly ash

and DuraCrete required, the quantity of fly ash required is between 6.1 times and 9.7

times the proportional quantity of DuraCrete required. Even though the use of

DuraCrete can reduce the amount of cement used and reduce the total mixture content,

it cannot provide as much reduction in cement as fly ash does. This is because there is

a ‘saturation point’ with the DuraCrete replacement ratio. If this saturation point is

exceeded, DuraCrete will not be as effective anymore, being mainly a magnesium-

based additive.

Therefore, when the maximum reduction in cement is the only factor under

consideration, fly ash is more suitable than DuraCrete, as it facilitates a greater

reduction in cement. However, suppose both reduction in cement and the total mixture

content are considered. In that case, DuraCrete might be more appropriate, as it not

only reduces the use of cement but also reduces the total mixture content required.

Most importantly, unlike cement and fly ash, the production of DuraCrete is not

carbon-intensive. The production of DuraCrete does not produce carbon emission as it

does not require a furnace, nor is it a by-product of a carbon emitting process.

These critical outcomes can help engineers reliably customise the soil stabilisation

design to achieve optimal strength, environmental friendliness, and cost-saving. As

such, engineers can have more design options to meet the strength requirement while

having the opportunity to minimise the negative impact on the environment by

reducing the use of cement. They can also achieve a balance between the reduction in

cement and the budget, hence the important contribution of this study.
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1 INTRODUCTION

1.1 Organisation of this Thesis

In this thesis, the research background and objectives are presented in Chapter 1. In

Chapter 2, some published literature is reviewed and discussed, and research

questions from the literature are presented in concluding remarks. Chapter 3 details

the research objectives, testing program and adopted methodology for this project.

The processes for soil sample preparation, soil–binder mixing and experimental

testing; and the methods, standards and systems for testing adopted in this study, are

introduced in Chapter 3. In Chapters 4 and 5, the experiment test results are presented,

analysed and discussed. The outcomes, achievements and contributions of this study

are also summarised in these two chapters. Last, Chapter 6 summarises this study’s

findings and provides recommendations for future research.

1.2 Background

This thesis focuses on the mechanical behaviour of reconstituted and stabilised soft

soil deposits. These deposits, such as soft estuarine or marine soils, are commonly

found in many countries, such as Japan, Singapore, Malaysia and Australia.

Following rapid urbanisation and population growth, the land available for

construction in the coastal areas of these countries has decreased. Therefore,

construction projects increasingly need to be built on soft soil deposits, especially in

estuarine and coastal areas. Advancements in construction geomaterial science that

consider sustainability (Leong et al., 2015, 2016, 2018a, 2018b; Ngu et al., 2019) and

the characterisation of marginal soils form the fundamental of geoenvironmental and

geotechnical engineering design. However, in the process of bringing about such

advancements, challenges are faced in laboratory tests (Mehdizadeh et al., 2016, 2017)
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and computer simulations (Ong et al., 2006; Pham et al., 2021) and owing to inferior

in-situ geomaterial conditions that require strength improvements (Omoregie et al.,

2016, 2017, 2019, 2020). For example, many infrastructure projects, including the

construction of riverine or coastal facilities, such as shipyards (Ong et al., 2018), of

basements (Ong et al., 2015) and of road embankments on flood plains (Liu et al.,

2020; Sun et al., 2021); and excavation (Chong et al., 2020; Ong et al., 2003) and

tunnelling (Cheng et al., 2020, 2021; Peerun et al., 2019, 2020) are to be implemented

on land with substantial deposits of soft soils (Liu et al., 2017; Oh, 2007; Kang et al.,

2015; Yao et al., 2020). Therefore, it is essential to investigate the critical behaviour

of such soft soil deposits.

The presence of soft soils can cause many difficulties in construction projects because

of the following soil behaviours: high compressibility, high water content, low shear

strength and low permeability. Therefore, geotechnical engineers are challenged to

alter the characteristics of soft soil deposits using suitable ground improvement

techniques to enable the construction of more construction projects on this

challenging ground.

South East Queensland (SEQ), Australia, is a typical region where soft estuarine or

marine soils can be found on many construction sites, such as embankments

supporting main motorways, the Brisbane airport, the Gold Coast Highway, the

Sunshine Motorway and the Port of Brisbane. Hence, developing the latest

understanding of the behaviour of reconstituted and stabilised soft soil deposits is

crucial to facilitating future large-scale ground improvement projects in this region.

The mechanical behaviour of soft soils is highly related to their particle size

distribution. From many previous studies (Mitchell & Soga, 2005; Wei & Yang, 2019;
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Wong et al., 2017; Yin, 2002), it can be concluded that the behaviours of clay and

sand particles are unique and easy to identify. For example, the friction angle,

stiffness and permeability of soils decrease with increase in the clay percentage and

increase with increase in the sand content. Soils with a higher percentage of clay

particles show more stress-softening behaviour, whereas those with a higher

percentage of sand particles show more stress-hardening behaviour. However, the

behaviour of silt particles lies in between the behaviours of clay and sand particles.

Notably, some studies found that the behaviour of silt is not in accordance with the

critical-state framework adopted for clay and sand (Boulanger & Idriss, 2006; Wong

et al., 2017). These studies suggested that the behaviour of silt is more complex than

that of sand and clay because its behaviour transits between those of clay and sand.

Consequently, it is important to understand the physical, mechanical and

microstructural behaviour of silt, given the gaps in understanding its fundamental

behaviour.

In addition, cement is a commonly used cementitious material to stabilise soft soils. It

has been widely adopted as a stabilising additive that is mixed with soft soils to

enhance strength and stiffness and decrease compressibility. The use of cement to

stabilise soft soils and the behaviour of cement-stabilised soils have been extensively

investigated in many studies. These studies have proved that the addition of cement

can efficiently increase the strength, stiffness and durability of stabilised soft soil by

significantly reducing its water content and creating cementation bonds amongst soil

particles. In addition, the cost of cement is low, and it can be accessed easily globally.

Therefore, cement has been widely used as a stabilising binder.
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However, the use of cement results in a significant environmental issue: the high

emission of greenhouse gases, such as carbon dioxide (CO2). The use of cement

accounts for 5–8% of the anthropogenic CO2 emitted (Huntzinger & Eatmon, 2009).

The main cause for CO2 production during cement manufacture is the decomposition

of limestone. It is estimated that the demand for cement for use in construction will

increase owing to rapid urbanisation in many countries. Therefore, other alternatives

additives suitable for soil stabilisation as the replacement of cement need to be

developed to reduce the amount of cement needed in soil stabilisation, which would

reduce the CO2 emitted during the ground improvement process.

In this study, a series of lab experimental tests, such as the unconfined compression,

the triaxial compression and the scanning electron microscope (SEM) tests, were

conducted in the Geotechnical Lab at Griffith University to investigate the mechanical

behaviour of reconstituted and stabilised soft soils under different conditions.

1.3 Research Objectives

In line with the background presented in the previous section, the objectives of this

thesis are to:

a) investigate and determine the mechanical behaviour of South East Queensland

soft soil samples and the soil specimen behaviour after treatment (or

stabilisation) with cement;

b) evaluate the effects of variations in silt particle content on the mechanical

behaviour of reconstituted soft soil samples; and investigate the impact effects

of variations in silt particle content on the mechanical and microstructural

behaviour of the cement-stabilised soils;
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c) investigate the use of other alternative materials as partial replacement of

cement in order to reduce both the amount of cement used for stabilising soft

soil and the associated CO2 emissions.

To achieve these objectives, a series of experimental tests were conducted in the

laboratory, such as the unconfined compressive strength (UCS) test, the consolidated

isotropic undrained (CIU) triaxial compression test and the SEM test. First, the soft

soil samples collected from construction sites in SEQ were tested to identify

mechanical behaviour.

The soft soil samples collected from construction sites in South East Queensland were

adopted as the base soil in this study. South East Queensland soft soils were treated

(i.e. stabilised) by adding Ordinary Portland cement (OPC) at different dosages. The

stabilised soil specimens were tested after the completion of the targeted curing

periods to obtain the mechanical behaviour of stabilised soil specimens. Empirical

equations were derived based on the experimental results to estimate the correlation

between the strength/stiffness of the soil specimens and different parameters (e.g.

cement content or water content). SEM tests were then conducted on each soil

specimen to observe the microstructural behaviour of the stabilised soil specimens.

More experiments were then conducted on reconstituted soft soils with varying clay

and silt content to evaluate the presence and effects of silt particles on the mechanical

and microstructural behaviour of these reconstituted soft soils. The mechanical and

critical-state behaviours of the soils were investigated by conducting CIU tests. The

influence and behaviour of silts within the soils were analysed critically in this thesis.

Then, several groups of soft soil with varying silt and clay contents, were stabilised by
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cement at different cement content, to find out the impact of the varying clay and silt

contents on the mechanical and microstructural of the cement-stabilised soft soils.

To achieve the last objective, two additional additives (fly ash and DuraCrete) were

used in partial replacement of cement. These materials were mixed with cement

respectively at varying proportions or ratios, to form two cement-blend mixes (fly

ash-blended cement and DuraCrete-blended cement). Then, each mix was used to

stabilise the soft soils, and its performance was compared with that of the cement-only

mix (OPC). These two materials (fly ash and DuraCrete) produce much less CO2

compared to cement. Hence, they were used to replace cement with the aim of

developing alternate strategies that reduce cement use and thus reduce the release of

CO2 during clinker production if cement demand in the global market reduces.

Last, based on all the experiment results, a combined framework was derived and

proposed in this study. The purpose of this framework is as follows: (a) Estimate the

potential response of the stabilised soil specimens after stabilisation. For example,

what is the estimated strength/stiffness of the soft soil at each cement content or initial

water content? (b) develop the understanding on the behaviour of silts within critical-

state framework, meanwhile evaluate the presence of silt particles on the mechanical

and microstructural behaviour of cement-stabilised soft soils; and c) Help engineers to

optimise their soil stabilisation mix designs, and meanwhile, contribute to the possible

reduction of cement dosages, which would lead to a cleaner environment.
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2 LITERATURE REVIEW

2.1 Introduction

In this chapter, a literature review is presented of relevant publications in the

following fields: (a) the distribution and presence of soft soil deposits; (b) the

mechanical behaviours and the characterisation of soft soils; (c) experimental

investigations on soft soil behaviour; d) development of soft soil stabilisation; and e)

the use of cementitious materials as stabilising binder, such as the advantage and

disadvantage of using cementitious materials; and the mechanism and reactions

between soft soils and cementitious materials.

Chapter 2 has six main sections. Section 2.1 presents the introduction of this chapter.

Then, Section 2.2 discusses the presence and distribution of soft soil deposits,

especially in the SEQ region. In Section 2.3, the mechanical behaviour and

characterisation of soft soil deposits and investigations on soil behaviour are reviewed

and discussed. Then, Section 2.4 describes the development in the soft soil

stabilisation or ground improvement techniques. Furthermore, Section 2.4 also

elucidates the use of cementitious materials as the soil stabilising binder, including the

advantages and disadvantages of using such materials.

In Section 2.5, potential alternative materials or additives that can be used as the

replacement or partial replacement of cement, are discussed. Section 2.6 provides a

concluding remark to summarise the research gaps discussed in the reviewed

literature, and the scope of this study.
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2.2 Soft Soil Distribution

Many countries have soft soil deposits, particularly in coastal or estuarine areas. For

example, soft soils are commonly found in coastal areas, such as Bangkok, Thailand;

Shanghai, China; the coast of Cyprus; the Port of Brisbane, Australia; the Port of

Lianyungang, China; the ports of Tokuyama, Mizushima, Hibiki and Moji, Japan; and

Singapore. Meanwhile, soft soils are also distributed in many estuarine areas, such as

in the Rance estuary; Coode Island; Limavady, Northern Ireland; the Yellow River

alluvial plains, China; the Scotland Kinnegar estuary; and New South Wales,

Australia (Ekinci, 2019; Horpibulsuk et al., 2011; Jauberthie et al., 2010; Kang et al.,

2016, 2017; Kelln et al., 2009; Kwan et al., 2005; Lehane, 2003; Lee et al., 2005; Liu

et al., 2019, 2021; Lo & Wardani, 2002; Ma et al., 2014; Uddin et al., 1997; Wong et

al., 2017; Zhang & Zhu, 2020).

It can be concluded from the grain size distribution that most of the soft soils

considered in these studies are either soft silty clay, or clayey silt, admixed with some

sand particles. In other words, clay or silt particles are the main components in most

of the soft soil deposits. For example, soft clay deposits are found in Bangkok,

Thailand; Shanghai, China; the coast of Cyprus; the Port of Brisbane, Australia; the

Port of Lianyungang, China; the ports of Tokuyama, Mizushima, Hibiki and Moji,

Japan; and Singapore (Ekinci, 2019; Horpibulsuk et al., 2011; Kang et al., 2016, 2017;

Kwan et al., 2005; Lee et al., 2005; Liu et al., 2019, 2021; Ma et al., 2014; Uddin et

al., 1997). Soft silty soils are found in silty deposits, such as Rance estuarine silt;

Coode Island silt; Limavady silt, Northern Ireland; Yellow River alluvial silt, China;

Scotland Kinnegar estuarine silt; and New South Wales silt, Australia (Jauberthie et
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Figure 2-4. Severe damage of building basement (Ong et al., 2015)

Figure 2-5. Infrastructure on soft soil deposits in Port of Brisbane. (Source:
1300locate, with permission) https://1300locate.com.au/workandprojects/.
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SEQ is also a typical region with a large amount of soft soil deposits, such as

estuarine or marine deposits. It can be divided into three topographic regions: the

coastal zone; major river floodplains and estuaries; and the hinterland foothills and

mountains. Soft estuarine soils are commonly deposited in the low-lying coastal plain,

with depths varying up to 30 m. The estuarine deposits from the Holocene age formed

these soft estuarine soils (Transport Technology, 2000). Figure 2-6 presents the

detailed geology of SEQ.

Figure 2-6. Geology of the South East Queensland Region (Whitaker & Green, 1980)
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Figure 2-6 shows that soft soils are widely distributed in the major cities and areas in

the region, such as Brisbane and Gold Coast, and the Sunshine Coast area. Generally,

these soft soils, are dark brown in colour and very soft; and have low shear strength,

high natural moisture content and high plasticity (Oh, 2007; Wijeyakulasuriya, 1999).

In Brisbane, SEQ, Australia, dubbed the ‘river city’, soft estuarine clays can be found

in many construction projects, such as in the Moreton Bay Gateway Motorway,

Brisbane airport, Brisbane River and the Port of Brisbane (Liu et al., 2021). For better

clarify, a detailed geology of Brisbane city is presented in Figure 2-7. This figure

reveals that this area has a large quantity of soft soil deposits, as indicated using green

arrows.

Given the population growth and urbanisation in SEQ, more infrastructures are

planned to be built on soft soil foundations. Hence, it is essential to update current

knowledge about the behaviour or the characterisations of the soft soil deposits in this

region, which would aid in implementing more large-scale ground improvement

projects in this region in the future.
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Figure 2-7. Distribution of soft soil deposits in Brisbane (Whitaker & Green, 1980)

Researchers have investigated the behaviour of SEQ soft soil deposits from the

perspectives of laboratory testing (Ganesalingam, 2013; Liu et al., 2020, 2021),

modelling analysis (Bolton et al., 2016) and in-situ soil testing (Braund, 2004; Oh,

2007; Scott, 2004; Wijeyakulasuriya et al., 1999) or have attempted to identify

suitable ground improvement techniques (Baker, 2005; Eke, 2005; Sathawara, 2006;

Shuttlewood, 2003).

Further, studies have investigated the mechanical properties, such as the field shear

strength, UCS, soil classification results and consolidation behaviour, of the SEQ soft



15

soils. They revealed that these soils have undrained shear strength of about 10 to 15

kPa, and natural moisture content ranging from 60 to 120%. The soil compressibility

is Cc/(1 + eₒ) = 0.4–0.5 with a high creep rate (Cαε > 1%), according to laboratory

observations (Wijeyakulasuriya et al., 1999). The basic properties of these soils are

summarised in Table 2-1.

Table 2-1. Properties of soft soil deposits in the South East Queensland region
(Wijeyakulasuriya et al., 1999)

Physical Properties Soft Estuarine Soils

Sand Content 57%

Clay Content 35%

Silt Content 8%

Liquid Limit 100%

Plastic Limit 35%

Plasticity Index 65%

Natural Moisture Content 60–120%

Liquidity Index 0.96

Activity 2.64

Undrained Shear Strength (Su) 10–15 (kPa)

Compression Index (Cc) 0.4–0.5

Coefficient of Consolidation (Cv) 0.1–0.3

Creep Ratio (C) > 1

Colour Dark brown – dark grey

Organic Content < 10

Sensitivity High
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2.3 Engineering Properties or Characterisations of Soft Soils

2.3.1 General Properties and Characterisations of Soft Soils

Soft soils are present in many areas worldwide. The soil engineering properties or

characterisations have been extensively investigated from many viewpoints, such as

laboratory tests (Latifi et al., 2018; Lin et al., 2007), computer simulations (Basack &

Nimbalkar, 2018; Kheradi et al., 2019; Mishra & Patra, 2019; Xiao & Desai, 2019)

and in-situ testing (Ong et al., 2018; Qian et al., 2018).

Generally, most soft soils have the following engineering behaviour: low permeability,

low shear strength, high water content, high compressibility, long-term settlement and

large void ratio. Hence, these soils present many implications for construction

projects planned to be built on soft soil foundations. Geotechnical engineers find it

challenging to undertake large-scale construction projects or infrastructure projects,

such as high-rise buildings, tunnelling, deep excavations, road embankments and

high-speed transportation systems, on such foundations.

According to their particle size distribution and physical properties, soils can be

classified as gravel, sand, silt or clay. As discussed in the previous section, most soft

soils are either soft clays or soft silts, admixed with a little content of sand particles

(Ekinci, 2019; Horpibulsuk et al., 2011; Jauberthie et al., 2010; Kang et al., 2016,

2017; Kelln et al., 2009; Kwan et al., 2005; Lee et al., 2005; Lehane, 2003; Liu et al.,

2019, 2021; Lo & Wardani, 2002; Ma et al., 2014; Uddin et al., 1997; Wong et al.,

2017; Zhang & Zhu, 2020). Further, the mechanical behaviour of soils is highly

related to the composition of the soil particles (Wei & Yang, 2019). Therefore, to

understand the mechanical behaviour of soft soils, the impact of clay, silt and sand

particles on soil behaviour must be discussed.
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2.3.2 Impact of Soil Particles on Soil Behaviour

It is widely recognised that the soil behaviour in a triaxial compression test is highly

related to the confining pressures, the particle size distribution and the soil minerals as

well as the composition of the soil particles. Moreover, the clay and sand phases have

a dominating influence on soil properties and behaviour. For example, the friction

angle, stiffness and permeability decrease with increased clay percentage and increase

with increased sand content. Soils with a higher percentage of clay particles show

more stress-softening behaviour, whereas those with a higher percentage of sand

particles show more stress-hardening behaviour (Mitchell & Soga, 2005; Wei & Yang,

2019; Wong et al., 2017; Yin, 2002).

2.3.2.1 Impact of Clay or Sand on Mechanical Behaviour of Soft Soils

Yin (2002) investigated the influence of clay content on the behaviour of soft marine

soil, conducting a series of CIU triaxial tests on reconstituted soft marine soils from

Hong Kong. To evaluate the importance of clay and sand particles in determining the

soil behaviour, dry silica sand was admixed with Hong Kong marine clay at four

different mixing ratios. The four groups of reconstituted soils had the following

components: (a) Soil 1 – 25% Hong Kong marine clay mixed with 75% silica sand, (b)

Soil 2 – 50% Hong Kong marine clay mixed with 50% silica sand, (c) Soil 3 – 75%

marine clay mixed with 25% silica sand and (d) Soil 4 – 100% Hong Kong marine

soil mixed with 0% silica sand. The experimental results from triaxial tests under a

confining pressure ranging from 100–400 kPa indicate that the clay content has a

major influence on the stress–strain relationship, stress paths (p and q relationship)

and the friction angle of soils. Reconstituted soils with a clay content exceeding

27.5% show typical normally consolidated clay behaviour. Meanwhile, soils with clay

content below 6.0% show typical loose to medium-dense sand behaviour. The
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relationship between the stiffness and peak deviator stress for each group of soil can

be described by the following four equations (Eq. 2-1, 2-2, 2-3 and 2-4) as suggested

by Yin (2002):

Soil 1: E50 = 116.7 qpeak + 16603 R2 = 0.9895 Eq. 2-1

Soil 2: E50 = 98.7 qpeak + 18505 R2 = 0.9774 Eq. 2-2

Soil 3: E50 = 133.3 qpeak + 4562.6 R2 = 0.9783 Eq. 2-3

Soil 4: E50 = 66.5 qpeak + 468.5 R2 = 0.9788 Eq. 2-4

2.3.2.2 Constitutive Models (Critical-state Theory) for Clayey or Sandy Soils

The critical-state concept, proposed in 1968 (Roscoe & Burland, 1968; Roscoe et al.,

1958; Schofield & Wroth, 1968), has been developed and validated in many studies

(Dafalias & Herrmann, 1982; Ling et al., 2002, 2006; Wei & Yang, 2018). This

concept is based on a unique line of critical state in the p–q–e space. It has been

widely accepted to predict the behaviour of clayey soils. Prior experimental results

have shown a good agreement with the results predicted by the critical-state theory.

The critical state occurs when the material’s true internal frictional resistance is

mobilised.

The modified Cam-Clay Model is an elastic plastic strain hardening model that

models nonlinear behaviour through hardening plasticity. The underlying assumption

of this model is that there is a logarithmic relationship between the void ratios and

mean effective stress. Brinkgreve (2005) noted that the model is generally accepted as

more accurately describing deformations than failure. The model uses the following

four parameters:
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 isotropic logarithmic compression index, �;

 swelling index, K;

 Poisson’s ratio for unloading and reloading, ���; and

 friction constant, M.

He also suggested that the model performs best in applications involving loading

conditions such as embankment construction or foundation problems. The model is

most suitable for analysing soft soils, such as near-normally consolidated clays

(Brinkgreve, 2005)

The critical-state concept was used in further investigations to develop models for

sandy soils (Bardet, 1986; Ling et al., 2006; Wei & Yang, 2018). The history of the

development in the critical-state concept was summarised by Ling et al. (2006). First,

debates emerged over the uniqueness of the critical-state line (CSL), such as the

effects of the stress path (Vaid et al., 1990) and the initial void ratio (Yamamuro &

Lade, 1998). Then, Been (1999) re-examined Yamamuro and Lade’s (1998) test

results and indicated that the concept of critical state can be acceptable practically. It

must be mentioned that the CSL of the sand does not parallel to the corresponding

NCL, based on the experimental results obtained by the researchers mentioned above,

which is a significant difference to the behaviour of clay. After careful study, a unique

CSL, which may become nonlinear over a wide range of pressure, was used.

Furthermore, a few researchers have considered nonlinearities in terms of the CSL of

sand. For example, Crouch et al. (1994) proposed a bilinear CSL for sand. Li and

Wang (1998) developed a non-linear version of the CSL for sand, which can be

described as Eq. 2-5:
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ec = er – λc Pζ Eq. 2-5

where P = P´/Pa = effective stress that is normalised by the atmospheric pressure, er

and λc = the intercept and the slope of the CSL in the e versus Pζ plane and ζ = a

constant.

Figure 2-8 indicates the CSLs for sandy soils (Toyoura, Nevada, Fuji River and

Sacramento River), which were studied by previous research. The critical void ratio

for Toyoura sand was investigated and determined by Verdugo and Ishihara (1996)

and Ishihara (1996). The analysed results of Nevada sand were interpreted by

Yamamuro and Lade (1998) and also Been (1999). Notably, the experimental results

obtained from CID tests for Nevada sand, analysed by Arulmori et al. (1992), did not

reach the CSL. Lee and Seed (1967) studied the critical-state behaviour of the

Sacramento River sand under CID testing conditions and Tatsuoka (1972) and

Tatsuoka and Ishihara (1974a, 1974b) presented the results for Fuji River sand. Li and

Wang (1998) suggested ζ to be 0.7 derived from their experimental results.

As shown in Figure 2-8, even though the varying in the confining pressure while

testing the Nevada sand and Fuji River sand, was not as wide as that for Sacramento

River and Toyoura sands, ζ = 0.7 still applicable to these circumstances. Therefore,

Eq. 2-6 can be derived as follows:

ec = er – λc P0.7 Eq. 2-6
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preparation methods. In addition, as the particle size increases, sand particles are more

likely to be crushed. The experimental results show a good correlation with the results

predicted by this model, as shown in Figure 2-9 (Ling et al., 2006).

Figure 2-9. Comparison of stress paths of sand between predicted and experimental
results (Ling et al., 2006)

Ishihara (1993) proposed the state index, in which the relative initial state of sand is

considered. Instead of using the void ratio as a state parameter, Wang et al. (2002)
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used pressure as a variable, termed state pressure index, and defined it as the ratio of

the current mean pressure to the mean pressure at the critical state corresponding to

the current void ratio (Ling et al., 2006).

For sandy soils, Bardet (1986) proposed another equation based on the bounding

surface plasticity, which can estimate and describe the nonlinear and irreversible

behaviour of sandy soils. Bardet derived this equation from experimental results

obtained through undrained triaxial compression tests on dense Sacramento River

sand, and loose Fuji River sand. The stress-softening and dilatancy behaviour of loose

and dense sand can be effectively described by using this equation. The experimental

results show a very strong correlation with the results predicted by using the equation,

indicating that it can be used to describe the behaviour of sandy soils in the p–q space.

Bardet (1986) also mentioned that the simulation of experimental results for sandy

soil, such as from triaxial compression tests, is difficult to achieve through a

constitutive equation. The reason for this difficulty is that uniform, and ideal,

conditions in terms of the dry density of samples, the load distribution on sample

boundaries, the strain localisation and the effect of membrane penetration are not

likely to be achieved.

Some studies have also investigated the impact of silt particles on the mechanical

behaviour of soils (Boulanger & Idriss, 2006; Ekinci, 2019; Ferreira & Bica, 2006;

Horpibulsuk et al., 2011; Jauberthie et al., 2010; Kang et al., 2016, 2017; Kelln et al.,

2009; Kwan et al., 2005; Lee et al., 2005; Lehane, 2003; Liu et al., 2019, 2021; Lo &

Wardani, 2002; Ma et al., 2014; Nocilla et al., 2006; Wang & Luna, 2012; Wong et al.,

2017; Zhang & Zhu, 2020).
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For instance, Ferreira and Bica (2006) conducted triaxial compression tests under CIU

conditions by using a residual soil from Botucatu sandstone, the main components of

which are fine sand and silt particles. Their experimental results indicate that the

compression behaviour is not in accordance with the critical-state framework

described for sand or clay because this type of soil does not have a unique normally

consolidated line (NCL) based on compression data. In addition, the CSL concept

does not apply to the tested soil sample. In general, this type of soil can be described

as a ‘transitional’ state between sand and clay (Ferreira & Bica, 2006).

Further, Nocilla et al. (2006) drew a similar conclusion based on triaxial compression

testing results for a type of silty soil. By interpreting the critical-state results of this

type of silty soil, they found that it shows a transitional mode of behaviour between

that of clean sand and clay. The key issue of the behaviour of transitional soils are the

lack of unique normal compression or CSLs. For one initial density, the locus of

critical states may fall fairly close to a unique line, although closer inspection of the

normalised stress paths of drained and undrained soil reveals that not only is

Rendulic’s principle not obeyed, but the ‘critical states’ reached are significantly

different. Particle breakage, at least within the sand and silt fractions, does not seem

to be an important factor in the behaviour of such soils. However, one limitation of

those previous studies is that each investigated only one type of silty soil. Therefore,

more research is required to identify the extent of the problem and to determine a new

framework of behaviour of such soils (Nocilla et al. 2006).

Further studies also attempted to resolve this issue (Boulanger & Idriss, 2006; Wong

et al., 2017). Monotonic and cyclic undrained loading test data for silts and clays

showed that they transition, over a narrow range of plasticity indices (PI), from soils
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that behave more fundamentally like sands (sand-like behaviour) to soils that behave

more fundamentally like clays (clay-like behaviour), with the distinction having a

direct correspondence to the type of engineering procedures that are best suited to

evaluating their seismic behaviour. It is recommended that the term liquefaction be

reserved for describing the development of significant strains or strength loss in fine-

grained soils that exhibit clay-like behaviour. For practical purposes, clay-like

behaviour can be expected for fine-grained soils that have PI > 7, although a slightly

lower transition point for soils with a CL–ML classification (perhaps PI > 5 or 6)

would be equally consistent with the available data. Issues related to the practical

application of these criteria have been discussed (Boulanger & Idriss, 2006). Wong et

al. (2017), who examined the mechanical behaviour of reconstituted kaolin silts,

found that some silty soils present a sand-like behaviour, whereas others present a

clay-like behaviour. Their study showed that silty soils with a plasticity index (PI) less

than 13% are likely to show sand-like behaviour, whereas silty soils with a PI greater

than these thresholds are more likely to show clay-like behaviour.

In summary, the behaviour of silt is more complex than that of sand and clay because

silt is a transitional form between clay and sand. Notably, some studies have found

that the behaviour of silts is not in accordance with the critical-state framework

adopted for clay and sand. Some silts present a behaviour more similar to that of

sandy soils, whereas others present a behaviour more similar to that of clayey soils.

That is, silty soils can be divided into ‘clay-like silts’ (that behave more

fundamentally as clay) and ‘sand-like silts’ (that behave more fundamentally as sand).

Both types have totally different behaviours in terms of mechanical properties, such

as stress–strain curves. They also have significant differences in terms of their
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critical-state behaviour, such as the CSLs, parameter M, friction angle and

compressibility.

Boulanger and Idriss (2004) and Wong et al. (2017) observed that for the silts that

exhibit sand-like behaviour, (a) the gradients between CSLs and NCLs are parallel in

the e-lnp space and (b) the soils have higher compressibility and lower permeability.

Meanwhile, for the silts that display clay-like behaviour, (a) the gradients between

CSLs are not parallel to the NCLs; (b) the effective stress paths in undrained triaxial

compression tests show a contractive response (the change in pore pressure is positive)

at first, followed by a transition to an incrementally dilative response (the change in

pore pressure is negative); and (c) soils have relatively higher permeability and little

compressibility.

In general, the behaviour of silty soils is unique and not easy to identify. However, it

is important to understand the behaviour of silts because silt particles are the main

component in many soft soils found in estuaries or coastal areas globally. As

aforementioned, soft soils that are mainly dominated by silt particles are widespread,

such as Rance estuarine silt, Coode Island silt, Limavady silt (Northern Ireland),

Yellow River alluvial silt, Scotland Kinnegar estuarine silt and New South Wales silt

(Ekinci, 2019; Horpibulsuk et al., 2011; Jauberthie et al., 2010; Kang et al., 2016,

2017; Kelln et al., 2009; Kwan et al., 2005; Lee et al., 2005; Lehane, 2003; Liu et al.,

2019, 2021; Lo & Wardani, 2002; Ma et al., 2014; Uddin et al., 1997; Wong et al.,

2017; Zhang & Zhu, 2020). The soft soil deposits in SEQ have a large content of silt.

It is important to identity and develop a framework to describe the behaviour of silts

in the transitional form. In other words, it is essential to update the current

understanding about the behaviour of silts in order to implement more ground
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improvement projects in this region in the future. Consequently, it is important to

understand the physical, mechanical and microstructural behaviour of silt, considering

there are gaps at present in understanding its fundamental behaviour.

2.4 Stabilisation of Soft Soil

2.4.1 Introduction of Soil Stabilisation

Recent advances in the field of soft soil stabilisation that consider environmental

sustainability (Leong et al., 2015, 2016a, 2016b, 2018a, 2018b; Ngu et al., 2019) and

soil characterisation form the basis of interdisciplinary geoenvironmental and

geotechnical design. In executing these novel approaches, challenges are often faced

in laboratory tests (Mehdizadeh et al., 2016, 2017) and numerical simulations (Ong et

al., 2006; Pham et al., 2021) as well as because of weak in-situ geomaterial conditions

that require sustainable stabilisation (Omoregie et al., 2016, 2017, 2019a, 2019b,

2019c, 2020).

For instance, major projects, including the construction of coastal facilities, such as

shipyards (Ong et al., 2018) and quay walls; urban deep excavation (Chong & Ong,

2020; Ong et al., 2003a, 2003b) or foundations for building basements (Ong & Choo,

2011; Ong et al., 2015); road embankments on flood plains (Liu et al., 2020; Sun et al.,

2021); and tunnelling (Cheng et al. 2020a, 2020b; Peerun et al., 2019, 2020), require

key infrastructure to be constructed on areas with appreciable soft soil deposits (Kang

et al., 2015; Liu et al., 2017; Yao et al., 2020).

Therefore, it is crucial to understand the behaviour of soft soils and its stabilised

variants to facilitate the construction of sustainable projects on this problematic

ground. In this section, the following aspects are discussed: (a) a historical review of
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soil stabilisation, (b) the use of cementitious materials in soil stabilisation, (c) the

mechanism of soil–cement and soil–lime reactions, (d) the factors which affect the

soil-cementitious materials reaction and (d) the advantages and disadvantages of

current soil stabilisation techniques.

2.4.2 Historical Review of Soil Stabilisation

This chapter introduces the commonly used methods to deal with soft soils. To solve

the construction implications caused by soft soils, two main types of techniques are

widely used—structural improvement and ground improvement techniques. Structural

improvement techniques focus on isolating the superstructure from soil movement.

Ground improvement techniques focus on improving soil conditions to make the soil

stiff enough to prevent movement. Structural improvement techniques have been

proved to be effective but are uneconomical for large-scale projects. For example,

railway or highway projects usually cross many kilometres of soft soils, and structural

improvement techniques are not cost-effective in these cases. Ground improvement

has been proven to be an effective, cheap method (Sasanian & Newson, 2014).

Various types of ground improvement methods can be used to improve soil conditions

for achieving the required strength. The following methods have been well developed

by geotechnical engineers and have proved to be effective in improving soil

conditions (Bolton, 2014):

 stone columns (Figure 2-10);

 in-situ soil mixing (Figure 2-11); and

 vertical drains with a surcharge of preloading (Figure 2-12).
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Figure 2-10. Installation of stone columns, Source: Keller, with permission
(https://www.franki.co.za/products/ground-improvement/vibro-replacement/)

Figure 2-11. In-situ soil mixing, Source: Keller, with permission
(https://www.franki.co.za/products/ground-improvement/vibro-replacement/)



30

Figure 2-12. Diagram of vertical drains
(https://www.franki.co.za/products/ground-improvement/vibro-replacement/)

Of these methods, vertical drains with a surcharge of preloading can reduce the time

of settlement and drain the excessive water from soft soils. It is a common method;

however, it is ineffective when the coefficient of consolidation is low or the organic

content is high, and it is not preferable in some cases owing to time constraints and

the expense involved. An alternative approach for resolving the construction

implications is to add cementitious treatment agents, which can significantly increase

the strength and stiffness of soft soils by creating cementitious bonds within the soil

skeleton (Bolton, 2014; Nagaraj & Miura, 2001; Sasanian & Newson, 2014).

This section discusses in detail the development of an in-situ soil mixing technique.

In-situ soil mixing is the process of mixing treatment materials with soft soils by

using drilling equipment to form columns, which act similarly to traditional concrete

and steel piles. In-situ mixing mainly consists of chemical and physical stabilisation.

Physical stabilisation improves the strength and physical properties of soft soils by

changing the grain size distribution through adding coarse particles into the soft soils.

Chemical stabilisation is well developed and widely used in constructing highway and
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railway embankments. Common chemical stabilisers are cementitious materials, such

as cement, lime and fly ash. Adding cementitious materials improves the stiffness and

strength of soft soils because the consequent reaction between both changes the form

and structure of the soil skeleton. For example, the formation of cementing agents,

such as silica hydrate products, is the main source of strength improvement in

cementitious stabilised soft soils. Depending on the type of treatment material, the

treated soils can be defined as cement-treated soils, lime-treated soils or fly ash-

treated soils (Topolnicki, 2004).

In the 1930s and the 1940s, US engineers adopted the in-situ soil mixing method in

road and runway constructions, and since then, this method has become widely

accepted. During the 1950s and the 1970s, a soil treatment technique was developed

for use in slope protection to improve slope stability (Bruce, 2000).

In developing countries, such as India and China, soil treatment techniques are also

commonly used, such as in road embankment construction, erosion resistance and

slope protection (Han et al., 2002; Sharpley, 2003). Soil treatment techniques are also

widely used in Japan, Germany, France and Britain. The Technical Regulatory

Standards on Japanese Railways requires the use of cement or lime additives when

constructing on soft soils formed by volcanic ash (Japanese Basis of Structural Design

for Buildings and Public Works, 2007).

The Specifications for Earthworks (1985) proposed by the Federal Republic of

Germany requires the use of cement, lime or lime slurry additives for soil treatment in

high-speed railway construction. In general, the in-situ soil mixing technique is

widely used worldwide. The resultant treated soils exhibit satisfactory performance in

bearing capacity and resistance to shear movement; therefore, this technique is widely
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used in road, railway or runway constructions. However, its use in the SEQ region is

limited (Specifications for Earthworks, 1985).

2.4.3 Shallow Mixing Method

Shallow mixing, a technique used to improve soil parameters, is associated with a

crane-mounted system, termed an auger. The auger has steel blades of 1–3.7 m in

length and an enclosed cylinder that allows for the collection of containment as the

mixing processes are undertaken (Youdale, 1998). The procedure includes injecting

precisely measured and adequately mixed stabilising products into soft soils.

The mixing can be executed in two ways, dry mixing and wet mixing. Weight

measure methods are utilised for dry mixing; however, stabilising products are

volumetrically measured in the wet mixing method. A cylindrical tank is used to

transfer mixing products, which are generally chemical products and binder materials.

The mixed materials can be penetrated up to a depth of 9 m, and tanks of larger

diameters than those used in other improvement techniques can be used, especially for

deep methods. Therefore, greater volumes of soft soils can be treated in shorter

periods and at lower costs. While mixing and following the up and down motion of

the tank, the blades distribute and feed unsolidified soil with the mixing products

consistently throughout the designated locations. The top of the tank is designed to

have negative pressure to prevent the accumulation of dust and vapour and to ensure

precise and consistent distribution of the composites. The enclosed tank is removed

and placed adjacent to, or overlapping, the previously treated spots for the processing

treatment of a new spot.
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During the mixing process for soft soils, the auger is driven into the ground by using

an enclosed cylinder, as shown in Figure 2-13, to collect the containment.

Figure 2-13. Drilling equipment,Source: World Construction Today, with permission
(https://www.worldconstructiontoday.com/news/soilmec-has-released-the-sr-75-

hydraulic-drilling-rig-the-first-model-of-the-new-blue-tech-line/)

The target amount of stabilisation agents is then transferred to the ground by the

treatment tank, so that the stabilisation agents can be mixed with soils. Stabilisation

agents need to feed into an unsolidified sludge as the mixing blades mix through the

designated area following an up and down motion to maintain consistency throughout

the composite mix (Jasperse, 2016). Mixing methods of shallow mixing vary, and in

some circumstances, decided by the characteristics of in-situ soils the enclosed

cylinder normally used can be neglected when soils natural moisture content is low.

Shallow mixing can provide beneficial improvements for soil stabilisation. However,

shallow mixing only be appliable to shallow depth and cannot be adopted for large

infrastructure, such as motorways or bridges that contain significantly high surcharges.

Thus, in these circumstances deep soil mixing is more applicable to alter the

characteristics of the soils. A graphical illustration of the shallow mixing method

application is provided in Figures 2-14 and 2-15.
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Figure 2-14. Typical shallow mixing setup (Bruce, 2001)

Figure 2-15. Shallow mixing method illustration (RaitoINC, 2018)

2.4.4 Deep Mixing Method

The deep mixing method (DMM) can be adopted to alter the characteristics of the soft

soils by significantly increasing the strength or stiffness of the stabilised soft soils.

Unlike shallow mixing, DMM is an adequate ground improvement method for

enormous substructures, which require larger depths and quantities of soft soil to be

treated. This method is well developed and widely used worldwide for a variety of

geotechnical projects (Holm, 2001; Kitazume & Terashi, 2013; Terashi, 2003). Many
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studies have investigated the method experimentally, thus contributing comprehensive

knowledge regarding using this improvement technique and understanding its

advantages and disadvantages.

This technique consists of an auger or a tank, similar to that of the crane-mounted

structure used for the shallow mixing method, which is chosen for deep penetration

and mixing in harder soil layers. Unlike the tank with a large diameter used in shallow

mixing, DMM requires a tank with a smaller diameter and less torque while

penetrating hard soils at high depths (Kitazume & Terashi, 2013). The drilling blades,

which vary from 0.6 to 1.8 m in diameter, can dig up to 40 m. This technique

facilitates reaching depths unquestionably higher than those achieved through other

conventional ground improvement techniques. It is also a cost-effective soil

improvement method compared with concrete pile soil stabilisation techniques

(Youdale, 1998). The review showed that there are two DMMs, wet mixing and dry

mixing, and each has specific uses, advantages and disadvantages. The details of both

methods are presented in the next section of this review.

DMM has continually developed in the globe and has further been developed and

investigated to be appliable in many geotechnical practices (Bruce, 2001; Kitazume &

Terashi, 2013). Consequently, many studies have been conducted to evaluate the

DMM performance through experimental laboratory tests or field tests. However,

owing to the reasons stated in previous sections of this chapter, these studies are

limited to the soft soil deposits in some certain areas, which means the empirical

models they proposed are mainly specific to a region. Therefore, it is necessary to

evaluate the performance of this method in the SEQ region.
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When implementing DMM, stabilising agents (or binders) are admixed with soil to

form soil-cement or soil-lime (depends on which type of binder is adopted) columns,

which can alter the characteristics of the stabilised soil (Liu et al., 2021; Kitazume

&Terashi, 2013; Ong et al., 2018; Oh, 2007). DMM usually consists of a crane-

mounted structure or auger similar to that used for mixing the binder slurry with soils.

Figure 2-16 is a typical mixing system adopted in the application of DMM. The deep-

mixed soil-binder columns can reduce the water content, increase the strength and

stiffness, and also increase the permeability of the base soils.

(a) (b)

Figure 2-16. Deep mixing equipment(RaitoINC, 2018)

The diameter of the blades/drill head can range from 600 mm to 1,800 mm and the

drilled depths achieved can be up to 40 m, which are significantly higher than other

soil stabilisation methods. Consequently, DMM can be used for various geotechnical

practices, for example, the build of shipyard, ground improvement, embankment on
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soft soils, deep excavation support walls, in-situ soil–cement columns, gravity walls

and infrastructure in coastal areas, and is fundamentally appealing for various kinds of

construction or geotechnical practices (Bruce, 2001; Kitazume & Terashi, 2013).

Generally, DMM can be achieved by mixing soft soils mechanically with binder

slurry (wet DMM) and the other, mixing soft soils with dry binder, which is defined

as dry soil mixing.

2.4.4.1 Dry Soil Mixing

The Dry soil mixing method improves the characteristics of soft soils by increasing

the strength and stiffness of stabilised soils. This is achieved by mechanically mixing

and jet injecting the stabilising binders (such as cement or lime) with in-situ soils to

create soil-cement or soil lime columns. Ideally, the process constructs columns with

a specialised drill tip located near the bottom of the drill shaft. As the drill cuts

through the ground, the subsurface soil is sheared, preparing the bored hole for

mixing. Once the blades reach the required design depth, the binder is pumped

‘pneumatically’ through the drill at the tip of the shaft.

With the shaft retracting, the soil-lime or soil-cement is mixed to form the columns

mentioned in previous, as indicated by Figure 2-17 (Keller, 2020). Similarly, Dry soil

mixing can create soil-cement or soil-lime columns to aggregate the soil particles

together, and hence, improve the strength and stiffness of the treated (or stabilised)

soils. In comparison with other soil stabilisation techniques, Dry soil mixing is known

to result in low vibrations, is a quiet and clean method and allows the use of readily

available materials that is more applicable for soil with not very high moisture content

(Kitazume & Terashi, 2013).
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In previous literature regarding the laboratory testing of the soil-cement or soil lime

columns conducted by Bruce (2001), Kitazume and Terashi (2013), both the UCS and

durability of the stabilised soil was improved significantly. In summary, Dry soil

mixing is a common, useful technique for soil stabilisation to treat (or stabilise) soils

with relatively low natural water (or moisture) content.

Figure 2-17. A typical dry soil mixing procedure using a construction auger (Source:
Keller, with permission)

2.4.4.2 Wet Soil Mixing

Wet soil mixing (WSM) is a DMM that alters the characteristics and properties soft

soils by mixing the soils with suitable stabilising binders. Cementitious materials such

as cement or lime, are also commonly used binders in wet soil mixing. In wet soil

mixing, the stabilising binder such as cement is first admixed with water to form

binder slurry. The cement/water ratio can range from 0.5 to 1.0, depending on the

particular ground circumstances (Horpibulsuk et al., 2011; Liu et al., 2021; Uddin et

al., 1997). The binder slurry is mechanically injected as the auger drills to the required

design depth, as shown in Figure 2-18. (Jasperse, 2016). A pipe is located at the

bottom of the drilling shaft and pumped as the drill pieces retract, injecting the cement
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slurry and forming soil-cement columns at the same time. Depending on the design

and in-situ situations of the construction site, different wet soil mixing methods can

generate individual binder-treated columns with rows of overlapping columns, grids

or walls, which are all predesigned to obtain the required mechanical properties for

the stabilised soil foundation (Horpibulsuk et al., 2011; Liu et al., 2021; Uddin et al.,

1997).

This soil stabilisation method with the use of cement has also been referred to as

cement deep mixing and is commonly used in coastal areas to treat or (stabilise) the

soft soils. In particular, Wet soil mixing is commonly used for soft cohesive soils,

such as marine and soft soils. However, other soil types can often be treated more

economically through other techniques (Jasperse, 2016). Although, different

techniques can be adopted, wet soil mixing can treat just about any soil and reach

design depths up to 40 m; since it increases stiffness and strength parameters, reduces

settlement times and improves deep ground conditions, this method popular under

current standards.

Figure 2-18. Typical wet soil mixing procedure using a typical auger (Source: Keller,
with permission)
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2.4.5 Cementitious Materials in Soil Stabilisation

As introduced in the previous subsection, cement is among the commonly used

cementitious materials to stabilise soft soils. It has been widely adopted as a

stabilising binder when mixed with soft soils for it enhances strength and stiffness and

decreases compressibility. Prior studies have extensively investigated the use of

cement to stabilise soft soils and the behaviour of cement-stabilised soils (e.g. Ekinci,

2019; Jauberthie et al. 2010; Horpibulsuk et al., 2005; Kwan et al. 2005; Liu et al.,

2008, 2020, 2021; Luis et al., 2019; Ma et al., 2014; Uddin et al., 1997; Yao et al.,

2020; Zhang et al., 2019). These studies have demonstrated that the addition of

cement can increase the strength and durability of stabilised soft soils efficiently by

significantly reducing the water content and creating cementation bonds between soil

particles. In addition, cement is inexpensive and can be accessed easily anywhere in

the world. Therefore, it has been widely used as the stabilising binder.

2.4.6 Mechanism of Cementitious Materials in Soil Stabilisation

The process of cement stabilisation for soft soils involves two main reactions: the

hydration of cement and a pozzolanic reaction (Herzog & Mitchell, 1963; Uddin et al.,

1997). Bergado (1996) proposed that the main hydration reactions are:

2(3CaO.SiO2) + 6H2O→ 3CaO.2SiO2.3H2O + 3Ca(OH)2 Eq. 2-7

2(3CaO.SiO2) + 6H2O→ 3CaO.2SiO2.3H2O + 3Ca(OH)2 Eq. 2-8

As shown in Eq. 2-7 and Eq. 2-8, the primary process is the formation of two silicate

compounds. The hydrated cement is deposited as a separate crystalline solid phase.

The addition of cement can result in a hydration reaction followed by a pozzolanic
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reaction. Next, Eq. 2-9 and Eq. 2-10 explain the pozzolanic reaction (Bergado, 1996;

Sasanian & Newson, 2014):

Ca(OH)2 + SiO2→ CaO.SiO2.H2O Eq. 2-9

Ca(OH)2 + Al2O3→ CaO.Al2O3.H2O Eq. 2-10

The hydration and pozzolanic reactions can form gelatinous compounds, which

finally form cementitious bonds between the stabilised particles. The formation of

cementitious bonds aggregates minerals and soil particles together and thus leads to

the formation of a hardened skeleton. This hardened skeleton significantly increases

the cohesion of soft soils (Kasama, 2000; Sasanian & Newson, 2014). Figure 2-19

illustrates the pozzolanic reaction between soil particles and cementing agents (Wang,

2016).

Figure 2-19. Diagram for pozzolanic reaction, Wang (2016). With permission from
ASCE
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Brunauer and Copeland (1964) also proposed equations to explain the mechanism of

the cement stabilisation process. The chemical reactions of the hydration process

include Eq. 2-9 and Eq. 2-10, as well as the following Eq. 2-11 and Eq. 2-12:

4CaO.Al2O3.Fe2O3+ 10H2O + 2Ca(OH)2→ 6CaO.Al2O3.Fe2O3.12H2O Eq. 2-11

Tetra calcium alumina ferrite Calcium alumina ferrite hydrate

3CaO.Al2O3+ 12H2O + Ca(OH)2→ 3CaO.Al2O3.Ca(OH)2.12H2O Eq. 2-12

Tricalcium aluminate Tetra calcium aluminate hydrate

They also proposed that the hydration process of cement produces compound C3S2Hx

(hydrated gel) and many free hydroxide ions. Then, reactions between these

hydroxide ions, silica and alumina form the new compounds calcium silicate hydrates

(CSH) and calcium aluminate hydrates (CAH), in which C, S, A and H represent CaO,

SiO2, Al2O3 and H2O, respectively. They suggested that the reaction that forms the

hydrated gel occurs only when the pH value is less than 12.6. That means the

aluminates and silicates must be in a dissoluble form. However, soil impurities affect

the dissolubility of mineral components in the soil.

In general, the cement and water chemistry, the soil type, the grain size and the

plasticity of soft soils influence this chemical reaction. Although both the

cementitious compounds formed through the hydration and pozzolanic processes

contribute to the soil skeleton strength, the contribution of compounds from hydration

is much stronger than that from the pozzolanic ones (Brunauer & Copeland, 1964).

Figure 2-20 illustrates the treatment process for soft soils using a cementing agent.



43

Figure 2-20. Reaction mechanisms of cementitious materials with soft clays(Inges,
1972)

Further, many researchers have also investigated the mechanism of lime stabilisation

on soft soils. Thompson (1966, 1967) and Ouhadi (2003) suggested that the hydration

of cement can increase the concentration of hydroxide ions, which results in

increasing the pH value of soil. When the pH value increases, the dissoluble silica and

alumina will be dissolved. These dissociative alumina and silica can react with

calcium ions to form two chemical compounds: CSH{3CaO.2SiO2.3H2O} and

CAH{3CaO.Al2O3.Ca(OH)2. 12H2O}. These two compounds stiffen the soft soil and

reduce its plasticity index.

Diamond and Kinter (1965) and Arabi and Wild (1989) investigated the reactions

between lime agent and expansive soils, which are mainly formed by aluminates and

silicates. They suggested that the in-situ mixing process involves following four main

reactions:
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 cation exchange

 flocculation

 carbonation

 pozzolanic.

In particular, the cation exchange reaction is the process of adsorbing calcium

hydroxide on soil surfaces. This reaction increases the pH by producing calcium ions.

The pH increase improves the solubility of silica and alumina present in the soil

minerals and quartz such that they react with the lime agent. The silica and alumina

then react with calcium ions to form calcium silicates and aluminates. Dissociated

bivalent calcium ions in suspension in the free pore water replace univalent alkali ions

that are normally attracted to soil particles, resulting in the cation change (Assarson et

al., 1977; Bolton, 2014).

Next, flocculation is the process that aggregates smaller soil particles into larger

particles, and it results in increasing the plasticity limit of stabilised soil. Further, a

carbonation reaction occurs when lime reacts with atmospheric CO2, mostly

associated with hot-dry climates where control of curing is difficult. This

phenomenon should be avoided because it inhibits the formation of cementitious

products and hence weakens material strength. However, this effect can be mitigated

effectively through the paper design and control of the stabilisation regime and curing

conditions (Ciancio, 2014).

Last, the pozzolanic reaction is similar to the Portland cement hydration process

discussed in the previous section. That is, calcium silicates or aluminate hydrates form

cementitious compounds as a result of the pozzolanic reaction. This reaction is

affected by soil mineralogy and that the hydration process may occur over a long
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period, potentially producing continuous strength development for periods longer than,

for instance, the standard 28-day hydration time for Portland cement concrete. The

rate of reaction of the lime increases as the soil temperature increases (Bagonza et al.,

1987).

2.4.7 Factors that Affect the Soil – Cementitious Material Reaction

As mentioned in the previous sections of this chapter, soft soils can be treated by

adding cementitious materials, such as cement and lime. The reason is that the

reaction between cementitious materials, water and soil particles can reduce void

space, bond particles and aggregates together and improve the soil matrix structure. In

particular, cementitious materials can provide many significant engineering properties

to treated soft soil, such as increases in strength, stiffness, resistance to permanent

deformation and soil durability and reduction in swelling.

Lime and cement are two cementitious materials that perform effectively in soil

treatment techniques. Both are commonly used in constructing roads and railway

embankments, protecting dam slopes and improving shallow foundations and the

resistance to liquefaction. Prior studies have revealed that the curing time, the reaction

temperature, the additive content and the additive–water mixing ratio are the factors

controlling the hardening reaction of cementitious materials and soft clays. The

evaluation of the effect of each factor on the hardening reaction of soft clays treated

by cementitious materials is provided in this section.

2.4.7.1 Effect of Admixture Content on Reaction

It is widely accepted that adding a higher quantity of cement/lime as stabilisation

agents results in an increase in the strength and stiffness of soft soils. Sariosseiri and

Muhunthan (2009) explained that while the addition of cement initially increases the
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plasticity index of soft soils, adding higher percentages of cement will reduce this

index.

Horpibulsuk et al. (2004) inferred that there is a clear relationship between adding

more cement and the cohesion of soft soils. In line with experimental testing results,

they proposed that a higher cement/lime additional content can increase the cohesion

of soft soils. In addition, their testing results indicated that the friction angle

significantly increases with only a small amount of cement in the base soil. However,

the enhancement is insignificant following further increase in the cement/lime content.

In general, it has been widely proved that an increase in cement additional content

results in an increase in the strength of treated soft soils. However, as regards lime as

a stabilisation agent, the strength of lime treated soft soils increases with the increase

of lime additional content until it reaches an optimum additional content, and further

increase in the lime content would not result in such an increase in soil strength.

2.4.7.2 Effect of Curing Time on Reaction

It is widely suggested that there is an obvious relationship between the curing time

and the strength of cement/lime treated soft soils. In particular, a longer curing time

results in an increase in the strength and cohesion of treated soft soils. The strength

and cohesion of soft soils treated using cementitious materials both significantly

increase after only a short curing period. Some researchers also suggest that the

compressive strength of cement/lime treated soils increases for very long periods

(Kongsukprasert et al., 2007).
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Sasanian and Newson (2014) observed that cemented clayey samples gain significant

strength even after 1,000 days. This effect could be attributed to the slower secondary

pozzolanic reactions, which were discussed previously.

2.4.7.3 Effect of Curing Temperature

Cement-stabilised soft soils cured at a higher temperature will develop higher long-

term strength ultimately as well as higher early-age strength (Zhang et al., 2014). The

higher curing temperature affects the rate at which the soil strength increases by

accelerating the chemical reactions and solubility of the silicates and aluminates, as

well as increasing the ultimate strength itself (Kawasaki et al., 1981; Porbaha et al.,

2000; Zhang et al., 2014).

2.4.8 Advantages of Adopting Cementitious Materials

The advantages of adopting cementitious materials in soft stabilisation are that (a) the

strength and stiffness of specimens stabilised by using cement or lime can be

increased significantly and (b) cementitious materials, such as OPC, are inexpensive

and easy to produce. Many researchers have investigated the effect of cementitious

materials on the physical and mechanical properties of soft soils (e.g. Basma, 1991;

Bell, 1996; Bolton, 2014; Little, 1995; Oh, 2006; Sasanian & Newson, 2014; Uddin et

al., 1997).

These researchers mainly focused on the effect of differing curing time, curing

temperature and additional content on the following characteristics: stiffness, peak

strength, permeability, settlement and the Atterberg limit. This section focuses on the

literature on the mechanical behaviour of soft soils stabilised by using cementitious

materials. The addition of cementitious materials can increase the hydraulic

conductivity of soft soils compared with that of virgin soft soils.
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The flocculation of the soil particles and the increasing of the pore size results in this

change. Broms and Bowman (1977), Kawasaki (1981), Hiroso (1982) and Kunio

(1988) suggested that the distribution of pore size within the soil–cement mixture

affects the hydraulic conductivity of the mass. All these researchers’ results indicated

that as the cement/lime agent content increases, the hydraulic conductivity increases.

In general, prior experimental results indicated that cementitious materials can

improve soft soils by:

a) increasing soil strength and stiffness;

b) improving volumetric stability;

c) improving durability;

d) reducing settlement; and

e) reducing water content and liquid limit.

In addition, the adoption of cementitious materials as the stabilising binder leads to

savings in construction time to completion, labour and machinery requirements and

design capabilities. In terms of construction time, conventional solar drying and a

natural consolidation process from surcharging reclamation paddocks are time-

intensive processes that require a few years to complete. Utilising cementitious

materials, such as cement, will easily improve the bearing capacity of the dredged

mud comparatively quickly and thus enable earlier access to the project site for more

productive purposes.

Regarding economics, the anticipated large reduction in machinery use time (e.g.

hydraulic sand filling process) is another advantage of using cement as a viable soil

stabilisation method. This reduction occurs because the addition of cement is an in-

situ mixing process in which dredged mud is used in a single application process with
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multiple passes. After allowing a minimum of 7 days for initial curing, a much

stronger and more stable construction platform for machinery access can thus be

successfully constructed.

2.4.9 Disadvantages of Adopting Cementitious Materials

As discussed in the previous section, cement is commonly used worldwide as the

binder in soil stabilisation. However, although its use can bring significant benefits to

stabilised soils, it results in a significant negative environmental impact. This is

because the use of cement results in a high emission of greenhouse gases, such as CO2.

In this regard, Huntzinger and Eatmon (2009) found that 5–8% of the anthropogenic

CO2 every year was emitted because of cement production (US Geological Survey,

Mineral commodity summaries, 2011). This CO2 is mainly produced in the

fabrication of cement because of the decomposition of limestone. During this process,

CO2 can be released owing to the following reaction:

CaCO3 = CaO + CO2 Eq. 2-13

It is estimated that around 0.8 t CO2-e/ton are emitted owing to the production of

cement in Australia. Around the globe, about 0.7 to 1.0 t CO2-e/ton emissions of CO2

are attributable to cement production (Gartner, 2004; Humphreys et al., 2002; Josa et

al., 2003). In addition, it is estimated that the demand for cement for construction will

increase because of rapid urbanisation in many countries (Plamondon & Habert,

2015). For instance, the demand for new infrastructure construction in developing

countries has significantly increased cement consumption (Plamondon & Habert,

2015).
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According to Plamondon and Habert, (2015) research, the manufacture of Portland

cement is the fourth largest contributor to worldwide carbon emissions and is only

behind petroleum, coal and natural gas in releasing CO2 that has been locked beneath

the earth’s surface for millions of years. Further, many new cement factories are being

built, mostly in developing nations, to meet the demand for cement in the long term.

2.5 Replacement of Cement

As mentioned in the previous section, cement is very effective in concrete production

and soil stabilisation. However, its use has resulted in an environmental issue, which

is the high emission of CO2. Therefore, it is essential to develop alternative binders

suitable for soil stabilisation to replace cement fully or partially, and thus reduce the

demand for cement. These alternatives should be as effective as cement and be low-

carbon materials. The materials investigated in previous studies as potential

replacements for cement are reviewed and discussed in this section.

2.5.1 Fly Ash-blended Cement

Fly ash is an industrial by-product resulting from the combustion of coal at power

stations. Fly ash has been investigated by many previous studies as a partial

replacement for cement (Bolton, 2014; Cheng et al., 2018; Jauberthie, 2010; Jawad et

al., 2014; Luis et al., 2019). The benefit of adopting fly ash as the replacement of

cement is discussed in this section.

2.5.1.1 Use of Fly Ash to Replace Cement

Fly ash can stabilise soils by activating pozzolanic reactions and can therefore

improve soil strength. The use of this material in soil stabilisation can significantly

reduce CO2 emissions, compared with cement. For example, the CO2 emission factor
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of cement is 0.82 t CO2-e/ton, whereas the emission factor of fly ash is only 0.027 t

CO2-e/ton, according to Herdrich et al. (2005). Therefore, slag, a by-product of the

steel industry, and fly ash, a by-product of burning coal are the two materials

generally used to replace a portion of the cement used in soil stabilisation. Although

only a portion of cement can be replaced, the emission of CO2 can still be reduced

substantially, considering the large volume of cement used each year.

For example, Heidrich et al. (2005) estimated that the emission factor of fly ash is

only 0.027 t CO2-e/ton. Therefore, it would be much more environmentally friendly to

replace cement with clean materials, such as fly ash. Some studies have investigated

the workability, the durability and the development in strength properties of soft soil

stabilised by fly ash or slag. They proved that soft soil specimens stabilised by using

fly ash or slag have more strength and stiffness than the original soft soil. However,

cement still performs much better than fly ash or slag. At the same quantity of

additive content, specimens stabilised by cement show much higher strength than

those stabilised by fly ash only.

Then, some further studies used a combination of cement and other clean stabilising

binders, such as fly ash. These studies attempted to determine the development in

strength characteristics of specimens stabilised by adding fly ash-blended cement in

order to achieve two objectives: satisfying the required strength characteristics and

reducing CO2 emissions. Plamondon and Habert (2015) investigated concrete

produced by adding cement and fly ash-blended cement. They found that when 25%

of cement was replaced by fly ash, to achieve the same strength, the CO2 emission can

be reduced by 13–15%, as shown in Table 2-2, which indicates that using other

materials instead of cement is feasible and environmentally friendly.
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Table 2-2. Emission of CO2 on using general purpose cement and fly ash-blended
cement

Strength (MPa) 100% General Purpose Cement 25% Fly Ash

25 32 25 32

Emissions (t CO2-e / m3) 0.2900 0.3220 0.2531 0.2732

The environmental performance evaluation of concrete constituents, such as cement,

fly ash, reinforcement and limestone powder, according to Okobau.dat (2010) and the

GaBi database, are summarised in Table 2-3. Based on this study (Plamondon and

Habert, 2015), it can also be concluded that some materials, such as fly ash and

limestone powder, are much more environmentally friendly than cement, in terms of

CO2emissions. Therefore, some studies were conducted to investigate the replacement

materials for cement in concrete mixing, such as fly ash, slag and limestone powder

(Dhir, 2005; Proske et al., 2012, 2013). From the experimental results of those studies,

it can be concluded that CO2 emissions in the production of concrete can be reduced

significantly by replacing cement with slag, fly ash or limestone powder. In particular,

the following findings can be observed from their experimental results:

1. The replacement of cement with limestone powder is feasible in a low water

content mix design.

2. Concretes produced by using a mixture of cement and slag can also satisfy the

commonly required strength or workability, especially when the slag content is

less than 150 kg/m3.

A reduction of 15–35% in the global warming potential (GWP) can be achieved by

using fly ash, limestone or slag instead of cement to produce concreate; meanwhile,

the strength of this concrete is comparable to that of concrete produced by using

cement only.
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Table 2-3. Emission factor of each material (Nazari & Sanjayan, 2016)

Constituent GWP (kg CO2-eq.)

Cement 0.820

Fly ash 0.011

Limestone powder 0.0278

Superplasticizer 0.772

Crushed aggregates 0.007

Reinforcement 0.874

In general, those studies indicated that it is feasible to use other materials, such as fly

ash or slag, as replacements of cement in concrete design, by conducting experimental

tests. As mentioned in the previous chapter, the process to stabilise soil is similar to

the production of concrete. Soil columns are in formed in-situ, by mixing the

stabilising agents with soft soils in-situ, and those columns act like concrete columns.

Therefore, those binders might be used to replace cement in soft soil stabilisation as

well. However, many soft soils, such as soft marine or estuarine soils, usually have a

very high water content—for example, the soft soils in Singapore, Thailand, Australia,

China, Malaysia, Japan and Vietnam (Ekinci et al., 2019; Kang et al., 2016; Kwan et

al., 2005; Liu et al., 2019, 2020, 2021; Ma et al., 2014; Ong et al., 2003; Pham et al.,

2021; Yao et al., 2020).

Hence, the results of studies on concrete may not be fully applicable to soil

stabilisation. Therefore, many studies were also conducted to investigate the use of fly

ash and slag as replacements of cement in soil stabilisation (Bushra & Robinson, 2013;

Cheng et al., 2018; Horpibulsuk et al., 2009, 2011; Likitlersuang & Chompoorat,

2016; Luis et al., 2019; Neramitkornburi et al., 2015; Rao et al., 2016; Wang et al.,

2013; Zentar et al., 2012). Horpibulsuk et al. (2009, 2011) and Bushra and Robinson

(2013) found that on replacing 10% to 20% of Portland cement with fly ash, the
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strength of the stabilised soil is nearly the same as that of specimens stabilised by

cement only.

Horpibulsuk et al. (2009, 2011) performed unconfined compressive tests and thermal

gravimetric analysis to determine the strength properties of fly ash-blended cement-

stabilised soft clay. A strength development assessment and the explanation of

hydration were conducted based on microstructure investigation and experimental

data analysis. Unconfined compressive tests and thermogravimetric analysis were

conducted to evaluate the effect, of fly ash and biomass ash as substitutes for Portland

cement, on the strength development of blended cement-admixed saline clay.

Neramitkornburi et al. (2015) determined various engineering properties of fly ash-

blended cement-stabilised soft clay, including unit weight, flow and strength.

Cheng et al. (2018) investigated the stress-dependent behaviour of soft marine clay

stabilised by a combination of fly ash and cement (fly ash-blended cement). They

adopted a fly ash to cement ratio of 1:2, which means they replaced about 33% of

cement with fly ash. They conducted a series of consolidated isotropic drained (CID)

tests. Their experimental results revealed that fly ash-blended cement can

significantly improve the strength of stabilised specimens, and that there is a linear

relationship between the peak deviator strength (qpeak) and confining pressure, as

expressed in Eq. 2-14. From Mohr circles, it was observed that the friction angle and

cohesion of specimens were 52.8 degrees and 230.5 kPa, respectively (Cheng et al.,

2018).

qpeak = 1.7σ3 + 581 kPa Eq. 2-14

Luis et al. (2019) investigated a type of stiff clay treated by a fly ash-blended cement
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composed of a mix of 90% cement and 10% fly ash. They conducted a series of

triaxial compression tests under CIU conditions on specimens stabilised by either fly

ash-blended cement or cement alone. They compared the mechanical and physical

properties of specimens with two types of binders under varying confining pressure.

They concluded that specimens stabilised by both binders typically show normally

over-consolidated behaviour, and specimens under low confining pressure (< 200 kPa)

show dilation behaviour in terms of excess pore pressure development. Specimens

stabilised by cement alone exhibited higher peak deviator strength (qpeak) and

cohesion than those stabilised by fly ash-blended cement. In addition, specimens

stabilised by fly ash-blended cement had a bonding structure that was more stable

under the influence of confining pressure.

In general, a certain level of cement replacement with fly ash is highly advantageous

in terms of cost reduction, energy efficiency and environmental benefits, such as low

CO2 emissions as discussed previously.

2.5.1.2 Mechanism of Fly Ash-blended Cement

The amount of fly ash used to replace cement usually does not exceed 50%

(Alahrache et al., 2016; Bondar & Coakley, 2017; Donatello et al., 2013, 2014;

Garcia-Lodeiro et al., 2013, 2016; Huang et al., 2013). Cement is replaced with fly

ash because fly ash can react with soil through a pozzolanic reaction. Fly ash cannot

be used alone as a stabilising agent, because activators are required to trigger a

pozzolanic reaction. Therefore, fly ash is admixed with cement in a partial

replacement of cement, as investigated in the aforementioned studies. Portland cement

acts as the hydraulic component and activator for fly ash. The production of cement

generates substantial Ca(OH)2. The active forms of silica and alumina from fly ash
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can react with Ca(OH)2 in the presence of water through a pozzolanic reaction. Hence,

the strength and stiffness of the soils stabilised by fly ash-blended cement can be

increased significantly.

2.5.2 Other Cement Blends or Cement Replacements

Apart from fly ash, many other materials or industrial wastes were investigated as the

partial replacements of cement in soil stabilisation or concrete production. These

materials are waste glass powder (Islam et al., 2017), slag (Adam et al., 2010; Liu et

al., 2019; Ma et al., 2014), metakaolin (Duan et al., 2013; Liu et al., 2019), diatomite,

waste marble powder (Ergün, 2011), bentonite (Memon et al., 2012), silica fume

(Turk, 2012) and pozzolans, such as an FCC catalyst (Al-Jabri et al., 2012).

Researchers have mainly focused on the possibility of the practical use of these

potential alternative cement replacement materials.

The investigations from these studies have proven that these materials are effective as

partial replacements of cement. For example, the FCC catalyst can be used to replace

2% to 10% by weight of cement, when used for stabilising sands. Substitutions in this

range do not significantly affect the compressive strength of stabilised soils (Al-Jabri

et al., 2012).

Further, 15% cement can be replaced by 10% Diatomite and 5% waste marble powder

or 5% Diatomite and 10% waste marble powder; meanwhile, the compressive strength

is higher than the strength achieved by cement only (Ergün, 2011).

Using bentonite for partial replacement of cement, Memon et al. (2012) investigated

the effects of adding varying proportions of bentonite (3%–21%) to replace cement.

They indicated that the compressive strength of concrete produced by cement–
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bentonite mixtures is higher than that of the concrete produced by cement alone

(Menon et al., 2012).

In terms of the use of metakaolin as partial replacement of cement, for example, Liu

et al. (2019) conducted a series of experimental tests with clayey soils stabilised by

mixtures of cement and metakaolin. Clay samples were admixed with metakaolin,

first with a mixing ratio of 1:1. The mixture was then stabilised by cement at a cement

content of 20%. The experimental results indicated that the clay–metakaolin–cement

mixture has higher UCS than a soft clay–cement mixture does with the same cement

content.

Notably, most of these investigations on using these potential alternative materials as

partial replacement of cement have focused on the production of concrete. Only a few

of these studies on the replacement of cement have focused on the application in soil

stabilisation, especially for the stabilisation of soft soil. However, given the increasing

urbanisation and population growth in coastal areas, more infrastructure will be

required to be built on soft soil foundations. Hence, it is important that more potential

alternative materials be investigated and verified as partial replacements of cement,

for reducing the amount of cement used in soft soil stabilisation.

Apart from these alternative materials, DuraCrete is a developed innovative

construction material that can also be used as a replacement for cement to promote

hydration and strengthen crystalline cementitious formations. The use of DuraCrete

can improve the binding characteristics of cement-admixed soils in the presence of

mixing water. The material restrains the actions of carbonic acid and fluvic acid,

which are the natural compounds of soils and types of organic acids that remain as a

solution in soils after soil acidification. In a cement-soil base, DuraCrete prompts the
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creation of hexagonal nanostructures of crystalline formations, which are a more

developed interlocking structure than that formed by cement-soil stabilisation. This

material will eventually develop extra interlocking connectivity, resulting in soils with

high compressive and tensile strength and developed static and dynamic elasticity.

Eventually, the nanostructure of the soil stabilised by cement–DuraCrete blends can

be developed (Shamrock, 2017).

2.6 Concluding Remarks

The research limitations in the previous literature as reviewed in this chapter are

discussed in this section.

SEQ is a typical region, where a large quantity of soft estuarine or marine soils can be

found. For example, in Brisbane, Queensland, Australia, dubbed the ‘river city’, soft

clays can be found in embankments supporting main motorways, the Brisbane airport

and the Port of Brisbane. Nevertheless, no study has fully investigated both the

microstructural and the mechanical behaviours of soft soil and stabilised soft soil for

this region. However, given the continuing population growth and urbanisation in this

region, it will be necessary to build more infrastructure on such soft soil foundations.

Hence, it is crucial to develop the latest understanding about the mechanical and

microstructural behaviours of reconstituted and stabilised soft soil deposits from this

region to aid potential large-scale ground improvement projects in this region.

Furthermore, as discussed in Chapter 2, silts are commonly distributed in many soft

soil deposits in the world. However, there is a gap in terms of understanding the

behaviour of silts, given that they are in a transitional form between clays and sands.

Some silts have sand-like behaviour, whereas some have clay-like behaviour within

the critical-state framework. Because silt particles are widely distributed in many soft
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soils worldwide, it is important to develop the latest understanding on the behaviour

of silts. For example, when do the silts start to show sand-like or clay-like behaviour

within the critical-state framework? In addition, what is the response of silt particles

to cement stabilisation?

The third main limitation in previous literature is, as introduced and discussed in a

previous section, that cement is the most used stabilising binder to stabilise soft soil,

for it can improve the engineering properties of soft soils significantly and is also

cost-effective. However, the production and use of cement can cause environmental

issues because it results in high CO2 emission. It is essential to develop other materials

as partial replacements of cement to reduce the amount of cement used in soft soil

stabilisation. Most studies have focused on investigating the possibility of alternative

materials in concrete production. Studies on reducing the cement used in soft soil

stabilisation, and in particular, for soft soils with very high natural moisture content,

are limited. Hence, it is important to provide engineers with alternate, more

sustainable design mixes for soft soil stabilisation that can readily satisfy design

strength requirements, while emitting lesser CO2.

By considering the limitations and research gaps discussed in Chapter 2, the

objectives, the methodology and the testing program adopted to address these

limitations will be discussed in Chapter 3.
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3 RESEARCHMETHOLOGY

3.1 Introduction

Based on the limitations and existing research gaps discussed in Chapter 2, the

methodologies adopted in this study to fulfill these research gaps are presented in this

chapter. This study has three main objectives. The first is to investigate the physical,

mechanical and microstructural behaviour of the SEQ soft soil, and the behaviour of

these soils stabilised by cement. As mentioned in the previous chapter, cement is the

most used stabilising binder to treat soft soil. It can significantly increase the strength

and stiffness of the stabilised soil. Moreover, cement is cheap and easy to obtain in

most countries. Therefore, it is adopted as the stabilising binder in this study. Through

meeting this objective, this study aims to guide potential ground improvement

projects in this region.

The second main objective is to investigate and evaluate the impact of silt particles on

the physical, mechanical and microstructural behaviour of soft soils. This is because,

as discussed in Chapter 2, silts are commonly distributed in many soft soil deposits in

the world. Meanwhile, there is gap in terms of understanding the behaviour of silts,

for they are in a transitional form between clay and sand. To understand the behaviour

of soft soils fully, it is important to update the current understanding on the behaviour

of silts. For example, when do silts start to show sand-like or clay-like behaviour

within the critical-state framework?

The third main objective is to investigate the use of other additives as the

replacements of cement. As discussed in the Chapter 2, cement is commonly used as a

stabilisation material in soft soil stabilisation. However, its production and use cause

environmental issues owing high CO2 emissions. It is essential to develop other
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suitable stabilisation materials to reduce the cement used for soil stabilisation. By

exploring this objective, this study intends to provide engineers with alternate, more

sustainable design mixes for soft soil stabilisation that can readily satisfy design

strength requirements as well as emit lesser CO2.

To achieve this main objective, this study investigated the use of two additives—fly

ash and DuraCrete—as the partial replacements of cement. Fly ash is an industrial by-

product resulting from the combustion of coal at power stations. The use of this

material in soil stabilisation can significantly reduce CO2 emissions compared with

pure cement. DuraCrete is a commercial low-calcium stabilising additive, which is

used as a cement modifier to prompt hydration and strengthen the crystalline

cementitious formations. From its initial development in Germany, this product has

been applied to 4,000 ground improvement projects in firmer residual soils, such as

road rehabilitation in East Java, Indonesia; an access road to a quarry in Zimmern,

Germany; mining roads and infrastructure in Alberta, Canada; and railway tracks in

Aargau, Switzerland (Shamrock, 2017). However, there is limited research on the use

of this low-calcium-based material in very soft soils, particularly those with high

water content in excess of 100%.

The testing methodologies adopted in this study were mainly laboratory experimental

tests, such as soil classification tests, unconfined compression tests (UCTs), and

triaxial compression tests. By analysing the experimental results obtained from the

laboratory tests, the physical, mechanical and microstructural behaviour of the

reconstituted and stabilised soft soils were determined. Thus, the third main objective

of this study was achieved.
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In Section 3.2, the testing program and the laboratory experimental tests conducted to

achieve the objectives are presented and discussed. In Section 3.3, the soft soil

sampling location and the basic properties of the soft soil used in this study are

described. Then, the materials used to stabilise the soft soil are discussed in Section

3.4. The grain size distribution, the microstructure and the chemical components of

each type of material are also shown in Section 3.4. In Sections 3.4, 3.5 and 3.6, the

testing procedures and the criteria for each type of laboratory experimental test

conducted in this study are elucidated.

3.2 Testing Program

In this section, the testing program used to achieve each main objective is presented.

First, the soft soil samples were collected from the Port of Brisbane, SEQ. The Port of

Brisbane is a typical region with large soft soil deposits. Meanwhile, with the rapid

urbanisation and population growth in the Greater Brisbane region, more construction

projects need their infrastructure to be constructed on a soft soil foundation, such as

the Brisbane airport, the Port of Brisbane Motorway and the new Brisbane Cruise

Terminal. Hence, the soft soil samples collected from a construction site in Port of

Brisbane were used as the base soil in this study. The detailed soil classification

results are discussed in Section 3-3.

3.2.1 Testing Program for the First Objective

Once the soft soil samples were collected, a series of soil classification tests and CIU

triaxial compression tests were conducted on the Port of Brisbane (PoB) soft soils.

Thus, the basic properties and the mechanical behaviour of the PoB soft soils at

varying confining pressure were determined. Then, OPC was mixed with the PoB soft

soil with varying cement content (%) at different soil water content (w%).
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After the stabilisation, a series of UCTs were then conducted to obtain the mechanical

behaviour of the soil specimens after these were stabilised by cement, with different

cement content and soil initial water content. The cement contents used to stabilise

PoB soft soil range from 10 to 30%, namely, 10%, 15%, 20%, 25% and 30%. The

cement content is defined as the ratio between the mass of cement and the mass of dry

soil solids, as shown in Eq. 3-1.

Cement content (%) = Mcement (g) / Msoil solids (g) Eq. 3-1

The soil water content was 70%, 100%, 130% and 160%. Therefore, the correlations

between the mechanical behaviour of cement-stabilised PoB soft soil specimens, such

as the strength or stiffness and the cement content, and the soil water content can be

determined. Please note that the soil water content refers to the water content in the

soil slurry alone, which does not include the water in the cement slurry. Based on the

experimental results obtained from the tests mentioned above, the first main objective

was achieved. A total of 20 sets of specimens were prepared for cement-stabilised

PoB soft soil specimens. The particular experimental tests conducted to achieve the

first objective are summarised in Table 3-1.

Table 3- 1. UCS tests for PoB soft soil at varying soil water content stabilised by
cement

Soil water
content = 70%

(0.76LL)

Soil water
content = 100%

(1.1LL)

Soil water
content = 130%

(1.42LL)

Soil water
content = 160%

(1.75LL)

Cement
content

10% 10% 10% 10%

15% 15% 15% 15%

20% 20% 20% 20%

25% 25% 25% 25%

30% 30% 30% 30%



64

3.2.2 Testing Program for the Second Objective

To achieve the second main objective, which is the evaluation of the impact of silt

particles on the mechanical behaviour of soft soils, a series of CIU triaxial

compression tests were conducted on five types of reconstituted soft soils with

varying silt particle contents. These five types were prepared by mixing PoB soft soil

with kaolin soil at varying mixing ratios. This approach was adopted because the main

particle components in PoB soft soil are clay particles, which will be discussed further

in the next section. The main particle components in kaolin soil are silt particles.

Therefore, by mixing both soils at five mixing ratios, the PoB soft soil – kaolin soil

mixtures can have varying clay and silt composition. These five types of soil mixtures

and the mixing ratios between both soils are shown in Table 3-2.

Table 3-2. Mixing ratios of Port of Brisbane (PoB) soft soil and kaolin soil

Type of PoB Soil
– Kaolin Soil
Mixtures

PoB Soft
Soil (%)

Kaolin
Soil (%)

Clay
(%)

Silt
(%)

Mixed Soil 1 100 0 70.8 27.2

Mixed Soil 2 75 25 58.0 40.3

Mixed Soil 3 50 50 45.2 53.4

Mixed Soil 4 25 75 32.3 66.5

Mixed Soil 5 0 100 19.5 79.6

To clarify, the PoB soft soil – kaolin soil mixture 1 (hereafter Soil 1) consists of 100%

PoB soft soil. The PoB soft soil – kaolin soil mixture 2 (hereafter Soil 2) consists of

75% PoB soft soil and 25% kaolin soil. The PoB soft soil – kaolin soil mixture 3

(hereafter Soil 3) consists of 50% PoB soft soil and 50% kaolin soil. The PoB soft soil

– kaolin soil mixture 4 (hereafter Soil 4) consists of 25% PoB soft soil and 75%

kaolin soil. The PoB soft soil – kaolin soil mixture 5 (hereafter Soil 5) consists of 0%

PoB soft soil and 100% kaolin soil.
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After the mixing, all five types of reconstituted soft soils were tested under CIU

conditions with confining pressure ranging from 50 to 200 kPa. Table 3-3 summarises

the CIU triaxial tests conducted in this study to achieve the second main objective.

Table 3-3. Consolidated isotropic undrained triaxial tests conducted on reconstituted
soft soils

Type of PoB Soil – Kaolin
Soil Mixtures

PoB Soft
Soil (%)

Kaolin Soil
(%)

Confining Pressure
(kPa)

Soil 1 100 0 50, 100, 200

Soil 2 75 25 50, 100, 200

Soil 3 50 50 50, 100, 200

Soil 4 25 75 50, 100, 200

Soil 5 0 100 50, 100, 200

In addition, to investigate the effect of silt and clay fractions on the reaction between

cement and soil, a further series of UCTs were conducted on each group of PoB and

kaolin soil mixture (S1, S2, S3, and S4) after these were stabilised by cement at

varying cement content, as shown in Table 3-4. The cement content also ranged from

10% to 30%, consistent with previous tests. It must be noted that S5 was not selected

to be stabilised by cement. This is because this study focuses on investigating the

effect of the variations of the silt contents in PoB soft soil on the mechanical and

microstructural behaviour of cement-stabilised soil specimens. Soil 5 is 100% kaolin

soil without any PoB soft soil, while the behaviour of cement stabilised kaolin soil has

already been fully investigated by previous studies, such as Liu et al., (2019). Thus,

the behaviour of cement-stabilised kaolin soil (Soil 5) was not investigated in this

study.

The experimental results obtained from each group of tested specimens were analysed

and compared. The differences between cement-stabilised soft clay and the cement-
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stabilised soft clay – kaolin soil mixtures were found. The effect of the silt particles

on the mechanical behaviour of the cement-stabilised specimens were then

determined and evaluated. To clarify the observations from the UCS results, SEM

images were also taken for each group of cement-stabilised soils. Thus, the

microstructure of each group of stabilised soils was also obtained.

Table 3-4. Parametric study to evaluate the impact of silt particles on the reaction
between cement and soil

Type of PoB Soil –
Kaolin Soil
Mixtures

PoB Soft Soil
(%)

Kaolin Soil
(%)

Cement Content
(%)

Soil 1 100 0 10, 15, 20, 25, 30

Soil 2 75 25 10, 15, 20, 25, 30

Soil 3 50 50 10, 15, 20, 25, 30

Soil 4 25 75 10, 15, 20, 25, 30

3.2.3 Testing Program for the Third Objective

The third main objective of this study was to develop other suitable stabilisation

materials as the replacements of cement to reduce the amount of cement used in soft

soil stabilisation. To achieve this objective, fly ash and DuraCrete were investigated

to be used as partial replacements for traditional cement-only mixes. These two

materials were mixed with cement at varying mixing ratios to form fly ash-blended

cement and DuraCrete-blended cement. Then the mixed cement blends were used to

stabilise the PoB soft soil as the replacement of cement-only mixes. The behaviour of

soft soil specimens stabilised using cement, fly ash and DuraCrete (blended cement)

under both unconfined compressive (UC) and CIU conditions, were investigated in

this study.
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Fly ash and DuraCrete were first mixed with cement at different mixing ratios

separately. For the fly ash-blended cement, the mixing ratios of fly ash to cement

adopted were 1:1, 1:2, 1:3 and 1:4 at each total mixture content. This means 50%,

33%, 25% and 20% of cement by weight was replaced by fly ash. These fly

ash/cement mixing ratios were selected based on the literature on soil stabilisation.

For instance, Horpibulsuk (2010) recommended that 25% of cement can be replaced

by fly ash (fly ash/cement ratio 1:3), which has the most effective dispersing effect.

Xiao et al. (2017) and Cheng et al. (2018) investigated soft soils stabilised by fly ash-

blended cement and adopted a fly ash to cement ratio of 1:2 (33% of cement was

replaced by fly ash). In the present study, four replacement ratios were adopted as

aforementioned.

Then, 20 sets of soft soil specimens stabilised by fly ash-blended cement were

prepared. For these specimens, the total mixture contents were also 10%, 15%, 20%,

25% and 30%, consistent with the cement-only contents introduced in Section 3.2.1.

The total mixture content is defined as the ratio between the mass of total mixture

(cement + fly ash) and the mass of dry soil solids, as shown in Eq. 3-2a.

Total mixture content (DuraCrete-blended cement) (%) = Mcement+fly ash (g) /
Msoil solids (g) Eq. 3-2a

Total mixture content (Fly ash-blended cement) (%) = Mcement+DuraCrete (g) / Msoil

solids (g) Eq. 3-2b

The mixing ratio and the total mixture content (or fly ash-blended cement content) for

each set of specimens stabilised by fly ash-blended cement are provided in Table 3-5.

Table 3-5. Fly ash/cement mixing ratio and total mixture content of each set of UCS
specimens

Set Fly Ash/Cement Ratio Total Mixture Content (%)*

1 50% or 1:1 10
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2 50% or 1:1 15

3 50% or 1:1 20

4 50% or 1:1 25

5 50% or 1:1 30

6 33% or 1:2 10

7 33% or 1:2 15

8 33% or 1:2 20

9 33% or 1:2 25

10 33% or 1:2 30

11 25% or 1:3 10

12 25% or 1:3 15

13 25% or 1:3 20

14 25% or 1:3 25

15 25% or 1:3 30

16 20% or 1:4 10

17 20% or 1:4 15

18 20% or 1:4 20

19 20% or 1:4 25

20 20% or 1:4 30

* Total mixture content is defined in Eq. 3-2a.

Then, another 20 sets of specimens were prepared by using DuraCrete-blended

cement to stabilise the soft soils. For these specimens, the total mixture contents were

consistent with the cement-only mix and the fly ash-blended cement. The total

mixture content is defined by Eq. 3-2b. The mixing ratios of DuraCrete to cement

adopted were 3:100 (or 3%), 5:100 (or 5%), 7:100 (or 7%) and 9:100 (or 9%) at each

total mixture content.

For specimens stabilised by DuraCrete-blended cement, the total mixture contents

were also 10%, 15%, 20%, 25% and 30%, consistent with the cement-only and fly

ash-blended cement contents introduced previously. After the targeted curing period,
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the specimens stabilised by DuraCrete-blended cement were also tested under

unconfined compressive (UC) condition. The mixing ratio and the total mixture

content (or DuraCrete-blended cement content) are shown in Table 3-6.

Table 3-6. Specimens stabilised by DuraCrete-blended cement tested under
unconfined compressive condition

Set DuraCrete/Cement Ratio Total Mixture Content (%)*

1 3% or 3:100 10

2 3% or 3:100 15

3 3% or 3:100 20

4 3% or 3:100 25

5 3% or 3:100 30

6 5% or 5:100 10

7 5% or 5:100 15

8 5% or 5:100 20

9 5% or 5:100 25

10 5% or 5:100 30

11 7% or 7:100 10

12 7% or 7:100 15

13 7% or 7:100 20

14 7% or 7:100 25

15 7% or 7:100 30

16 9% or 9:100 10

17 9% or 9:100 15

18 9% or 9:100 20

19 9% or 9:100 25

20 9% or 9:100 30

* Total mixture content is defined in Eq. 3-2b.

For the CIU tests, the specimens stabilised by cement only or cement blends (fly ash-

blended cement or DuraCrete-blended cement) at a content of 20% were tested. This

means the cement-only content or cement-blend content were both fixed at 20%. This
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approach was adopted because the stabilised specimens have very low permeability

compared with natural soft soil specimens. Hence, a great deal of extra time is

required to fully saturate the specimens during the saturation phase of a CIU test and

the maximum allowable shear rate in the test becomes very low. Therefore, a very

long period is required to complete the saturation, consolidation and shear phases of

the CIU tests for the stabilised specimens. For example, a soil specimen stabilised by

20% cement needs to spend at least 5–7 days each in the saturation and the shear

phases. Hence, it is not possible to test too many specimens under the CIU condition.

This aspect will be discussed further in the following sections. Table 3-7 summarises

the confining pressure and cement or cement-blend content of each tested specimen.

Table 3-7. Summary of CIU tests performed

Set 1: Cement-only stabilised specimens

Test No. Confining Pressure (kPa) Cement-only Content (%) *

1 50 20

2 100 20

3 200 20

Set 2: Fly ash/Cement-stabilised specimens (at optimum mixing ratio)

Test No. Confining Pressure (kPa) Total Mixture Content (%) *

4 50 20

5 100 20

6 200 20

Set 3: DuraCrete/Cement-stabilised specimens (at optimum mixing ratio)

Test No. Confining Pressure (kPa) Total Mixture Content (%) *

7 50 20

8 100 20

9 200 20

* Cement only means only cement was used as the stabilisation binder
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*Total mixture content refers to fly ash-blended cement content or DuraCrete-blended
cement content

3.3 Soils and Materials Used

As mentioned in the previous section, the soft soil samples adopted in this study were

collected from a construction site in Port of Brisbane, SEQ. In Subsection 3.3.1, the

Port of Brisbane soft soil sampling location and basic properties are presented. In

Subsection 3.3.2, the basic properties of the kaolin soil and each type of PoB kaolin

soil mixture are discussed.

In Subsection 3.3.3, the stabilising materials used in this study, such as OPC,

DuraCrete and fly ash, are discussed. The chemical components of each stabilising

material obtained from X-Ray fluorescence (XRF) analysis are also presented in this

subsection.

In Subsection 3.3.4, the microstructure of the PoB soft soil, kaolin soil, OPC, fly ash

and DuraCrete are discussed. The microstructure of these soils and materials is

indicated by the SEM images, which are presented in Subsection 3.3.4.

3.3.1 PoB Soft Soil Sampling and Classification

As shown in Figure 3-1, the soft soil used in this study was soft marine clays collected

from the Port of Brisbane in Queensland, Australia. In order to meet the development

expected in the next 25 years in the Port of Brisbane, land reclamation work is being

carried out (Figure 3-2). The soft soil samples were collected from a land reclamation

site on which a large quantity of soft marine clays is distributed (Figure 3-3). Weak

Holocene clay underlies the reclamation site at depths of up to 30 m (Ganesalingam et

al., 2013a).
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Figure 3-2. Land reclamation site in Port of Brisbane

Figure 3-3. Soft soil deposits
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The soil samples were dredged from the land reclamation site by using an excavator,

as shown in Figure 3-4.

Figure 3-4. Collection of soft soil samples by excavator

The collected soil sample was of dark grey colour, as shown in Figure 3-5, and was

silty clay with a small amount of sand particles. Grain size distribution was analysed

and classification tests, such as the hydrometer test, moisture content test, Atterberg

limit test and specific gravity test, were conducted. The basic properties of the

collected PoB soft soil are summarised in Table 3-8. The natural moisture content of

this soil is as high as 130%, as shown in Table 3-8. This soil has a very high liquid

limit and plasticity index and can be classified as clay with high plasticity. Therefore,

suitable binders must be used to stabilise this soft soil for making it strong enough to

support infrastructure loads.
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Figure 3-5. Collected soft soil samples

Table 3-8. Basic properties of the collected Port of Brisbane clay

Properties Port of Brisbane Clay

Clay Content (%) 70.8

Silt Content (%) 27.2

Sand Content (%) 2.0

LL (%) 91.6

PL (%) 36.7

PI (%) 54.9

Natural Moisture Content (%) 130.4

3.3.2 Classification of Kaolin Soil and PoB – Kaolin Soil Mixtures

The silt used in this study to achieve the second main objective was commercial

kaolin soil, which is called KM25 and is produced by Kaolin SDN, Selangor,

Malaysia. The basic properties of this type of silt were tested and are summarised in

Table 3-9. The reason for using this type of soil in this study is that the main

components of kaolin soil are silt particles. Therefore, by mixing kaolin soil with PoB

soft clay at varying mixing ratios, soil mixtures with different clay and silt
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percentages can be obtained. The same methodology was adopted by some earlier

studies, as discussed in Chapter 2. For example, Liu et al. (2019) mixed 50% of a

marine clay with 50% of kaolin soil. Further, Yin (2002) mixed Hongkong marine

clay with sand at varying ratios as well.

Figure 3-6. Grain size distribution

Table 3-9. Basic properties of the kaolin soil

Properties Silty Soil (Kaolin Soil)

Clay Content (%) 19.5

Silt Content (%) 79.6

Sand Content (%) 0.9

LL (%) 59.2

PL (%) 48.1

PI (%) 11.1

The other reason for using this type of kaolin soil is that it has a sand content of 0.9%,

as shown in Table 3-9. The focus of the second objective is to investigate and evaluate

the effect of silt particles on the behaviour of the soft soils. Therefore, by using this
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kaolin soil, the effect of the presence of the sand particles can be minimised owing to

the low content of sand in this kaolin soil.

In this study, the kaolin soil was mixed with the soft marine clay collected from Port

of Brisbane at varying mixing ratios, as stated previously (Soil 1, Soil 2, Soil 3, Soil 4

and Soil 5). Atterberg limits tests were conducted to obtain the basic properties of

each type of mixed soil, as shown in Table 3-10. Details of relevant test data with

Atterberg limit tests are tabulated in Appendix A-1 of the thesis. In general, PoB soft

soil (Soil 1) can be classified as CH clay. Soil 2, Soil 3, Soil 4 and Soil 5 can be

classified as MH silt.

Table 3-10. Atterberg limit test results for each group of mixed soils

Type Of
Soil*

Plastic Limit
(%)

Liquid Limit
(%)

Plasticity Index
(%)

Classification

Soil 1 36.7 91.6 54.9 CH

Soil 2 37.5 70.4 32.9 MH

Soil 3 38.5 65.7 27.2 MH

Soil 4 42.7 61.9 19.2 MH

Soil 5 48.1 59.2 11.1 MH

*Soil 1 is 100% PoB soft soil; Soil 2 is 75% PoB soft soil mixed with 25% kaolin soil;
Soil 3 is 50% PoB soft soil mixed with 50% kaolin soil; Soil 4 is 25% PoB soft soil
mixed with 75% kaolin soil; and Soil 5 is 100% kaolin soil.

3.3.3 Stabilising Materials Used

The materials used in this study to stabilise the soft soil were cement, fly ash and

DuraCrete. Cement was used as the binder to stabilise the soil. Fly ash and DuraCrete

were used as the partial replacements of cement to reduce the cement needed. In this

subsection, the chemical components, grain size distribution and general properties of

these three materials are described specifically.
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The cement and fly ash adopted in this study were OPC produced by Cement

Australia Holdings Pty Ltd, which can be classified as grade 53 based on the 28-day

strength. The DuraCrete additive used is produced by GeoScience. DuraCrete is a

commercial low-calcium stabilising additive that is used as a cement modifier to

prompt hydration and strengthen crystalline cementitious formations. From its initial

development in Germany, this product has been applied to 4,000 ground improvement

projects in firmer residual soils, such as road rehabilitation in East Java, Indonesia; an

access road to a quarry in Zimmern, Germany; mining roads and infrastructure in

Alberta, Canada; and railway tracks in Aargau, Switzerland (Shamrock, 2017).

XRF and scanning electron microscopy have been widely employed in geotechnical

engineering to analyse the mineral composition and microstructure of soils or

materials. In this study, XRF analysis was conducted to identify the chemical

components of the stabilising materials used in this study, as shown in Table 3-11.

Table 3-11. Summary of the main chemical components of each stabilising material

Oxide PoB Soil (%) Fly Ash (%) Cement (%) DuraCrete (%)

LOI 14.84 2.76 2.42 13.36

Fe2O3 8.48 8.29 3.2 0.87

CaO 1.44 7.19 65.21 5.57

K2O 1.61 0.8 0.45 5

SO3 1.47 0.33 2.98 1.13

SiO2 48 54.29 19.85 38.88

Al2O3 17.12 24.01 5.06 6.85

MgO 2.1 1.14 1.09 16.64

Na2O 3.36 0.26 0.22 4.91
LOI: ‘Loss of Ignition’.

As shown in Table 3-11, the main component of cement used in this study is a

calcium compound. As discussed in the previous chapter, cement is a typical calcium-
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based binder. The fly ash used can be defined as Type F according to its calcium

content. DuraCrete has a much lower calcium content than cement, which is similar to

the calcium content of fly ash. Meanwhile, it is obvious that DuraCrete has much

higher magnesium oxide (MgO) than do both fly ash and cement. In addition, both fly

ash and DuraCrete have higher contents of silica compounds than cement. In general,

DuraCrete can be classified as a magnesium-based additive based on the XRF results.

3.3.4 Microstructure of the Soils and Materials

This subsection presents the microstructure (SEM images at 300 times magnification)

of the PoB soil, kaolin soil, cement, fly ash and DuraCrete used in this study.

Figure 3-7. Scanning electron microscope image of PoB soft soil (scale ×300)
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×300) (scale ×300)

As shown in Figure 3-7 to Figure 3-11, PoB soft soil particles are much smaller than

those of kaolin soil and cement, which generally conglutinate into groups of

aggregates and cluster with various sizes. The cement particles are generally irregular

in shape. However, clay and silt particle shapes usually present as aggregates of

platelets with different contact modes, in which clay platelets generally aggregate

through the surface–surface mode and silt particles usually contact through the edge-

to-surface and surface-to-surface modes.

3.4 Triaxial Compression Tests

The triaxial compression test is a commonly used geotechnical method to determine

the strength and stiffness of soil or rocks. The best benefit of this test is that it can

simulate in-situ conditions better than the unconfined compression test and the direct

shear test. This is because confining pressure can be applied during the triaxial

compression test. It is important to consider the effect of confining pressure (σ3) on

the mechanical behaviour of soft soil. For example, for the field application of deep

soil mixing (DSM), the binder slurry can be mixed with soft soils in the ground to

form columns. In many circumstances, the depth of the deep-mixed soil–cement

columns can be 10–40 m below ground level. Therefore, in such cases, the influence

of the confining pressure on the mechanical behaviour of soil cannot be ignored.

Further, UCS is not enough to evaluate the behaviour of the stabilised soils.

It is necessary to conduct triaxial compression tests to obtain and determine the

behaviour of soil specimens. For example, the critical-state parameters, stress paths,

stress – axial strain behaviour and excess pore pressure – axial strain behaviour of the

soils can be determined by interpreting the triaxial testing results. The critical-state
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lines, NCLs and parameter M can all be determined by analysing and interpreting the

triaxial testing results. Therefore, it is necessary to investigate the behaviour of soil

specimens under triaxial testing conditions. In this study, all the triaxial tests were

conducted according to ASTM D4767.

3.4.1 Theoretical Knowledge

In a triaxial test, stress is applied to a sample of the material being tested in a way that

results in stresses along one axis being different from the stresses in perpendicular

directions. This is achieved by applying a vertical stress (σv) and applying cell

pressure (σh) to the specimen to achieve the stress in the perpendicular directions. By

shearing the cylindrical soil or rock specimen to failure in a pressurised cell under the

targeted simulating stress condition, the strength and stiffness of the testing material

can be determined.

Figure 3-12. Diagram for triaxial testing cell and equipment(Source: GDS company,
with permission)
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Figure 3-12 presents the diagram of the triaxial test, in which the vertical stress (σ1 or

σv) is applied by controlling the load piston. An axial displacement transducer is used

to calibrate the vertical displacement of the piston to achieve the set-up strain value.

Pressurised cell fluid provides the cell pressure (σ3 or σh). Pressure sensors can record

the specimen’s volume changes and pore pressure variations during the test. Porous

stones and filter papers are placed on the bottom and top of the parallel pat, which

allows to apply back pressure (or sample pressure). Simulated in-situ stresses are

achieved by applying suitable effective vertical and horizontal stresses. The effective

vertical stress equals the difference between the vertical stress and the sample

pressure (σ′1 = σ1 − uo), and the effective horizontal stress equals the difference

between the cell and sample pressures (σ′3 = σ3 − uo). The major principal stress (σ1 or

σv) equals the value of deviator stress plus cell pressure.

3.4.2 Testing Equipment

The triaxial compression tests were conducted in the Geotechnical Lab at Griffith

University. Two testing systems were adopted in this study, a triaxial testing system

produced by the Geocomp Company, and another system produced by the GDS

company. The facilities in both systems, such as the pressure sensors, load transducers,

displacement transducers and calibration factors of the facilities, were checked and

calibrated annually by Australian Calibrating Services. Therefore, the experimental

results obtained from both testing systems are accurate and reliable. In this subsection,

the details of both testing systems are elucidated.
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 Two pressure controllers, which contain two specialised units with embedded

control and components that measure and control the pressure and volume change

in a test cell. These two pressure controllers can provide the cell and sample (or

back pressure) that is required during the triaxial tests.

 A sample and cell unit, both containing an LCD and a keypad on the front of the

chassis. This panel allows the user to control the operation manually and view the

current status of the flow pumps.

 Triaxial cell and accessories: Triaxial cell and Loading ram.

 Accessories: Loading ram, Loading pistol, O-rings and membranes.

 Drainage path: Additional cables and water tubes with selected connectors.

 Transducer and sensors: Axial displacement transducer, pore pressure transducer

and cell pressure transducer.

 Testing program software (Geocomp or GDS).

For consistency, in this study, all the soft soil specimens without additives were tested

by adopting the triaxial testing system manufactured by Geocomp Company.

Meanwhile, all the stabilised soil specimens were tested by adopting the GDS triaxial

testing system. This approach was adopted because the unstabilised soft soil

specimens are very weak and easily disturbed, and the self-weight of the loading ram

from the GDS system is very heavy. In the preliminary experimental tests, it was

found that some of the soft soil specimens were disturbed and sheared by the self-

weight of the loading ram. Hence, the GDS system is not 100% applicable to the soft

soil specimen.

The loading ram from the Geocomp triaxial system is very light, which did not disturb

the soft soil specimens in the preliminary experimental tests. However, the GDS
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system has a much heavier triaxial cell and loading ram than the Geocomp system.

Therefore, all the unstabilised soft soil specimens were tested by adopting the

Geocomp triaxial testing system, while all the stabilised soil specimens were tested by

adopting the GDS triaxial testing system.

3.4.3 Triaxial Testing Specimen Preparation

The preparation process of the soil specimens for triaxial tests is discussed in this

subsection. The preparation process of the unstabilised soft soil specimens and

stabilised soil specimens differ and are hence introduced in Subsections 3.4.3.1 and

3.4.3.2, respectively.

3.4.3.1 Unstabilised Soft Soil Specimen Preparation

The reconstituted soft soil specimens for triaxial tests are difficult to prepare for the

soft soil sample has very high moisture content (e.g. 130% for PoB soft soil).

Therefore, it is very difficult to prepare the soft soil slurry.

In this study, the reconstituted soft soil specimens for CIU triaxial compression tests

were prepared by following an odometer-based reconstituted soil preparation method.

This method was proposed, developed and suggested by some studies (Allman &

Atkinson, 1992; Burland, 1990; Hyodo et al., 1994; Karstunen & Koskinen, 2008;

Yin & Miao, 2015). These previous studies tested reconstituted soft soil samples

under CIU or CID conditions. They developed a reliable method to deal with soft soil

with very high moisture content.

In this preparation method, water is first added to the soft soils to form a soil slurry.

The moisture content of this soil slurry should range from 1.25 to 1.5 times the soil’s

liquid limit, as suggested by Burland (1990), Allman & Atkinson (1992), Karstunen
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& Koskinen (2008) and Yin & Miao (2015). Then, the soft soil slurry is placed in a

cylindrical mould. A dead weight is placed on top of the soft soil slurry to consolidate

it. Thus, the soil slurry is settled under the pressure applied by the dead weight. Once

the settlement of the soil specimens is completed, the soft specimens are then

extruded and trimmed for triaxial compression tests. Since the mechanism of this

preparation method is similar to that of the one-dimensional consolidation test, it is

termed the ‘oedometer-based soft soil preparation method’.

Moreover, Hyodo et al. (1994) conducted triaxial compression tests on both

undisturbed and reconstituted specimens prepared by this method. The testing results

indicated that both the specimens behaved similarly in terms of deviator stress and

stress paths. Therefore, the accuracy of the experimental testing results obtained by

adopting this preparation method for reconstituted specimens can be guaranteed.

In this study, all the reconstituted soft soil samples for CIU triaxial tests were

prepared by adding water to the soft soil for achieving a moisture content of 1.5 times

its liquid limit to eliminate air bubbles. The amount of water added to the soil was

calculated according to the initial moisture content of each soil type. The soil slurry

was then poured into a cylindrical preparation mould made of a PVC tube with a

50 mm diameter and 300 mm height. Silicone grease was applied on the inner

surfaces of the preparation mould to reduce friction. A dead weight was placed on top

of the specimen to provide a vertical pressure on the soil sample through a loading

cap and a porous stone. Figure 3-15 illustrates the preparation method adopted in this

study for the reconstituted soft soil specimens analysed in the CIU triaxial

compression tests.
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Figure 3-15. Preparation of the reconstituted soft soil samples

Consequently, all the specimens were given a preloading pressure of 20 kPa. The

preparation mould can provide a double-drainage path during the consolidation

process. The settlement of each specimen was measured and recorded every day until

the primary consolidation was completed. After the consolidation was completed, the

specimen was extruded from the preparation mould. Figure 3-16 shows some soft soil

specimens extruded after this oedometer-based preparation method was completed.
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(a) (b) (c) (d) (e)

Figure 3-16. Some soft soil specimens for consolidated undrained triaxial testing:(a)
Soil 1: 100% PoB soft soil; (b) Soil 2: 75% PoB soft soil + 25% kaolin soil; (c) Soil 3:
50% PoB soft soil + 50% kaolin soil; (d) Soil 4: 25% PoB soft soil + 75% kaolin soil;

and (e) Soil 5: 100% kaolin soil

These specimens were then trimmed to 50 mm diameter and 100 mm height for the

triaxial tests. Both ends of the specimens were trimmed to ensure the specimens had a

perfect surface to contact with the top cap, which would distribute the load equally

into the specimen during the shear phase, as shown in Figure 3-17a. The trimming end

cut (Figure 3-17b) from each specimen was used to measure the water content of the

specimen before the triaxial test.

(a) (b)
Figure 3-17. (a) Surface of a trimmed soft soil specimen for triaxial test; and (b) a cut

trimming end used to measure water content
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Figure 3-19. 53 mm O-ring stretcher for releasing the O-ring

3.4.3.2 Stabilised Soil Specimen Preparation

The process of mixing the soft soil slurry with each stabilising material is described in

this subsection. To prepare the stabilised soil specimens for triaxial testing, the soil

slurry with natural moisture content (130%) was mixed with (i) cement only, (ii) fly

ash-blended cement and (iii) DuraCrete-blended cement. The mixture was prepared

by thoroughly mixing each type of design mix with distilled water at a water to

cement or water to cement blend ratio of 0.5:1, as suggested by some studies (Bolton,

2014; Buensuceso, 1990; Cong et al., 2014). The water to cement ratio and the water

to cement blend ratio, for the preparation of cement slurry to be mixed with the PoB

soil, are defined by Eq. 3-3a and Eq. 3-3b, respectively.

Water/cement ratio = Mwater (g) / Mcement (g) Eq. 3-3a

Water/cement blend ratio = Mwater (g) / Mcement-blend (g) Eq. 3-3b

Then, the PoB soil was mixed with the cement slurry or the cement-blend slurry. The

mixed soil and cement or cement blend was then poured into cylindrical PVC moulds,

each measuring 50 mm in diameter and 100 mm in height. During that process, the
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soil–binder slurry was also vibrated to eliminate any air bubbles trapped in the

specimens. All the specimens were then placed in an isolated box and stored in a

curing room with a constant temperature of 22 oC. The curing period for all the

stabilised soil specimens was 28 days. After the targeted 28-day curing period, the

specimens were extruded from the PVC preparation moulds and trimmed to 50 mm

diameter and 100 mm height for use in the triaxial tests. Unlike the reconstituted soft

soil specimens, the stabilised soil specimens after the 28-day curing period were very

stiff and were not easily disturbed when releasing the membranes.

3.4.4 Testing Procedure

After preparing the soil specimens for the triaxial tests, the specimens were tested

under CIU conditions. Triaxial tests consist of three phases—saturation, consolidation

and shear phases—and the testing procedures of these phases are described in

Subsections 3.4.4.1, 3.4.4.2, and 3.4.4.3, respectively. The tests conducted were based

on ASTM d4767.

3.4.4.1 Saturation Phase

To simulate the in-situ conditions, the first stage in the CIU triaxial test is the

saturation of the soil specimen. The process followed in this stage is to saturate the

soil specimen by applying back pressure (or sample pressure) on it. A constant

effective confining pressure on the specimen is maintained during this phase,

meanwhile both cell pressure and back pressure (or sample pressure) are increased in

order to saturate the soil specimen. As the cell pressure increases, the system monitors

the increase in pore pressure. The pore pressure on the soil specimens is recorded by

the pore pressure transducer. The ratio of the increase in pore pressure and increase in

cell pressure is B value. Before the next cell pressure increment is applied, the pore
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pressure is raised and then held constant in order to maintain the effective confining

pressure on the specimens. The air bubbles in the soil specimen can be eliminated due

to the existence of back pressure, hence the specimen can be saturated (Geocomp

Corp, 2011).

The system continues to incrementally increase the cell pressure and pore pressure

until the cell pressure equals the value specified in the minimum cell pressure test

field. The system will continue to apply the pressure increments at cell pressures less

than this value (Geocomp Corp, 2011).

Then, the system continues to increase the cell pressure and back pressure (or sample

pressure) until the saturation ratio (or B value) reaches or exceeds the minimum target

value (0.98 in this study). The minimum saturation ratio (B value) which the

specimens can be considered as fully saturated is 0.95 (Geocomp Corp, 2011; Head,

1998).

If the maximum cell pressure is observed, and the target B value has not been

achieved, a cyclic saturation process will start to further saturate the soil specimens.

During this cyclic saturation process, the testing system increases and decreases both

the cell and back (or sample) pressure. At the same time, the measurements on the

saturation ratio continues. The effective confining pressure is still kept as constant

during this stage, as a consolidation on the soil specimen is not expected in this stage.

This cyclic process will continue until either the minimum saturation ratio is observed

or the maximum number of cycles has been reached. If the specified B value is

observed, the test proceeds immediately to the consolidation phase. The tests will

automatically move to the consolidation stage if the maximum cycles are reached, no

matter what the B value is (Geocomp, 2011).
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3.4.4.2 Consolidation Phase

In the consolidation phase, the back pressure remained constant, while the cell

pressure was increased to achieve each targeted confining pressure, such as 50, 100,

or 200 kPa. The relationship between the volume change and the time were plotted

during the testing, and hence, the t100 of each specimen was derived and calculated.

Figure 3-22a, b and c are typical graphs that indicate the volume change in the

consolidation phase of the tested soft soil specimens obtained from the experimental

tests. This phase was automatically completed once the t100 was observed. Based on

the experimental results of the soft soil specimens, the consolidation of reconstituted

kaolin soil was completed within an hour. Meanwhile, the consolidation of the

reconstituted PoB soft clay took about 24 hours. That observation indicates that the

permeability of the kaolin soil is much higher than that of the Port of Brisbane soft

clay. As shown in Figure 3-20, under the same confining pressure, the consolidation

of Soil 1 (100% PoB soil) took about 15 hours, whereas the consolidation of Soil 3

(50% PoB soil + 50% kaolin soil) and Soil 5 (100% kaolin) took 100 mins and 36

mins, respectively.

During the consolidation phase, the actual height of the soil specimens was reduced

following the settlement of these specimens. Hence, at the end of the consolidation

phase, the position of the specimens was adjusted to re-dock the loading ram and

ensure the loading ram was just in contact with the top cap on the soil specimens.

Therefore, the actual height of the specimens at the end of the consolidation phase

was recorded. In addition, the volume change during this phase was also

automatically recorded.
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(b)

(c)
Figure 3-22. Examples of volume change of reconstituted soft soil specimens in

consolidation phase with sqrt of time during the consolidation phase obtained from
some triaxial tests conducted in this study. (a) consolidation of Soil 1 (100% PoB soil);
(b) consolidation of Soil 3 (50% PoB soil + 50% kaolin soil); (c) consolidation of Soil

5 (100% kaolin)
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3.4.4.3 Maximum Shear Rates

To conduct the shear phase in a triaxial test, the maximum rate of axial strain (or

maximum shear rate) must be estimated. The shear rate of a specimen selected for the

shear phase should not exceed the maximum shear rate. This subsection presents the

method adopted in this study to estimate the maximum shear rate for the reconstituted

soft soil and the stabilised soil specimens.

The optimum or maximum shear rate of the specimens for the CIU tests was

calculated and estimated based on the method introduced by Head (1998). The

maximum rate of axial strain in shear phase (or shear rate) can be determined using

Eq. 3-4:

ε% =
εf × L

100 × ��
mm/minute Eq. 3-4

where L is the initial length of each specimen; tf is the estimated failure time in the

consolidation stage; ε f is the estimated axial strain at failure stage; and ε % is the

shear rate.

The calculation of tf depends on the drainage conditions during the tests, such as

undrained/drained or whether filter paper strips were applied, as shown in Table 3-12

(Head, 1998). In this study, CIU tests were conducted. Filter paper strips were applied

to accelerate the saturation and consolidation stages. Therefore, 1.8 × t100 was used to

calculate the failure time tf. In addition, 2 hours is used as the time to reach failure tf

if the calculated value is less than 2 hours. The axial strain at failure can be estimated,

as shown in Table 3-13 (Head, 1998). The initial length of all the specimens was

100 mm, as stated.
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Table 3-12. Estimation of tf (Head, 1998)

Test No Side Drains With Side Drains

Undrained (CU) 0.53 × t100 1.8 × t100

Drained (CD) 8.5 × t100 14 × t100

Table 3-13. Estimation of axial strain at failure (Head, 1998)

Soil Type CIU Test CID Test

Undisturbed clay

Normally consolidated 15–20 15–20

Over-consolidated 20 + 4–15

Remoulded clay 20–30 20–25

Brittle soils 1–5 1–5

Compacted boulder clay

Dry of o.m.c 3–10 4–6

Wet of o.m.c 15–20 6–10

Compacted sandy silt 8–15 10–15

Saturated sand

dense 25 + 5–7

loose 12–18 15–20
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Another method to determine the maximum shear rate was introduced according to

ASTM standard D 4767 as follows:

ε% =
4%

10 × T50
mm/minute Eq. 3-5

where T50 is the time to achieve 50% consolidation during the consolidation phase.

In addition, Table 3-14 (Geocomp Corp, 2011; ASTM 4767, 2020) provides the

estimated maximum shear rate based on the soil type and its permeability.

Table 3-14. Estimation of shear rate (Geocomp Corp, 2011; ASTM 4767, 2020)

Recommended strain rates in %/min

Sand Very Dense Dense Medium Loose Very Loose

Clay Very Stiff Stiff Medium Soft Very Soft

T50 min Rate of Strain (%/min)

0.5 0.2 0.4 0.8 0.18 0.34

1 0.1 0.2 0.4 0.8 1.5

5 0.02 0.04 0.08 0.16 0.3

10 0.01 0.02 0.04 0.08 0.15

20 0.005 0.01 0.02 0.04 0.075

30 0.0034 0.007 0.015 0.03 0.05

60 0.0017 0.0035 0.007 0.015 0.025

From Table 3-14, it can be concluded that for stiff clayey soil specimens with low

permeability, a shear rate of 0.0035 to 0.01 is recommended. For soft clayey soil

specimens, the recommended shear rate is between 0.015 and 0.08, depending on the

consolidation behaviour.
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In the triaxial tests, for each type of soil, a series of specimens would be tested under

different confining pressure. It is apparently that specimens with different confining

pressure have totally different consolidation parameters (e.g. T50 or T100). However,

both ASTM 4767 (2020) and Head (1998) have noted that it is important to use the

same shear rate for each specimen. The shear rate should be the rate determined from

the specimen that has the largest confining pressure. For example, if three PoB soft

soil specimens are tested under 50, 100 and 200 kPa confining pressure, respectively,

then the maximum shear rate should be calculated based on the consolidation of the

specimen with 200 kPa confining pressure.

In this study, the shear rate adopted for the reconstituted soft soil specimens was

0.01 mm/min. This shear rate was calculated based on the consolidation results of

each type of soil, which will be presented further in next subsection For the specimens

stabilised by cement or cement blends, the shear rate adopted in this study was

0.005 mm/min, as also suggested by Xiao et al. (2017) and Cheng et al. (2018). These

two shear rates adopted in this study are much lower than the maximum shear rate

calculated by following the method proposed by both Head (1998) and ASTM 4767

(2020).

3.4.4.4 Shear Phase

In the shear phase, the cell pressure remains constant, while the loading ram is

released to apply the deviator stress on the specimen. In this study, the specimens

were sheared under undrained conditions; therefore, all the drainage valves were

closed during the test. The specimens were sheared at a constant shear rate, as stated

in the previous subsection.
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All the tests were stopped on achieving an axial displacement of 15–20%. Readings of

cell pressure, back or sample pressure and axial load were recorded at each 0.1% of

displacement. At the end of the test, the specimens were removed from the triaxial

cell, and the water content (%) of each specimen was then measured. The failure

angle of each tested specimen was also measured and recorded.

The original experimental data, such as the readings of the cell pressure, the back

pressure and the axial load, were recorded and analysed after the tests. Then, the

excess pore pressure was derived based on the recorded readings of the back pressure.

The deviator stress was calculated as the ratio of the deviator load to the cross-

sectional area of the specimens by using the associated readings. Although the cross-

sectional area of the specimen at the beginning of the shear phase equals that at the

end of the consolidation phase, it cannot be assumed as a constant value during the

shear phase. The reason is that during the shear phase, the height of the specimen

decreases, which results in increasing the cross-sectional area. More details about the

calculation of the corrected cross-sectional area during the shear phase will be

provided in the next subsection.

Other parameters, such as the effective stress in each direction (σ1' and σ3'), and the

mean effective stress (q), were also calculated. The results calculated for effective

stress or deviator stress were calibrated by eliminating the effect of the membrane

stiffness in accordance with the method suggested by Head (1980). The stiffness of

the membrane used in this project was determined through extension tests conducted

by using the Load Frame in the Geocomp triaxial testing system.
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3.4.5 Corrections of Triaxial Testing Data

The experimental data from each triaxial test must be corrected before further analysis

or interpretation. The computed shear stress generally requires several corrections

when evaluating the experimental results from triaxial tests. These corrections are

made to data on the membrane stiffness, the vertical filter paper strips, the cross-

sectional area and the loading ram’s effect and friction force. This section discusses

the method adopted in this study to correct the experimental results, considering the

abovementioned factors.

3.4.5.1 Loading Ram Upthrust Correction

When conducting the triaxial compression tests, cell pressure is always applied on the

soil specimen in the triaxial cell. This cell pressure can exert an upthrust on the

loading ram. This upthrust would be recorded by the readings of the load transducer.

The axial load data recorded by the load transducer equals the total of the upthrust

load from the cell pressure and the deviator load, as shown in Eq. 3-6.

Axial Load (as recorded by load transducer) = Deviator load + Upthrust Eq. 3-6

Therefore, this upthrust force must be eliminated from the recorded axial load when

analysing the experimental results from triaxial tests. The upthrust force is equal to

the cell pressure in the triaxial cell multiplied by the surface area of the loading pistol.

3.4.5.2 Membrane Correction

First, the membrane used in this study has its own stiffness. Therefore, when

analysing the experimental results, the effect of the membrane stiffness must be

considered. The stiffness of the membrane was evaluated through an extension test

conducted using the Load Frame, which allowed determining the extension modulus,
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as shown in Figure 3-23. The impact on the shear strength resulting from the stiffness

of the membrane can be determined using Eq. 3-7.

MSCOR = � ×�
�0

× εA × (1 − εA) × CMEM Eq. 3-7

Which CMEM is the membrane stiffness factor determined by Figure 3-23; εA is

axial strain.

Figure 3-23. Determination of the extension modulus of the membrane used in the
triaxial test of this study (obtained by extension test)

3.4.5.3 Filter Paper Strip Correction

Vertical filter paper strips were used for all the specimens tested under CIU triaxial

conditions. These strips can significantly shorten the time required for the saturation

and consolidation phases, but their use also affects the strength of the soil specimens.

In the triaxial test, Eq. 3-8 is used to account for the filter paper correction required.
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FXCOR = FSC ×× εv / 0.02: 0 < εv < 0.02 Eq. 3-8

FXCOR is the strength of the filter paper strips, and FSC is the filter paper strip

stiffness factor. The corrected deviator stress on the soil sample equals the deviator

stress minus the filter paper and membrane corrections and so is given by Eq. 3-9.

σd (corrected) = σd – MSCOR − FXCOR Eq. 3-9

where σd (corrected) is the corrected deviator stress; σd is the deviator stress recorded

by the testing system; MSCOR is the strength resulting from membrane stiffness; and

FXCOR is the strength resulting from filter papers strips.

3.4.5.4 Area Correction

In the triaxial test, the cross-sectional area of the specimen is not constant, owing to

the sample volume change and axial displacement. The area correction in triaxial

testing is one among several corrections that are normally applied in deviator stress

calculations. It is determined by the form of the specimens after failure and is the sum

of the changes in vertical and volumetric strain. The corrected cross-sectional area can

be determined by uniform or parabolic methods (Eq. 3-10 and Eq. 3-11).

Uniform area correction: A =
1− εvol
1− εv

mm/minute Eq. 3-10

Parabolic area correction: A =
1− εvol

1−1.5 εv
mm/minute Eq. 3-11
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3.5 Unconfined Compression Tests

UCTs were conducted to determine the mechanical behaviour of the soil specimens

stabilised with (i) cement only, (ii) fly ash-blended cement and (iii) DuraCrete-

blended cement.

3.5.1 Cement-stabilised Port of Brisbane Soft Soil

First, to investigate the strength development of PoB soft soil stabilised by cement, 20

sets of specimens stabilised by cement were prepared in this study. The experimental

results of these specimens are regarded as the benchmark of this study. Furthermore,

another 40 sets of specimens stabilised by a combination of fly ash and cement or a

combination of DuraCrete and cement were then prepared. These results were

compared with the experimental results of the cement-stabilised specimens to

investigate the efficiency of fly ash and DuraCrete as the replacements for cement.

In particular, 20 sets of specimens stabilised by cement were prepared at moisture

contents of 70, 100, 130 and 160%, and with cement contents of 10, 15, 20, 25 and

30%. The additive content is defined as the ratio between the mass of binder and the

mass of dry soil, as shown in Eq. 3-12.

Additive content (%) = Mbinder (g) / Msolid (g) Eq. 3-12

For each additive content, three specimens were prepared and the average results were

calculated as the strength.

3.5.2 Cement-blend Stabilised Port of Brisbane Soft Soil

As stated previously, fly ash and DuraCrete were used in this study as partial

replacements of cement to reduce the amount of cement used and the emission of CO2.
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Specimens stabilised by cement blends (cement–fly ash blend or cement–DuraCrete

blend) were prepared and tested under the UC condition to determine their mechanical

behaviour.

For specimens stabilised by fly ash-blended cement also, the total binder additive

contents were 5, 10, 15, 20, 25 and 30%. The ratio of fly ash to cement were 1:1, 1:2,

1:3 and 1:4. That is, the replacement ratios of cement are 50, 33, 25 and 20%,

respectively. These ratios were selected based on earlier studies on the use of fly ash-

blended cement in soil stabilisation. For instance, Horpibulsuk et al. (2010)

recommended that 25% of cement can be replaced by fly ash (fly ash/cement ratio =

1:3), which has the most effective dispersing effect. Xiao et al. (2017) and Cheng et al.

(2018) investigated soft soils stabilised by fly ash-blended cement and adopted a ratio

of fly ash to cement of 1:2 (33% of cement was replaced by fly ash). In this study,

four replacement ratios were adopted as mentioned above. A total of 20 sets of

specimens stabilised by fly-blended cement were prepared.

For specimens stabilised by DuraCrete-blended cement, the total binder additive

contents are the same as for the previous two groups of specimens. The replacement

ratios of 3%, 5%, 7% and 9% were adopted in this study. For specimens stabilised by

fly ash or DuraCrete-blended cement, the initial water content of soil was fixed at the

natural water content (on average, 130%).

3.5.3 Cement-stabilised Port of Brisbane Soft Soil and Kaolin Soil Mixtures

To investigate the impact of silt particles on the stabilisation of soft soils by using

cement, several types of PoB soft soil and kaolin soil mixtures were stabilised by

cement at varying cement content (10%, 15%, 20%, 25% and 30%). The stabilised

specimens were tested under the UC condition to determine the response of the soft



109

soils with varying silt particle contents to the replacement of cement.

3.5.4 Sample Preparation

The preparation process for the stabilised specimens for UCTs was identical to the

that for the stabilised specimens for triaxial compression tests, as discussed in the

previous section. To prepare the UCS specimens, soil slurry with the targeted water

content was mixed with each type of binder slurry to achieve the targeted binder

content. The binder slurry was prepared by thoroughly mixing each type of binder

powder with distilled water with a water/binder ratio of 0.5, as suggested in some

studies (Bolton, 2014; Buensuceso, 1990; Cong et al., 2014). The water/binder ratio is

defined by Eq. 3-13 as follows:

Water/binder ratio = Mwater (g) / M binder (g) Eq. 3-13

Then, the mixed soft soil and binder slurry was poured into cylindrical PVC moulds

of 50 mm diameter and 100 mm height. During that process, the soil–binder slurry

was also vibrated to eliminate any air bubbles trapped in the specimens. All the

specimens were then placed in an isolated box and stored in a curing room with a

constant temperature of 22 oC.

After the targeted 28-day curing period, the specimens were extruded from the PVC

moulds. It is important to trim both end-surfaces of the specimens, for ensuring these

are carefully levelled. Insufficient smoothness or irregular end-surfaces could affect

the specimen stiffness when loaded. After both end-surfaces of the specimens were

trimmed, the specimens were tested, by using a loading system manufactured by

Geocomp Company, at a constant shear rate of 1 mm/min in accordance with the test

method D2166 in ASTM. The testing was terminated on achieving 15% displacement,
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or obtaining peak deviator strength, whichever was first. The experimental results

were then analysed to determine the mechanical behaviour of the tested specimens.
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4 MECHANICAL BEHAVIOUR OF RECONSTITUTED SOFT

SOILS WITH VARYING SILT CONTENT

In this chapter, the experimental results to achieve the second main objective are

presented, analysed and discussed. In general, this chapter investigates the effect of

silt particles on the mechanical behaviour of the reconstituted soft soils and the

cement-stabilised soils. Parts of this chapter were published in a peer-reviewed

journal article (Liu et al., 2021).

In Section 4.1, the CIU triaxial compression results for five types of reconstituted soft

soils with varying silt content are analysed and discussed. The stress – axial strain,

excess pore pressure – axial strain and critical-state behaviour of each soft soil at

varying confining pressure are discussed. Thus, the effects of silt on the mechanical

behaviour of soft soils are investigated.

Then, a further set of UCTs were conducted for each group of soil stabilised by

cement. Given that the silt content may have different effects on the strength of

cement-stabilised samples, varying dosages of cement content were considered in this

study. In Section 4.2, first, the experimental results are analysed, and then, the effects

of silt particles on the mechanical behaviour of cement-stabilised soil specimens are

evaluated.

In Section 4.3, the effects of cement content and silt content on the microstructure

development of stabilised soils are analysed by using SEM images.
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4.1 Triaxial Test Results

The CIU testing results of all the specimens are summarised in this chapter. For

clarity, the component and confining pressure of each tested specimen are

summarised in Table 4-1. Summary of all tested triaxial specimens under consolidated

undrained conditionsSoil 1, 2, 3, 4, and 5 were formed by mixing PoB soft soil and

Kaolin soil with varying mixing ratios. The mixing ratio is defined as the ratio of dry

mass of each soil. For example, S1—50 refers to the specimen with 100% PoB soft

soil that was tested under 50 kPa confining pressure, and S3—100 refers to the

specimen with 50% PoB soft soil admixed with 50% kaolin soil and tested under a

confining pressure of 100 kPa. Each group of soil specimens were tested under

confining pressure of 50 – 200 kPa.

Table 4-1. Summary of all tested triaxial specimens under consolidated undrained
conditions

Testing
No

PoB Soft Soil
(%)

Kaolin Soil
(%)

Confining Pressure
(kPa)

S1—50 100 0 50

S1—100 100 0 100

S1—200 100 0 200

S2—50 75 25 50

S2—100 75 25 100

S2—200 75 25 200

S3—50 50 50 50

S3—100 50 50 100

S3—200 50 50 200

S4—50 25 75 50

S4—100 25 75 100

S4—200 25 75 200

S5—50 0 100 50

S5—100 0 100 100

S5—200 0 100 200
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4.1.1 Stress–Strain and Pore Pressure – Strain Behaviour

In this subsection, the effective stress path, the excess pore pressure – axial strain

behaviour and the stress – axial strain behaviour of each specimen are discussed. The

mean effective stress and deviator stress are defined by Eq. 4-1 and 4-2:

p′ = (σ1′ + 2σ3′)/3 Eq. 4-1

q = σ1′ − σ3′ Eq. 4-2

From Figure 4-1, it can be noted that the stress–strain behaviour shows a strain-

softening effect for all the specimens, because the changes in mean effective stress

were all negative values for all the specimens. However, the effective stress path

shifts to the right as the silt content increases under the same confining pressure. This

shift can be verified from the effective stress paths and deviator stress–strain

behaviour of these specimens. For specimens in groups S1, S2 and S3, the mean

effective stress decreased during the shear phase. For specimens in groups S5, S4—50

and S4—200, the mean effective stress decreased at the beginning of the shear phase

but increased later.
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Figure 4-1. Deviator stress versus axial strain with different confining pressures for
different silt contents (S1 represents 100% PoB soft soil; S2 represents 75% PoB soft

soil + 25% kaolin soil; S3 represents 50% PoB soft soil + 50% kaolin soil; S4
represents 25% PoB soft soil + 75% kaolin soil; and S5 represents 100% kaolin soil;

whereas 50, 100 and 200 refer to the confining pressure)

Dilation or slight dilation behaviour can also be found for specimens S5—50, S5—

100, S5—200 and S4—100, with negative values in the change of excess pore

pressure, as shown in Figure 4-2. Consequently, this resulted in the stress path of

those specimens turning direction in the p–q space. Based on these observations, for

the S1, S2 and S3 specimens (100% Port of Brisbane soft soil), the effective stress

paths are typical of normally consolidated clay. For the S5 specimens (100% kaolin

soil), the effective stress paths are typical of loose to medium-dense silty sand. The

behaviour of the specimens in the S4 group shows a transitional form, since the stress

paths of S4—50 and S4—100 show normal consolidated clay behaviour, but that of

S4—200 shows slight loose to medium-dense sand behaviour. Details of the test data



116

are tabulated in Appendices A-2 to A-6 of the thesis.

Silt content is also a key factor determining the maximum deviator stress of the

specimens. Figure 4-2 shows the relationship between stress and axial strain of the

specimens under each confining pressure. Figure 4-2 summarises the change in excess

pore pressure for each group of specimens. Most of the test results show that the

maximum deviator stress of the specimens and the silt content increased

simultaneously, with the same confining pressure. The maximum excess pore pressure,

however, decreased as the silt content increased, as shown in Figure 4-2.

Figure 4-2. Excess pore pressure versus axial strain with different confining pressures
for different silt contents (S1 represents 100% PoB soft soil; S2 represents 75% PoB
soft soil + 25% kaolin soil; S3 represents 50% PoB soft soil + 50% kaolin soil; S4
represents 25% PoB soft soil + 75% kaolin soil; and S5 represents 100% kaolin soil;

whereas 50, 100 and 200 refer to the confining pressure)
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4.1.2 Critical-state Behaviour

Figure 4-3 is plotted based on the deviator stress and the mean effective stress of each

specimen at failure condition. According to the literature (Head, 1980), the deviator

stress at failure can be determined when either of the following conditions are

achieved: (a) maximum principal stress, and (b) constant deviator stress and pore

pressure. The corresponding values of strain and pore pressure are axial strain at

failure and pore pressure at failure, respectively (Head, 1980). In this study, the

maximum principal stress ratio method was adopted to identify deviator stress at

failure. Hence, the mean effective stress and deviator stress at failure refer to both of

these at the condition when the maximum principal ratio was observed.
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Figure 4-3. Critical-state lines of the specimens at different confining pressures with
varying kaolin contents (the dotted-point lines represent the best fitted critical-state

line for each group of soil)

Slope M was used as a fitting parameter to indicate the critical-state behaviour of the

soils. It can also be used to calculate the effective friction angles of the soils. The

fitting parameter M was determined by the gradient of CSL for each group of

specimens. Then, the effective friction angle for each group of soil was back-

calculated using the following equation proposed by Wang and Luna (2012):

sin ϕ′ (°) = 3�
6+�

Eq. 4-3

A summary of the fitting factors M and the effective internal friction angle of the

tested specimens is provided in Table 4-2. It can be observed that the CSL of S5

group specimens shows the highest M value of 1.15, in which the specimens are
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100% kaolin soil without any PoB soft soil added to the specimen. In contrast, the S1

group specimens shows the lowest M value of 1.01, where the specimens are 100%

PoB soft soil without added kaolin soil. In general, the M of the fitting line increases

as the silt content increases or the clay content decreases.

Table 4-2. Summary of critical-state parameters

Soil
Groups

Clay Content
(%)

Silt Content
(%) M Friction

Angle °
Cohesion
(kPa)

S1 70.8 27.2 1.01 25.4 5.1

S2 58.0 40.3 1.05 26.5 4.6

S3 45.2 53.4 1.09 27.5 2.5

S4 32.3 66.5 1.12 28.3 1.9

S5 19.5 79.6 1.14 28.8 1.9

It is also apparent that the effective friction angle and the silt content increase

simultaneously. For clarification, the calculated values of the friction angle are plotted

against the silt content in percentage in Figure 4-4, which reveals that both have an

inversely proportional relationship. The correlation between the silt content and the

effective internal friction angle for the tested soils is:

ϕ′ (°) = 0.0645 Silt (%) + 23.863 Eq. 4-4

with a coefficient of determination (R2) equal to 0.98.
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Figure 4-4. Correlation between effective angle of internal friction and silt content

The semi-logarithmic plot of CSLs and NCLs derived from CIU shear triaxial

compression test results is shown in Figure 4-5. In the undrained shearing stage, the

void ratio of each specimen remains constant. The water content of each tested

specimen was measured as introduced previously. Therefore, the void ratio, and the

specific volume in CSLs and NCLs, were determined. The effective stress paths shift

to the left horizontally, as shown in Figure 4-5, because the drainage condition was

undrained during the shear phase.

Further, the CSLs and NCLs are parallel, as shown in Figure 4-5, for the specimens in

the S1, S2 and S3 groups. The gradients of the respective CSLs seem to be becoming

non-parallel to the gradients of their corresponding NCLs with the increase in silt

content, as indicated by the CSLs and NCLs of S4. For the S5 group specimens, the

gradients of the CSLs are obviously not parallel to those of the NCLs, indicating that

the silt particle content starts to dominate soil behaviour. Therefore, it can be
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concluded that S1, S2 and S3 show typical clay behaviour, whereas S5 shows typical

loose to medium-dense sand behaviour. S4 is in a transitional form between sand and

clay.

Figure 4-5. V-lnp relationship on a semi-logarithmic scale

Furthermore, the gradients of the compression lines of the tested specimens were

derived from the NCL and CSL results of each group of specimens, as shown in Table

4-3 and Figure 4-5. Details of the relevant test data are tabulated in Appendix A-7 the

thesis. The ratios of the gradients of compression lines (λ (NCL)/λ (CSL)) of S1, S2,

S3, S4 and S5 are 1.02, 0.99, 0.97, 0.90 and 0.88, respectively. This also indicates that

the NCLs and the corresponding CSLs of S1, S2 and S3 are relatively more parallel

than those of S4 and S5. This result indicates that specimens with higher clay contents

are likely to have more parallel CSLs and NCLs. The R2 of the λ (NCL)/λ (CSL) and

silt content for the tested specimens is 0.951; the correlation equation is:
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λ (NCL)/λ (CSL) = −0.0023 Silt content% + 1.07 Eq. 4-5

Table 4-3. Summary of CSL and NCL parameters

Soil Groups Silt Content (%) λ (NCL) λ (CSL) λ (NCL)/λ (CSL)

S1 27.2 0.14 0.14 1.02

S2 40.3 0.15 0.15 0.99

S3 53.4 0.13 0.13 0.97

S4 66.5 0.16 0.18 0.90

S5 79.6 0.15 0.17 0.88

4.2 Unconfined Compressive Strength

To investigate the impact of silt particles on the behaviour of cement-stabilised soil

specimens, four groups of soft soil specimens (S1, S2, S3 and S4) were stabilised by

cement with varying cement content (10%, 15%, 20%, 25% and 30%). The specimens

were tested under UC condition. The UCS of each group of tested specimens are

presented and discussed in this section.

4.2.1 Unconfined Compressive Strength of Stabilised Soils

The UCS results for all the tested specimens are summarised in Table 4-4. The

cement contents adopted were 10, 15, 20, 25 and 30%. Four groups of specimens with

different PoB soft soil and kaolin soil mixing ratios were considered, as shown in

Table 4-4. Therefore, a total of 20 sets of specimens were prepared, the details of

relevant unconfined compression test data are tabulated in Appendices B-1 and C-1 of

the thesis.
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Table 4-4. Unconfined compressive strength of stabilised soils with varying silt
content

Soil
Group

Port of Brisbane Soft Soil
(%)

Kaolin Soil
(%)

Cement Content
(%)

S1 100 0 10, 15, 20, 25, 30

S2 75 25 10, 15, 20, 25, 30

S3 50 50 10, 15, 20, 25, 30

S4 25 75 10, 15, 20, 25, 30

For clarity, the correlation between UCS results and the additive content of cement

and the content of silt are shown from the plotted Figures 4-6 and 4-7. The correlation

between the UCS and the additive content for each group of stabilised specimens is

plotted in Figure 4-6. The results of UCS for each group of specimens increase

significantly as the cement content increases from 10% to 30%. This result is

consistent with the outcomes of other studies on soft soils with a high moisture

content (Bolton, 2014; Horpibulsuk et al., 2010; Yao et al., 2020). However, it is

interesting to find that the influence of the cement on each type of soil differs. The

increase in the cement content has the biggest influence for the S1 group of specimens,

which contained 100% PoB soft soil. With the increase in silt content, the influence

on UCS as a result of the increase in the cement content becomes increasingly slight.

For example, the addition of cement increases the strength of specimens in group S4

(25% PoB soft soil + 75% kaolin soil), but a further increase in cement content does

not contribute significantly to the improvement of strength.
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Figure 4-6. Correlation between unconfined compressive strength and silt content

Figure 4-7. Correlation between unconfined compressive strength and cement content
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According to the experimental results of this study, the correlation between the silt

content and the strength of specimens is related to the cement content. Figure 4-6

shows the relationship between the silt content and the UCS of the specimens under

varying cement contents. From Figure 4-6, it can be concluded that the silt content is

a key factor affecting the strength of the stabilised specimens with the same moisture

content. Moreover, the cement content has significant influence in terms of the

correlation between the silt content and the UCS of samples. In particular, the UCS

increases with the increase of silt content when the cement content is only 10%.

By comparing the results for the specimens in groups S1 (100% PoB soft soil), S2

(75% PoB soft soil + 25% kaolin soil) and S3 (50% PoB soft soil + 50% kaolin soil),

it can be observed that for the specimens with a cement content of 15 or 20%, the

UCS increases with the increase in silt content at first. However, then there is a

decrease in the UCS of specimens with a further increase in the silt content, since the

UCS of the specimens in S4 (25% PoB soft soil + 75% kaolin soil) is lower than that

of the specimens in S3 at 15% or 20% of cement, as shown in Figure 4-7. That means

that, for the specimens with a cement content of 15 and 20%, the UCS of specimens

increases with the increase in silt content at first.

However, once the silt content reaches a particular percentage or a saturation point,

further increases in silt content will result in a decrease in the UCS. For the specimens

with a high cement content, such as 25 and 30%, there is a negative correlation

between the UCS of the specimens and the cement content, as shown in Figure 4-7.

The UCS of specimens in the S1 (100% PoB soft soil) group is higher than that of the

S2 (75% PoB soft soil + 25% kaolin soil), S3 (50% PoB soft soil + 50% kaolin soil)

and S4 (25% PoB soft soil + 75% kaolin soil) groups, with 25 or 30% cement content.
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The addition of cement can aggregate soil particles to form stronger bonds between

these particles, which results in the increase of strength. When the cement content is

high, such as 25 or 30%, there are not enough clay particles to fill the voids between

the silt and cement particles, which results in the decrease in strength with the

increase in silt content with the cement content of 25% and 30%. Details of relevant

unconfined compression test data with kaolin soil mixtures are tabulated in Appendix

B-1 and C-1 of the thesis.

Therefore, it is observed based on the results plotted in Figure 4-7 that the correlation

between the UCS of stabilised specimens and the silt content is not always positive.

Both the silt content and the cement content have significant influence on the UCS of

stabilised specimens with high water content. Essentially, there is a linear correlation

between the UCS of specimens and the silt content when the cement content is low.

When the cement content is in the medium range (15 or 20%), the UCS of the

specimens increases with the increase in silt content at first, but then decreases once

the silt content reaches a saturation point. These trends can also be observed and

verified through the SEM results of specimens. The mechanism of these observed

correlations is further explained by the SEM results on the aspect of the

microstructure of the specimens.

4.3 Scanning Electron Microscopy

To determine the relationship between strength and microstructure development, and

further clarify the findings observed from the UCS results, SEM images with 5,000

magnification were taken and analysed. The SEM images are presented and discussed

in this section.
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Figure 4-8 to Figure 4-10 show the microstructure of stabilised specimens with

varying silt and cement contents. Figure 4-8 indicates the SEM images of four types

of clay silt mixture: S1 (Figure 4-8a), S2 (Figure 4-8b), S3 (Figure 4-8c) and S4

(Figure 4-8d) stabilised with 10% cement. Figure 4-9 and Figure 4-10 present the

SEM images of specimens stabilised with 20% and 30% cement, respectively.

(a) (b)

(c) (d)
Figure 4-8. SEM images of specimens treated by 10% cement with different silt

contents: (a) S1 + 10% cement, (b) S2 + 10% cement, (c) S3 + 10% cement, (d) S4 +
10% cement (scale ×5,000)
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(a) (b)

(c) (d)
Figure 4-9. SEM images of specimens treated by 20% cement with different silt

contents: (a) S1 + 20% cement, (b) S2 + 20% cement, (c) S3 + 20% cement, (d) S4 +
20% cement (scale ×5,000)

(a) (b)
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(c) (d)
Figure 4-10. SEM images of specimens treated by 30% cement with different silt
contents: (a) S1 + 30% cement, (b) S2 + 30% cement, (c) S3 + 30% cement and (d)

S4 + 30% cement (scale ×5,000)

A comparison of Figure 4-8a, Figure 4-9a and Figure 4-10a clearly shows that the

number of large pores decreases and that of small pores increases with the increment

of cement content, which can be attributed to the production of cementitious materials

formed from cement hydration and a pozzolanic reaction, such as CSH, calcium

aluminium silicate hydrates (CASH) and ettringite. These products, which can be

found in the images as reticulation (CSH, CASH), flocculation (CSH, CASH) and

needle-shaped structures (Ettringite), filled pores and coated soil particles, which

results in a dense aggregated structure responsible for the strength gain. The

observations from the SEM images are consistent with Kamruzzaman et al.’s (2006)

results. Their observations of SEM images of cement-treated marine clay in Singapore

indicated that the flocculation of the clay particles results in trapping water within the

clay–cement cluster and, therefore, both the entrance pore diameter and particles of

cluster increased (Kamruzzaman et al., 2006)

However, when the cement content remained constant, the microstructure of the four

samples with different silt content did not change consistently. At the lower additive

content of cement (10%), there is an obvious growth in the number of larger silt
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platelets (Figure 4-8a–d) with the increment of silt content, which is due to the larger

size of silt particles and the edge-to-edge and edge-to-surface contact of silt platelets.

However, the area of soil pores decreased slightly simultaneously. This can be

attributed to those smaller size clay platelets that can easily fill in the large pores and

aggregate together by cementitious gels to form large, dense aggregates, which

improved the stability of the soil structure and increased the strength.

When the cement content is 20% (Figure 4-9a–c), the soil pores show an increasing

trend, which is consistent with the trend of lower (10%) cement-stabilised soil.

However, when the silt content is higher than 50% (Figure 4-9d), there is a significant

increase in large pores, which can be attributed to the excessive number of large

particles, because cement particles are also larger in size than clay particles. Thus, the

strength gained from cementitious products can be partially countered by the pore size

increment caused by excessive cement content, and that is the reason this

phenomenon did not perform at the 10% cement content. Thus, when the silt content

exceeded the saturation point (50%), the excessive number of large particles led to a

substantial increase of large pores, and the content of clay particles and formed

hydration products are not sufficient to fully fill the pores, which resulted in a loose

structure and lesser connections among particles. Once loaded, the soil particles and

aggregates are prone to dislocation and sliding, resulting in the change of soil

structure and a reduction of soil strength. The changes of microstructure are consistent

with the tendency of UCS strength in Figure 4-6. Therefore, it can be concluded that

the saturation point of silt content is approximately 50% when treated with 20%

cement.
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Further, Figure 4-10a–d shows that when the cement content is higher (30%), the

number of large pores increases with the increase of silt content owing to the larger

particle size. The large pores can lead to a decrease in the soil structure compactness,

and the soil can be easily dislocated and slide under compression. Meanwhile, the

cementitious products reduced with the increase of silt content because these

cementitious materials are mainly produced by the reaction between cement and silica

and alumina from clay particles. Therefore, the reduction of clay content impeded the

hydration and pozzolanic reaction, resulting in the incomplete reaction of cement,

which made the stabilisation process imperfect. These changes in microstructure thus

explain why the UCS strength continuously decreased with the increase of silt content

at a high cement content (30%).

4.4 Concluding Remarks

In this study, a series of triaxial compressive tests were conducted on soft soils with

varying silt contents to investigate the effect of silt contents on the strength and

critical-state behaviours of soft soils. Empirical equations were proposed to evaluate

the effect of silt content on the stress paths of reconstituted soft soils under CIU

triaxial tests and the critical-state parameters. A further set of UCTs were conducted

for each group of specimens stabilised by cement.

According to the observations from the CIU triaxial compression tests, it can be

concluded that (a) when silty soils have a plasticity index above 29%, even the soils

are classified as silt based on the Atterberg limit testing results but show clay-like

behaviour in the critical-state framework, as evidenced by the corresponding NCL and

CSL; (b) silty soils with a plasticity index between 19% and 29% show a transitional

behaviour between clay-like and sand-like behaviour, as the corresponding NCL and
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CSL become non-parallel; and (c) silty soils with a plasticity index below 19% show

typical sand-like behaviour, for the corresponding NCL and CSL are obviously non-

parallel, as indicated in Figure 4-5.

Since the effects of the silt content on the strength of cement-stabilised samples may

differ, varying dosages of cement content were considered in this study. The

experimental results showed the variations in the role of the silt content in soil

stabilisation under different cement additive or replacement contents. The effects of

the cement content and the silt content on the microstructure development of

stabilised soils were also analysed by utilising SEM images. With the increase of

cement dosage, the number of cementitious products, such as reticulated CSH and

needle-shaped ettringite increased notably, resulting in a denser structure. This effect

can be attributed to the hydration of cement and the pozzolanic reactions.

As for the effect of silt content, since particle size plays a key role in microstructure

development, the cement and silt content can both dramatically affect the pore size

distribution. When the cement content is less than 10%, clay platelets can fill the pore

spaces and the cementitious products can enhance the inter-cluster bond strength by

aggregating clay and silt platelets together to form larger, denser aggregates that are

responsible for the strength improvement. When the cement content is 10% to 20%,

the stabilised soil strength increases with the increase of silt content and then

decreases when the silt content exceeds 50%. This is because the strength gained from

cementitious product enhancement is partially countered by the increments of pore

size caused by the excessive cement and silt contents. When the cement content

exceeds 20%, the strength shows a negative correlation with the silt content, which
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can be attributed to the incomplete reaction of cement owing to the reduction of clay

content.

In general, any increase in the amount of cement will increase the improved soil

strength (see Figure 4-7). However, this study shows that it is very important for

engineers to also realise that the increment of cement used in each cement

replacement group in soils with an appreciable silt percentage (see Figure 4-6) has a

‘saturation point’, after which any further increase in cement replacement content will

not increase the strength of the improved soil further. The saturation points in this

study were found to be (i) more than 50% silt for cement content not exceeding 20%

replacement, and (ii) not dependent on silt content for cement content exceeding 20%

replacement. By knowing these important outcomes, engineers can reliably customise

the soil–cement mix design for optimal strength outcomes, given any type of fine-

grained soils containing predominantly clay and silt particles.



134

5 STRENGTH OF THE POB SOFT SOILS STABILISED BY

CEMENTITIOUS MATERIALS

In this chapter, the experimental results to achieve the first and third main objectives

are presented, analysed and discussed. In Section 5.1, the experimental results of the

PoB soft soil stabilised by cement at varying cement content and soil moisture content

are presented and discussed. This is to achieve the first objective, which is to

investigate the mechanical behaviour of the PoB soft soils stabilised with cement, at

varying cement content and soil moisture content.

Then, in Section 5.2, the experimental results for the soil specimens stabilised by

cement blends, namely fly ash-blended cement and DuraCrete-blended cement, are

presented and discussed. This is to investigate the use of fly ash and DuraCrete as the

partial replacement of cement, to reduce CO2 emissions.

The PoB soft soil stabilised by (i) cement only, (ii) fly ash-blended cement and (iii)

DuraCrete-blended cement, at cement content or total mixture content of 20%, was

tested under CIU conditions. The results are presented and analysed in Section 5.3. In

Section 5.4, the microstructure of the specimens stabilised by (i) cement only, (ii) fly

ash-blended cement and (iii) DuraCrete-blended cement are presented and discussed.

Parts of this chapter were published in peer-reviewed journal articles (Liu et al., 2019,

2021a).

Section 5.5 discusses the reduction of cement and carbon footprint by adopting

cement-blends in soft soil stabilisation. In Section 5.6, advantages for adopting soil

stabilisation at land reclamation site are discussed. In the end, in Section 5.7, a

concluding remark is presented which summarises the key findings of Chapter 5.
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5.1 UCS of PoB Soft Soil Stabilised by Cement

To investigate the mechanical behaviour of the PoB soft soil stabilised by cement, this

soil with four different moisture contents (70%, 100%, 130% and 160%) was

stabilised by cement at cement contents of 10%, 15%, 20%, 25% and 30%. The

specimens were then tested under the UC condition after the 28-day curing period.

The experiment results were analysed and are presented in this section.

Figure 5-1 shows the deviator stress – axial strain curves of cement-stabilised soil

specimens at different cement contents and soil water contents. The curves present the

experimental results of soils with water content of 70, 100, 130 and 160%, and

cement content of 10, 15, 20, 25 and 30%. Figure 5-1a, b, c and d show the results of

specimens with 70, 100, 130 and 160% water content, respectively.

In general, the deviator stress increased with the increase in axial strain until it

reached a peak or failure point. After the peak deviator stress was reached, further

increase in the axial strain resulted in a decrease in the residual deviator stress. The

maximum deviator stress of each specimen in kPa are summarised in Table 5-1. From

the observations, it can be concluded that there is an obvious increase in strength and

stiffness. The increase in cement content or the decrease in initial water content can

result in an increase in the peak deviator stress of the stabilised soils.

The modes of failure may be characterised as belonging to one of the following three

modes: brittle, quasi-brittle and ductile. In general, specimens with cement content of

10 and 15% show an obvious ductile behaviour, with the post-peak stress decreasing

gradually with the increase in strain. Specimens with cement contents ranging from

20 to 30% show a brittle behaviour, in which the stress decreases rapidly with the

increase in strain after reaching the peak stress. In general, this trend is consistent with
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that identified in prior studies for soft marine clay (Chew et al., 2004). For specimens

with a water content of 70%, the results obtained indicate that the failure mode can be

described as a more ductile failure mechanism at the cement content of 10%.

Meanwhile, a brittle failure mechanism can be observed for specimens at the cement

contents of 15, 20, 25 and 30%. The same observations can also be found for

specimens with an initial water content of 100%.

For specimens with a water content of 130% or 160%, it can be observed that the

failure mode of specimens with 10–15% cement content is more ductile; meanwhile,

the specimens with 20–30% cement content show a more brittle failure mode,

generally. Details of relevant unconfined compression test data are tabulated in

Appendices B-1 to B-4 of the thesis.

(a) 70% Soil Water Content
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(b) 100% Soil Water Content

(c) 130% Soil Water Content
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(d) 160% Soil Water Content
Figure 5-1. Stress–strain curves of cement-stabilised specimens at w% (70-

130%)Table 5-1. Summary of UCS results of cement-stabilised specimens at different
cement content and soil initial moisture content

OPC (%) Unconfined Compressive
Strength (kPa) OPC (%) Unconfined Compressive

Strength (kPa)

70% Soil Moisture Content 100% Soil Moisture Content

10 118.6 10 64.6

15 261.5 15 140.9

20 452.3 20 291

25 696.9 25 499.4

30 1199.8 30 887.4

130% Soil Moisture Content 160% Soil Moisture Content

10 92.5 10 41.7

15 181 15 120.1

20 313.2 20 262.7

25 604 25 404.7

30 1060 30 525.6
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The UCS development of tested specimens at each cement content and soil initial

moisture content are plotted in Figure 5-2, to indicate the impact of the initial water

content on the UCS development of the cement-stabilised soil specimens. The figure

reveals that the specimens with higher cement content achieved higher UCS, which is

consistent with the observations from the stress–strain curves. Meanwhile, specimens

with higher initial water content achieved lower strength at the same cement content.

Figure 5-2. UCS of the soil specimens stabilised by cement at varying cement content
with different initial moisture content

For better clarity, Figure 5-3 shows the relationship between the UCS and the cement

content for each soil group with different initial moisture content. From Figure 5-3, it

can also be observed that specimens with a higher cement content have a higher UCS.
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Figure 5-3. UCS of the soil specimens stabilised by cement at varying cement content
with different initial moisture content

From Figure 5-3, it can be observed that the UCS or peak deviator stress did not

increase linearly with the increase in the cement content. In some studies on cement-

stabilised soft marine clay, such as that of Yao et al. (2020), a linear correlation was

observed between the UCS of cement-stabilised specimens and the cement content (as

shown in Figure 5-4). This is because the soft soil – cement mixing method adopted in

this project differs from the method adopted by Yao et al. (2020). They mixed soft

soil slurry with dry cement powder at different cement content. Therefore, the total

water content in the soil–cement mixture was fixed and was equal to the initial water

content of the original soil slurry.
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Figure 5-4. UCS of cement-stabilised Singapore soft marine clay (Yao et al., 2020)

In this study, the specimens were prepared by mixing the soft soil slurry and binder

slurry, and the binder slurry was prepared by mixing the binder and water at a ratio of

2:1 by mass, as mentioned previously. Therefore, the total water content of specimens

with different cement content was different (water in soil slurry + water in binder

slurry). The total water content of the soil–cement mixture was equal to the soil’s

initial moisture content (70%, 100%, 130% or 160%) plus the added water in the

cement slurry, as shown in Eq. 5-1 and Eq. 5-2. The added water is the water used to

prepare cementitious products slurry.

Total water content, W (%) = Soil initial moisture

content (%) + added water (%)

Eq. 5-1

Added water (%) = Madded water (g) / Msoil solids (g) Eq. 5-2

Therefore, the peak deviator stress did not increase linearly with the increase in
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cement content. In other studies that adopted the preparation method of this study (e.g.

Chew et al., 2004; Kwan et al., 2005), a nonlinear relationship between the peak

deviator stress (or UCS) and the cement content can be observed (Figure 5-5 and

Figure 5-6). That indicates the experimental results obtained in this study are

consistent with the results of other studies (Chew et al., 2004; Kwan et al., 2005) that

adopted the same preparation method.

Figure 5-6. Cement-stabilised Melbourne soft estuarine soil (Kwan et al., 2005)

To evaluate the strength development of tested specimens further, the water–cement
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ratio of each specimen was calculated, which is summarised in Table 5-2. This ratio

has been proven to be a reliable parameter for indicating the strength of stabilised

soils (Horpibulsuk et al., 2005, 2011). It is defined as the ratio of the mass of water in

the soil–cement mixture to the mass of cement powder (c), as shown in Eq. 5-3a and

Eq. 5-3b.

Water/cement ratio (w/c) = Mwater (g) / Mcement (g) Eq. 5-3a

Mwater (g) = Madded water (g) + Minitial water in soil slurry (g) Eq. 5-3b

Table 5-2. Total water content, water–cement ratio and UCS of each set of specimens

OPC* (%) W (%) W/C Compressive Strength (or UCS) (kPa)

Soil water content 70%

10 75 7.5 118.6

15 77.5 5.2 261.5

20 80 4 452.3

25 82.5 3.3 696.9

30 85 2.8 1199.8

Soil water content 100%

10 105 10.5 92.5

15 107.5 7.2 181

20 110 5.5 313.2

25 112.5 4.5 604

30 115 3.8 1060

Soil water content 130%

10 135 13.5 64.6

15 137.5 9.2 140.9

20 140 7 291

25 142.5 5.7 499.4

30 145 4.8 887.4



145

Soil water content 160%

10 165 16.5 41.7

15 167.5 11.2 120.1

20 170 8.5 262.7

25 172.5 6.9 404.7

30 175 5.8 525.6
*OPC is Ordinary Portland Cement

The strength of specimens at each water/cement ratio (W/c) for each group of

specimens is plotted in Figure 5-7. It can be concluded from Figure 5-7 that the

strength of the specimens decreased with the increase in the water/cement ratio.

Figure 5-7. Relationship between unconfined compressive strength and the
water/cement ratio, for cement-stabilised specimens with varying initial water content
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The relationship between the strength and the water/cement ratio can be expressed by

Eq. 5-4.

UCS =
A

��
�

B
Eq. 5-4

where UCS is the unconfined compressive strength of stabilised specimens after

reaching the targeted curing period; W and c are the total water content and the

cement content, respectively; and A and B are empirical constants.

A similar tendency between strength and the water/cement ratio was also observed in

other studies on soft soil stabilisation (Horpibulsuk et al., 2011; Ma et al., 2014). In

general, the trends between strength and the water/cement ratio observed in Figure 5-

8 are consistent with the experimental results of prior studies on soft soils in Bangkok

and Singapore marine clays (Chew et al., 2004; Lee et al., 2005; Ma et al., 2014),

which indicates that the experimental results obtained in this study are reliable and

consistent. Using the experimental data, the best-fitting trendlines are plotted (Figure

5-8) to estimate the empirical equations for each set of soil specimens.
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Figure 5-8. Best-fitting trendlines for estimating empirical equations

The mathematical empirical equation of each curve is as follows:

For soil with W = 70%:

UCS = 11846
��
�

2.309 with a R² = 0.992 Eq. 5-5

For soil with W = 100%:

UCS = 22057

��
�

2.385 with a R² = 0.975 Eq. 5-6

For soil with W = 130%:
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UCS =
42621

��
�

2.531 with a R² = 0.991 Eq. 5-7

For soil with W = 160%:

UCS = 47832
��
�

2.49 with a R² = 0.992 Eq. 5-8

Ma et al. (2014) suggested that the variation of parameter A in Eq. 5-4 is related to the

curing period of specimens. In this study, it was observed that the variation of

parameter A also related to the initial water content of the soil. A higher initial water

content in the soft soil specimens resulted in a higher parameter A. The variation in

this parameter is approximately constant for all the four groups of specimens

stabilised by cement. The observation in terms of the variation in parameter B is

constant with those of the studies mentioned previously.

5.2 UCS of PoB Soft Soil Stabilised Using Different Cement Blends

To investigate the possibility of substituting the cement content with clean materials,

which produce less CO2, an industrial by-product, fly ash, and a cement modifier,

DuraCrete, were used in this study as the partial replacements of cement. These two

materials were each admixed with cement at different mixing ratios. The mixed

cement blends are called fly ash-blended cement and DuraCrete-blended cement. The

fly ash/cement mixing ratios were 1:1 (or 50%), 1:2 (or 33%), 1:3 (or 25%) and 1:4

(or 20%). The DuraCrete/cement mixing ratios adopted were 3:100 (3%), 5:100 (5%),

7:100 (or 7%) and 9:100 (or 9%). The total mixture contents for both fly ash-blended

cement and DuraCrete-blended cement were 10%, 15%, 20%, 25% and 30%, which

were consistent with the cement-only group. Details of relevant unconfined
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compression test data with PoB soft soil stabilised by cement-blends are tabulated in

Appendices C-2 and C-3 of the thesis.

The PoB soft soil was stabilised with these two cement blends (fly ash-blended

cement, and DuraCrete-blended cement). The moisture content of the soil slurry was

fixed at the natural moisture content, which is 130%. After the stabilisation and curing

phases, the specimens were tested under the UC condition.

The test results for the specimens stabilised by cement – blend (fly ash-blended

cement and DuraCrete-blended cement) are presented and discussed in this section.

For these specimens, because the stabilisation agents are a combination of two

materials (cement and fly ash or cement and DuraCrete), the parameter of

water/cement ratio (W/c) introduced previously is replaced by the water/cement blend

ratio (W/b) hereafter. The latter is defined as the ratio of the total water content (W) to

the cement blend, as shown in Eq. 5-9a, b and c.

Water/cement blend ratio (w/b) = Mwater (g) / Mcement-blend (g) Eq. 5-9a

Mwater (g) = Madded water (g) + Minitial water in soil slurry (g) Eq. 5-9b

Mcement-blend (g) = Mcement+ Mfly ashOr

Mcement-blend (g) = Mcement+ MDuraCrete

Eq. 5-9c

5.2.1 PoB Soft Soil Stabilised by Fly Ash-blended Cement

Specimens stabilised by fly ash-blended cement were stabilised at a total mixture

content ranging from 10 to 30%, which is consistent with the cement – only group. As

mentioned previously, cement-blended fly ash is prepared by mixing fly ash and
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cement at four ratios: 1:1; 1:2; 1:3 and 1:4. The related experimental results are

summarised in Table 5-3. In particular, the cement (OPC) content, fly ash, total water

content (W), water/cement blend ratio (W/b) and the average strength of each set of

specimens are presented in Table 5-3. The UCS of tested specimens stabilised by fly

ash-blended cement at each fly ash/cement mixing ratio and addition content is

presented in Figure 5-9.

As shown in Table 5-3 and Figure 5-9, it can be concluded that the cement-only mix

performs better than the cement – fly ash blend at the same mix percentage. For a

fixed mix percentage, specimens stabilised by the cement-only mix achieved higher

strength than the cement – fly ash blend, that is, the former had a higher rate of

increase of strength than the latter. With the increase in the fly ash/cement ratio, the

strength of specimens decreased.

Table 5-3. Measured UCS results of specimens stabilised by fly ash-blended cement

Row
Cement-only or
Cement – Fly Ash
Blend Content (%)

OPC
(%)

Fly Ash
(%)

W
(%) W/B UCS

(kPa)

A 10 10 0 135.0 13.5 64.6

B 15 15 0 137.5 9.2 140.9

C 20 20 0 140.0 7.0 291.0

D 25 25 0 142.5 5.7 499.4

E 30 30 0 145.0 4.8 887.4

F 10 8 2 135.0 13.5 60.4

G 15 12 3 137.5 9.2 126.7

H 20 16 4 140.0 7.0 248.6

I 25 20 5 142.5 5.7 386.7

J 30 24 6 145.0 4.8 651.0

K 10 7.5 2.5 135.0 13.5 57.6

L 15 11.5 3.5 137.5 9.2 105.9

M 20 15.0 5.0 140.0 7.0 229.4
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N 25 18.5 6.5 142.5 5.7 351.0

O 30 22.5 7.5 145.0 4.8 564.1

P 10 6.5 3.5 135.0 13.5 55.2

Q 15 10.0 5.0 137.5 9.2 92.4

R 20 13.5 6.5 140.0 7.0 195.5

S 25 16.5 8.5 142.5 5.7 330.5

T 30 20.0 10.0 145.0 4.8 452.5

U 10 5.0 5.0 135.0 13.5 34.6

V 15 7.5 7.5 137.5 9.2 75.7

W 20 10.0 10.0 140.0 7.0 105.7

X 25 12.5 12.5 142.5 5.7 204.8

Y 30 15.0 15.0 145.0 4.8 257.7

Figure 5-9. UCS of specimens

Based on the results presented in Figure 5-9 and Table 5-3, the best trend-fitting

curves (dotted lines) to indicate the UCS of each tested specimens are presented in
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Figure 5-10. Then, empirical equations are derived based on the best trend-fitting

curves.

Figure 5-10. Empirical trendlines to indicate the relationship between UCS and
water/binder ratio for fly ash-blended cement-stabilised specimens

Using the best-fit trend lines plotted in Figure 5-10, the following empirical equations

for each set of specimens were determined (Eq. 5-10 – Eq. 5-13). Parameters A and B

both decreased with the increase in the fly ash/cement ratio.

For specimens stabilised with a 1:4 fly ash/cement ratio:

UCS = 20802
��
�

2.266 with a R² = 0.992 Eq. 5-10

For specimens stabilised with a 1:3 fly ash/cement ratio:
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UCS= 19315
��
�

2.283 with a R² = 0.970 Eq. 5-11

For specimens stabilised with a 1:2 fly ash/cement ratio:

UCS =
12311
��
�

2.113 with a R² = 0.988 Eq. 5-12

For specimens stabilised with a 1:1 fly ash/cement ratio:

UCS =
5672

��
�

1.975 with a R² = 0.989 Eq. 5-13

5.2.2 PoB Soft Soil Stabilised by DuraCrete-blended Cement

Table 5-4 summarises the results of specimens stabilised by DuraCrete-blended

cement with DuraCrete/cement ratios of 3:100 (or 3%), 5:100 (or 5%), 7:100 (7%)

and 9:100 (9%). The total mixture contents (cement + DuraCrete) range from 10% to

30%, which is consistent with the specimens stabilised using cement only or fly ash-

blended cement. The relationship between compressive strength and total mixture

content for each set of specimens is plotted in Figure 5-11. From Table 5-4 and Figure

5-11, it can be observed that DuraCrete is very effective in improving the strength of

the stabilised specimens. A small quantity of DuraCrete can bring a rapid increase in

strength.

For clarity, Figure 5-11 presents the relationship between the strength and

DuraCrete/cement ratio at each total mixture content. Therefore, it can be concluded

that for a fixed total mixture content, specimens stabilised by DuraCrete-blended

cement achieved higher strength than did specimens stabilised by cement only. In

addition, at a fixed total mixture content, the strength of specimens increased with the
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increase of DuraCrete/cement ratio at first, after it reached a ‘saturation point’, when

further increase in DuraCrete content resulted in decrease in strength.

Figure 5-11. Measured UCS strength of specimens stabilised by DuraCrete-blended
cement

In particular, when the total mixture content was 10% and 15%, maximum strength

was achieved for specimens stabilised by DuraCrete-blended cement at a

DuraCrete/cement ratio of 5:100 (or 5%). When the cement-blend content was 20%,

25% and 30%, specimens stabilised by DuraCrete-blended cement at a

DuraCrete/cement ratio of 3:100 (or 3%) achieved the highest strength. To understand

better the strength development of specimens stabilised by DuraCrete-blended cement,

the relationships between the specimen strength at each DuraCrete/cement ratio and

the water/cement blend ratio (W/b) are plotted in Figure 5-12 and the related

empirical equations are proposed for each set of specimens. The fitted curve based on

the experimental results for the specimens is plotted in Figure 5-12.
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Figure 5-12. Relationship between UCS and water/cement blend ratio for DuraCrete-
blended cement-stabilised specimens

The empirical equations derived from those best-fitting curves are:

For specimens stabilised by DuraCrete-blended cement with a DuraCrete/cement ratio
of 3%:

UCS= 49665
��
�

2.509 with a R² = 0.985 Eq. 5-14

For specimens stabilised by DuraCrete-blended cement with a DuraCrete/cement ratio
of 5%:

UCS = 22193
��
�

2.136 with a R² = 0.985 Eq. 5-15
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For specimens stabilised by DuraCrete-blended cement with a DuraCrete/cement ratio
of 7%:

UCS = 22042
��
�

2.245 with a R² = 0.977 Eq. 5-16

For specimens stabilised by DuraCrete-blended cement with a DuraCrete/cement ratio
of 9%:

UCS= 17556
��
�

2.166 with a R² = 0.969 Eq. 5-17

Table 5-4. Measured UCS for specimens stabilised by DuraCrete-blended cement

Cement or Cement-
blend Content (%) OPC (%) DuraCrete

(%) W (%) W/B UCS (kPa)

10 10 0 135.0 13.5 64.6

15 15 0 137.5 9.2 140.9

20 20 0 140.0 7.0 291.0

25 25 0 142.5 5.7 499.4

30 30 0 145.0 4.8 887.4

10 9.7 0.3 135.0 13.5 81.2

15 14.6 0.5 137.5 9.2 160.7

20 19.4 0.6 140.0 7.0 349.7

25 24.3 0.8 142.5 5.7 712.6

30 29.1 0.9 145.0 4.8 960.7

10 9.5 0.5 135.0 13.5 94.6

15 14.3 0.8 137.5 9.2 173.3

20 19.0 1.0 140.0 7.0 312.7

25 23.8 1.3 142.5 5.7 587.4

30 28.5 1.5 145.0 4.8 800.6

10 9.3 0.7 135.0 13.5 64.5

15 14.0 1.1 137.5 9.2 169.0

20 18.6 1.4 140.0 7.0 241.5

25 23.3 1.8 142.5 5.7 386.3

30 27.9 2.1 145.0 4.8 758.9

10 9.1 0.9 135.0 13.5 72.3



157

15 13.7 1.4 137.5 9.2 123.1

20 18.2 1.8 140.0 7.0 240.0

25 22.8 2.3 142.5 5.7 368.1

30 27.3 2.7 145.0 4.8 701.8

5.3 Triaxial Results of PoB Soft Soil Stabilised by Cement and Cement

Blends

The application of deep-mixed columns is usually 10–40 m below ground level.

Therefore, the effect of confining pressure cannot be ignored in this case. Hence, a

series of CIU tests were conducted to investigate further the behaviour of the

stabilised specimens under confining pressure. Similarly, to the preparation of the

UCS specimens, the specimens for CIU tests were prepared in three groups, and each

group of specimens was stabilised by a type of binder. These specimens were

stabilised by cement only, fly ash-blended cement and DuraCrete-blended cement. In

the preparation of CIU specimens, for each of these three types of design mix, the

mixture content was fixed at 20%.

The UCS experiment results showed that for specimens stabilised by fly ash-blended

cement, the highest UCS was achieved when the ratio between fly ash and cement

was 1:4. Therefore, a fly ash/cement ratio of 1:4 was adopted in preparing specimens

stabilised by fly ash/cement. For the same reason, a DuraCrete/cement ratio of 3:100

(or 3%) was adopted when preparing the specimens stabilised by DuraCrete-blended

cement. The confining pressure ranged from 50 to 200 kPa. This pressure range was

adopted based on the soft soil profile and properties in Port of Brisbane, Southeast

Queensland, where the soil samples were collected. Table 5-5 summarises the details,

such as the confining pressure and the binder components of each CIU test conducted
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in this study. Details of relevant triaxial test data are tabulated in Appendix D of the

thesis.

Table 5-5. Summary of CIU tests performed

Set 1: Cement-only stabilised specimens

Test No. Confining Pressure (kPa) OPC Only (%)*

1 50 20

2 100 20

3 200 20

Set 2: Fly ash/Cement-stabilised specimens (at optimum ratio of 1:4)

Test No. Confining Pressure (kPa) OPC (%) Fly Ash (%)

4 50 16 4

5 100 16 4

6 200 16 4

Set 3: DuraCrete/Cement-stabilised specimens
(at optimum ratio of 3:100)

Test No. Confining Pressure (kPa) OPC (%) DuraCrete (%)

7 50 19.4 0.6

8 100 19.4 0.6

9 200 19.4 0.6
* OPC is Ordinary Portland Cement

In the preparation process of specimens for the CIU tests, the same procedure was

followed as in the preparation of UCS specimens. After a 28-day curing period, the

specimens were extruded from the curing moulds and tested in accordance with

ASTM D4767. A GDS triaxial testing system was used. The specimens were first

saturated under 500 kPa back pressure until a B value of 0.98 was achieved. Filter

paper strips were used during testing to accelerate the saturation and consolidation

phases. Then, the specimens were consolidated at each targeted confining pressure.

The strain rate adopted in the shear phase was 0.005 mm/min, which was calculated

based on the consolidated results during the consolidated phase. This shear rate has
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been recommended for stabilised specimens by prior studies (Cheng et al., 2018;

Head, 1998; Xiao et al., 2017).

Three sets of stabilised specimens were tested under CIU conditions to determine

their behaviour. These three sets were stabilised by cement only, fly ash-blended

cement and DuraCrete-blended cement. Table 5-6 summarises the testing conditions

and the binder contents of each specimen. The confining pressure ranged from 50 to

200 kPa. The cement content for the cement-only group was fixed at 20%, and the

total mixture content for both cement-blend groups (fly ash-blended cement and

DuraCrete-blended cement) was also fixed at 20%. For specimens stabilised by

cement blends, the ratios of fly ash or DuraCrete to cement were fixed at the optimum

mixing ratio, which is 1:4 for fly ash-blended cement and 3:100 for DuraCrete-

blended cement. Figure 5-13(a) and Figure 5-13(b) present the excess pore pressure –

axial strain and stress–strain behaviour under different confining pressures during

CIU tests.

Table 5-6. Peak deviator stress as a function of confining pressure and binder type

Sample
No

Confining Pressure
(kPa) Binder Type Peak Deviator

Stress (kPa)

1 50 Cement 239.02

2 100 Cement 306.29

3 200 Cement 338.94

4 50 Fly ash/Cement 207.93

5 100 Fly ash/Cement 214.16

6 200 Fly ash/Cement 296.17

7 50 DuraCrete/Cement 234.32

8 100 DuraCrete/Cement 307.29

9 200 DuraCrete/Cement 375.12
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(a)

(b)
Figure 5-13. (a) Excess pore pressure – axial strain and (b) Deviator stress – axial
strain relationships for fly ash-blended cement and DuraCrete-blended cement
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The peak deviator stress (qpeak) of specimens stabilised by each group of binder

increased with increasing confining pressure. Figure 5-13(b) shows that most stress–

strain curves have an apparent peak point, and stress decreases swiftly after this point,

indicating that most specimens developed a strain-softening response. Meanwhile,

specimens stabilised by fly ash-blended cement at confining pressure 50, and 100 kPa

showed a strain hardening response, as indicated in Figure 5-13(b). In addition, the

results also showed that specimens at low confined pressures developed more strain

before reaching the peak stress than did those under high confining pressures.

Table 5-6 summarised the tested specimens and peak strength of each specimen

derived from the experimental results. As shown in Table 5-6, the peak deviator stress

of specimens stabilised by each type of mix design increases nearly linearly with

confining pressure; this relationship can be described by Eq. 5-18 – Eq. 5-20.

For specimens stabilised by cement:

qpeak = 0.62σ3 + 223 kPa Eq. 5-18

For specimens stabilised by fly ash/cement:

qpeak = 0.62σ3 + 167 kPa Eq. 5-19

For specimens stabilised by DuraCrete/cement:

qpeak = 0.90σ3 + 200.4 kPa Eq. 5-20

where qpeak is the peak deviator stress (in kPa) and σ3 is the confining pressure.

By comparing Figure 5-13(a) and Figure 5-13(b), it was found that the change in the

trend of pore pressure was similar to that of deviator stress. The deviator stress and

the pore water pressure almost reached their peak values at the same strain level,
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which can be identified in Figure 5-13(a) and Figure 5-13(b). For the specimens

stabilised by cement, pore water pressure became negative when axial strain exceeded

9% under a confining pressure of 50 kPa, suggesting a high dilation potential. In

general, all the specimens showed dilative behaviour, as revealed by the excess pore

pressure – strain curves. Both the stress–strain and excess pore pressure – strain

behaviours are in complete agreement with the results of the literature on soft soil

stabilised by cement or fly ash (Uddin et al., 1997; Xiao et al., 2017).

For specimens stabilised by fly ash-blended cement and DuraCrete-blended cement,

the excess pore pressure increased with the increase in axial displacement at first, and

then also deceased after reaching the failure point. However, no negative values in

excess pore pressure were observed for specimens stabilised by these two types of

binders. In general, the behaviour of all three groups of stabilised specimens was

similar to that of heavily over-consolidated clays based on the excess pore pressure –

strain relationship.

Notably, the specimens stabilised by cement-only content showed the most obvious

dilative behaviour. For example, the specimen with cement at 50 kPa confining

pressure showed negative excess pore pressure after 9% in axial displacement.

Meanwhile, the reduction in excess pore pressure for specimens stabilised by cement

was also higher than for that stabilised by fly ash-blended cement and DuraCrete-

blended cement, indicating that specimens stabilised by cement show a very typical

behaviour of stiff clay compared with specimens stabilised by the other two groups of

binders. As shown in Figure 5-14, the average failure angle is about 61 degrees based

on the tested specimens.
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(a) (b) (c) (d) (e)

(g) (h) (i) (j)

Figure 5-14. Failure angles as observed from UCS tests for (a) Fly ash/cement – 50;
(b) Fly ash/cement – 100; (c) Fly ash/cement – 200; (d) Cement – 50; (e) Cement –
100; (f) Cement – 200; (g) DuraCrete/cement – 50; (h) DuraCrete/cement – 100; (i)

DuraCrete/cement – 200

In particular, the average failure angle for each group of specimens is as follows: 59

degrees for specimens stabilised with fly ash-blended cement; 61 degrees for

specimens stabilised with cement; and 63 for specimens stabilised with DuraCrete-

blended cement. Figure 5-14 also shows the typical failure modes of specimens. All

specimens developed an inclined shear failure plane. In addition to the shear plane, a

few specimens exhibited deformation around the failure surface, which can be

attributed to the crushing or a bulging deformation of the specimen. DuraCrete-

blended cement-stabilised specimens generally exhibited greater peak strength than

cement-only and fly ash-blended cement-stabilised specimens at the same confining
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pressure, implying that specimens stabilised by only cement had a softer initial

response than those stabilised by DuraCrete-blended cement.

5.4 Microstructure Analysis

Figures 14 (a) – (f) show the microstructures of soft estuarine soils stabilised with (i)

cement only, (ii) fly ash-blended cement and (iii) DuraCrete-blended cement,

respectively. A total of six specimens were selected for analysing their microstructure:

(a) specimen stabilised by cement only, with cement content of 10% (Figure 5-15a);

(b) specimen stabilised by cement only, with cement content of 25% (Figure 5-15b);

(c) specimen stabilised by fly ash-blended cement with total mixture content of 25%

at fly ash/cement mixing ratio of 1:1 (Figure 5-15c); (d) specimen stabilised by fly

ash-blended cement with total mixture content of 25% at fly ash/cement mixing ratio

of 1:4 (Figure 5-15d); (e) specimen stabilised by DuraCrete-blended cement with total

mixture content of 25% at DuraCrete/cement ratio of 3:100 (Figure 5-15e); and (f)

specimen stabilised by DuraCrete-blended cement with total mixture content of 25%

at DuraCrete/cement ratio of 9:100. The magnification of 5,000 times was selected to

study the development of micropores in different stabilised soils.

(a) (b)
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(c) (d)

(e) (f)

Figure 5-15. SEM images of stabilised samples with (a) 10% cement only; (b) 25%
cement only; (c) 25% fly ash-blended cement at fly ash/cement ratio 1:1; (d) 25% fly
ash-blended cement at fly ash/cement ratio 1:4; (e) 25% DuraCrete-blended cement at

DuraCrete/cement ratio 3:100; (f) 25% DuraCrete-blended cement at
DuraCrete/cement ratio 9:100

To comprehend the microstructure development with varying cement content or total

mixture content and its correlation with the strength improvement, SEM images with

5,000 magnifications were analysed. It is obvious in these images, in which

cementitious products can be observed owing to the occurrence of a pozzolanic

reaction (e.g. CSH, CAH, CASH and ettringite), that the microstructure spaces have

been enhanced because the large pores have been filled and the bonding of the soil

particles has improved—hence the observation of strength improvement in the
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stabilised specimens.

Further, Figure 5-15a-b shows that with the increase of cement content, the number of

large pores decreases whereas the number of smaller pores increases. This effect

occurs because the hydration products have bound the soil particles together, creating

a denser structure. This result is consistent with the UCS strength development

observed.

Figure 5-15c and Figure 5-15d show the microstructure of samples stabilised with

25% of fly ash-blended cement at two fly ash/cement mixing ratios (1:1 and 1:3),

respectively. A distinct reduction in the number of large pores and an increase in the

number of small pores can be observed in samples with a lower fly ash/cement mixing

ratio. The increase in the fly ash/cement mixing ratio because of the lesser amount of

cement in the fly ash/cement mixture thus hinders the degree of cement hydration,

resulting in a strength reduction.

By comparing Figure 5-15b, e and f, it is evident that the addition of DuraCrete

produces a large quantity of needle-shaped bonds that bond soil particles together and

form a denser structure, which indicates that DuraCrete can promote the formation of

cementation bonding and result in strength development. However, an excessive

amount of DuraCrete can impede the generation of hydration products, which

counteracts pore development. This phenomenon is in accordance with the UCS

results in which 3:100 (or 3%) is the optimum DuraCrete/cement mixing ratio.

Therefore, the observations from the SEM images are consistent with the observations

from the UCS results.
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5.5 Reduction of Cement and Carbon Footprint

In this section, the reduction in the use of cement by adopting fly ash or DuraCrete for

the partial replacement of cement is calculated and presented. In the previous sections,

the strength of the PoB soft soil specimens stabilised by (a) cement only, (b) fly ash-

blended cement and (c) DuraCrete-blended cement, at a cement content or a total

mixture content of 10%, 15%, 20%, 25% and 30%, was determined. The empirical

equations to describe the correlations between the strength and the soil specimens

stabilised by fly ash-blended cement and DuraCrete-blended cement were also

derived, based on the experiment results. By using these empirical equations, the total

mixture content (cement + fly ash or cement + DuraCrete) required to achieve the

same performance to each cement content, such as 10%, 15%, 20%, 25% or 30%, can

be calculated, as shown in Table 5-7 and Table 5-8.

For example, when the cement content was 10%, the strength of the improved soils

after 28-day curing was calculated. If it is desired that fly ash-blended cement should

replace the cement-only content, and yield the same strength as the specimens

stabilised by 10% cement, then the following four alternative plans can be considered:

(a) 8.47% cement + 2.12% fly ash; (b) 8.38% cement + 2.79% fly ash; (c) 7.54%

cement + 3.77% fly ash; and (d) 7.11% cement + 7.11% fly ash, as shown in Table 5-

7. The percentage of the reduction of cement for each corresponding design mix was

also calculated and is indicated in Table 5-8. It is defined as the ratio between the

amount of cement that can be reduced (e.g. 10%–8.47%, 10%–8.38%, 10%–7.54%

and 10%–7.11%) and the original amount of cement (e.g. 10%). The last column in

Table 5-7 shows the percentage of cement (or the reduction of cement by percentage)

that can be reduced after partially replacing cement with fly ash, at each fly ash
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replacement ratio.

When 25% cement-only content is adopted in the mix design, the UCS strength of the

stabilised specimen is estimated to be about 500 kPa, based on the experimental

results. The same strength can also be obtained by adopting four alternative plans by

using fly ash-blended cement at different fly ash replacement ratios. These alternative

mix plans by using fly ash-blended cement are as follows: (a) 22.20% cement and

5.55% fly ash; (b) 21.87% cement and 7.29% fly ash; (c) 21.36% cement and 10.68%

fly ash; and (d) 22.24% cement and 22.24% fly ash. By adopting any of the mix

designs mentioned previously, the UCS of the soil specimen after stabilisation is

estimated to be 500 kPa as well. The percentage of the reduction in cement in this

case is the ratio between the cement content that can be reduced (e.g. 25–22.20% in

plan a) and the original cement content (25%), which is 11.21%. Therefore, the same

approach can be used to the calculate the percentage of reduction in the use of cement

at other fly ash replacement ratios. In particular, if the other three fly ash/cement

ratios—in plans b, c and d—are adopted, the reduction in the use of cement is 12.53%,

14.56% and 11.03%, respectively.

The reduction in cement in other cement content ratios, such as 15%, 20% and 30%,

are also calculated and summarised in Table 5-7. It can be concluded that: (a) fly ash

is effective in replacing cement to reduce the amount of cement in soil stabilisation;

However, (b) the replacement of cement with fly ash will also result in increasing the

total mixture content (cement + fly ash). For example, the cement content is only 25%

(25% cement only) to achieve 500 kPa in UCS. However, to achieve the same UCS

by using fly ash-blended cement, the total mixture content (fly ash% + cement %)

would increase to 27.75% (22.20% cement + 5.55% fly ash), 29.16% (21.87% cement
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+ 7.29% fly ash), 32.04% (21.36% cement + 10.68% fly ash) and 44.48% (22.24%

cement + 22.24% fly ash). Thus, with the increase in the fly ash replacement ratio,

more cement can be replaced by fly ash, and the use of cement will be reduced.

Nevertheless, to achieve the targeted UCS strength (500 kPa in this example), the

total mixture content (cement% + fly ash%) also needs to increase. By knowing this

important outcome, engineers can optimise their soil stabilisation mix design, which

can minimise negative environmental effects by reducing the use of cement.

Table 5-7. Reduction of cement percentage by using fly ash to partially replace
cement

Cement-only
Design

Benchmark
Alternative Fly Ash-blended Cement Design

Reduction of
Cement (%)

Cement-only
Content (%)

Total Mixture
Content (%)

Cement
(%)

Fly Ash
(%)

10
(UCS = 64.6 kPa)

10.59 8.47 2.12 15.33

11.17 8.38 2.79 16.25

11.31 7.54 3.77 24.59

14.23 7.11 7.11 28.86

15
(UCS = 140.9 kPa)

15.18 12.15 3.04 19.03

15.99 11.99 4 20.06

16.68 11.12 5.56 25.87

21.69 10.84 10.84 27.72

20
(UCS = 291.0 kPa)

21.38 17.1 4.28 14.48

22.49 16.87 5.62 15.67

24.15 16.1 8.05 19.52

32.51 16.26 16.26 18.72

25
(UCS = 499.4 kPa)

27.75 22.2 5.55 11.21

29.16 21.87 7.29 12.53

32.04 21.36 10.68 14.56
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44.48 22.24 22.24 11.03

30
(UCS = 887.4 kPa)

36.9 29.52 7.38 1.61

38.75 29.07 9.69 3.12

43.75 29.16 14.58 2.79

63.17 31.58 31.58 -5.28

The same calculations were also conducted for DuraCrete-blended cement-stabilised

specimens. The results are summarised in Table 5-8. From the results in Table 5-8, it

can be concluded that DuraCrete is more effective than fly ash as the partial

replacement of cement to increase strength. In the previous example, the addition of

cement-only content of 25% can achieve 500 kPa UCS in the stabilised specimens. To

achieve the same strength by using DuraCrete-blended cement, the alternative mix

designs are (a) 21.93% cement + 0.66% DuraCrete, (b) 22.89% cement + 1.14%

DuraCrete (c) 24.78% cement + 1.73% DuraCrete and (d) 25.52% cement + 2.30%

DuraCrete. Positive results in the reduction of cement mean the percentage of cement

that can be reduced by adopting DuraCrete-blended cement, while negative results in

the reduction of cement mean DuraCrete-blended cement is not as effective as cement

only in this particular DuraCrete replacement ratio.

It can be concluded that by using DuraCrete-blended cement as the replacement of

cement-only content, the targeted UCS (500 kPa) can be achieved with less total

mixture content. As a result, the cement content adopted to stabilise the soil is reduced

and simultaneously, the total mixture content is also reduced. To achieve UCS

strength of 500 kPa, the required cement content is 25% when the cement-only mix is

adopted as the binder. When the cement/DuraCrete blend is adopted, to achieve the

UCS (500 kPa), the total mixture content (cement% + DuraCrete%) would be 22.59%

(21.93% cement + 0.66% DuraCrete), 24.04% (22.89% + 1.14%), 26.51% (24.78% +
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1.73%) or 27.82% (25.52% + 2.30% DuraCrete).

This is an important advantage in using DuraCrete rather than fly ash. A comparison

of the proportional quantities of fly ash and DuraCrete required showed that the

quantity of fly ash required is between 6.1 times and 9.7 times the proportional

quantity of DuraCrete required. As mentioned previously, the use of fly ash can

reduce the amount of cement but increases the total mixture content (fly ash% +

cement%) to achieve the targeted UCS.

Regardless, it must be mentioned that a cement/DuraCrete blend cannot provide as

much reduction in cement as a cement/fly ash blend. Compared with the cement-only

mix design, alternative designs by using DuraCrete-blended cement can reduce the

use of cement by 12.27%, 2.11% and 0.22%. The maximum reduction in cement

under this circumstance is 12.27%, which is lower than the reduction in cement for a

fly ash-blended cement (14.56% under the same circumstance). Hence, although the

use of DuraCrete can reduce the amount of cement used, and can also reduce the total

mixture content, it cannot provide as much reduction in cement as fly ash does.

Taking another example, when the cement content is 15%, the estimated UCS is

141 kPa. To achieve this UCS by using DuraCrete-blended cement, the maximum

reduction in the use of cement is 18.95% (see Table 5-8). If fly ash-blended cement is

adopted, to achieve the same UCS, the maximum reduction in cement is 27.72% (see

Table 5-8). Therefore, both additives (fly ash and DuraCrete) have strong potential as

replacements of cement. Nonetheless, the choice of a more suitable additive to replace

cement depends on the circumstances (e.g. natural moisture content, targeted UCS

and budget).

For instance, when the maximum reduction in cement is the only factor under
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consideration, then fly ash is more suitable than DuraCrete for it facilitates a greater

reduction in cement. However, if reduction in cement and the total mixture content

are both considered, DuraCrete may be more appropriate, for it reduces not only the

cement used but also the total mixture content required.

Table 5-8. Reduction of cement percentage by using DuraCrete to partially replace
cement

Cement-only
Design

Benchmark

Alternative DuraCrete-blended Cement
Design Reduction of

Cement (%)
Cement-only
Content (%)

Total Mixture
Content (%)

Cement
(%)

DuraCrete
(%)

10
(UCS = 64.6 kPa)

9.54 9.26 0.28 7.39

8.73 8.32 0.42 16.8

10.05 9.39 0.66 6.1

10.16 9.32 0.84 6.8

15
(UCS = 140.9 kPa)

13.19 12.81 0.38 14.63

12.77 12.16 0.61 18.95

14.45 13.51 0.95 9.94

14.81 13.59 1.22 9.42

20
(UCS = 291.0 kPa)

17.92 17.39 0.52 13.03

18.29 17.42 0.87 12.89

20.4 19.07 1.33 4.67

21.18 19.43 1.75 2.84

25
(UCS = 499.4 kPa)

22.59 21.93 0.66 12.27

24.04 22.89 1.14 2.11

26.51 24.78 1.73 0.22

27.82 25.52 2.3 -0.52

30
(UCS = 887.4 kPa)

29.06 28.21 0.85 5.96

32.39 30.85 1.54 -2.82
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35.3 32.99 2.31 -9.97

37.49 34.4 3.1 -14.66

Notably, there is a ‘saturation point’ with the DuraCrete replacement ratio. It can be

observed from the experimental results that this saturation point is between 5% and

7% (see Figure 5-11). Above the saturation point, further increases in the DuraCrete

replacement ratios will not increase the strength. This result is consistent with the

explanation in the literature review (Latifi et al., 2015), for DuraCrete is, in part, a

magnesium-based additive. As discussed previously, when MgO is used as the cement

modifier, there is always a saturation point. Before reaching the saturation point, the

addition of MgO is very effective in activating the cement reaction, but after the

saturation point, further addition in MgO will not be as effective.

By knowing these important outcomes, engineers have more design options from

which to meet their strength requirements, while having the opportunity to reduce the

use of cement. They can also optimise their designs to achieve a balance between the

reduction in cement and the budget—thus, these findings are the contribution of this

study.

As discussed, the soil specimens stabilised by cement-only content achieved higher

strength than those stabilised by the fly ash – blended cement at the same total

mixture content. That means if fly ash-blended cement is adopted, the percentage of

total mixture content (fly ash% + cement%) would be higher than the cement-only

content, as shown in Table 5.8. The CO2 footprint can still be reduced because the

CO2 emission rate of fly ash is much less than that of pure cement. Fly ash has a CO2

emission rate of 0.027 kg/ton, whereas that of cement is 0.82 kg/ton. By using the

emission rates, the reduction of CO2 emissions after partially replacing cement with
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fly ash or DuraCrete can be calculated, as shown in Figure 5-16. It can be concluded

that fly ash yields greater reduction of CO2 emissions, but DuraCrete is also very

effective in replacing cement, for a very small quantity of DuraCrete can replace a

significant portion of cement and yet yield the same strength outcomes.

(a)
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(b)

Figure 5-16. Reduction of CO2 emissions for different cement-blend ratios: (a) fly ash
– blended cement and (b) DuraCrete – blended cement

5.6 Advantages for Soil Stabilisation at Land Reclamation Site

The data outlined thus far provide a comparative analysis of the portions and

quantities of fly ash + cement and DuraCrete + cement required for achieving results

comparable with those produced using cement only. These results then enable a

calculation relating to carbon emissions from the production of fly ash and cement.

Unlike cement and fly ash, the production of DuraCrete is not carbon intensive and

does not produce carbon emissions for it does not require a furnace, nor is it a by-

product of a carbon-emitting process.

In addition to these considerations, there are opportunities in terms of savings in

construction time to completion, labour and machinery requirements and design

capabilities, as a result of the differences that the three stabilisation options produced.

In term of construction time, conventional solar drying and a natural consolidation

process from surcharging of the PoB reclamation paddocks is a time-intensive process

that requires a few years for completion. Utilising cement blends, such as fly ash and

DuraCrete with cement, will easily improve the bearing capacity of the dredged mud

comparatively quickly and thus enable earlier access to the project site for more

productive purposes.

With regard to economics, the anticipated large reduction in machinery use time (e.g.

hydraulic sand filling process) is another advantage of using a cement-blend mix

design as a viable soil stabilisation method. The reason is that the cement-blend mix

design is an in-situ mixing process that utilises the dredged mud in a single



176

application process with multiple passes. After allowing a minimum of 7 days for

initial curing, a much stronger, more stable construction platform for machinery

access can thus be successfully formed.

5.7 Concluding Remarks

This study investigated the mechanical, physical and microstructural properties of

PoB soft soils that are stabilised by three different cement-based binders: cement, fly

ash-blended cement and DuraCrete-blended cement.

First, a series of experiments was conducted on the soft soils treated by cement only,

to establish reliable empirical equations to estimate the UCS of the stabilised

specimens at each water/cement ratio. Then, a further series of tests was conducted to

investigate the use of fly ash and DuraCrete as partial replacements of cement. The

experiment results were used to investigate the UCS of the soil specimens stabilised

by the fly ash-blended cement and the DuraCrete-blended cement. To evaluate the

effectiveness of both these types of blended cement further, SEM tests and CIU

triaxial compression tests were then conducted on specimens stabilised by each

cement-based binder.

The UCS results show that both fly ash and DuraCrete are very effective as the partial

replacements of cement to reduce the cement content and CO2 emission. Fly ash can

provide the highest reduction in both the cement replacement content and CO2

emission. However, at the same mixture content (e.g. 25%), the UCS of the specimens

stabilised by fly ash-blended cement is lower than that of specimens stabilised by

cement only. That is, more material is needed to maintain the same UCS when using

fly ash as the partial replacement of cement. Nevertheless, the CO2 footprint can still

be reduced because the CO2 emission rate of fly ash is much lesser than that of pure
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cement, as discussed in this manuscript. Therefore, fly ash is effective as a partial

replacement of cement to reduce the use of cement and CO2 emission.

In addition, DuraCrete is more effective as a partial replacement of cement than fly

ash is, under some circumstances. For example, to achieve a target strength of

500 kPa, the total mixture content is reduced, which is an important advantage of

using DuraCrete rather than fly ash. Comparing the proportional quantities of fly ash

and DuraCrete required, the quantity of fly ash required is between 6.1 times and 9.7

times the proportional quantity of the DuraCrete required. Although the use of

DuraCrete can reduce the amount of cement used, and can also reduce the total

mixture content, it cannot provide as much reduction in cement as fly ash does. This

is because there is a ‘saturation point’ with the DuraCrete replacement ratio. If this

saturation point is exceeded, DuraCrete will not be as effective anymore, being

mainly a magnesium-based additive.

Therefore, when the maximum reduction in cement is the only factor under

consideration, then fly ash is more suitable than DuraCrete, for it facilitates a greater

reduction in the cement used. However, if the reduction in both cement and the total

mixture content is considered, DuraCrete may be more appropriate, for it reduces not

only the use of cement but also the total mixture content required. Most importantly,

unlike cement and fly ash, the production of DuraCrete is not carbon intensive and

does not produce carbon emission for it does not require a furnace, nor is it a by-

product of a carbon-emitting process.

From the SEM images, it can be observed that the addition of DuraCrete produces a

large amount of needle-shaped (ettringite) bonds, which bind the soil particles and

form a denser structure, thus promoting the formation of cementation bonds that
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eventually result in strength increment. However, an excessive amount of DuraCrete

can impede the generation of hydration, thus providing evidence that there is a

‘saturation point’ for the DuraCrete replacement ratio. The observations from the

SEM images are consistent with the observations made from the UCS results.

These important outcomes can help engineers to customise the soil stabilisation

design reliably in order to achieve optimal strength, environmental friendliness and

cost savings. Thus, engineers can have more design options to meet the strength

requirement, while having the opportunity to minimise the negative impact on the

environment by reducing the use of cement. They can also achieve a balance between

the reduction in cement and the budget—these findings comprise the important

contribution of this study.
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6 CONCLUSIONS AND RECOMMENDATIONS

In this thesis, three research objectives were investigated and achieved by conducting

experimental tests and interpreting experimental results. The mechanical behaviour

and critical-state behaviour of reconstituted soft soils, including PoB soft soil, were

investigated and evaluated. Then, through a series of UCTs, the impact of the silt

particles on the mechanical behaviour of the cement-treated soft soils was also

determined.

Next, the PoB soft soil was treated with OPC with different cement content and initial

moisture content. A series of empirical equations were derived to describe the

correlation between the strength of stabilised soils and the cement content at each

initial moisture content.

Last, the Port of Brisbane soft soil was stabilised by using two types of cement blends,

namely fly ash-blended cement and DuraCrete-blended cement. Fly ash and

DuraCrete were admixed with cement at different mixing ratios. The PoB soft soil

was then stabilised by adding cement blends at different cement-blend contents. Then,

alternative mix designs were developed to replace the cement-only design. Compared

with the cement-only design, specimens stabilised by fly ash-blended cement or

DuraCrete-blended cement can achieve the same level of strength, and meanwhile

produce less CO2.

To verify the observations from the experimental testing results, a series of SEM tests

were conducted to investigate the microstructure of the different treated soils. In

general, the observations from the microstructure analysis are consistent with that

from the experimental results, such as the UCTs and the triaxial compression tests.
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In Section 6.1, the conclusion and key findings of this study are highlighted. In

Section 6.2, recommendations for further studies are proposed.

6.1 Conclusions

In line with the observations from the CIU triaxial compression tests, it can be

concluded that (a) when silty soils have a plasticity index above 29%, even the soils

are classified as silt by the Atterberg limit testing results but show clay-like behaviour

in the critical-state framework, as evidenced by the corresponding NCL and CSL; (b)

silty soils that have a plasticity index between 19% and 29% show a transitional

behaviour between clay-like and sand-like behaviour, as the corresponding NCL and

CSL become non-parallel; (c) silty soils with a plasticity index below 19% show

typical sand-like behaviour, for the corresponding NCL and CSL are obviously non-

parallel, as indicated in Figure 5-5.

Since the effects of the silt content on the strength of cement-stabilised samples may

differ, varying dosages of cement content were considered in this study. The

experimental results indicate the differing roles of the silt content in soil stabilisation

under different cement additive or replacement contents. The effects of the cement

content and the silt content on the microstructure development of stabilised soils were

also analysed by utilising SEM images. With the increase of cement dosage, the

number of cementitious products, such as reticulated CSH and needle-shaped

ettringite increased notably, resulting in a denser structure. This effect can be

attributed to the hydration of cement and the pozzolanic reactions.

As for the effect of silt content, since particle size plays a very important role in

microstructure development, the cement and silt content can both dramatically affect

the pore size distribution. When the cement content is below 10%, clay platelets can
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fill the pore spaces and the cementitious products can enhance the inter-cluster bond

strength by aggregating clay and silt platelets together to form larger, denser

aggregates responsible for strength improvement. When the cement content is

between 10% and 20%, the stabilised soil strength increases with the increase of silt

content and then decreases when the silt content is more than 50%. This is because the

strength gained from cementitious product enhancement is partially countered by the

increment of pore size caused by the excessive cement and silt contents. When the

cement content is more than 20%, the strength shows a negative correlation with silt

content, which can be attributed to the incomplete reaction of cement because of the

reduction of clay content.

In general, any increase in the amount of cement will increase the improved soil

strength. However, this study highlights that it is very important for engineers to also

realise that the increment of cement used in each cement replacement group in soils

with an appreciable silt percentage has a ‘saturation point’, after which any further

increase in cement replacement content will not increase the strength of the improved

soil further. The saturation points in this study were found to be (a) more than 50%

silt for cement content not exceeding 20% replacement, and (b) regardless of silt

content for cement contents exceeding 20% replacement. By knowing these important

outcomes, engineers can reliably customise the soil–cement mix design for optimal

strength outcomes, given any type of fine-grained soils containing predominantly clay

and silt particles.

This study also investigated the mechanical, physical and microstructural properties

of PoB soft soil stabilised by three cement-based binders: cement, fly ash-blended

cement and DuraCrete-blended cement.
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First, a series of experiments were conducted on the soft soils treated by cement only,

to establish reliable empirical equations for estimating the UCS of the stabilised

specimens at each water/cement ratio. Then, a further series of tests was conducted to

investigate the use of fly ash and DuraCrete as partial replacements of cement. The

experiment results were used to investigate the UCS of the soil specimens stabilised

by fly ash-blended cement and DuraCrete-blended cement. To evaluate further the

effectiveness of the fly ash-blended cement and DuraCrete-blended cement, SEM

tests and CIU triaxial compression tests were then conducted on specimens stabilised

by each cement-based binder.

The UCS results show that both fly ash and DuraCrete are very effective as the partial

replacements of cement to reduce the cement content and CO2 emission. Fly ash can

provide highest reduction in the cement replacement content as well as in CO2

emission. However, at the same mixture content (e.g. 25%), the UCS of the specimens

stabilised by fly ash-blended cement is lower than that stabilised by cement only. That

is, more material is needed when using fly ash as the partial replacement of cement to

maintain the same UCS. Regardless, the CO2 footprint can still be reduced because

the CO2 emission rate of fly ash is much lesser than that of pure cement, as discussed

in this manuscript. Therefore, fly ash is effective as the partial replacement of cement

to reduce the use of cement and the CO2 emission.

In addition, DuraCrete is more effective than fly ash as the partial replacement of

cement under some circumstances. For example, to achieve a target strength of

500 kPa, the total mixture content is reduced. This is an important advantage of using

DuraCrete rather than fly ash. A comparison of the proportional quantities of fly ash

and DuraCrete required showed that the quantity of fly ash required is between 6.1
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times and 9.7 times the proportional quantity of the DuraCrete required. Although the

use of DuraCrete can reduce the amount of cement used as well as the total mixture

content, it cannot provide as much reduction in cement as fly ash does. This is

because there is a ‘saturation point’ with the DuraCrete replacement ratio. If this

saturation point is exceeded, DuraCrete will not be as effective anymore, being

mainly a magnesium-based additive.

Therefore, when the maximum reduction in cement is the only factor under

consideration, then fly ash is more suitable than DuraCrete for it facilitates a greater

reduction in cement. However, if a reduction in both cement and the total mixture

content is considered, DuraCrete may be more appropriate, for it reduces not only the

use of cement but also the total mixture content required. Most importantly, unlike

cement and fly ash, the production of DuraCrete is not carbon intensive and does not

produce carbon emission because it does not require a furnace, nor is it a by-product

of a carbon-emitting process.

From the SEM images, it can be observed that the addition of DuraCrete produces a

large amount of needle-shaped (ettringite) bonds, which bind the soil particles and

form a denser structure, thus promoting the formation of cementation bonds that

eventually result in strength increment. However, an excessive amount of DuraCrete

can impede the generation of hydration thus providing evidence that there is a

‘saturation point’ for the DuraCrete replacement ratio. The observations from the

SEM images are consistent with the observations made from the UCS results.

These important outcomes can help engineers to reliably customise the soil

stabilisation design for achieving optimal strength, environmental friendliness and

cost savings. Thus, engineers can have more design options to meet the strength
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requirement, while having the opportunity to minimise the negative impact on the

environment by reducing the use of cement. They can also achieve a balance between

the reduction in cement and the budget—these findings comprise the important

contribution of this study.

6.2 Recommendations

Some aspects of this research can prove to be useful.

1. In this thesis, only limited specimens stabilised by fly ash-blended cement or

DuraCrete-blended cement were tested under triaxial compression conditions.

It is recommended that a more detailed study be conducted on specimens

stabilised with different cement-blend contents, for further investigation of the

behaviour of specimens stabilised by fly ash- or DuraCrete-blended cement.

2. In this thesis, the moisture content of the specimens stabilised by fly ash-

blended cement or DuraCrete-blended cement was fixed at the natural

moisture content of the PoB soft clay. It is recommended that a further

detailed study be conducted by testing specimens stabilised by these blended

cements with other moisture contents, for further evaluation of the efficiency

of fly ash and DuraCrete as the replacements of cement.
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APPENDIX A-1 ATTERBERG LIMIT

The experimental results to obtain the Atterberg limit of the five types of reconstituted

soft soils are presented in this Appendix.

Plastic Limit

Sample
No.

tin
(g)

tin+wet
(g)

tin+dry
(g)

water content
(%)

Soil 1

1 12.91 14.4 13.99 37.96
2 12.93 15.08 14.51 36.08
3 13.71 15.37 14.93 36.07

Soil 2

1 12.63 14.81 14.2 38.85
2 6.89 8.36 7.95 38.68
3 7.56 9.57 9.05 34.90

Soil 3

1 7.51 9.1 8.63 41.96
2 7.67 9.33 8.91 33.87
3 12.37 13.58 13.24 39.08

Soil 4

1 12.54 17.2 15.83 41.64
2 6.88 10.34 9.3 42.98
3 6.82 10.16 9.15 43.35

Soil 5

1 6.19 10.11 8.87 46.27
2 6.33 8.62 7.89 46.79
3 6.57 8.41 7.78 52.07
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Liquid Limit (%)

Sample
No.

tin
(g)

tin+wet
(g)

tin+dry
(g)

water content
(%) blowes

Soil 1

1 7.18 12.75 10.16 86.91 40
2 7.71 14.45 11.23 91.48 26
3 6.98 14.42 10.43 111.31 18
4 7.11 14.02 10.38 115.65 9

Soil 2

1 12.90 18.75 16.54 60.71 54
2 12.91 18.75 16.47 64.04 36
3 13.69 20.59 17.77 69.12 28
4 13.87 20.57 17.70 74.93 22
5 13.66 19.90 17.09 81.92 11

Soil 3

1 7.31 11.35 9.81 61.60 32
2 5.99 9.89 8.38 63.18 28
3 7.20 12.03 10.12 65.41 26
4 6.97 12.60 10.33 67.56 20
5 6.10 12.38 9.79 70.19 12

Soil 4

1 13.78 20.71 18.24 55.38 43
2 12.76 20.13 17.47 56.48 34
3 9.92 16.94 14.03 70.80 31
4 13.06 20.96 17.94 61.89 25
5 9.28 17.89 14.64 60.63 21

Soil 5
1 7.19 12.27 10.62 48.10 48
2 7.15 12.14 10.41 53.07 39
3 14.36 19.34 17.53 57.10 27
4 6.7 12.76 10.41 63.34 15
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APPENDIX A-2 CIU

Triaxial results of Soil 1 (Port of Brisbane soft soil) with 50-200 kPa

Soil1 - 50 kPa
Axial Strain

(%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 600.23 0.00 0.00 49.88 49.88 49.88 0.00
0.20 604.60 4.37 3.48 47.87 44.39 45.55 0.08
0.40 607.85 7.62 11.16 51.39 40.23 43.95 0.25
0.60 610.69 10.46 15.73 52.53 36.80 42.04 0.37
0.80 612.81 12.58 18.48 52.64 34.16 40.32 0.46
1.00 614.47 14.24 20.30 52.38 32.08 38.85 0.52
1.50 617.08 16.85 22.32 51.14 28.82 36.26 0.62
2.00 619.13 18.90 23.78 50.04 26.26 34.19 0.70
2.50 620.49 20.26 25.43 49.98 24.55 33.03 0.77
3.00 621.42 21.19 26.52 49.91 23.39 32.23 0.82
3.50 622.18 21.95 27.99 50.43 22.44 31.77 0.88
4.00 622.77 22.54 29.82 51.53 21.71 31.65 0.94
4.50 623.24 23.01 30.73 51.88 21.15 31.39 0.98
5.00 623.67 23.44 31.46 52.07 20.61 31.10 1.01
5.50 624.01 23.78 31.76 51.89 20.13 30.72 1.03
6.00 624.29 24.06 32.12 51.97 19.85 30.56 1.05
6.50 624.57 24.34 32.56 52.07 19.51 30.36 1.07
7.00 624.81 24.58 32.88 52.03 19.15 30.11 1.09
7.50 625.04 24.81 33.18 52.05 18.87 29.93 1.11
8.00 625.22 24.99 33.29 51.90 18.61 29.71 1.12
8.50 625.40 25.17 33.35 51.77 18.42 29.54 1.13
9.00 625.58 25.35 33.46 51.65 18.19 29.34 1.14
9.50 625.72 25.49 33.74 51.79 18.05 29.30 1.15
10.00 625.83 25.60 33.84 51.69 17.85 29.13 1.16
10.50 625.96 25.73 34.21 51.93 17.72 29.12 1.17
11.00 626.09 25.86 33.97 51.55 17.58 28.90 1.18
11.50 626.21 25.98 33.84 51.22 17.38 28.66 1.18
12.00 626.32 26.09 33.66 50.93 17.27 28.49 1.18
12.50 626.44 26.21 33.57 50.72 17.15 28.34 1.18
13.00 626.68 26.45 33.57 50.39 16.82 28.01 1.20
13.50 626.84 26.61 33.57 50.22 16.65 27.84 1.21
14.00 626.91 26.68 33.57 50.10 16.53 27.72 1.21
14.50 627.02 26.79 33.60 50.02 16.42 27.62 1.22
15.00 627.15 26.92 33.48 49.74 16.26 27.42 1.22
15.50 627.22 26.99 33.11 49.30 16.19 27.23 1.22
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16.00 627.29 27.06 32.75 48.78 16.03 26.95 1.22
16.50 627.36 27.13 32.19 48.16 15.97 26.70 1.21
17.00 627.38 27.15 31.65 47.56 15.91 26.46 1.20
17.50 627.33 27.10 31.11 47.14 16.03 26.40 1.18
18.00 627.29 27.06 30.55 46.61 16.06 26.24 1.16
18.50 627.31 27.08 30.19 46.22 16.03 26.09 1.16

Soil1 - 100 kPa
Axial Strain

(%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 208.71 0.00 0.00 100.00 100.00 100.00 0.00
0.21 216.78 8.07 12.94 104.84 91.90 96.21 0.13
0.42 222.66 13.95 26.42 112.47 86.05 94.86 0.28
0.61 227.15 18.44 33.60 115.10 81.50 92.70 0.36
0.80 230.61 21.90 36.74 114.81 78.07 90.32 0.41
0.99 233.90 25.19 38.77 113.58 74.81 87.73 0.44
1.48 239.78 31.07 43.57 112.47 68.90 83.42 0.52
1.98 244.64 35.93 47.26 111.30 64.04 79.79 0.59
2.48 248.69 39.98 49.85 109.84 59.99 76.61 0.65
2.99 251.78 43.07 52.06 108.93 56.87 74.22 0.70
3.50 254.20 45.49 54.28 108.76 54.48 72.57 0.75
4.00 256.17 47.46 55.20 107.88 52.68 71.08 0.78
4.47 257.83 49.12 56.35 107.20 50.85 69.63 0.81
4.98 259.17 50.46 57.09 106.57 49.48 68.51 0.83
5.46 260.41 51.70 57.63 105.93 48.30 67.51 0.85
6.00 261.68 52.97 58.43 105.40 46.97 66.45 0.88
6.50 262.80 54.09 59.12 105.03 45.91 65.62 0.90
7.00 263.84 55.13 59.23 104.10 44.87 64.61 0.92
7.50 264.71 56.00 59.50 103.47 43.97 63.80 0.93
8.00 265.50 56.79 59.76 102.94 43.18 63.10 0.95
8.50 266.17 57.46 60.30 102.81 42.51 62.61 0.96
9.00 266.85 58.14 60.83 102.66 41.83 62.11 0.98
9.50 267.36 58.65 61.36 102.65 41.29 61.74 0.99
10.00 268.09 59.38 61.11 101.73 40.62 60.99 1.00
10.50 268.62 59.91 61.36 101.42 40.06 60.51 1.01
11.00 269.10 60.39 61.90 101.42 39.52 60.15 1.03
11.50 269.46 60.75 61.90 101.09 39.19 59.82 1.03
12.00 269.83 61.12 62.43 101.31 38.88 59.69 1.05
12.50 270.17 61.46 62.96 101.47 38.51 59.50 1.06
13.00 270.48 61.77 63.50 101.73 38.23 59.40 1.07
13.50 270.76 62.05 64.03 101.98 37.95 59.29 1.08
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14.00 271.04 62.33 63.50 101.14 37.64 58.81 1.08
14.50 271.26 62.55 62.96 100.38 37.42 58.41 1.08
15.00 271.43 62.72 62.59 99.81 37.22 58.08 1.08
15.50 271.63 62.92 62.22 99.27 37.05 57.79 1.08
16.00 271.77 63.06 61.30 98.21 36.91 57.34 1.07
16.50 271.97 63.26 60.56 97.30 36.74 56.93 1.06
17.00 272.11 63.40 60.00 96.60 36.60 56.60 1.06
17.50 272.25 63.54 58.71 95.17 36.46 56.03 1.05
18.00 272.39 63.68 57.41 93.73 36.32 55.46 1.04

Soil1 - 200 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 510.10 0.00 0.00 200.04 200.04 200.04 0.00
0.20 514.47 4.37 6.75 202.42 195.67 197.92 0.03
0.40 520.58 10.48 28.19 217.83 189.64 199.04 0.14
0.60 532.58 22.48 47.12 224.70 177.58 193.29 0.24
0.80 542.47 32.37 58.39 226.06 167.67 187.13 0.31
1.00 549.47 39.37 64.44 225.11 160.67 182.15 0.35
1.50 562.74 52.64 74.30 221.70 147.40 172.17 0.43
2.00 576.75 66.65 79.94 213.33 133.39 160.04 0.50
2.50 585.74 75.64 85.18 209.58 124.40 152.79 0.56
3.00 596.78 86.68 91.01 204.39 113.38 143.71 0.63
3.50 603.01 92.91 94.84 201.95 107.10 138.72 0.68
4.00 609.58 99.48 98.27 198.82 100.56 133.31 0.74
4.50 613.06 102.96 101.49 198.58 97.10 130.93 0.78
5.00 616.56 106.46 104.91 198.48 93.58 128.55 0.82
5.50 620.27 110.17 109.14 198.98 89.84 126.22 0.86
6.00 623.66 113.56 113.57 200.07 86.50 124.36 0.91
6.50 626.81 116.71 115.78 199.06 83.27 121.87 0.95
7.00 629.31 119.21 116.39 197.23 80.84 119.63 0.97
7.50 631.78 121.68 115.99 194.37 78.38 117.05 0.99
8.00 633.87 123.77 115.38 191.70 76.32 114.78 1.01
8.50 635.69 125.59 114.97 189.42 74.45 112.77 1.02
9.00 637.39 127.29 114.37 187.09 72.72 110.84 1.03
9.50 639.03 128.93 114.11 185.23 71.12 109.15 1.05
10.00 640.51 130.41 113.99 183.62 69.63 107.63 1.06
10.50 641.73 131.63 113.81 182.23 68.42 106.35 1.07
11.00 643.01 132.91 113.65 180.75 67.10 104.99 1.08
11.50 644.03 133.93 113.30 179.38 66.08 103.84 1.09
12.00 645.02 134.92 113.07 178.21 65.14 102.83 1.10
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12.50 645.90 135.80 112.71 176.90 64.18 101.75 1.11
13.00 646.80 136.70 112.52 175.83 63.31 100.82 1.12
13.50 647.57 137.47 112.24 174.82 62.59 100.00 1.12
14.00 648.18 138.08 111.35 173.37 62.01 99.13 1.12
14.50 648.70 138.60 110.95 172.44 61.49 98.47 1.13
15.00 649.20 139.10 110.55 171.49 60.94 97.79 1.13
15.50 649.69 139.59 110.30 170.77 60.47 97.24 1.13
16.00 650.15 140.05 110.27 170.26 59.99 96.75 1.14
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APPENDIX A-3 CIU

Triaxial results of Soil 2 (75% Port of Brisbane soft soil + 25% kaolin soil) with 50-

200 kPa

Soil2 - 50 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 800.48 0.00 0.00 50.02 50.02 50.02 0.00
0.20 804.10 3.62 2.43 48.83 46.40 47.21 0.05
0.41 807.97 7.49 8.02 50.57 42.55 45.23 0.18
0.61 811.84 11.36 16.23 54.86 38.63 44.04 0.37
0.82 814.45 13.97 19.63 55.68 36.05 42.59 0.46
1.01 816.44 15.96 21.84 55.90 34.06 41.34 0.53
1.51 820.72 20.24 26.21 56.00 29.80 38.53 0.68
1.99 822.61 22.13 27.93 55.84 27.91 37.22 0.75
2.51 823.96 23.48 29.40 55.95 26.56 36.35 0.81
3.01 825.01 24.53 30.54 56.03 25.49 35.67 0.86
3.52 825.81 25.33 30.94 55.60 24.66 34.97 0.88
4.03 826.48 26.00 31.71 55.70 23.99 34.56 0.92
4.54 827.02 26.54 32.20 55.70 23.50 34.23 0.94
5.04 827.43 26.95 32.79 55.71 22.92 33.85 0.97
5.55 827.80 27.32 33.49 56.18 22.70 33.86 0.99
6.04 828.18 27.70 33.65 56.00 22.34 33.56 1.00
6.50 828.45 27.97 34.26 56.30 22.05 33.47 1.02
7.05 828.72 28.24 34.65 56.41 21.75 33.31 1.04
7.55 829.09 28.61 34.98 56.36 21.38 33.04 1.06
8.00 829.35 28.87 35.18 56.35 21.17 32.90 1.07
8.50 829.59 29.11 35.29 56.20 20.91 32.67 1.08
9.05 829.72 29.24 35.45 56.23 20.78 32.59 1.09
9.50 829.87 29.39 35.51 56.12 20.60 32.44 1.09
10.00 830.04 29.56 35.58 56.04 20.46 32.32 1.10
10.50 830.13 29.65 35.76 56.04 20.28 32.20 1.11
11.00 830.16 29.68 35.45 55.73 20.28 32.10 1.10
11.50 830.21 29.73 35.26 55.55 20.29 32.04 1.10
12.00 830.31 29.83 35.25 55.44 20.19 31.94 1.10
12.50 830.32 29.84 35.46 55.66 20.20 32.02 1.11
13.00 830.42 29.94 35.61 55.63 20.02 31.89 1.12
13.50 830.49 30.01 35.51 55.49 19.98 31.82 1.12
14.00 830.67 30.19 35.64 55.47 19.83 31.71 1.12
14.50 830.89 30.41 35.83 55.44 19.61 31.55 1.14
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15.00 830.95 30.47 35.90 55.45 19.55 31.52 1.14
15.50 830.90 30.42 35.97 55.57 19.60 31.59 1.14
16.00 830.94 30.46 36.09 55.65 19.56 31.59 1.14
16.50 831.00 30.52 36.06 55.58 19.52 31.54 1.14
17.00 830.99 30.51 35.89 55.40 19.51 31.47 1.14
17.50 830.97 30.49 35.31 54.84 19.53 31.30 1.13
18.00 831.00 30.52 34.73 54.24 19.50 31.08 1.12
18.50 831.08 30.60 34.15 53.57 19.42 30.80 1.11
19.00 831.16 30.68 33.58 52.91 19.34 30.53 1.10
19.50 831.19 30.71 33.00 52.31 19.31 30.31 1.09
20.00 831.19 30.71 33.00 52.31 19.31 30.31 1.09

Soil2 - 100 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 99.97 0.00 0.20 100.19 99.99 100.06 0.00
0.20 103.01 3.04 2.88 99.83 96.95 97.91 0.03
0.41 105.79 5.82 8.05 102.19 94.14 96.82 0.08
0.60 108.75 8.78 17.83 109.01 91.18 97.12 0.18
0.81 114.41 14.44 31.22 116.75 85.52 95.93 0.33
1.01 118.73 18.76 39.51 120.71 81.20 94.37 0.42
1.50 124.52 24.55 47.36 122.75 75.39 91.18 0.52
2.02 130.13 30.16 51.74 121.54 69.80 87.05 0.59
2.53 134.35 34.38 55.51 121.07 65.56 84.06 0.66
3.03 139.40 39.43 59.31 119.84 60.53 80.30 0.74
3.53 143.76 43.79 62.48 118.65 56.17 77.00 0.81
4.04 147.19 47.22 64.28 117.02 52.74 74.17 0.87
4.52 150.06 50.09 65.67 115.54 49.87 71.76 0.92
5.02 151.88 51.91 66.86 114.91 48.05 70.33 0.95
5.53 154.28 54.31 67.06 112.71 45.65 68.00 0.99
6.04 156.03 56.06 68.05 111.95 43.90 66.58 1.02
6.54 157.65 57.68 68.85 111.12 42.28 65.23 1.06
7.00 159.03 59.06 69.05 109.95 40.90 63.91 1.08
7.55 160.39 60.42 68.85 108.42 39.57 62.52 1.10
8.00 161.53 61.56 68.65 107.05 38.40 61.28 1.12
8.50 162.92 62.95 69.44 106.45 37.01 60.16 1.15
9.00 164.10 64.13 69.45 105.31 35.86 59.01 1.18
9.50 165.31 65.34 69.84 104.55 34.71 57.99 1.20
10.00 165.89 65.92 69.26 103.31 34.05 57.13 1.21
10.50 166.46 66.49 69.24 102.71 33.47 56.55 1.22
11.00 167.23 67.26 69.45 102.10 32.65 55.80 1.24



226

11.50 167.84 67.87 69.24 101.31 32.07 55.15 1.26
12.00 168.08 68.11 69.19 101.03 31.85 54.91 1.26
12.50 168.27 68.31 69.30 100.96 31.66 54.76 1.27
13.00 168.41 68.44 69.07 100.62 31.55 54.57 1.27
13.50 168.67 68.70 68.78 100.04 31.26 54.19 1.27
14.00 168.78 68.81 68.73 99.88 31.15 54.06 1.27
14.50 168.85 68.88 68.74 99.80 31.06 53.97 1.27
15.00 168.91 68.94 68.06 99.11 31.05 53.74 1.27
15.50 168.98 69.01 67.97 98.95 30.98 53.64 1.27
16.00 169.01 69.04 67.66 98.56 30.90 53.45 1.27
16.50 169.18 69.21 67.39 98.14 30.75 53.21 1.27
17.00 169.27 69.30 66.93 97.59 30.66 52.97 1.26
17.50 169.48 69.51 66.56 96.99 30.43 52.62 1.26
18.00 169.54 69.57 65.98 96.54 30.56 52.55 1.26
18.50 169.63 69.66 65.60 95.90 30.30 52.17 1.26
19.00 170.00 70.03 65.46 95.42 29.96 51.78 1.26
19.50 170.00 70.03 65.09 95.08 29.99 51.69 1.26
20.00 170.00 70.03 64.84 94.80 29.96 51.57 1.26

Soil2 - 200 kPa
Axial

Strain (%)
Sample
Pressure

Excess
u (kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 473.11 0.00 0.61 199.84 199.23 199.43 0.00
0.20 482.52 9.41 18.92 208.79 189.87 196.18 0.10
0.40 494.64 21.53 44.08 221.83 177.75 192.44 0.23
0.60 507.18 34.07 57.37 222.58 165.21 184.33 0.31
0.80 516.51 43.40 65.62 221.48 155.86 177.73 0.37
1.00 524.58 51.47 72.26 220.07 147.81 171.90 0.42
1.50 539.59 66.48 83.14 215.94 132.80 160.51 0.52
2.00 550.30 77.19 92.19 214.28 122.09 152.82 0.60
2.50 558.17 85.06 99.63 213.85 114.22 147.43 0.68
3.00 565.15 92.04 105.67 212.89 107.22 142.44 0.74
3.50 569.76 96.65 108.89 211.50 102.61 138.91 0.78
4.00 574.31 101.20 112.36 210.44 98.08 135.53 0.83
4.50 577.85 104.74 115.33 209.85 94.52 132.96 0.87
5.00 580.75 107.64 117.15 208.77 91.62 130.67 0.90
5.50 583.22 110.11 118.73 207.88 89.15 128.73 0.92
6.00 585.44 112.33 120.08 207.01 86.93 126.96 0.95
6.50 587.33 114.22 122.09 207.13 85.04 125.74 0.97
7.00 588.90 115.79 122.79 206.28 83.49 124.42 0.99
7.50 590.28 117.17 124.29 206.38 82.09 123.52 1.01
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8.00 591.54 118.43 125.41 206.26 80.85 122.65 1.02
8.50 592.61 119.50 126.81 206.59 79.78 122.05 1.04
9.00 593.68 120.57 127.21 205.92 78.71 121.11 1.05
9.50 594.66 121.55 125.41 203.12 77.71 119.51 1.05
10.00 595.51 122.40 124.80 201.63 76.83 118.43 1.05
10.50 596.38 123.27 124.22 200.23 76.01 117.42 1.06
11.00 597.17 124.06 123.00 198.20 75.20 116.20 1.06
11.50 598.52 125.41 121.40 195.25 73.85 114.32 1.06
12.00 599.16 126.05 120.17 193.38 73.21 113.27 1.06
12.50 599.81 126.70 119.70 192.26 72.56 112.46 1.06
13.00 601.13 128.02 117.73 188.97 71.24 110.48 1.07
13.50 601.52 128.41 116.81 187.63 70.82 109.76 1.06
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APPENDIX A-4 CIU

Triaxial results of Soil 3 (50% Port of Brisbane soft soil + 50% kaolin soil) with 50-

200 kPa

Soil3 - 50 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 590.17 0.00 0.00 49.87 49.87 49.87 0.00
0.20 591.91 1.74 2.10 50.20 48.10 48.80 0.04
0.40 593.60 3.43 4.71 51.12 46.41 47.98 0.10
0.60 594.68 4.51 7.45 52.75 45.30 47.79 0.16
0.80 597.53 7.36 13.89 56.36 42.48 47.11 0.29
1.00 601.68 11.51 20.74 59.02 38.28 45.19 0.46
1.50 606.69 16.52 26.25 59.60 33.35 42.10 0.62
2.00 609.78 19.61 28.94 59.14 30.20 39.84 0.73
2.50 611.88 21.71 30.97 59.07 28.10 38.42 0.81
3.00 613.83 23.66 32.63 58.81 26.18 37.06 0.88
3.50 614.94 24.77 33.82 58.87 25.04 36.32 0.93
4.00 616.05 25.88 34.87 58.80 23.93 35.55 0.98
4.50 616.38 26.21 35.36 58.94 23.58 35.37 1.00
5.00 616.94 26.77 35.99 59.04 23.04 35.04 1.03
5.50 617.49 27.32 36.65 59.14 22.49 34.70 1.06
6.00 617.98 27.81 37.09 59.09 22.00 34.36 1.08
6.50 618.36 28.19 37.42 59.08 21.65 34.13 1.10
7.00 618.68 28.51 37.58 58.88 21.30 33.82 1.11
7.50 618.99 28.82 37.99 58.98 20.99 33.66 1.13
8.00 619.24 29.07 38.18 58.92 20.74 33.47 1.14
8.50 619.52 29.35 38.29 58.75 20.46 33.23 1.15
9.00 619.74 29.57 38.41 58.68 20.27 33.07 1.16
9.50 619.98 29.81 38.51 58.54 20.03 32.87 1.17
10.00 620.23 30.06 38.62 58.37 19.75 32.62 1.18
10.50 620.40 30.23 38.75 58.36 19.61 32.53 1.19
11.00 620.61 30.44 38.66 58.03 19.37 32.26 1.20
11.50 620.81 30.64 38.61 57.82 19.20 32.07 1.20
12.00 620.96 30.79 38.42 57.47 19.05 31.86 1.21
12.50 621.27 31.10 38.23 56.97 18.75 31.49 1.21
13.00 621.47 31.30 37.85 56.36 18.51 31.12 1.22
13.50 621.49 31.32 37.66 56.18 18.52 31.07 1.21
14.00 621.80 31.63 37.47 55.66 18.18 30.68 1.22
14.50 622.05 31.88 37.28 55.24 17.96 30.39 1.23
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14.99 622.33 32.16 37.28 54.93 17.65 30.08 1.24

Soil3 - 100 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 110.23 0.00 0.00 100.00 100.00 100.00 0.00
0.20 113.45 3.22 4.35 101.16 96.81 98.26 0.04
0.40 117.23 7.00 11.96 104.99 93.03 97.02 0.12
0.60 119.87 9.64 22.30 112.66 90.36 97.79 0.23
0.80 124.76 14.53 34.02 119.52 85.50 96.84 0.35
1.00 128.31 18.08 39.99 121.94 81.95 95.28 0.42
1.50 136.04 25.81 51.03 125.25 74.22 91.23 0.56
2.00 143.85 33.62 57.92 124.33 66.41 85.72 0.68
2.50 149.28 39.05 62.45 123.43 60.98 81.80 0.76
3.00 152.03 41.80 65.11 123.34 58.23 79.93 0.81
3.99 156.62 46.39 68.43 122.07 53.64 76.45 0.90
4.49 159.74 49.51 70.43 120.95 50.52 74.00 0.95
4.99 162.13 51.90 72.42 120.55 48.13 72.27 1.00
5.49 163.70 53.47 73.56 120.12 46.56 71.08 1.03
5.99 165.25 55.02 74.71 119.74 45.03 69.93 1.07
6.49 166.74 56.51 76.11 119.65 43.54 68.91 1.10
6.99 168.03 57.80 77.46 119.69 42.23 68.05 1.14
7.49 169.10 58.87 77.92 119.08 41.16 67.13 1.16
7.99 170.08 59.85 77.73 117.91 40.18 66.09 1.18
8.49 171.01 60.78 78.27 117.52 39.25 65.34 1.20
8.99 171.82 61.59 78.40 116.86 38.46 64.59 1.21
9.49 172.50 62.27 78.83 116.59 37.76 64.04 1.23
9.99 173.12 62.89 79.16 116.30 37.14 63.53 1.25
10.49 173.74 63.51 79.32 115.84 36.52 62.96 1.26
10.99 174.24 64.01 79.53 115.55 36.02 62.53 1.27
11.49 174.80 64.57 79.73 115.19 35.46 62.04 1.29
11.99 175.96 65.73 80.39 114.69 34.30 61.10 1.32
12.49 176.13 65.90 79.73 113.88 34.15 60.73 1.31
12.99 176.77 66.54 79.53 113.02 33.49 60.00 1.33
13.49 177.00 66.77 79.31 112.59 33.28 59.72 1.33
13.99 177.42 67.19 78.62 111.46 32.84 59.05 1.33
14.49 177.81 67.58 78.50 110.95 32.45 58.62 1.34
14.99 178.21 67.98 78.26 110.31 32.05 58.14 1.35
15.49 178.40 68.17 78.00 109.88 31.88 57.88 1.35
15.99 178.54 68.31 77.93 109.67 31.74 57.72 1.35
16.49 178.52 68.29 77.72 109.46 31.74 57.65 1.35
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16.99 178.52 68.29 77.73 109.47 31.74 57.65 1.35
17.49 178.52 68.29 77.50 109.24 31.74 57.57 1.35
17.99 178.52 68.29 77.15 108.89 31.74 57.46 1.34
18.49 178.57 68.34 77.07 108.76 31.69 57.38 1.34
18.99 178.54 68.31 76.40 108.12 31.72 57.19 1.34

Soil3 - 200 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 469.06 0.00 0.00 200.02 200.02 200.02 0.00
0.20 472.72 3.66 9.50 205.80 196.30 199.46 0.05
0.40 482.46 13.40 25.19 211.86 186.67 195.07 0.13
0.60 489.47 20.41 41.49 221.01 179.52 193.35 0.21
0.80 496.40 27.34 61.71 234.39 172.68 193.25 0.32
1.00 502.00 32.94 71.93 238.98 167.05 191.03 0.38
1.50 514.04 44.98 83.53 238.54 155.01 182.85 0.46
2.00 523.81 54.75 91.14 236.38 145.24 175.62 0.52
2.50 531.93 62.87 97.31 234.46 137.15 169.58 0.57
3.00 538.50 69.44 101.63 232.17 130.55 164.42 0.62
3.50 543.98 74.92 105.54 230.61 125.07 160.25 0.66
4.00 548.48 79.42 109.45 230.03 120.57 157.06 0.70
4.50 552.30 83.24 112.53 229.25 116.72 154.23 0.73
5.00 555.71 86.65 115.21 228.58 113.37 151.77 0.76
5.50 558.65 89.59 117.46 227.86 110.40 149.56 0.79
6.00 561.18 92.12 119.94 227.82 107.88 147.86 0.81
6.50 563.35 94.29 121.58 227.31 105.73 146.25 0.83
7.00 565.23 96.17 122.83 226.65 103.83 144.77 0.85
7.50 567.07 98.01 124.06 226.07 102.01 143.36 0.87
8.00 568.62 99.56 124.88 225.31 100.43 142.06 0.88
8.50 569.93 100.87 125.50 224.65 99.15 140.98 0.89
9.00 571.22 102.16 126.11 223.91 97.80 139.84 0.90
9.50 572.52 103.46 127.35 223.92 96.57 139.02 0.92
10.00 573.62 104.56 128.38 223.81 95.43 138.22 0.93
10.50 574.59 105.53 129.41 223.87 94.47 137.60 0.94
11.00 575.48 106.42 130.03 223.60 93.57 136.92 0.95
11.50 576.30 107.24 130.65 223.31 92.66 136.21 0.96
12.00 577.10 108.04 131.26 223.21 91.95 135.71 0.97
12.50 577.80 108.74 132.29 223.51 91.22 135.32 0.98
13.00 578.51 109.45 133.11 223.65 90.54 134.91 0.99
13.50 579.09 110.03 133.73 223.69 89.96 134.53 0.99
14.00 579.63 110.57 134.14 223.57 89.42 134.14 1.00
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14.50 580.13 111.07 133.93 222.85 88.92 133.57 1.00
14.99 580.59 111.53 134.14 222.60 88.46 133.18 1.01
15.50 581.04 111.98 134.34 222.38 88.04 132.82 1.01
16.00 581.44 112.38 134.34 221.95 87.61 132.39 1.01
16.50 581.80 112.74 135.37 222.65 87.28 132.40 1.02
17.00 582.15 113.09 135.81 222.70 86.90 132.16 1.03
17.50 582.48 113.42 136.61 223.21 86.60 132.14 1.03
18.00 582.81 113.75 137.22 223.46 86.24 131.98 1.04
18.50 583.16 114.10 137.64 223.52 85.89 131.77 1.04
19.00 583.47 114.41 137.63 223.24 85.61 131.49 1.05
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APPENDIX A-5 CIU

Triaxial results of Soil 4 (25% Port of Brisbane soft soil + 75% kaolin soil) with 50-

200 kPa

Soil4 - 50 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 610.42 0.00 0.00 50.01 50.01 50.01 0.00
0.20 611.00 0.58 0.89 50.17 49.43 49.67 0.02
0.40 611.76 1.34 1.69 49.96 48.61 49.06 0.03
0.60 612.64 2.22 3.41 50.67 47.82 48.77 0.07
0.80 614.94 4.52 10.24 54.57 45.46 48.50 0.21
1.00 617.12 6.70 15.35 56.98 43.31 47.86 0.32
1.50 620.56 10.14 21.79 59.15 39.90 46.31 0.47
2.00 622.81 12.39 25.77 60.29 37.62 45.18 0.57
2.50 624.48 14.06 27.48 59.92 35.95 43.94 0.63
3.00 625.84 15.42 28.48 59.21 34.59 42.80 0.67
3.50 626.95 16.53 29.31 58.69 33.51 41.90 0.70
4.00 627.85 17.43 29.85 58.10 32.61 41.11 0.73
4.50 628.59 18.17 30.67 58.00 31.87 40.58 0.76
5.00 629.17 18.75 31.50 58.10 31.29 40.22 0.78
5.50 629.74 19.32 32.41 58.27 30.69 39.88 0.81
6.00 630.24 19.82 32.87 58.11 30.19 39.50 0.83
6.50 630.64 20.22 33.41 58.15 29.79 39.25 0.85
7.00 631.04 20.62 34.13 58.36 29.39 39.04 0.87
7.50 631.38 20.96 34.89 58.70 29.05 38.93 0.90
8.00 631.69 21.27 35.55 58.97 28.74 38.82 0.92
8.50 631.96 21.54 36.04 59.12 28.47 38.68 0.93
9.00 632.26 21.84 36.76 59.50 28.20 38.63 0.95
9.50 632.46 22.04 37.36 59.82 27.97 38.59 0.97
10.00 632.68 22.26 38.07 60.25 27.75 38.58 0.99
10.50 632.88 22.46 38.89 60.79 27.52 38.61 1.01
11.00 633.07 22.65 39.71 61.47 27.42 38.77 1.02
11.50 633.23 22.81 40.59 62.09 27.20 38.83 1.05
12.00 633.40 22.98 41.36 62.64 27.03 38.90 1.06
12.50 633.54 23.12 42.45 63.59 26.92 39.14 1.08
13.00 633.65 23.23 43.03 64.00 26.78 39.18 1.10
13.50 633.79 23.37 41.50 62.30 26.64 38.53 1.08
14.00 633.85 23.43 39.99 60.74 26.61 37.98 1.05
14.50 633.96 23.54 39.61 60.19 26.47 37.71 1.05



233

15.00 634.04 23.62 39.04 59.56 26.42 37.47 1.04
15.50 634.10 23.68 37.90 58.31 26.33 36.99 1.02
16.00 634.15 23.73 36.96 57.31 26.28 36.62 1.01
16.50 634.21 23.79 36.70 57.00 26.25 36.50 1.01
17.00 634.24 23.82 36.48 56.72 26.19 36.37 1.00
17.50 634.26 23.84 36.37 56.58 26.17 36.31 1.00
18.00 634.26 23.84 36.37 56.61 26.20 36.34 1.00
18.50 634.30 23.88 36.21 56.37 26.13 36.21 1.00
19.00 634.30 23.88 36.04 56.23 26.16 36.18 1.00
19.50 634.28 23.86 35.93 56.11 26.15 36.14 0.99

Soil4 - 100 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 51.50 0.00 0.00 100.49 100.49 100.49 0.00
0.20 52.40 0.90 4.90 104.46 99.56 101.19 0.05
0.40 53.05 1.55 12.59 111.48 98.88 103.08 0.12
0.60 56.08 4.58 24.14 119.99 95.85 103.90 0.23
0.80 59.08 7.58 31.02 123.90 92.88 103.22 0.30
1.00 61.92 10.42 36.28 126.32 90.04 102.13 0.36
1.50 68.29 16.79 45.40 129.09 83.70 98.83 0.46
2.00 73.77 22.27 53.09 131.28 78.19 95.89 0.55
2.50 78.47 26.97 58.56 132.02 73.46 92.98 0.63
3.00 82.55 31.05 61.80 131.21 69.41 90.01 0.69
3.50 86.08 34.57 65.04 130.93 65.89 87.57 0.74
4.00 89.17 37.67 68.49 131.28 62.79 85.62 0.80
4.50 91.89 40.39 70.91 130.95 60.04 83.68 0.85
5.00 94.30 42.80 73.34 131.00 57.66 82.11 0.89
5.50 96.47 44.96 76.18 131.67 55.49 80.89 0.94
6.00 98.26 46.76 79.62 133.32 53.70 80.24 0.99
6.50 99.90 48.40 83.06 135.15 52.09 79.78 1.04
7.00 101.23 49.73 85.09 135.82 50.73 79.09 1.08
7.50 102.40 50.90 86.33 135.89 49.56 78.33 1.10
8.00 103.49 51.98 86.63 135.10 48.47 77.35 1.12
8.50 104.41 52.91 87.09 134.57 47.49 76.52 1.14
9.00 105.21 53.71 87.20 133.95 46.75 75.82 1.15
9.50 105.96 54.46 87.79 133.79 46.00 75.26 1.17
10.00 106.58 55.07 88.37 133.76 45.38 74.84 1.18
10.50 107.14 55.64 88.31 133.16 44.85 74.29 1.19
11.00 108.03 56.53 88.43 132.36 43.93 73.41 1.20
11.50 109.17 57.67 88.71 131.50 42.79 72.36 1.23
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12.00 110.01 58.51 89.03 130.98 41.95 71.63 1.24
12.50 110.54 59.03 89.36 130.78 41.42 71.21 1.25
13.00 110.84 59.34 89.94 131.06 41.12 71.10 1.27
13.50 111.00 59.50 89.57 130.54 40.96 70.82 1.26
14.00 111.19 59.68 88.99 129.73 40.74 70.41 1.26
14.50 111.34 59.84 88.25 128.87 40.62 70.04 1.26
15.00 111.49 59.99 87.17 127.64 40.47 69.52 1.25
15.50 111.56 60.06 86.09 126.49 40.40 69.10 1.25
16.00 111.70 60.20 84.98 125.24 40.26 68.58 1.24
16.50 111.92 60.42 84.16 124.20 40.04 68.09 1.24
17.00 111.81 60.31 83.75 123.90 40.15 68.06 1.23
17.50 111.79 60.29 83.67 123.84 40.17 68.06 1.23
18.00 111.96 60.45 83.46 123.47 40.00 67.83 1.23
18.50 111.96 60.45 83.67 123.67 40.00 67.89 1.23
19.00 111.83 60.33 82.86 122.99 40.13 67.75 1.22
19.50 111.67 60.17 82.38 122.67 40.29 67.75 1.22
20.00 111.56 60.06 81.98 122.38 40.40 67.73 1.21

Soil4 - 200 kPa
Axial

Strain (%)
Sample
Pressure

Excess
u (kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 270.08 0.00 0.00 199.94 199.94 199.94 0.00
0.20 270.83 0.75 0.37 199.56 199.19 199.31 0.00
0.40 271.23 1.15 0.56 199.35 198.79 198.98 0.00
0.60 272.72 2.64 4.27 201.57 197.30 198.72 0.02
0.80 274.75 4.67 6.88 202.14 195.27 197.56 0.03
1.00 280.65 10.57 26.95 216.31 189.37 198.35 0.14
1.50 304.45 34.37 60.77 226.34 165.57 185.82 0.33
2.00 321.07 50.99 76.74 225.70 148.95 174.54 0.44
2.50 333.66 63.58 87.34 223.69 136.36 165.47 0.53
3.00 343.07 72.99 95.15 222.10 126.95 158.67 0.60
3.50 350.44 80.36 101.65 221.26 119.61 153.49 0.66
4.00 355.62 85.54 107.04 221.47 114.43 150.11 0.71
4.50 359.98 89.90 111.69 221.73 110.04 147.27 0.76
5.00 363.52 93.44 116.15 222.67 106.53 145.24 0.80
5.50 366.51 96.43 120.05 223.56 103.51 143.52 0.84
6.00 368.87 98.79 123.58 224.73 101.15 142.34 0.87
6.50 370.82 100.74 126.74 225.94 99.20 141.45 0.90
7.00 372.53 102.45 129.53 227.05 97.52 140.70 0.92
7.50 373.92 103.84 131.75 227.89 96.14 140.05 0.94
8.00 375.09 105.01 133.99 228.92 94.93 139.59 0.96
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8.50 376.05 105.97 135.66 229.63 93.97 139.19 0.97
9.00 376.91 106.83 136.96 230.07 93.11 138.77 0.99
9.50 377.53 107.45 138.81 231.30 92.50 138.76 1.00
10.00 378.03 107.95 141.24 233.23 91.99 139.07 1.02
10.50 378.43 108.35 143.83 235.29 91.45 139.40 1.03
11.00 378.78 108.70 146.25 237.49 91.24 139.99 1.04
11.50 379.05 108.97 147.93 238.90 90.98 140.28 1.05
12.00 379.37 109.29 148.86 239.54 90.68 140.30 1.06
12.50 379.63 109.55 149.23 239.61 90.39 140.13 1.06
13.00 380.59 110.51 148.86 238.28 89.43 139.04 1.07
13.50 380.89 110.81 149.59 238.69 89.10 138.96 1.08
14.00 381.45 111.37 148.86 237.43 88.57 138.19 1.08
14.50 381.39 111.31 149.04 237.67 88.63 138.31 1.08
15.00 381.48 111.40 149.22 237.76 88.54 138.28 1.08
15.50 381.92 111.84 149.59 237.69 88.10 137.96 1.08
16.00 381.98 111.90 150.16 238.16 88.01 138.06 1.09
16.50 382.09 112.01 150.34 238.27 87.93 138.05 1.09
17.00 382.01 111.93 148.71 236.75 88.04 137.61 1.08
17.50 381.74 111.66 147.35 235.66 88.31 137.42 1.07
18.00 381.52 111.44 146.82 235.31 88.50 137.43 1.07
18.50 381.26 111.18 145.38 234.14 88.76 137.22 1.06
19.00 380.94 110.86 143.85 232.97 89.11 137.06 1.05
19.50 380.70 110.62 142.19 231.51 89.32 136.72 1.04
20.00 380.50 110.42 140.07 229.59 89.52 136.21 1.03
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APPENDIX A-6 CIU

Triaxial results of Soil 5 (100% kaolin soil) with 50-200 kPa

Soil5 - 50 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 50.97 0.00 0.00 49.98 49.98 49.98 0.00
0.20 51.14 0.17 0.28 50.05 49.78 49.87 0.01
0.40 51.47 0.50 1.09 50.49 49.40 49.76 0.02
0.60 51.73 0.77 1.96 51.09 49.13 49.78 0.04
0.80 52.94 1.97 10.59 58.54 47.95 51.48 0.21
1.00 54.50 3.54 14.65 60.98 46.33 51.21 0.29
1.50 57.54 6.58 21.15 64.61 43.46 50.51 0.42
2.00 60.01 9.04 25.76 66.64 40.88 49.47 0.52
2.50 61.75 10.78 29.55 68.66 39.11 48.96 0.60
3.00 63.37 12.41 31.45 68.96 37.51 48.00 0.66
3.50 64.85 13.88 33.34 69.38 36.04 47.16 0.71
4.00 66.09 15.12 34.69 69.49 34.80 46.36 0.75
4.50 67.05 16.08 35.78 69.62 33.84 45.77 0.78
5.00 67.96 16.99 36.59 69.51 32.93 45.12 0.81
5.50 68.69 17.72 37.42 69.62 32.20 44.67 0.84
6.00 69.30 18.33 38.22 69.83 31.62 44.36 0.86
6.50 69.84 18.87 38.75 69.83 31.08 44.00 0.88
7.00 70.29 19.33 39.29 69.91 30.62 43.72 0.90
7.50 70.70 19.73 39.30 69.52 30.22 43.32 0.91
8.00 71.02 20.05 39.78 69.67 29.90 43.15 0.92
8.50 71.27 20.30 40.38 70.03 29.65 43.11 0.94
9.00 71.56 20.59 40.66 70.02 29.36 42.91 0.95
9.50 71.81 20.84 41.73 70.87 29.14 43.05 0.97
10.00 71.98 21.01 42.29 71.26 28.97 43.07 0.98
10.50 72.13 21.16 42.81 71.59 28.79 43.06 0.99
11.00 72.32 21.35 42.81 71.40 28.60 42.86 1.00
11.50 72.44 21.47 43.60 72.08 28.48 43.02 1.01
12.00 72.53 21.56 44.17 72.59 28.41 43.14 1.02
12.50 72.57 21.60 44.44 72.79 28.35 43.16 1.03
13.00 72.65 21.68 44.72 72.99 28.27 43.18 1.04
13.50 72.72 21.76 44.99 73.18 28.19 43.19 1.04
14.00 72.76 21.79 45.53 73.71 28.18 43.36 1.05
14.50 72.80 21.83 46.00 74.15 28.15 43.48 1.06
15.00 72.80 21.83 46.62 74.79 28.17 43.71 1.07
15.50 72.82 21.85 46.88 75.01 28.13 43.75 1.07
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16.00 72.82 21.85 47.15 75.28 28.13 43.85 1.08
16.50 72.82 21.85 47.15 75.28 28.13 43.85 1.08
17.00 72.80 21.83 47.44 75.58 28.15 43.96 1.08
17.50 72.76 21.79 47.43 75.93 28.50 44.31 1.07
18.00 72.76 21.79 47.70 75.88 28.18 44.08 1.08
18.50 72.74 21.77 47.70 75.90 28.20 44.10 1.08
19.00 72.72 21.76 48.20 76.43 28.22 44.29 1.09
19.50 72.70 21.74 47.17 75.41 28.24 43.96 1.07

Soil5 - 100 kPa
Axial
Strain

Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 50.60 0.00 0.00 100.02 100.02 100.02 0.00
0.20 50.86 0.25 2.77 102.54 99.77 100.69 0.03
0.40 51.45 0.84 10.08 109.26 99.18 102.54 0.10
0.60 54.45 3.85 20.56 116.73 96.17 103.02 0.20
0.80 58.25 7.65 29.10 121.48 92.38 102.08 0.29
1.00 61.20 10.60 34.87 124.32 89.45 101.08 0.34
1.50 68.34 17.74 46.66 128.94 82.28 97.83 0.48
2.00 74.33 23.73 55.67 131.93 76.27 94.82 0.59
2.50 79.56 28.96 62.60 133.67 71.07 91.93 0.68
3.00 83.58 32.98 68.60 135.67 67.07 89.94 0.76
3.50 86.90 36.29 73.22 137.00 63.79 88.19 0.83
4.00 89.76 39.16 76.92 137.78 60.86 86.50 0.89
4.50 92.27 41.66 80.15 138.54 58.39 85.10 0.94
5.00 94.23 43.63 82.46 138.85 56.39 83.88 0.98
5.50 96.03 45.43 84.30 138.89 54.59 82.69 1.02
6.00 97.50 46.89 86.38 139.51 53.13 81.92 1.05
6.50 98.73 48.13 87.77 139.69 51.92 81.18 1.08
7.00 99.77 49.17 88.92 139.75 50.82 80.46 1.11
7.50 100.64 50.04 90.08 140.07 49.98 80.01 1.13
8.00 101.51 50.91 91.24 140.35 49.12 79.53 1.15
8.50 102.25 51.65 92.40 140.78 48.38 79.18 1.17
9.00 102.86 52.26 93.16 140.92 47.77 78.82 1.18
9.50 103.37 52.77 94.64 141.89 47.26 78.80 1.20
10.00 103.82 53.22 95.05 141.82 46.78 78.46 1.21
10.50 104.19 53.59 96.09 142.53 46.43 78.46 1.22
11.00 104.52 53.92 96.30 142.38 46.08 78.18 1.23
11.50 104.75 54.15 96.79 142.66 45.87 78.14 1.24
12.00 104.89 54.29 97.03 142.73 45.71 78.05 1.24
12.50 105.03 54.43 97.81 143.40 45.60 78.20 1.25
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13.00 105.14 54.54 98.57 144.05 45.48 78.34 1.26
13.50 105.23 54.63 99.82 145.21 45.40 78.67 1.27
14.00 105.28 54.68 100.94 146.28 45.35 78.99 1.28
14.50 105.37 54.77 101.87 147.12 45.25 79.21 1.29
15.00 105.39 54.79 100.71 145.95 45.23 78.80 1.28
15.50 105.31 54.71 100.39 145.70 45.32 78.78 1.27
16.00 105.20 54.60 99.81 145.23 45.42 78.69 1.27
16.50 105.14 54.54 99.47 144.96 45.49 78.64 1.26
17.00 104.98 54.38 98.80 144.45 45.64 78.58 1.26
17.50 104.86 54.26 97.47 143.23 45.77 78.25 1.25
18.00 104.67 54.07 96.13 142.09 45.96 78.00 1.23
18.50 104.57 53.97 94.80 140.85 46.06 77.65 1.22
19.00 104.34 53.74 92.80 139.08 46.29 77.22 1.20
19.50 104.16 53.56 91.46 137.93 46.47 76.95 1.19

Soil5 - 200 kPa
Axial

Strain (%)
Sample
Pressure

Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

Stress
ratio

0.00 50.24 0.00 0.00 200.09 200.09 200.09 0.00
0.20 53.12 2.88 12.38 209.61 197.23 201.36 0.06
0.40 54.85 4.62 26.13 221.60 195.47 204.18 0.13
0.60 59.06 8.83 35.53 226.82 191.29 203.14 0.17
0.80 63.19 12.95 43.47 230.61 187.13 201.62 0.22
1.00 67.08 16.84 50.16 233.43 183.27 199.99 0.25
1.60 78.70 28.46 68.14 239.76 171.62 194.34 0.35
2.20 88.98 38.74 83.18 244.55 161.37 189.10 0.44
2.80 99.10 48.86 96.14 247.39 151.25 183.30 0.52
3.40 107.76 57.53 106.80 249.39 142.59 178.19 0.60
4.00 115.86 65.62 116.21 250.67 134.46 173.20 0.67
4.60 123.75 73.52 124.57 251.16 126.60 168.12 0.74
5.20 130.48 80.24 131.67 251.54 119.87 163.76 0.80
5.80 134.75 84.52 137.94 253.54 115.60 161.58 0.85
6.40 138.09 87.85 143.79 256.05 112.26 160.19 0.90
7.00 141.62 91.38 147.97 256.71 108.73 158.06 0.94
7.60 145.37 95.14 151.32 256.30 104.98 155.42 0.97
8.20 148.72 98.48 154.24 255.87 101.63 153.04 1.01
8.50 151.23 100.99 156.55 255.67 99.12 151.30 1.03
9.00 152.71 102.47 156.54 254.21 97.68 149.85 1.04
10.00 154.12 103.88 161.35 257.58 96.23 150.01 1.08
11.00 154.99 104.75 163.02 258.41 95.39 149.73 1.09
12.00 155.46 105.22 165.32 260.22 94.89 150.00 1.10
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13.00 155.73 105.50 167.83 262.46 94.63 150.57 1.11
14.00 154.35 104.12 169.29 265.30 96.01 152.44 1.11
15.00 152.95 102.71 169.92 267.34 97.42 154.06 1.10
16.00 151.48 101.24 167.82 266.70 98.88 154.82 1.08
17.00 150.01 99.77 162.60 262.95 100.36 154.55 1.05
18.00 149.57 99.34 156.33 257.12 100.79 152.90 1.02
19.00 147.88 97.64 152.57 255.05 102.48 153.34 1.00
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APPENDIX A-7 CSL AND NCL

The results to plot the CSL and NCL of each type of reconstituted soft soils under

different confining pressure are presented in this Appendix.

Critical-State

Soil 1 100% PoB Soft Soil
Confining Pressure

(kPa) 1 + e pf
(kPa)

qf
(kPa)

Lamda
(NCL)

Lamda
(CSL)

50 2.69 29.12 34.21 0.15 0.15
100 2.59 59.29 64.03 0.13 0.13
200 2.50 119.63 116.39 0.14 0.14
Soil 2 75% PoB Soft Soil + 25% Kaolin Soil

50 2.61 31.54 36.06 0.15 0.16
100 2.51 60.00 69.84 0.15 0.14
200 2.40 125.00 127.21 0.15 0.15
Soil 3 50% PoB Soft Soil + 50% Kaolin Soil

50 2.53 34.05 38.62 0.11 0.13
100 2.46 61.10 80.39 0.15 0.14
200 2.35 131.98 137.22 0.13 0.13
Soil 4 25% PoB Soft Soil + 75% Kaolin Soil

50 2.47 39.18 43.03 0.19 0.22
100 2.34 71.10 89.94 0.15 0.16
200 2.24 138.05 150.31 0.17 0.19

Soil 5 100% Kaolin Soil
50 2.34 44.29 48.20 0.16 0.19
100 2.24 79.21 101.87 0.15 0.16
200 2.13 150.57 167.83 0.15 0.17
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APPENDIX A-8 CIU SATURATION

The saturation results for each type of soil adopted in this study is summarised and

presented in Appendix A-8.

First of all, a series of figures are attached in this section, which presents the change

in B value (saturation ratio), cell pressure and sample pressure with time during the

saturation phase, for each type of tested soil sample used in this project. These figures

were generated by the triaxial test program during each triaxial test.

In addition, the values to generate each figure, such as cell pressure, sample pressure,

and the B value, are also tabulated in the tables after the figures. Hence, the cell

pressure at the end saturation, B value achieved, and time to achieve the target B

value can be clearly identified.

Soil 1
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Soil 2

Soil 3
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Soil 4

Soil 5
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Soil 1

Time Cell
Pressure

Sample
Pressure

B
Value

min kPa kPa
0.0 24.95 12.85
0.5 29.92 16.11 0.66
1.0 34.93 19.71 0.69
1.5 40.21 23.39 0.69
2.0 40.35 25.92 0.85
2.5 40.52 27.30 0.93
3.0 40.49 28.17 0.99
3.5 40.29 28.76
4.0 40.49 30.05
4.5 40.49 30.02
5.0 40.52 30.08
5.5 40.55 30.05
6.0 40.52 30.05
6.5 40.55 30.05
7.0 43.75 30.67
7.5 48.46 32.78 0.45
8.0 53.39 35.79 0.53
8.5 58.67 39.27 0.58
9.0 60.45 42.17 0.69
9.5 60.17 42.11 0.70
10.0 60.14 42.90 0.75
10.5 60.17 43.66 0.79
11.0 60.68 46.95
11.5 60.94 49.98
12.0 60.57 49.98
12.5 60.60 49.96
13.0 60.57 49.98
13.5 60.57 50.01
14.0 60.57 50.01
14.5 62.27 50.13
15.0 67.06 51.67 0.32
15.5 71.88 53.92 0.39
16.0 77.27 56.23 0.41
16.5 80.02 58.98 0.50
17.0 80.36 58.70 0.47
17.5 80.25 59.43 0.52
18.0 80.39 60.22 0.56
18.5 80.56 62.13
19.0 80.90 66.94
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19.5 80.59 69.94
20.0 80.76 69.94
20.5 80.62 70.00
21.0 80.67 70.00
21.5 80.56 70.03
22.0 80.56 70.06
22.5 82.43 70.23
23.0 87.31 72.14 0.39
23.5 92.10 74.70 0.46
24.0 97.32 77.25 0.47
24.5 100.07 79.33 0.52
25.0 100.83 80.23 0.54
25.5 100.44 80.60 0.58
26.0 100.52 80.85 0.59
26.5 100.61 82.93
27.0 100.95 87.71
27.5 100.97 89.96
28.0 100.92 89.96
28.5 100.86 89.93
29.0 100.61 89.96
29.5 100.58 89.99
30.0 100.58 89.96
30.5 103.98 90.47
31.0 107.89 92.60 0.55
31.5 113.62 95.33 0.50
32.0 118.30 98.14 0.54
32.5 120.48 100.14 0.59
33.0 120.77 100.45 0.59
33.5 120.57 100.56 0.61
34.0 120.45 100.62 0.62
34.5 120.48 103.54
35.0 121.19 108.49
35.5 121.13 109.86
36.0 120.99 109.95
36.5 120.68 109.95
37.0 120.60 109.92
37.5 120.60 109.98
38.0 120.57 109.98
38.5 124.17 110.76
39.0 129.02 113.38 0.54
39.5 134.55 116.39 0.54
40.0 138.55 119.51 0.61
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40.5 140.62 121.17 0.63
41.0 139.96 121.25 0.66
41.5 140.53 121.28 0.64
42.0 140.47 121.22 0.64
42.5 140.90 125.19
43.0 141.01 129.71
43.5 140.62 129.88
44.0 140.81 129.96
44.5 140.62 130.02
45.0 140.59 129.96
45.5 140.59 129.99
46.0 140.73 129.96
46.5 146.09 132.05 0.39
47.0 150.91 135.11 0.51
47.5 155.93 138.43 0.56
48.0 160.89 141.77 0.59
48.5 160.52 142.67 0.64
49.0 160.61 142.70 0.64
49.5 160.52 142.62 0.64
50.0 160.55 142.81
50.5 161.00 147.99
51.0 160.44 149.87
51.5 160.69 149.87
52.0 160.80 149.98
52.5 160.63 149.92
53.0 160.61 149.98
53.5 160.58 149.98
54.0 163.84 151.16
54.5 168.69 154.28 0.64
55.0 173.68 157.71 0.67
55.5 178.36 161.25 0.70
56.0 180.51 163.33 0.73
56.5 180.51 163.39 0.73
57.0 180.85 163.31 0.71
57.5 180.54 163.22 0.72
58.0 180.91 166.46
58.5 180.68 169.74
59.0 180.60 169.88
59.5 180.48 169.97
60.0 180.62 169.94
60.5 180.60 169.97
61.0 180.60 170.05
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61.5 181.76 170.50
62.0 187.03 173.60 0.59
62.5 192.11 177.22 0.65
63.0 197.18 180.91 0.67
63.5 200.47 183.91 0.72
64.0 200.47 184.08 0.73
64.5 200.53 184.03 0.72
65.0 200.53 183.91 0.71
65.5 200.62 185.74
66.0 201.10 189.84
66.5 200.45 189.90
67.0 200.59 189.96
67.5 200.62 189.96
68.0 200.56 190.04
68.5 200.59 190.01
69.0 200.96 190.18
69.5 206.71 193.25 0.53
70.0 210.85 196.96 0.68
70.5 216.21 200.72 0.69
71.0 220.49 204.27 0.72
71.5 220.55 204.52 0.73
72.0 220.58 204.46 0.73
72.5 220.55 204.38 0.72
73.0 220.55 205.17
73.5 221.34 209.75
74.0 220.86 209.92
74.5 220.89 209.92
75.0 220.63 210.00
75.5 220.61 209.97
76.0 220.61 210.03
76.5 221.12 210.06
77.0 225.48 213.21 0.72
77.5 230.33 216.95 0.75
78.0 235.78 220.80 0.73
78.5 240.45 224.65 0.75
79.0 240.54 224.99 0.77
79.5 240.54 224.93 0.77
80.0 240.54 224.85 0.76
80.5 240.65 225.55
81.0 241.22 229.85
81.5 240.68 229.93
82.0 240.63 229.99
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82.5 240.60 229.99
83.0 240.82 230.02
83.5 240.57 230.02
84.0 241.11 230.21
84.5 246.10 233.59 0.68
85.0 250.95 237.52 0.74
85.5 256.22 241.49 0.75
86.0 260.47 245.28 0.78
86.5 260.53 245.51 0.79
87.0 260.62 245.42 0.78
87.5 260.56 245.34 0.78
88.0 260.67 246.41
88.5 260.50 249.78
89.0 260.67 249.87
89.5 260.62 250.12
90.0 260.59 250.03
90.5 260.56 250.03
91.0 260.56 250.03
91.5 261.58 250.62
92.0 266.51 254.28 0.74
92.5 271.42 258.27 0.78
93.0 276.35 262.26 0.79
93.5 280.63 265.36 0.77
94.0 280.52 265.36 0.78
94.5 280.52 265.27 0.77
95.0 280.55 265.19 0.77
95.5 280.95 266.34
96.0 281.03 269.77
96.5 280.86 269.91
97.0 280.63 270.02
97.5 280.61 270.02
98.0 280.61 269.99
98.5 280.58 270.02
99.0 281.63 270.87
99.5 287.30 274.72 0.68
100.0 292.49 278.79 0.73
100.5 297.14 282.98 0.78
101.0 300.54 286.16 0.81
101.5 300.57 286.24 0.81
102.0 300.60 286.19 0.81
102.5 300.57 286.13 0.81
103.0 300.57 287.85
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103.5 300.60 289.95
104.0 300.63 290.01
104.5 300.57 289.98
105.0 300.57 290.09
105.5 300.57 290.01
106.0 300.57 290.01
106.5 303.52 292.01
107.0 308.62 296.03 0.79
107.5 313.64 300.16 0.81
108.0 318.52 304.38 0.82
108.5 320.53 306.51 0.85
109.0 320.70 306.46 0.84
109.5 320.53 306.46 0.85
110.0 320.53 306.37 0.84
110.5 320.98 309.49
111.0 320.67 309.89
111.5 320.62 310.08
112.0 320.67 310.00
112.5 320.47 310.08
113.0 320.47 310.03
113.5 320.47 310.03
114.0 324.87 313.46
114.5 329.72 317.59 0.85
115.0 335.25 321.78 0.80
115.5 339.87 326.14 0.85
116.0 340.46 326.42 0.83
116.5 340.29 326.22 0.83
117.0 339.93 326.14 0.84
117.5 340.55 326.19
118.0 340.81 329.71
118.5 340.49 329.93
119.0 340.12 329.99
119.5 339.90 329.99
120.0 340.04 330.01
120.5 340.10 330.01
121.0 340.89 330.55
121.5 346.02 334.57 0.78
122.0 350.76 338.79 0.83
122.5 356.00 343.06 0.83
123.0 360.03 346.99 0.86
123.5 360.71 347.08 0.83
124.0 359.77 346.94 0.87
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124.5 359.77 346.77 0.86
125.0 359.32 347.61
125.5 360.03 349.89
126.0 359.95 349.95
126.5 359.26 349.92
127.0 360.20 350.03
127.5 358.90 350.06
128.0 359.52 350.06
128.5 361.25 351.16
129.0 367.06 355.37 0.73
129.5 371.51 359.67 0.83
130.0 376.16 364.03 0.86
130.5 380.56 367.66 0.85
131.0 380.70 367.55 0.84
131.5 380.62 367.46 0.84
132.0 380.11 367.40 0.86
132.5 380.87 369.40
133.0 380.62 370.24
133.5 380.84 369.99
134.0 380.25 369.99
134.5 380.56 370.05
135.0 380.53 370.02
135.5 380.53 370.02
136.0 384.70 373.22
136.5 389.63 377.55 0.88
137.0 394.74 381.97 0.87
137.5 399.50 386.35 0.89
138.0 400.61 387.45 0.89
138.5 400.35 387.42 0.91
139.0 400.55 387.34 0.89
139.5 400.47 387.28 0.89
140.0 400.81 389.92
140.5 400.69 389.98
141.0 400.64 390.18
141.5 400.61 390.06
142.0 400.58 390.06
142.5 400.58 390.01
143.0 402.36 391.47
143.5 407.84 395.69 0.77
144.0 412.74 400.10 0.83
144.5 417.25 404.40 0.87
145.0 420.68 407.44 0.87
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145.5 420.54 407.41 0.88
146.0 420.54 407.35 0.87
146.5 420.54 407.30 0.87
147.0 420.94 409.01
147.5 420.68 409.97
148.0 420.60 410.00
148.5 420.57 410.05
149.0 420.57 410.05
149.5 420.57 410.05
150.0 420.57 410.02
150.5 424.79 413.93
151.0 430.38 418.26 0.78
151.5 435.82 422.67 0.79
152.0 440.08 427.37 0.88
152.5 440.53 427.62 0.87
153.0 440.53 427.57 0.87
153.5 440.47 427.48 0.86
154.0 440.56 427.51
154.5 440.47 430.18
155.0 440.59 429.98
155.5 440.59 430.01
156.0 440.56 430.01
156.5 440.56 430.04
157.0 440.56 430.01
157.5 442.89 432.18
158.0 448.56 436.48 0.76
158.5 452.95 440.95 0.87
159.0 457.63 445.22 0.88
159.5 460.55 447.64 0.88
160.0 460.55 447.61 0.87
160.5 460.58 447.58 0.87
161.0 460.58 447.55 0.87
161.5 460.49 449.92
162.0 460.64 449.97
162.5 460.61 450.08
163.0 460.58 450.00
163.5 460.58 450.03
164.0 460.58 450.08
164.5 460.58 450.03
165.0 460.58 450.03
165.5 460.55 450.08
166.0 460.58 450.06
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166.5 460.58 450.03
167.0 460.58 450.03
167.5 460.58 450.03
168.0 460.58 450.06
168.5 460.58 450.03
169.0 460.64 450.06
169.5 460.61 450.14
170.0 460.58 450.06
170.5 460.58 450.03
171.0 460.58 450.03
171.5 460.58 450.06
172.0 460.58 450.06
172.5 460.58 450.03
173.0 460.58 450.03
173.5 460.58 450.06
174.0 460.58 450.03
174.5 459.81 449.27
175.0 454.77 444.18
175.5 449.80 439.32
176.0 444.87 434.17
176.5 440.59 430.07
177.0 440.56 430.04
177.5 440.56 430.04
178.0 440.56 430.04
178.5 440.56 430.04
179.0 440.56 430.04
179.5 441.41 430.69
180.0 446.43 435.04 0.87
180.5 451.25 439.46 0.89
181.0 456.21 444.01 0.90
181.5 460.55 448.03 0.91
182.0 460.55 448.09 0.91
182.5 460.55 448.06 0.91
183.0 460.64 448.03 0.90
183.5 460.75 449.07
184.0 460.64 450.11
184.5 460.61 450.20
185.0 460.61 450.03
185.5 460.58 450.03
186.0 460.58 450.03
186.5 460.58 450.06
187.0 460.58 450.03
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187.5 460.58 450.03
188.0 460.55 450.06
188.5 460.58 450.06
189.0 460.61 450.06
189.5 460.58 450.06
190.0 460.55 450.06
190.5 460.61 450.06
191.0 460.58 450.06
191.5 460.58 450.06
192.0 460.58 450.06
192.5 460.58 450.06
193.0 460.58 450.06
193.5 460.58 450.03
194.0 460.58 450.08
194.5 460.55 450.08
195.0 460.58 450.06
195.5 460.58 450.06
196.0 460.55 450.03
196.5 460.55 450.06
197.0 456.07 445.98
197.5 451.14 440.89
198.0 446.43 435.83
198.5 441.78 430.91
199.0 440.56 430.04
199.5 440.56 430.07
200.0 440.56 430.04
200.5 440.56 430.04
201.0 440.56 430.01
201.5 440.56 430.01
202.0 445.18 433.67
202.5 449.78 438.08 0.96
203.0 454.62 442.55 0.94
203.5 459.96 447.10 0.91
204.0 460.55 448.09 0.94
204.5 460.58 448.09 0.94
205.0 460.55 448.06 0.94
205.5 460.58 448.03 0.93
206.0 460.92 449.92
206.5 460.61 450.00
207.0 460.58 450.00
207.5 460.55 450.03
208.0 460.58 450.03
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208.5 460.58 450.03
209.0 460.55 450.03
209.5 460.58 450.03
210.0 460.58 450.06
210.5 460.58 450.06
211.0 460.61 450.17
211.5 460.61 450.06
212.0 460.58 450.06
212.5 460.55 450.03
213.0 460.58 450.03
213.5 460.55 450.03
214.0 460.58 450.06
214.5 460.58 450.06
215.0 460.58 450.06
215.5 460.55 450.03
216.0 460.58 450.06
216.5 460.58 450.06
217.0 460.58 450.00
217.5 460.58 450.20
218.0 460.58 450.06
218.5 460.58 450.08
219.0 457.91 447.33
219.5 452.84 442.27
220.0 448.02 437.38
220.5 442.97 432.37
221.0 440.56 430.04
221.5 440.56 430.04
222.0 440.56 430.01
222.5 440.53 430.01
223.0 440.53 430.01
223.5 440.56 430.07
224.0 443.42 432.46
224.5 448.81 436.87 0.82
225.0 453.35 441.34 0.90
225.5 458.00 445.92 0.92
226.0 460.55 448.14 0.92
226.5 460.55 448.09 0.91
227.0 460.55 448.06 0.91
227.5 460.58 448.06 0.91
228.0 460.69 450.06
228.5 460.64 450.00
229.0 460.58 449.97



255

229.5 460.58 450.06
230.0 460.58 450.08
230.5 460.58 450.14
231.0 460.58 450.06
231.5 460.58 450.03
232.0 460.58 450.20
232.5 460.58 450.08
233.0 460.58 450.08
233.5 460.61 450.06
234.0 460.58 450.03
234.5 460.55 450.03
235.0 460.58 450.06
235.5 460.58 450.06
236.0 460.58 450.03
236.5 460.58 450.06
237.0 460.58 450.06
237.5 460.58 450.03
238.0 460.55 450.06
238.5 460.58 450.08
239.0 460.58 450.06
239.5 460.55 450.03
240.0 460.58 450.06
240.5 460.61 450.06
241.0 458.88 448.54
241.5 454.28 443.56
242.0 449.09 438.53
242.5 444.10 433.67
243.0 440.56 430.04
243.5 440.56 430.04
244.0 440.56 430.04
244.5 440.56 430.01
245.0 440.56 430.04
245.5 440.56 430.04
246.0 442.37 431.39
246.5 447.22 435.80 0.91
247.0 451.76 440.27 0.95
247.5 457.06 444.83 0.91
248.0 460.61 448.17 0.92
248.5 460.58 448.20 0.92
249.0 460.58 448.17 0.92
249.5 460.58 448.14 0.92
250.0 460.49 449.75
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250.5 460.69 450.03
251.0 460.61 450.03
251.5 460.55 450.03
252.0 460.61 450.11
252.5 460.58 450.06
253.0 460.58 450.06
253.5 460.58 450.06
254.0 460.58 450.03
254.5 460.58 450.06
255.0 460.61 450.00
255.5 460.58 450.06
256.0 460.55 450.03
256.5 460.58 450.06
257.0 460.58 450.03
257.5 460.58 450.06
258.0 460.58 450.08
258.5 460.61 450.06
259.0 460.55 450.06
259.5 460.55 450.06
260.0 460.58 450.06
260.5 460.58 450.06
261.0 460.58 450.06
261.5 460.58 450.06
262.0 460.61 450.06
262.5 460.61 450.08
263.0 460.35 449.66
263.5 455.25 444.66
264.0 450.06 439.54
264.5 445.30 434.45
265.0 440.56 430.04
265.5 440.56 429.96
266.0 440.56 430.04
266.5 440.56 430.04
267.0 440.56 430.04
267.5 440.56 430.04
268.0 441.07 430.46
268.5 445.81 434.85 0.93
269.0 451.48 439.29 0.85
269.5 456.30 443.82 0.88
270.0 460.55 448.06 0.90
270.5 460.24 447.69 0.90
271.0 460.58 448.00 0.90
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271.5 460.55 447.98 0.90
272.0 460.75 448.71
272.5 460.64 449.97
273.0 460.58 450.00
273.5 460.58 450.06
274.0 460.58 450.03
274.5 460.58 450.06
275.0 460.55 450.03
275.5 460.58 450.03
276.0 460.58 450.03
276.5 460.58 450.06
277.0 460.58 450.03
277.5 460.58 450.06
278.0 460.58 450.08
278.5 460.58 450.03
279.0 460.55 450.03
279.5 460.58 450.06
280.0 460.58 450.08
280.5 460.58 450.06
281.0 460.61 450.06
281.5 460.58 450.06
282.0 460.55 450.06
282.5 460.55 450.06
283.0 460.58 450.06
283.5 460.58 450.06
284.0 460.58 450.06
284.5 460.55 450.06
285.0 460.58 450.06
285.5 456.44 445.75
286.0 451.33 440.84
286.5 446.29 435.92
287.0 441.38 430.83
287.5 440.56 430.07
288.0 440.56 430.07
288.5 440.56 430.04
289.0 440.56 430.04
289.5 440.56 430.04
290.0 440.56 430.04
290.5 444.84 433.78
291.0 449.89 438.28 0.89
291.5 455.13 442.86 0.88
292.0 460.55 447.64 0.88
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292.5 460.55 448.20 0.92
293.0 460.55 448.17 0.92
293.5 460.58 448.17 0.91
294.0 460.58 448.14
294.5 460.66 449.97
295.0 460.64 449.89
295.5 460.61 450.03
296.0 460.61 450.28
296.5 460.55 450.03
297.0 460.58 450.08
297.5 460.58 450.06
298.0 460.58 450.06
298.5 460.78 450.06
299.0 460.55 450.11
299.5 460.58 450.06
300.0 460.58 450.06
300.5 460.58 450.06
301.0 460.58 450.06
301.5 460.58 450.06
302.0 460.58 450.11
302.5 460.58 450.06
303.0 460.58 450.06
303.5 460.58 450.06
304.0 460.55 450.06
304.5 460.58 450.03
305.0 460.58 450.06
305.5 460.61 450.06
306.0 460.58 450.06
306.5 460.58 450.06
307.0 460.58 450.06
307.5 457.57 447.10
308.0 452.55 442.07
308.5 447.73 437.04
309.0 442.23 432.09
309.5 440.56 430.04
310.0 440.56 430.04
310.5 440.56 430.04
311.0 440.56 430.04
311.5 440.56 430.04
312.0 440.53 430.01
312.5 443.42 432.65
313.0 448.81 437.12 0.83
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313.5 453.66 441.65 0.88
314.0 458.17 446.26 0.92
314.5 460.58 448.23 0.91
315.0 460.61 448.23 0.91
315.5 460.58 448.20 0.91
316.0 460.64 448.20 0.90
316.5 460.44 450.31
317.0 460.64 450.03
317.5 460.32 450.03
318.0 460.61 450.00
318.5 460.58 450.06
319.0 460.58 450.03
319.5 460.55 450.03
320.0 460.58 450.06
320.5 460.58 450.06
321.0 460.58 450.03
321.5 460.58 450.03
322.0 460.58 450.08
322.5 460.58 450.06
323.0 460.58 450.06
323.5 460.58 450.06
324.0 460.55 450.06
324.5 460.58 450.06
325.0 460.61 450.08
325.5 460.58 450.06
326.0 460.58 450.06
326.5 460.58 450.06
327.0 460.58 450.06
327.5 460.58 450.06
328.0 460.58 450.08
328.5 460.61 450.06
329.0 460.58 450.03
329.5 459.22 448.26
330.0 453.69 443.28
330.5 448.75 438.28
331.0 443.79 433.30
331.5 440.53 430.01
332.0 440.56 430.04
332.5 440.56 430.04
333.0 440.56 430.04
333.5 440.56 430.04
334.0 440.56 430.04
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334.5 442.12 431.67
335.0 447.34 436.03 0.84
335.5 452.07 440.58 0.90
336.0 457.01 445.16 0.91
336.5 460.58 448.20 0.90
337.0 460.58 448.20 0.90
337.5 460.58 448.20 0.90
338.0 460.61 448.17 0.89
338.5 460.52 449.97
339.0 460.75 449.97
339.5 460.64 450.06
340.0 460.61 450.03
340.5 460.58 450.06
341.0 460.58 450.03
341.5 460.58 450.06
342.0 460.58 450.06
342.5 460.58 450.06
343.0 460.58 450.06
343.5 460.58 450.08
344.0 460.55 450.11
344.5 460.58 450.06
345.0 460.58 450.08
345.5 460.58 450.06
346.0 460.61 450.06
346.5 460.55 450.06
347.0 460.58 450.03
347.5 460.55 450.03
348.0 460.58 450.03
348.5 460.58 450.06
349.0 460.61 450.06
349.5 460.58 450.06
350.0 460.58 450.06
350.5 460.58 450.06
351.0 460.58 450.06
351.5 459.98 449.49
352.0 455.39 444.46
352.5 449.69 439.51
353.0 445.21 434.48
353.5 440.56 430.04
354.0 440.56 430.07
354.5 440.56 430.04
355.0 440.59 430.07
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355.5 440.56 430.04
356.0 440.56 430.04
356.5 441.47 430.71
357.0 446.46 435.07 0.87
357.5 451.45 439.57 0.89
358.0 456.24 444.12 0.91
358.5 460.58 448.17 0.91
359.0 460.55 448.23 0.92
359.5 460.58 448.23 0.92
360.0 460.58 448.20 0.91
360.5 460.64 449.10
361.0 460.64 449.97
361.5 460.64 450.08
362.0 460.61 450.11
362.5 460.58 450.06
363.0 460.58 450.06
363.5 460.61 450.08
364.0 460.58 450.06
364.5 460.58 450.06
365.0 460.66 450.06
365.5 460.61 450.06
366.0 460.58 450.03
366.5 460.58 450.06
367.0 460.58 450.03
367.5 460.58 450.06
368.0 460.58 450.06
368.5 460.64 450.06
369.0 460.58 450.06
369.5 460.38 450.06
370.0 460.58 450.08
370.5 460.61 450.06
371.0 460.61 450.08
371.5 460.58 450.06
372.0 460.55 450.06
372.5 460.55 450.06
373.0 460.58 450.06
373.5 460.58 450.03
374.0 456.07 445.50
374.5 450.91 440.55
375.0 446.06 435.52
375.5 440.79 430.52
376.0 440.56 430.04
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376.5 440.56 430.04
377.0 440.56 430.04
377.5 440.56 430.04
378.0 440.53 430.04
378.5 440.56 430.04
379.0 445.21 434.06
379.5 450.60 438.56 0.83
380.0 455.08 443.11 0.92
380.5 460.49 447.89 0.90
381.0 460.55 448.23 0.92
381.5 460.55 448.20 0.92
382.0 460.55 448.20 0.92
382.5 460.61 448.37
383.0 460.64 449.94
383.5 460.78 450.06
384.0 460.58 450.03
384.5 460.58 450.03
385.0 460.58 450.06
385.5 460.58 450.03
386.0 460.58 450.06
386.5 460.58 450.03
387.0 460.58 450.00
387.5 460.58 450.06
388.0 460.55 450.03
388.5 460.58 450.06
389.0 460.58 450.06
389.5 460.58 450.06
390.0 460.58 450.06
390.5 460.58 450.03
391.0 460.58 450.03
391.5 460.61 450.06
392.0 460.58 450.03
392.5 460.58 450.06
393.0 460.58 450.06
393.5 460.58 450.06
394.0 460.58 450.06
394.5 460.58 450.06
395.0 460.58 450.06
395.5 460.58 450.06
396.0 457.15 446.51
396.5 452.07 441.54
397.0 447.08 436.51
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397.5 442.06 431.53
398.0 440.59 430.07
398.5 440.56 430.04
399.0 440.56 430.04
399.5 440.56 430.04
400.0 440.56 430.04
400.5 440.56 430.04
401.0 444.44 433.19
401.5 449.01 437.63 0.97
402.0 454.14 442.18 0.93
402.5 459.36 446.82 0.91
403.0 460.55 448.28 0.94
403.5 460.58 448.31 0.94
404.0 460.58 448.31 0.94
404.5 460.58 448.31 0.94
405.0 460.64 449.97
405.5 460.58 450.00
406.0 460.58 450.06
406.5 460.58 450.06
407.0 460.61 450.06
407.5 460.58 450.06
408.0 460.58 450.06
408.5 460.58 450.08
409.0 460.58 450.06
409.5 460.58 450.06
410.0 460.58 450.06
410.5 460.58 450.03
411.0 460.58 450.06
411.5 460.58 450.06
412.0 460.64 450.06
412.5 460.58 450.06
413.0 460.58 450.06
413.5 460.58 450.03
414.0 460.58 450.03
414.5 460.58 450.06
415.0 460.58 450.06
415.5 460.55 450.11
416.0 460.55 450.03
416.5 460.55 450.03
417.0 460.58 450.03
417.5 460.55 450.06
418.0 458.03 447.41
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418.5 452.89 442.47
419.0 448.07 437.41
419.5 442.97 432.37
420.0 440.59 430.07
420.5 440.59 430.04
421.0 440.56 430.04
421.5 440.56 430.04
422.0 440.56 430.04
422.5 440.56 430.04
423.0 443.88 432.43
423.5 448.39 436.90 0.99

Soil 2

Time Cell
Pressure

Sample
Pressure

B
Value

min kPa kPa
0.0 17.18 9.42
0.5 21.92 10.09 0.14
1.0 26.77 11.05 0.17
1.5 31.79 12.34 0.20
2.0 32.18 13.49 0.27
2.5 32.27 14.39 0.33
3.0 32.24 15.07 0.38
3.5 32.30 15.66 0.41
4.0 32.13 19.82
4.5 32.33 25.19
5.0 32.44 29.10
5.5 32.47 29.24
6.0 32.44 29.24
6.5 32.38 29.24
7.0 32.41 29.21
7.5 32.41 29.24
8.0 33.46 29.27
8.5 38.34 29.83 0.12
9.0 43.27 30.67 0.14
9.5 48.35 31.88 0.18
10.0 52.23 33.17 0.21
10.5 52.23 34.27 0.27
11.0 52.20 35.17 0.31
11.5 52.29 35.96 0.36
12.0 52.09 37.56
12.5 52.37 42.68
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13.0 52.51 47.57
13.5 52.51 49.20
14.0 52.43 49.23
14.5 52.40 49.20
15.0 52.43 49.23
15.5 52.43 49.20
16.0 52.34 49.20
16.5 56.03 49.39
17.0 61.19 50.24 0.16
17.5 65.84 51.53 0.22
18.0 70.86 52.99 0.24
18.5 72.14 54.57 0.32
19.0 72.19 55.55 0.38
19.5 72.28 56.39 0.43
20.0 72.31 57.07 0.47
20.5 72.36 60.75
21.0 72.53 66.15
21.5 72.42 69.21
22.0 72.48 69.24
22.5 72.51 69.21
23.0 72.45 69.21
23.5 72.39 69.21
24.0 72.39 69.21
24.5 74.43 69.41
25.0 79.37 70.45 0.21
25.5 84.24 72.00 0.26
26.0 89.29 73.82 0.30
26.5 92.18 75.71 0.35
27.0 92.24 76.89 0.42
27.5 92.16 77.70 0.47
28.0 92.18 78.41 0.51
28.5 92.33 80.97
29.0 92.50 85.91
29.5 92.64 89.20
30.0 92.47 89.20
30.5 92.50 89.20
31.0 92.44 89.20
31.5 92.44 89.20
32.0 92.41 89.23
32.5 94.08 89.37
33.0 98.99 90.58 0.25
33.5 103.92 92.32 0.30
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34.0 109.00 94.43 0.34
34.5 108.29 95.36 0.42
35.0 112.37 97.69 0.45
35.5 112.54 98.65 0.50
36.0 112.26 99.32 0.55
36.5 112.32 101.32
37.0 112.57 106.27
37.5 112.68 109.22
38.0 112.43 109.19
38.5 112.46 109.22
39.0 112.46 109.25
39.5 112.40 109.22
40.0 112.37 109.25
40.5 114.24 109.53
41.0 119.35 111.07 0.30
41.5 124.08 113.18 0.37
42.0 129.13 115.63 0.41
42.5 132.02 118.02 0.48
43.0 132.36 119.28 0.54
43.5 132.25 120.10 0.59
44.0 132.25 120.72 0.62
44.5 132.45 122.91
45.0 132.59 127.91
45.5 132.59 129.15
46.0 132.62 129.23
46.5 132.51 129.23
47.0 132.45 129.21
47.5 132.53 129.21
48.0 132.42 129.21
48.5 135.68 129.99
49.0 140.93 132.05 0.39
49.5 145.89 134.63 0.45
50.0 150.74 137.44 0.49
50.5 152.52 139.64 0.57
51.0 152.16 140.70 0.65
51.5 152.27 141.38 0.69
52.0 152.41 141.86 0.71
52.5 152.38 145.40
53.0 152.38 149.19
53.5 152.35 149.19
54.0 152.38 149.22
54.5 152.35 149.17
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55.0 152.50 149.19
55.5 152.44 149.17
56.0 153.63 149.33
56.5 158.51 151.27 0.40
57.0 163.67 153.86 0.45
57.5 168.46 156.84 0.51
58.0 172.29 159.79 0.56
58.5 172.23 161.11 0.63
59.0 172.37 161.84 0.67
59.5 172.17 162.35 0.70
60.0 172.37 163.87
60.5 173.03 168.90
61.0 172.69 169.18
61.5 172.63 169.15
62.0 172.54 169.18
62.5 172.43 169.15
63.0 172.43 169.18
63.5 172.54 169.18
64.0 177.22 170.81 0.35
64.5 181.99 173.48 0.46
65.0 187.03 176.58 0.51
65.5 192.28 179.95 0.55
66.0 192.56 181.64 0.62
66.5 192.31 182.42 0.67
67.0 192.39 182.90 0.69
67.5 192.31 183.27
68.0 192.70 188.21
68.5 192.28 189.20
69.0 192.42 189.17
69.5 192.51 189.25
70.0 192.19 189.14
70.5 192.22 189.17
71.0 192.31 189.23
71.5 196.36 190.69
72.0 201.64 193.50 0.53
72.5 206.68 196.79 0.59
73.0 211.70 200.27 0.62
73.5 212.27 202.24 0.73
74.0 212.27 203.00 0.77
74.5 212.16 203.42 0.81
75.0 212.35 203.73 0.82
75.5 212.72 208.17
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76.0 212.27 209.21
76.5 212.58 209.13
77.0 212.69 209.13
77.5 212.41 209.16
78.0 212.41 209.19
78.5 212.41 209.19
79.0 216.27 210.76
79.5 221.23 213.77 0.61
80.0 226.28 217.20 0.64
80.5 231.15 220.88 0.68
81.0 232.29 222.88 0.76
81.5 232.35 223.58 0.80
82.0 232.35 223.95 0.82
82.5 232.29 224.20 0.84
83.0 232.46 228.33
83.5 232.71 229.17
84.0 232.35 229.20
84.5 232.54 229.23
85.0 232.66 229.17
85.5 232.52 229.17
86.0 232.40 229.26
86.5 236.66 231.23
87.0 241.62 234.43 0.65
87.5 247.03 238.03 0.66
88.0 251.57 241.83 0.71
88.5 252.31 243.51 0.78
89.0 252.31 244.13 0.82
89.5 252.48 244.44 0.84
90.0 252.34 244.64 0.86
90.5 252.65 249.16
91.0 252.36 249.16
91.5 252.42 249.16
92.0 252.39 249.28
92.5 252.59 249.19
93.0 252.42 249.22
93.5 252.31 249.22
94.0 257.24 251.75 0.51
94.5 262.26 255.18 0.60
95.0 267.19 258.92 0.65
95.5 272.16 262.85 0.69
96.0 272.47 264.15 0.74
96.5 272.35 264.65 0.77
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97.0 272.35 264.91 0.78
97.5 272.44 265.33
98.0 272.21 269.24
98.5 272.44 269.07
99.0 272.41 269.18
99.5 272.53 269.18
100.0 272.50 269.21
100.5 272.38 269.18
101.0 273.74 269.49
101.5 278.20 272.52 0.68
102.0 283.67 276.18 0.67
102.5 288.29 280.09 0.73
103.0 292.29 283.80 0.77
103.5 292.32 284.70 0.82
104.0 292.20 285.06 0.84
104.5 292.35 285.26 0.85
105.0 292.69 286.78
105.5 292.52 289.17
106.0 292.46 289.08
106.5 292.49 289.14
107.0 292.40 289.17
107.5 292.40 289.20
108.0 292.43 289.14
108.5 294.93 290.52
109.0 299.77 294.00 0.72
109.5 305.50 297.85 0.69
110.0 309.95 301.96 0.76
110.5 312.36 304.66 0.81
111.0 312.31 305.22 0.85
111.5 312.34 305.47 0.86
112.0 312.36 305.64 0.87
112.5 312.90 308.93
113.0 312.53 309.18
113.5 312.34 309.21
114.0 312.48 309.18
114.5 312.45 309.27
115.0 312.42 309.18
115.5 312.48 309.18
116.0 316.84 312.08 0.66
116.5 322.12 315.85 0.69
117.0 327.34 319.92 0.72
117.5 331.87 324.22 0.78
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118.0 332.38 325.35 0.81
118.5 332.04 325.71 0.84
119.0 332.50 325.91 0.84
119.5 332.38 326.05
120.0 332.81 329.14
120.5 332.44 329.17
121.0 332.41 329.12
121.5 332.47 329.20
122.0 332.47 329.23
122.5 332.44 329.23
123.0 333.97 330.16
123.5 339.64 333.73 0.63
124.0 343.90 337.72 0.76
124.5 349.57 341.91 0.75
125.0 352.32 345.22 0.82
125.5 352.35 345.79 0.85
126.0 352.37 346.04 0.86
126.5 352.37 346.18 0.87
127.0 352.29 348.43
127.5 352.74 349.13
128.0 352.54 349.13
128.5 352.52 349.22
129.0 352.46 349.13
129.5 352.43 349.27
130.0 352.49 349.22
130.5 356.00 351.69
131.0 361.50 355.63 0.72
131.5 366.86 359.84 0.75
132.0 371.97 364.17 0.78
132.5 372.08 365.89 0.88
133.0 372.36 366.20 0.89
133.5 372.34 366.31 0.90
134.0 372.36 366.42 0.90
134.5 372.45 369.18
135.0 372.31 369.18
135.5 372.71 369.20
136.0 372.19 369.34
136.5 372.25 369.26
137.0 372.36 369.20
137.5 374.49 370.24
138.0 378.89 374.07 0.87
138.5 383.88 378.26 0.85
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139.0 389.41 382.59 0.83
139.5 392.33 385.87 0.88
140.0 392.41 386.32 0.90
140.5 392.36 386.52 0.91
141.0 392.36 386.61 0.92
141.5 392.21 388.55
142.0 392.78 389.19
142.5 392.36 389.11
143.0 392.50 389.22
143.5 392.44 389.22
144.0 392.41 389.19
144.5 392.44 389.25
145.0 396.44 392.20
145.5 401.23 396.30 0.86
146.0 406.87 400.58 0.80
146.5 411.78 405.02 0.84
147.0 412.37 406.40 0.89
147.5 412.37 406.65 0.91
148.0 412.35 406.73 0.91
148.5 412.35 406.82 0.92
149.0 412.40 409.15
149.5 412.29 409.18
150.0 412.46 409.29
150.5 412.40 409.24
151.0 412.37 409.21
151.5 412.46 409.21
152.0 414.73 410.75
152.5 419.29 414.77 0.88
153.0 424.40 419.08 0.86
153.5 429.42 423.55 0.87
154.0 432.37 426.44 0.89
154.5 432.34 426.75 0.91
155.0 432.34 426.89 0.92
155.5 432.37 426.95 0.92
156.0 432.65 429.14
156.5 432.45 429.08
157.0 432.71 429.17
157.5 432.45 429.22
158.0 432.42 429.22
158.5 432.73 429.20
159.0 432.90 429.59
159.5 437.81 433.41 0.78
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160.0 443.11 437.69 0.79
160.5 447.71 442.13 0.85
161.0 452.36 446.37 0.86
161.5 452.38 446.88 0.89
162.0 452.36 447.05 0.90
162.5 452.38 447.13 0.90
163.0 452.53 447.98
163.5 452.61 449.18
164.0 452.44 449.27
164.5 452.50 449.24
165.0 452.44 449.21
165.5 452.44 449.21
166.0 452.47 449.21
166.5 456.18 452.11
167.0 461.66 456.33 0.77
167.5 466.39 460.82 0.85
168.0 471.86 465.35 0.84
168.5 472.12 466.95 0.93
169.0 472.37 467.12 0.93
169.5 472.37 467.20 0.93
170.0 472.43 467.29 0.93
170.5 472.32 469.20
171.0 472.46 469.17
171.5 472.37 469.37
172.0 472.57 469.17
172.5 472.40 469.20
173.0 472.60 469.20
173.5 474.67 470.78
174.0 479.86 474.96 0.81
174.5 484.40 479.38 0.88
175.0 489.61 483.93 0.88
175.5 492.34 486.97 0.92
176.0 492.45 487.22 0.93
176.5 492.42 487.33 0.93
177.0 492.39 487.36 0.94
177.5 492.20 488.99
178.0 492.25 489.27
178.5 492.37 489.19
179.0 492.45 489.33
179.5 492.39 489.25
180.0 492.45 489.22
180.5 493.22 489.61



273

181.0 497.64 493.74 0.93
181.5 502.49 498.21 0.93
182.0 507.59 502.71 0.91
182.5 512.36 506.98 0.91
183.0 512.36 507.32 0.93
183.5 512.36 507.43 0.93
184.0 512.33 507.49 0.94
184.5 512.47 508.28
185.0 512.50 509.12
185.5 512.50 509.21
186.0 512.44 509.21
186.5 512.44 509.21
187.0 512.41 509.23
187.5 512.41 509.21
188.0 516.52 512.52
188.5 521.40 516.96 0.91
189.0 526.28 521.57 0.93
189.5 531.41 526.13 0.91
190.0 532.38 527.37 0.94
190.5 532.40 527.48 0.94
191.0 532.35 527.53 0.95
191.5 532.35 527.59 0.95
192.0 532.18 529.19
192.5 532.49 529.22
193.0 532.46 529.11
193.5 532.40 529.19
194.0 532.40 529.25
194.5 532.40 529.22
195.0 535.55 531.53
195.5 540.34 535.94 0.92
196.0 545.42 540.52 0.91
196.5 550.69 545.19 0.90
197.0 552.37 547.41 0.94
197.5 552.71 547.55 0.93
198.0 552.34 547.61 0.96
198.5 552.37 547.64 0.96
199.0 552.56 549.24
199.5 552.39 549.18
200.0 552.34 549.21
200.5 552.31 549.32
201.0 552.42 549.29
201.5 552.39 549.21



274

202.0 554.52 550.87
202.5 559.26 555.34 0.94
203.0 564.62 559.84 0.89
203.5 569.12 564.56 0.94
204.0 572.36 567.48 0.93
204.5 572.38 567.65 0.94
205.0 572.38 567.71 0.94
205.5 572.36 567.71 0.94
206.0 572.61 569.03
206.5 572.90 569.17
207.0 572.50 569.20
207.5 572.19 569.23
208.0 572.27 569.17
208.5 572.38 569.20
209.0 573.18 569.84
209.5 578.51 574.29 0.83
210.0 583.64 578.84 0.86
210.5 588.32 583.48 0.90
211.0 592.23 587.39 0.92
211.5 592.32 587.53 0.92
212.0 591.67 587.56 0.96
212.5 591.67 587.41 0.95
213.0 592.46 588.51
213.5 592.38 589.27
214.0 592.32 589.38
214.5 591.75 589.19
215.0 592.18 589.10
215.5 591.92 589.21
216.0 591.69 589.19
216.5 596.66 593.60
217.0 602.04 598.15 0.85
217.5 607.32 602.76 0.86
218.0 611.86 607.46 0.91
218.5 612.28 607.85 0.91
219.0 612.17 607.85 0.92
219.5 611.83 607.80 0.94
220.0 612.51 607.74
220.5 612.37 609.09
221.0 612.25 609.20
221.5 612.34 609.23
222.0 612.62 609.20
222.5 612.45 609.23
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223.0 612.59 608.98
223.5 612.20 609.23
224.0 612.28 609.15
224.5 612.11 609.20
225.0 612.14 609.20
225.5 611.20 609.26
226.0 611.86 609.06
226.5 612.56 609.01
227.0 612.28 609.31
227.5 612.37 609.26
228.0 612.37 609.23
228.5 612.37 609.23
229.0 612.39 609.23
229.5 612.37 609.23
230.0 612.39 609.23
230.5 612.37 609.23
231.0 612.39 609.23
231.5 612.39 609.26
232.0 612.39 609.26
232.5 612.37 609.23
233.0 612.39 609.29
233.5 609.36 606.17
234.0 604.40 601.16
234.5 599.29 596.10
235.0 594.33 591.21
235.5 592.40 589.24
236.0 592.40 589.27
236.5 592.40 589.24
237.0 592.40 589.24
237.5 592.38 589.24
238.0 592.35 589.38
238.5 595.72 592.17
239.0 600.46 596.86 0.99
239.5 605.53 601.70 0.97
240.0 611.06 606.53 0.94
240.5 612.34 608.41 0.98
241.0 612.37 608.47 0.98
241.5 612.34 608.50 0.98
242.0 612.42 608.56 0.98
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Soil 3

Time Cell
Pressure

Sample
Pressure

B
Value

min kPa kPa
0.0 25.44 11.50
0.5 30.23 12.74 0.26
1.0 35.36 14.28 0.28
1.5 40.32 16.08 0.31
2.0 40.55 17.37 0.39
2.5 40.61 18.39 0.45
3.0 40.61 19.26 0.51
3.5 40.58 19.99 0.56
4.0 40.58 24.43
4.5 40.75 29.52
5.0 40.75 30.73
5.5 40.78 30.76
6.0 40.69 30.78
6.5 40.72 30.81
7.0 40.72 30.81
7.5 40.75 30.78
8.0 44.21 31.29
8.5 49.25 32.39 0.22
9.0 54.33 33.76 0.24
9.5 59.15 35.37 0.27
10.0 60.65 36.91 0.34
10.5 60.68 38.04 0.41
11.0 60.54 38.99 0.47
11.5 60.77 39.86 0.52
12.0 60.43 43.52
12.5 60.71 48.44
13.0 60.77 50.72
13.5 60.74 50.74
14.0 60.71 50.77
14.5 60.71 50.77
15.0 60.65 50.77
15.5 60.71 50.77
16.0 63.57 51.22
16.5 68.65 52.49 0.25
17.0 73.38 54.09 0.29
17.5 78.55 55.94 0.32
18.0 80.59 57.69 0.38
18.5 80.50 58.98 0.46
19.0 80.62 60.05 0.52
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19.5 80.59 60.98 0.57
20.0 80.53 64.10
20.5 80.67 69.13
21.0 80.73 70.70
21.5 80.70 70.76
22.0 80.70 70.76
22.5 80.62 70.76
23.0 80.70 70.79
23.5 80.76 70.79
24.0 84.27 71.46
24.5 89.29 73.01 0.31
25.0 94.31 74.95 0.35
25.5 99.02 77.09 0.38
26.0 100.46 79.00 0.47
26.5 100.80 80.29 0.53
27.0 100.66 81.39 0.61
27.5 100.55 82.31 0.67
28.0 100.66 86.14
28.5 100.75 90.66
29.0 100.78 90.75
29.5 100.75 90.75
30.0 100.75 90.75
30.5 100.72 90.78
31.0 100.72 90.78
31.5 101.17 90.83
32.0 106.05 92.18 0.28
32.5 111.01 94.12 0.33
33.0 116.03 96.40 0.37
33.5 120.45 98.93 0.42
34.0 120.45 100.62 0.51
34.5 120.57 101.85 0.57
35.0 120.54 102.89 0.62
35.5 120.82 103.93
36.0 120.88 109.05
36.5 120.79 110.79
37.0 120.74 110.82
37.5 120.74 110.76
38.0 120.74 110.76
38.5 120.71 110.79
39.0 120.74 110.79
39.5 124.00 111.61
40.0 128.79 113.60 0.42
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40.5 134.04 115.46 0.38
41.0 138.94 118.49 0.46
41.5 140.67 120.94 0.56
42.0 140.62 122.43 0.65
42.5 140.64 123.56 0.72
43.0 140.67 124.45 0.77
43.5 140.87 128.11
44.0 140.62 130.78
44.5 140.73 130.75
45.0 140.73 130.75
45.5 140.73 130.78
46.0 140.84 130.78
46.5 140.70 130.78
47.0 142.86 131.34
47.5 148.02 133.45 0.41
48.0 152.89 136.04 0.47
48.5 157.54 138.99 0.52
49.0 160.66 141.77 0.59
49.5 160.69 143.35 0.67
50.0 160.69 144.36 0.73
50.5 160.66 145.17 0.78
51.0 160.72 147.62
51.5 160.78 150.66
52.0 160.78 150.74
52.5 160.72 150.77
53.0 160.75 150.77
53.5 160.92 150.77
54.0 160.75 150.77
54.5 162.59 151.33
55.0 167.64 153.61 0.45
55.5 172.60 156.45 0.51
56.0 177.62 159.60 0.55
56.5 180.45 162.52 0.63
57.0 180.68 163.98 0.70
57.5 180.54 164.97 0.76
58.0 180.68 165.72 0.80
58.5 180.74 168.11
59.0 180.79 170.84
59.5 180.74 170.73
60.0 180.74 170.76
60.5 180.74 170.78
61.0 180.74 170.78
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61.5 180.79 170.78
62.0 183.23 171.54
62.5 188.34 174.05 0.49
63.0 192.99 177.11 0.57
63.5 197.95 180.48 0.61
64.0 200.62 183.38 0.68
64.5 200.64 184.76 0.76
65.0 200.70 185.63 0.81
65.5 200.84 186.25 0.83
66.0 200.79 189.03
66.5 200.96 190.77
67.0 200.73 190.74
67.5 200.73 190.77
68.0 200.81 190.74
68.5 200.70 190.77
69.0 200.62 190.77
69.5 204.30 192.18
70.0 209.24 195.05 0.58
70.5 214.28 198.34 0.62
71.0 219.36 201.93 0.65
71.5 220.66 204.41 0.75
72.0 220.69 205.56 0.82
72.5 220.69 206.32 0.86
73.0 220.72 206.88 0.90
73.5 220.95 210.73
74.0 220.78 210.70
74.5 220.75 210.76
75.0 220.75 210.76
75.5 220.75 210.79
76.0 220.72 210.79
76.5 220.58 210.82
77.0 225.99 213.18 0.44
77.5 230.87 216.38 0.54
78.0 235.49 219.93 0.61
78.5 240.28 223.72 0.65
79.0 240.65 225.44 0.73
79.5 240.71 226.34 0.77
80.0 240.71 226.95 0.80
80.5 240.74 227.52
81.0 240.77 230.69
81.5 240.74 230.75
82.0 240.74 230.75
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82.5 240.74 230.75
83.0 240.74 230.78
83.5 240.74 230.75
84.0 242.27 231.54
84.5 247.20 234.54 0.61
85.0 252.48 238.03 0.64
85.5 257.33 241.80 0.68
86.0 260.67 245.11 0.74
86.5 260.73 246.30 0.80
87.0 260.73 247.00 0.84
87.5 260.73 247.50 0.87
88.0 260.79 250.09
88.5 260.79 250.74
89.0 260.73 250.77
89.5 260.73 250.77
90.0 260.73 250.79
90.5 260.67 250.79
91.0 260.73 250.79
91.5 265.69 253.10
92.0 269.86 256.53 0.82
92.5 274.82 260.30 0.79
93.0 280.04 264.29 0.78
93.5 280.72 266.23 0.87
94.0 280.72 267.01 0.93
94.5 280.72 267.55 0.96
95.0 280.78 267.94
95.5 280.83 270.81
96.0 280.75 270.75
96.5 280.75 270.75
97.0 280.75 270.75
97.5 280.75 270.78
98.0 280.72 270.78
98.5 282.82 271.85
99.0 287.95 275.17 0.65
99.5 293.00 278.96 0.70
100.0 297.68 282.95 0.75
100.5 300.68 286.05 0.79
101.0 300.68 286.97 0.85
101.5 300.71 287.56 0.88
102.0 300.71 287.93 0.90
102.5 300.88 290.66
103.0 300.77 290.63
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103.5 300.77 290.77
104.0 300.77 290.77
104.5 300.77 290.77
105.0 300.74 290.77
105.5 300.57 290.77
106.0 305.45 293.67 0.59
106.5 311.00 297.35 0.63
107.0 315.43 301.28 0.71
107.5 320.50 305.47 0.74
108.0 320.67 306.91 0.80
108.5 320.73 307.55 0.83
109.0 320.73 307.95 0.85
109.5 320.76 308.26
110.0 320.76 310.73
110.5 320.73 310.73
111.0 320.73 310.79
111.5 320.73 310.76
112.0 320.73 310.79
112.5 320.70 310.84
113.0 323.51 312.25
113.5 328.27 315.82 0.75
114.0 333.80 319.75 0.73
114.5 338.37 323.91 0.79
115.0 341.00 326.75 0.83
115.5 340.72 327.54 0.89
116.0 340.72 327.96 0.91
116.5 340.72 328.27 0.93
117.0 340.81 330.75
117.5 340.75 330.75
118.0 340.75 330.77
118.5 340.75 330.77
119.0 340.75 330.77
119.5 340.72 330.75
120.0 341.66 331.14
120.5 346.53 334.48 0.69
121.0 351.52 338.39 0.74
121.5 356.20 342.55 0.78
122.0 360.68 346.55 0.81
122.5 360.46 347.53 0.87
123.0 360.77 348.01 0.88
123.5 360.71 348.32 0.90
124.0 360.91 349.72



282

124.5 360.68 350.73
125.0 360.77 350.76
125.5 360.77 350.79
126.0 360.77 350.79
126.5 360.74 350.79
127.0 360.74 350.79
127.5 364.88 353.43
128.0 369.93 357.34 0.77
128.5 375.00 361.50 0.80
129.0 380.02 365.86 0.82
129.5 380.73 367.57 0.89
130.0 380.73 368.11 0.93
130.5 380.79 368.44 0.94
131.0 380.70 368.67 0.96
131.5 380.76 370.75
132.0 380.76 370.78
132.5 380.73 370.78
133.0 380.73 370.75
133.5 380.73 370.78
134.0 380.73 370.78
134.5 383.76 372.44
135.0 388.84 376.23 0.75
135.5 393.49 380.42 0.82
136.0 398.03 384.75 0.86
136.5 400.72 387.56 0.89
137.0 400.75 388.18 0.93
137.5 400.75 388.52 0.95
138.0 400.55 388.80 0.97
138.5 400.72 390.71
139.0 400.75 390.77
139.5 400.72 390.74
140.0 400.69 390.77
140.5 400.72 390.79
141.0 400.75 390.77
141.5 402.11 391.50
142.0 406.87 395.24 0.78
142.5 411.61 399.37 0.83
143.0 416.71 403.73 0.84
143.5 420.71 407.49 0.86
144.0 420.71 408.22 0.90
144.5 420.82 408.62 0.91
145.0 420.74 408.84 0.93
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145.5 420.68 410.50
146.0 420.77 410.84
146.5 420.77 410.78
147.0 420.74 410.75
147.5 420.77 410.75
148.0 420.43 410.78
148.5 420.77 410.81
149.0 425.25 414.24 0.77
149.5 430.47 418.34 0.78
150.0 435.14 422.76 0.83
150.5 440.96 427.20 0.81
151.0 440.73 428.27 0.87
151.5 440.79 428.69 0.89
152.0 440.70 428.89 0.91
152.5 440.79 429.11
153.0 440.82 430.52
153.5 440.79 430.80
154.0 440.79 430.74
154.5 440.73 430.88
155.0 440.73 431.05
155.5 440.73 430.91
156.0 444.59 433.36
156.5 449.69 437.43 0.80
157.0 454.34 441.76 0.86
157.5 459.30 446.18 0.87
158.0 460.72 448.20 0.92
158.5 460.69 448.62 0.95
159.0 460.81 448.88 0.96
159.5 460.75 449.04 0.97
160.0 460.83 450.76
160.5 460.78 450.82
161.0 460.78 450.76
161.5 460.78 450.76
162.0 460.72 450.79
162.5 460.75 450.76
163.0 462.56 452.31
163.5 468.04 456.35 0.74
164.0 473.06 460.68 0.80
164.5 478.56 465.12 0.80
165.0 480.74 468.16 0.87
165.5 480.71 468.61 0.90
166.0 480.71 468.86 0.91
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166.5 480.68 469.00 0.92
167.0 480.77 470.58
167.5 480.48 470.78
168.0 480.68 470.75
168.5 480.43 470.72
169.0 480.31 470.72
169.5 480.29 470.75
170.0 481.62 471.62
170.5 486.33 475.50 0.82
171.0 491.46 479.74 0.83
171.5 496.65 484.02 0.82
172.0 500.96 487.92 0.84
172.5 499.79 488.32 0.92
173.0 501.01 488.46 0.87
173.5 499.37 488.49 0.95
174.0 500.42 489.53
174.5 500.96 490.74
175.0 500.82 490.57
175.5 499.88 490.76
176.0 499.65 490.79
176.5 499.40 490.74
177.0 500.76 490.96
177.5 500.84 490.82
178.0 501.04 490.85
178.5 500.70 490.79
179.0 500.70 490.76
179.5 500.73 490.76
180.0 500.73 490.79
180.5 500.73 490.76
181.0 504.39 493.77
181.5 509.49 498.10 0.85
182.0 514.45 502.60 0.88
182.5 519.50 507.12 0.88
183.0 520.75 508.87 0.92
183.5 520.72 509.15 0.94
184.0 520.72 509.32 0.95
184.5 520.72 509.43 0.96
185.0 520.75 510.72
185.5 520.78 510.78
186.0 520.75 510.75
186.5 520.72 510.75
187.0 520.75 510.75
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187.5 520.72 510.75
188.0 524.35 513.23
188.5 528.72 517.47 0.97
189.0 534.08 521.91 0.89
189.5 538.78 526.47 0.92
190.0 540.71 528.69 0.95
190.5 540.74 529.00 0.96
191.0 540.71 529.17 0.97
191.5 540.74 529.31 0.98

Soil 4

Time Cell
Pressure

Sample
Pressure

B
Value

min kPa kPa
0.0 20.36 13.47
0.5 25.18 15.18 0.36
1.0 30.31 17.43 0.40
1.5 35.36 19.99 0.43
2.0 35.73 21.76 0.54
2.5 35.64 22.91 0.62
3.0 35.70 23.84 0.68
3.5 35.64 24.57
4.0 35.79 29.63
4.5 35.84 32.27
5.0 35.81 32.27
5.5 35.81 32.30
6.0 35.76 32.33
6.5 35.76 32.36
7.0 35.76 32.33
7.5 38.08 32.78
8.0 43.04 34.47 0.34
8.5 48.01 36.72 0.40
9.0 53.03 39.39 0.44
9.5 55.63 41.94 0.52
10.0 55.63 43.41 0.61
10.5 55.66 44.39 0.66
11.0 55.72 45.15 0.70
11.5 55.83 47.79
12.0 55.86 52.15
12.5 55.86 52.26
13.0 55.83 52.26
13.5 55.86 52.23
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14.0 55.78 52.29
14.5 55.75 52.29
15.0 56.14 52.32
15.5 61.08 54.29 0.40
16.0 66.13 56.90 0.46
16.5 71.29 59.88 0.50
17.0 75.57 63.09 0.55
17.5 75.60 64.63 0.63
18.0 75.60 65.53 0.68
18.5 75.68 66.18 0.71
19.0 75.68 66.96
19.5 75.91 71.94
20.0 75.79 72.25
20.5 75.85 72.28
21.0 75.82 72.25
21.5 75.79 72.28
22.0 75.82 72.31
22.5 75.77 72.28
23.0 80.56 74.44 0.45
23.5 85.75 77.37 0.51
24.0 90.65 80.57 0.56
24.5 95.59 84.11 0.60
25.0 95.76 85.63 0.67
25.5 95.70 86.39 0.71
26.0 95.70 86.90 0.73
26.5 95.73 87.26
27.0 95.90 92.18
27.5 95.81 92.24
28.0 95.81 92.35
28.5 95.76 92.27
29.0 95.84 92.29
29.5 95.79 92.24
30.0 95.93 92.27
30.5 100.83 94.77 0.51
31.0 105.68 97.95 0.58
31.5 110.39 101.29 0.62
32.0 115.55 104.92 0.64
32.5 115.63 106.46 0.72
33.0 115.69 107.08 0.75
33.5 115.72 107.47 0.77
34.0 115.75 107.90
34.5 115.97 112.23
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35.0 115.75 112.20
35.5 115.83 112.23
36.0 115.80 112.31
36.5 115.75 112.28
37.0 115.78 112.28
37.5 116.48 112.54
38.0 121.48 115.49 0.59
38.5 126.52 119.00 0.64
39.0 131.46 122.77 0.68
39.5 135.62 126.39 0.72
40.0 135.71 127.35 0.77
40.5 135.71 127.80 0.79
41.0 135.77 128.05 0.80
41.5 135.85 129.07
42.0 135.79 132.16
42.5 135.77 132.21
43.0 135.71 132.27
43.5 135.79 132.27
44.0 135.85 132.24
44.5 135.71 132.30
45.0 137.55 133.17
45.5 142.63 136.54 0.66
46.0 147.56 140.31 0.71
46.5 152.69 144.33 0.74
47.0 155.73 147.42 0.78
47.5 155.64 148.04 0.82
48.0 155.73 148.35 0.84
48.5 155.73 148.58 0.85
49.0 155.93 150.68
49.5 155.96 152.12
50.0 155.76 152.31
50.5 155.84 152.37
51.0 155.81 152.29
51.5 155.81 152.31
52.0 155.81 152.29
52.5 159.02 154.25
53.0 164.12 157.94 0.72
53.5 169.06 161.87 0.76
54.0 174.19 166.01 0.77
54.5 175.72 168.09 0.83
55.0 175.72 168.54 0.86
55.5 175.72 168.76 0.87
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56.0 175.72 168.90 0.88
56.5 175.95 172.27
57.0 175.89 172.22
57.5 175.89 172.19
58.0 175.83 172.30
58.5 175.78 172.30
59.0 175.78 172.30
59.5 175.78 172.27
60.0 180.96 175.73 0.67
60.5 185.84 179.67 0.73
61.0 190.72 183.77 0.77
61.5 195.48 187.96 0.80
62.0 195.71 188.75 0.83
62.5 195.71 189.00 0.84
63.0 195.71 189.14 0.85
63.5 195.77 189.28
64.0 195.60 192.21
64.5 195.62 192.29
65.0 195.79 192.32
65.5 195.79 192.32
66.0 195.65 192.29
66.5 195.79 192.29
67.0 197.78 193.64
67.5 203.03 197.52 0.74
68.0 207.70 201.68 0.81
68.5 212.69 205.95 0.83
69.0 215.73 208.93 0.85
69.5 215.73 209.27 0.87
70.0 215.73 209.44 0.88
70.5 215.73 209.55 0.89
71.0 216.13 211.91
71.5 215.90 212.45
72.0 215.81 212.34
72.5 215.79 212.31
73.0 215.79 212.28
73.5 215.79 212.31
74.0 215.76 212.34
74.5 220.27 215.74
75.0 225.40 219.81 0.79
75.5 230.50 224.14 0.82
76.0 235.27 228.58 0.86
76.5 235.72 229.46 0.89
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77.0 235.72 229.65 0.90
77.5 235.72 229.77 0.91
78.0 235.72 229.82 0.91
78.5 235.92 232.30
79.0 235.83 232.15
79.5 235.80 232.27
80.0 235.80 232.27
80.5 235.78 232.27
81.0 235.72 232.30
81.5 238.27 234.04
82.0 243.35 238.20 0.82
82.5 248.20 242.50 0.85
83.0 253.33 246.91 0.86
83.5 255.74 249.58 0.89
84.0 255.71 249.84 0.91
84.5 255.71 249.95 0.91
85.0 255.74 250.03 0.92
85.5 256.02 252.23
86.0 255.82 252.23
86.5 255.80 252.54
87.0 255.77 252.28
87.5 255.74 252.28
88.0 255.80 252.34
88.5 255.91 252.48
89.0 261.32 256.56 0.75
89.5 265.92 260.83 0.83
90.0 270.82 265.33 0.86
90.5 275.79 269.69 0.87
91.0 275.76 270.08 0.89
91.5 275.73 270.19 0.89
92.0 275.76 270.25 0.90
92.5 275.67 270.70
93.0 275.53 272.24
93.5 275.79 272.33
94.0 275.81 272.19
94.5 275.62 272.36
95.0 275.79 272.33
95.5 275.79 272.33
96.0 279.10 275.08
96.5 284.15 279.44 0.86
97.0 289.11 283.94 0.88
97.5 293.96 288.44 0.90
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98.0 295.72 290.18 0.91
98.5 295.72 290.32 0.92
99.0 295.72 290.40 0.92
99.5 295.75 290.43 0.92
100.0 295.69 292.37
100.5 295.83 292.23
101.0 295.78 292.29
101.5 295.98 292.29
102.0 295.78 292.29
102.5 295.78 292.32
103.0 297.65 293.97
103.5 302.70 298.30 0.86
104.0 307.74 302.83 0.88
104.5 312.68 307.41 0.89
105.0 315.74 310.28 0.90
105.5 315.71 310.48 0.91
106.0 315.71 310.53 0.92
106.5 315.74 310.56 0.92
107.0 315.91 312.11
107.5 315.80 312.39
108.0 315.77 312.28
108.5 315.80 312.33
109.0 315.77 312.30
109.5 315.80 312.28
110.0 316.56 312.84
110.5 321.47 317.25 0.90
111.0 326.43 321.78 0.91
111.5 331.67 326.30 0.89
112.0 335.81 330.44 0.91
112.5 335.76 330.63 0.93
113.0 335.76 330.72 0.93
113.5 335.76 330.72 0.93
114.0 336.30 331.48
114.5 335.81 332.32
115.0 335.81 332.24
115.5 335.59 332.29
116.0 335.76 332.32
116.5 335.76 332.32
117.0 335.79 332.32
117.5 340.35 336.28
118.0 345.20 340.84 0.94
118.5 350.45 345.39 0.90
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119.0 355.24 350.09 0.93
119.5 355.78 350.68 0.93
120.0 355.72 350.76 0.94
120.5 355.72 350.79 0.94
121.0 355.75 350.85
121.5 355.95 352.31
122.0 355.78 352.31
122.5 355.81 352.31
123.0 355.83 352.17
123.5 355.78 352.34
124.0 355.78 352.34
124.5 359.26 355.40
125.0 364.03 359.98 0.96
125.5 369.30 364.59 0.92
126.0 374.52 369.34 0.91
126.5 375.71 370.81 0.94
127.0 375.71 370.89 0.94
127.5 375.71 370.92 0.94
128.0 375.74 370.95 0.94
128.5 375.80 372.21
129.0 375.71 372.32
129.5 375.68 372.44
130.0 375.77 372.32
130.5 375.80 372.49
131.0 375.68 372.30
131.5 378.89 374.77
132.0 383.68 379.32 0.95
132.5 388.44 383.96 0.96
133.0 393.80 388.63 0.93
133.5 395.73 390.85 0.95
134.0 395.76 390.94 0.96
134.5 395.79 390.94 0.96
135.0 395.73 390.94 0.96
135.5 395.93 392.26
136.0 395.76 392.26
136.5 395.64 392.23
137.0 395.67 392.31
137.5 395.67 392.37
138.0 395.36 392.23
138.5 397.15 393.77
139.0 402.08 398.22 0.90
139.5 407.10 402.88 0.92
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140.0 411.75 407.52 0.94
140.5 415.18 410.87 0.95
141.0 415.72 410.90 0.92
141.5 415.64 410.90 0.93
142.0 415.78 411.23 0.94
142.5 416.17 411.79
143.0 415.89 412.19
143.5 415.41 412.36
144.0 415.98 412.24
144.5 415.81 412.22
145.0 415.81 412.47
145.5 416.85 412.86
146.0 421.33 417.50 1.04
146.5 426.50 422.17 0.97
147.0 431.54 426.92 0.96
147.5 435.71 431.11 0.97
148.0 435.71 431.19 0.97
148.5 435.71 431.22 0.98
149.0 435.74 431.25 0.98

Soil 5

Time Cell Pressure Sample Pressure B
Value

min kPa kPa

0.0 23.65 11.81
0.5 28.47 13.66 0.38
1.0 33.74 15.80 0.40
1.5 38.65 17.32 0.37
2.0 38.56 18.78 0.47
2.5 38.96 20.16 0.55
3.0 38.71 21.00 0.61
3.5 38.76 21.62
4.0 38.88 26.62
4.5 39.33 30.25
5.0 38.88 30.47
5.5 39.10 30.45
6.0 39.05 30.45
6.5 38.82 30.45
7.0 39.33 30.47
7.5 39.70 30.64
8.0 44.86 31.85 0.23
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8.5 49.57 33.45 0.28
9.0 54.44 34.66 0.27
9.5 58.67 36.58 0.31
10.0 58.87 38.18 0.39
10.5 59.07 39.64 0.46
11.0 59.35 40.90 0.52
11.5 58.72 42.45
12.0 59.01 47.45
12.5 59.04 50.38
13.0 59.07 50.41
13.5 59.32 50.43
14.0 59.07 50.46
14.5 59.01 50.43
15.0 59.01 50.49
15.5 61.22 50.91
16.0 65.87 52.46 0.33
16.5 71.03 54.45 0.36
17.0 76.28 56.56 0.38
17.5 78.52 58.78 0.46
18.0 79.28 60.36 0.52
18.5 78.94 61.68 0.61
19.0 79.03 62.78 0.67
19.5 78.86 65.53
20.0 79.06 70.25
20.5 79.03 70.39
21.0 79.03 70.42
21.5 79.06 70.48
22.0 79.06 70.42
22.5 79.06 70.42
23.0 79.14 70.45
23.5 84.24 71.69 0.24
24.0 88.95 73.68 0.33
24.5 94.11 76.05 0.37
25.0 98.73 78.74 0.42
25.5 99.36 80.66 0.50
26.0 98.68 82.03 0.59
26.5 98.82 83.16 0.65
27.0 99.05 84.06
27.5 99.22 89.12
28.0 99.10 90.47
28.5 99.07 90.35
29.0 99.07 90.41
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29.5 99.07 90.44
30.0 99.05 90.41
30.5 99.13 90.44
31.0 102.16 91.45
31.5 107.50 93.50 0.38
32.0 100.92 93.28
32.5 117.25 98.65 0.48
33.0 118.64 101.09 0.59
33.5 119.12 102.58 0.66
34.0 119.09 103.74 0.73
34.5 118.98 104.64 0.78
35.0 119.09 108.23
35.5 119.09 110.34
36.0 119.18 110.43
36.5 119.09 110.43
37.0 119.06 110.43
37.5 119.06 110.43
38.0 119.06 110.43
38.5 121.62 111.21
39.0 126.18 113.38 0.47
39.5 132.05 116.02 0.46
40.0 135.85 119.00 0.55
40.5 139.11 121.73 0.60
41.0 138.97 123.22 0.69
41.5 138.97 124.29 0.75
42.0 139.14 125.13 0.79
42.5 139.11 128.11
43.0 139.06 130.36
43.5 139.06 130.39
44.0 139.06 130.41
44.5 139.06 130.39
45.0 139.08 130.41
45.5 139.08 130.41
46.0 141.72 131.34
46.5 146.91 133.68 0.45
47.0 151.56 136.54 0.53
47.5 156.55 139.78 0.57
48.0 159.30 142.45 0.63
48.5 159.39 143.85 0.71
49.0 158.99 144.81 0.78
49.5 159.02 145.62 0.83
50.0 158.99 148.63
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50.5 159.13 150.35
51.0 159.07 150.37
51.5 159.10 150.40
52.0 159.07 150.43
52.5 159.07 150.37
53.0 158.99 150.40
53.5 162.93 151.61
54.0 167.44 154.23 0.58
54.5 172.34 157.32 0.61
55.0 177.85 160.75 0.61
55.5 178.95 163.25 0.73
56.0 178.98 164.52 0.80
56.5 178.92 165.36 0.86
57.0 179.04 165.92 0.89
57.5 179.32 169.66
58.0 179.12 170.36
58.5 179.07 170.39
59.0 179.09 170.42
59.5 179.07 170.42
60.0 179.29 170.45
60.5 179.09 170.45
61.0 183.69 172.36
61.5 188.14 175.37 0.68
62.0 192.87 178.74 0.69
62.5 197.86 182.48 0.71
63.0 199.06 184.70 0.80
63.5 198.77 185.85 0.89
64.0 199.03 186.64 0.93
64.5 199.03 187.23 0.97
65.0 199.11 190.38
65.5 199.08 190.58
66.0 199.08 190.38
66.5 199.06 190.41
67.0 199.06 190.41
67.5 199.06 190.44
68.0 200.87 191.03
68.5 205.35 193.84 0.63
69.0 211.05 197.21 0.61
69.5 215.19 200.95 0.69
70.0 218.88 204.41 0.74
70.5 218.99 205.78 0.81
71.0 219.05 206.63 0.86
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71.5 219.27 207.27 0.88
72.0 218.96 209.16
72.5 219.10 210.37
73.0 219.10 210.42
73.5 219.10 210.42
74.0 219.07 210.42
74.5 219.10 210.42
75.0 218.79 210.42
75.5 223.33 212.59
76.0 227.67 215.85 0.75
76.5 233.11 219.53 0.71
77.0 238.30 223.47 0.73
77.5 239.04 225.66 0.83
78.0 239.04 226.64 0.89
78.5 239.04 227.26 0.93
79.0 239.09 227.77 0.98
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APPENDIX B-1 UCS

PoB soil with 130% water content (Natural moisture content) stabilised by cement

Port of Brisbane soft soil + 10% Cement

Sample 1 Sample 2 Sample 3

Strain (%) Stress (kPa) Strain (%) Stress (kPa) Strain (%) Stress (kPa)
0.00 0.00 0.00 0.00 0.00 0.00
0.10 4.14 0.10 8.62 0.11 12.46
0.20 7.01 0.20 18.79 0.20 18.26
0.29 10.83 0.30 29.13 0.30 24.74
0.40 15.93 0.40 36.89 0.40 31.91
0.50 21.35 0.50 44.30 0.50 37.88
0.60 27.88 0.60 50.51 0.60 43.34
0.70 32.98 0.70 54.30 0.71 48.11
0.79 38.88 0.80 57.23 0.80 51.87
0.90 44.29 0.90 58.78 0.90 54.94
1.00 48.75 1.00 60.33 1.00 56.82
1.10 52.74 1.10 61.19 1.10 58.52
1.20 55.60 1.20 61.88 1.21 59.72
1.30 58.47 1.30 62.57 1.30 60.57
1.40 60.38 1.40 62.75 1.40 61.08
1.50 61.82 1.50 63.26 1.50 61.59
1.60 62.62 1.60 63.78 1.60 61.93
1.70 63.42 1.70 63.78 1.71 62.11
1.80 63.73 1.81 64.30 1.81 62.62
1.90 64.21 1.90 64.47 1.90 62.96
2.00 64.37 2.00 64.64 2.00 63.30
2.10 64.69 2.10 64.30 2.10 63.30
2.20 64.85 2.20 64.64 2.20 63.47
2.29 65.16 2.30 64.30 2.30 63.64
2.40 65.16 2.40 64.12 2.40 63.47
2.50 65.49 2.50 63.95 2.50 63.13
2.60 65.33 2.61 63.44 2.60 63.13
2.69 65.49 2.70 62.75 2.71 62.96
2.80 65.64 2.80 62.40 2.80 62.96
2.90 65.49 2.90 61.88 2.90 62.62
3.00 65.49 3.00 61.02 3.00 62.27
3.10 65.16 3.11 60.16 3.11 61.76
3.19 64.85 3.20 59.30 3.20 61.25
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3.30 64.37 3.30 58.43 3.30 60.57
3.40 63.89 3.40 57.40 3.40 59.72
3.50 63.25 3.50 56.37 3.50 59.03
3.60 62.46 3.60 55.50 3.60 57.67
3.69 61.82 3.70 54.13 3.70 55.79
3.80 60.55 3.80 53.26 3.80 54.43
3.90 59.11 3.90 52.06 3.90 52.55
4.00 57.68 4.00 51.37 4.00 51.70
4.10 56.08 4.10 50.85 4.10 50.50
4.20 54.01 4.20 50.33 4.20 49.65
4.30 51.94 4.30 49.64 4.28 48.80
4.40 49.55 4.40 48.95
4.50 45.09 4.50 48.44
4.60 41.74 4.60 48.09
4.70 38.24 4.70 47.75
4.80 36.33 4.80 47.40
4.90 34.26 4.87 46.89
5.00 32.82
5.09 31.87
5.20 30.75
5.30 30.11
5.40 29.32
5.50 28.36
5.60 27.88
5.70 27.40
5.80 27.09
5.80 26.93

Port of Brisbane soft soil + 20% Cement

Sample 1 Sample 2 Sample 3

Strain (%) Stress (kPa) Strain (%) Stress (kPa) Strain (%) Stress (kPa)
0.00 0.00 0.00 0.00 0.00 0.00
0.10 39.26 0.10 34.76 0.10 18.01
0.20 65.26 0.20 62.93 0.20 44.19
0.30 93.81 0.30 94.03 0.30 73.25
0.40 121.68 0.40 125.13 0.40 107.75
0.50 147.68 0.50 148.37 0.50 140.21
0.60 165.19 0.60 176.53 0.60 173.69
0.70 187.79 0.70 196.66 0.70 194.76
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0.80 203.94 0.80 218.25 0.81 218.90
0.90 219.23 0.90 234.16 0.90 237.76
1.00 231.98 1.00 249.89 1.00 250.51
1.10 242.69 1.10 261.79 1.10 263.42
1.20 253.05 1.20 269.29 1.20 273.28
1.30 260.02 1.30 276.05 1.30 281.61
1.41 266.31 1.40 283.01 1.40 287.04
1.50 271.41 1.50 287.76 1.51 291.46
1.60 275.66 1.60 290.69 1.60 294.52
1.70 278.72 1.70 292.89 1.70 296.22
1.80 280.59 1.80 293.62 1.80 297.92
1.90 278.55 1.91 291.61 1.90 298.94
2.01 273.62 2.00 288.86 2.00 297.92
2.10 258.49 2.10 284.65 2.10 295.71
2.20 242.86 2.20 276.79 2.20 291.46
2.31 229.60 2.30 268.92 2.30 285.85
2.40 217.54 2.40 257.40 2.40 276.17
2.50 206.83 2.50 248.25 2.50 260.02
2.60 199.86 2.60 229.04 2.60 237.76
2.70 193.74 2.70 207.27 2.70 211.76
2.80 190.17 2.80 189.16 2.80 194.93
2.90 187.79 2.90 179.10 2.90 178.28
3.00 184.05 3.00 173.43 3.00 166.04
3.10 181.17 3.10 168.67 3.10 153.46
3.20 178.62 3.20 166.48 3.20 141.40
3.30 177.09 3.23 165.93 3.30 128.48
3.40 175.05 3.40 117.95
3.43 174.54 3.50 111.49

3.60 106.05
3.70 101.80
3.80 96.70
3.83 95.00

Port of Brisbane soft soil + 15% Cement

Sample 1 Sample 2 Sample 3

Strain (%) Stress (kPa) Strain (%) Stress (kPa) Strain (%) Stress (kPa)
0.10 0.00 0.00 0.00 0.00 0.00
0.20 4.50 0.10 13.48 0.10 14.27
0.30 10.99 0.20 27.24 0.20 33.53
0.40 6.33 0.30 39.07 0.30 54.94
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0.50 15.49 0.40 53.65 0.40 74.56
0.60 25.32 0.50 64.93 0.50 87.40
0.70 37.81 0.60 76.22 0.60 101.67
0.80 51.64 0.70 87.22 0.70 111.30
0.90 64.96 0.80 96.02 0.80 119.87
1.00 78.29 0.90 104.28 0.90 125.93
1.10 88.78 1.00 110.61 1.00 130.21
1.20 98.44 1.10 115.56 1.10 133.78
1.30 105.60 1.20 120.24 1.20 136.27
1.40 112.43 1.30 124.36 1.30 138.42
1.50 119.09 1.40 127.67 1.40 139.84
1.60 123.43 1.50 129.87 1.50 140.91
1.70 126.76 1.60 132.07 1.60 141.27
1.80 129.59 1.70 133.44 1.70 142.70
1.90 132.25 1.81 134.82 1.80 143.06
2.00 133.75 1.90 135.92 1.90 143.41
2.10 135.09 2.00 136.75 2.00 144.13
2.20 136.42 2.10 137.85 2.10 144.13
2.30 137.08 2.20 138.40 2.20 144.48
2.40 137.75 2.30 139.22 2.30 144.84
2.50 138.08 2.40 139.78 2.40 144.48
2.60 137.41 2.50 139.78 2.50 144.84
2.70 134.75 2.60 139.78 2.60 144.13
2.80 124.09 2.70 138.94 2.70 143.77
2.90 117.43 2.80 137.57 2.80 143.41
3.00 114.93 2.90 136.75 2.90 143.41
3.10 112.60 3.00 134.54 3.00 143.06
3.20 108.60 3.10 133.17 3.10 142.34
3.30 105.60 3.20 131.79 3.20 141.63
3.40 100.77 3.30 129.87 3.30 140.20
3.50 97.44 3.40 128.22 3.40 139.84
3.60 94.94 3.50 126.29 3.50 138.77
3.70 90.94 3.60 123.82 3.60 137.34
3.80 88.45 3.70 120.52 3.70 135.57
3.90 86.11 3.80 118.04 3.80 133.07
4.01 83.45 3.90 116.11 3.90 129.86
4.10 81.79 4.00 113.91 4.00 127.36
4.20 79.78 4.07 112.53 4.10 124.50
4.30 77.45 4.20 120.59
4.40 75.62 4.30 117.37
4.50 73.79 4.30 116.66
4.60 72.29
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4.70 70.79
4.80 70.13
4.90 68.96
5.00 67.62
5.10 66.46
5.20 64.63
5.30 63.46
5.40 62.46
5.50 60.79
5.60 59.46
5.70 58.13
5.80 56.46
5.81 56.30

Port of Brisbane soft soil + 25% Cement

Sample 1 Sample 2 Sample 3

Strain (%) Stress (kPa) Strain (%) Stress (kPa) Strain (%) Stress (kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 49.79 0.10 29.55 0.10 18.88
0.20 81.91 0.20 68.01 0.20 76.73
0.30 117.09 0.30 133.59 0.30 125.14
0.40 169.61 0.40 203.02 0.40 168.40
0.50 218.22 0.50 281.96 0.50 208.06
0.60 254.24 0.60 347.54 0.60 243.25
0.70 301.83 0.70 401.78 0.70 295.95
0.80 345.17 0.80 453.60 0.80 335.09
0.90 389.69 0.91 483.36 0.90 376.12
1.00 423.17 1.01 507.64 1.00 401.69
1.10 450.02 1.10 512.10 1.10 427.27
1.20 468.04 1.20 487.20 1.20 451.65
1.30 477.90 1.30 456.03 1.30 468.30
1.40 481.64 1.40 442.47 1.40 482.72
1.50 461.92 1.50 426.27 1.50 491.99
1.60 432.35 1.60 409.27 1.60 498.17
1.70 389.69 1.70 395.91 1.70 502.28
1.80 345.34 1.80 370.61 1.80 504.16
1.90 322.22 1.90 353.00 1.90 504.36
2.00 305.57 2.00 334.18 2.00 503.17
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2.10 285.51 2.10 319.60 2.10 493.71
2.20 273.62 2.20 304.42 2.20 479.46
2.30 260.19 2.30 281.14 2.30 465.38
2.40 251.19 2.40 242.49 2.40 447.87
2.50 240.99 2.50 211.72 2.50 415.25
2.60 230.11 2.61 197.75 2.60 389.68
2.70 221.61 2.70 188.85 2.70 364.44
2.80 213.46 2.80 178.12 2.80 349.85
2.90 207.00 2.90 166.18 2.90 338.35
3.00 198.84 3.00 153.02 3.00 323.58
3.10 194.25 3.11 146.14 3.10 311.91
3.20 190.17 3.20 138.45 3.20 307.11
3.30 186.43 3.30 130.55 3.30 300.07
3.40 183.55 3.37 125.70 3.40 294.75
3.50 178.62 3.50 289.43
3.59 170.12 3.60 279.47

3.70 268.31
3.80 256.29
3.90 247.71
4.00 240.67
4.10 235.69
4.20 231.75
4.30 227.63
4.40 222.13
4.50 214.92
4.60 211.32
4.70 210.29
4.80 209.09
4.90 207.89
5.00 205.48
5.10 202.74
5.20 198.79
5.30 196.55
5.41 194.67
5.50 193.81

Port of Brisbane soft soil + 30% Cement

Sample 1 Sample 2 Sample 3

Strain (%) Stress (kPa) Strain (%) Stress (kPa) Strain (%) Stress (kPa)
0.00 0.00 0.00 0.00 0.00 0.00
0.10 8.69 0.10 78.58 0.10 41.65
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0.20 21.74 0.20 149.40 0.20 95.95
0.30 56.51 0.30 244.84 0.30 145.86
0.41 118.61 0.40 321.23 0.40 200.83
0.50 243.86 0.50 420.38 0.50 259.01
0.60 359.57 0.60 520.89 0.60 319.38
0.70 473.64 0.70 605.35 0.70 375.36
0.80 592.66 0.80 667.94 0.80 425.94
0.90 690.34 0.90 727.27 0.90 480.07
1.00 789.73 1.00 762.70 1.00 525.46
1.10 844.38 1.10 801.62 1.10 576.68
1.20 891.15 1.20 821.54 1.20 614.63
1.30 917.87 1.30 835.88 1.30 660.99
1.40 941.26 1.40 828.11 1.40 699.62
1.50 956.17 1.50 804.34 1.50 741.46
1.60 961.78 1.60 744.47 1.60 771.10
1.70 955.34 1.70 681.40 1.70 797.59
1.80 922.64 1.80 599.27 1.80 824.07
1.90 703.83 1.90 526.43 1.90 845.31
2.00 654.79 2.00 493.04 2.00 858.82
2.10 483.16 2.10 475.18 2.10 864.55
2.20 407.80 2.20 453.43 2.20 864.89
2.30 395.80 2.30 424.43 2.31 841.76
2.40 390.00 2.40 404.02 2.40 797.59
2.50 386.69 2.50 386.82 2.50 742.29
2.60 381.72 2.60 371.98 2.60 709.58
2.70 377.58 2.70 356.47 2.71 678.38
2.80 373.03 2.80 339.95 2.80 649.52
2.90 366.81 2.90 324.09 2.90 606.71
3.00 357.50 3.00 307.40 3.00 553.93
3.10 351.91 3.11 294.08 3.10 500.14
3.20 346.73 3.20 281.77 3.20 464.56
3.30 341.56 3.30 263.56 3.30 436.40
3.40 340.11 3.40 253.11 3.41 411.78
3.50 336.59 3.50 240.46 3.50 385.30
3.60 327.69 3.60 226.97 3.60 356.64
3.70 320.86 3.70 207.91 3.71 334.72
3.80 314.24 3.80 191.22 3.80 302.85
3.90 305.54 3.90 183.29 3.91 262.72
4.00 291.88 4.00 173.51 3.99 222.41
4.10 282.98 4.04 171.49
4.20 274.91
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APPENDIX B-2 UCS

PoB soil with 70% water content stabilised by cement

Port of Brisbane soft soil + 10% Cement

Sample 1 Sample 2 Sample 3
Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.00 0.10 4.28 0.10 11.29
0.20 0.18 0.20 11.47 0.20 22.12
0.30 0.88 0.30 19.42 0.30 37.72
0.40 4.77 0.40 25.70 0.40 54.58
0.50 8.31 0.50 33.60 0.50 71.93
0.60 11.85 0.61 42.16 0.60 83.62
0.70 15.38 0.70 51.34 0.70 94.81
0.80 18.21 0.80 60.10 0.80 103.63
0.90 21.93 0.90 68.86 0.90 110.71
1.00 25.46 1.00 76.57 1.00 114.72
1.10 30.06 1.11 83.61 1.10 118.18
1.20 34.66 1.21 90.13 1.20 120.09
1.29 39.78 1.31 96.60 1.30 121.64
1.40 45.09 1.41 101.83 1.40 121.89
1.49 50.04 1.51 105.78 1.50 121.59
1.60 54.63 1.61 109.40 1.60 120.84
1.70 59.06 1.71 111.78 1.70 118.98
1.80 63.30 1.81 113.64 1.80 114.47
1.90 67.37 1.91 114.54 1.90 109.91
2.00 72.85 2.01 115.21 2.00 103.84
2.10 76.91 2.11 115.39 2.10 93.55
2.20 80.81 2.21 114.21 2.20 84.02
2.30 84.69 2.31 110.68 2.30 76.35
2.40 87.70 2.41 106.97 2.40 71.18
2.50 90.71 2.51 104.78 2.50 66.67
2.60 94.06 2.61 102.17 2.60 63.86
2.70 96.72 2.71 100.31 2.70 62.40
2.80 98.31 2.81 98.60 2.80 61.25
2.90 100.78 2.91 96.84 2.90 60.35
3.00 103.08 3.01 94.79 3.01 59.74
3.10 104.50 3.11 91.41 3.10 59.64
3.20 106.27 3.22 85.32 3.20 59.74
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3.30 108.04 3.32 80.23 3.30 59.54
3.40 108.74 3.42 74.47 3.40 59.19
3.50 110.33 3.52 68.86 3.50 58.99
3.60 111.22 3.62 63.76 3.60 58.69
3.70 112.28 3.71 57.86 3.70 58.14
3.80 113.16 3.81 53.20 3.80 56.28
3.90 113.69 3.92 49.39 3.90 51.42
4.00 114.40 4.02 45.49 4.00 48.91
4.10 115.28 4.12 42.40 4.10 47.95
4.20 115.99 4.22 39.64 4.20 46.95
4.30 116.35 4.32 36.88 4.30 45.55
4.40 117.05 4.34 36.59 4.40 44.39
4.50 117.41 4.50 42.89
4.60 117.76 4.60 40.88
4.70 118.11 4.70 39.43
4.80 118.47 4.80 37.82
4.90 118.64 4.90 36.97
5.00 118.64 4.99 35.56

Port of Brisbane soft soil + 15% Cement

Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 17.12 0.10 20.36 0.10 4.77
0.20 30.88 0.20 41.25 0.20 17.86
0.30 43.22 0.29 57.86 0.30 58.70
0.40 57.95 0.39 79.29 0.40 110.86
0.50 74.68 0.49 102.15 0.50 163.38
0.60 92.93 0.59 123.76 0.60 206.52
0.70 108.49 0.70 143.40 0.69 228.09
0.80 132.54 0.80 162.33 0.80 243.30
0.90 153.31 0.89 177.69 0.89 251.61
1.00 176.14 1.00 190.73 0.99 258.15
1.10 196.29 1.09 201.62 1.09 261.86
1.20 210.58 1.19 213.76 1.19 263.81
1.30 224.35 1.30 222.87 1.29 264.69
1.40 235.80 1.40 231.09 1.39 264.69
1.50 243.03 1.49 237.34 1.49 264.16
1.60 248.38 1.60 242.69 1.59 263.10
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1.70 252.53 1.69 246.27 1.68 262.39
1.80 255.26 1.80 251.80 1.78 260.63
1.90 255.71 1.90 254.12 1.88 258.50
2.00 249.47 2.00 257.16 1.99 256.73
2.10 243.56 2.09 259.84 2.08 253.20
2.20 241.17 2.20 261.62 2.18 248.25
2.30 238.68 2.30 263.23 2.28 242.59
2.40 234.28 2.40 264.12 2.39 236.58
2.50 226.09 2.50 263.77 2.48 226.50
2.60 206.30 2.59 262.52 2.58 211.12
2.70 176.87 2.69 257.88 2.68 171.51
2.80 162.77 2.80 246.27 2.78 141.45
2.90 141.27 2.90 207.69 2.87 126.96
3.00 119.66 3.00 171.26 2.97 118.29
3.10 90.05 3.09 145.72 3.08 111.75
3.20 81.32 3.19 132.69 3.17 106.09
3.30 75.95 3.29 119.47 3.27 103.26
3.40 71.51 3.40 108.40 3.37 99.02
3.50 65.41 3.49 99.29 3.47 96.72
3.60 59.90 3.60 90.54 3.56 94.42
3.70 55.02 3.70 81.79 3.67 90.35
3.80 51.37 3.79 74.29 3.76 84.69
3.90 45.90 3.90 69.83 3.86 81.86
4.00 41.51 3.99 67.33 3.95 80.63
4.05 38.49 4.10 65.72

4.20 64.65
4.30 63.75
4.40 63.57
4.50 63.39
4.60 63.22
4.70 62.86
4.80 62.86
4.89 62.68
5.00 62.32

Port of Brisbane soft soil + 20% Cement

Sample 1 Sample 2 Sample 3
Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.00 21.34 0.10 0.00 0.10 16.06
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0.10 46.82 0.20 0.00 0.20 43.01
0.20 73.57 0.30 0.00 0.30 72.81
0.30 101.59 0.40 3.46 0.40 96.36
0.40 135.67 0.50 11.66 0.50 125.98
0.50 184.39 0.60 23.68 0.61 158.10
0.60 242.36 0.70 36.79 0.70 192.54
0.70 300.00 0.80 54.64 0.80 225.38
0.80 343.63 0.90 77.58 0.90 258.21
0.90 376.43 1.00 101.44 1.00 287.12
1.00 407.97 1.10 125.66 1.11 313.53
1.10 427.71 1.20 155.71 1.21 337.98
1.21 442.68 1.30 182.30 1.31 362.25
1.30 450.64 1.40 213.63 1.41 381.88
1.40 456.05 1.50 238.94 1.51 396.69
1.50 458.28 1.60 272.09 1.61 410.25
1.61 457.01 1.70 304.32 1.71 419.17
1.70 450.96 1.80 332.37 1.81 426.13
1.80 438.86 1.90 354.59 1.91 429.52
1.90 427.08 2.00 375.53 2.01 432.02
2.00 410.51 2.10 400.30 2.11 432.73
2.10 391.09 2.20 415.78 2.21 428.27
2.20 354.46 2.30 430.35 2.31 415.07
2.30 308.29 2.40 442.73 2.41 401.15
2.41 283.76 2.50 453.29 2.51 392.94
2.50 253.18 2.60 461.13 2.61 383.13
2.60 218.47 2.70 464.59 2.71 376.17
2.70 193.31 2.80 465.86 2.81 369.74
2.80 171.98 2.90 465.31 2.91 363.14
2.90 167.19 3.00 462.22 3.01 355.46
3.00 167.52 3.10 456.21 3.11 342.80
3.10 168.79 3.20 442.19 3.22 319.95
3.20 171.02 3.30 411.95 3.32 300.86
3.30 172.61 3.40 383.18 3.42 279.27
3.40 174.84 3.50 365.88 3.52 258.21
3.50 176.44 3.60 350.22 3.62 239.12
3.60 177.07 3.70 331.46 3.71 216.99
3.70 177.39 3.80 318.16 3.81 199.51
3.80 179.30 3.90 303.41 3.92 185.23
3.90 181.53 4.00 291.58 4.02 170.59
4.00 183.12 4.11 283.38 4.12 159.00
4.10 182.16 4.20 276.09 4.22 148.65
4.20 182.81 4.30 267.35 4.32 138.29
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4.30 183.76 4.40 257.70 4.34 137.22
4.40 184.08 4.50 248.41
4.50 184.08 4.60 240.21
4.60 184.71 4.70 231.84
4.70 184.08 4.80 221.82
4.80 183.76 4.91 204.70
4.90 178.98 5.01 195.41
5.00 173.25 5.10 188.68
5.10 193.31 5.20 182.85
5.20 195.22 5.30 179.02
5.30 192.67 5.32 177.39

Port of Brisbane soft soil + 25% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.48 0.10 33.82 0.10 2.49
0.20 10.98 0.20 37.46 0.20 31.50
0.30 50.37 0.30 57.83 0.30 32.60
0.40 111.47 0.40 84.01 0.40 32.60
0.50 186.43 0.50 175.29 0.50 40.61
0.60 245.86 0.60 298.59 0.60 43.10
0.70 312.70 0.70 429.15 0.70 151.95
0.81 380.72 0.80 534.26 0.80 278.22
0.90 446.13 0.90 597.54 0.90 395.08
1.01 508.19 1.00 633.19 1.00 479.34
1.10 555.22 1.10 658.64 1.10 567.20
1.20 602.96 1.20 671.37 1.20 639.32
1.30 631.84 1.30 676.09 1.30 675.23
1.40 661.68 1.40 677.18 1.41 689.88
1.50 684.36 1.50 676.83 1.50 688.49
1.60 702.00 1.60 675.74 1.60 678.82
1.70 706.33 1.70 668.10 1.70 663.90
1.80 712.73 1.80 656.45 1.80 619.98
1.90 719.47 1.90 621.54 1.90 535.99
2.00 722.29 2.00 581.90 2.00 362.76
2.10 723.74 2.10 509.16 2.10 278.22
2.20 718.99 2.20 442.61 2.20 237.60
2.30 704.89 2.30 354.59 2.30 222.68
2.40 679.58 2.40 318.22 2.40 197.82
2.50 637.33 2.50 294.95 2.50 183.17
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2.60 595.32 2.60 276.04 2.60 169.91
2.70 544.95 2.70 245.13 2.70 158.03
2.80 489.10 2.80 192.76 2.80 139.80
2.90 443.98 2.90 157.48 2.90 126.26
3.01 400.30 3.00 122.93 3.00 118.80
3.10 376.19 3.10 93.47 3.10 114.10
3.20 354.23 3.20 67.65 3.20 111.34
3.30 333.22 3.30 25.82 3.30 108.30
3.40 313.89 3.40 14.18 3.40 101.67
3.50 297.90 3.50 12.00 3.50 97.25
3.60 283.81 3.60 12.73 3.60 88.69
3.70 270.45 3.70 12.37 3.70 81.23
3.80 258.27 3.80 74.60
3.90 248.01 3.90 68.52
4.00 237.03 4.00 62.99
4.10 226.77 4.10 58.85
4.20 214.83 4.20 55.26
4.30 202.90 4.22 54.15
4.40 191.44
4.50 181.17
4.54 178.07

Port of Brisbane soft soil + 30% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.00 0.11 17.18 0.10 28.27
0.20 0.00 0.20 41.64 0.20 47.39
0.30 1.72 0.30 57.26 0.30 73.63
0.40 16.47 0.40 83.28 0.40 108.12
0.50 52.65 0.50 143.66 0.50 201.65
0.61 110.45 0.60 255.57 0.60 401.30
0.70 184.89 0.70 421.61 0.70 636.12
0.80 304.09 0.80 580.88 0.80 805.92
0.90 439.07 0.90 718.29 0.90 977.07
1.00 569.94 1.00 833.84 1.00 1085.86
1.10 691.88 1.10 934.29 1.10 1182.03
1.20 817.42 1.21 1001.96 1.20 1227.81
1.30 939.01 1.30 1048.80 1.30 1258.32
1.40 1015.32 1.41 1089.41 1.41 1275.56
1.50 1081.70 1.50 1112.31 1.50 1267.61
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1.60 1136.96 1.60 1131.57 1.60 1242.40
1.70 1155.65 1.71 1144.58 1.70 1222.50
1.80 1163.85 1.80 1151.87 1.80 1203.27
1.91 1142.45 1.91 1151.87 1.90 1174.75
2.00 1093.22 2.00 1143.02 2.00 1146.23
2.10 1043.15 2.10 1122.20 2.10 1095.80
2.20 918.25 2.20 1092.02 2.20 1020.19
2.30 772.29 2.30 1062.86 2.31 932.62
2.40 563.07 2.40 969.69 2.40 855.68
2.50 444.04 2.51 923.88 2.50 794.00
2.60 385.73 2.60 860.91 2.60 750.22
2.70 332.56 2.70 833.84 2.70 714.40
2.81 280.76 2.81 789.08 2.80 691.17
2.90 225.53 2.91 730.79 2.90 655.37
3.00 201.01 3.00 641.25 3.01 627.50
3.10 174.43 3.10 530.39 3.10 592.34
3.20 161.22 3.20 470.54 3.20 565.81
3.27 153.50 3.30 360.18 3.30 543.25

3.40 271.70 3.40 526.01
3.50 239.96 3.50 510.09
3.60 214.44 3.60 492.85
3.70 196.76 3.70 481.57

3.80 470.29
3.90 459.68
4.00 433.15
4.10 418.56
4.20 399.98
4.30 386.71
4.40 378.76
4.50 370.14
4.60 355.54
4.70 340.95
4.80 322.37
4.90 309.77
5.00 279.26
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APPENDIX B-3 UCS

PoB soil with 100% water content stabilised by cement

Port of Brisbane soft soil + 10% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.69 0.10 3.72 0.20 2.59
0.20 3.67 0.20 12.68 0.40 9.84
0.30 8.26 0.30 24.05 0.60 18.66
0.40 12.17 0.40 34.43 0.80 33.57
0.50 15.61 0.50 48.31 1.00 53.16
0.60 18.82 0.60 62.19 1.20 67.08
0.70 21.58 0.70 74.87 1.40 78.15
0.80 24.10 0.80 84.60 1.60 85.27
0.90 26.86 0.90 89.08 1.80 90.91
1.00 28.92 1.00 91.49 2.00 94.48
1.10 31.45 1.10 92.03 2.20 97.29
1.20 34.20 1.20 92.03 2.40 99.22
1.30 36.96 1.30 90.51 2.60 100.42
1.40 39.94 1.40 88.65 2.80 101.13
1.50 42.24 1.50 84.49 3.00 101.01
1.61 44.76 1.61 80.89 3.20 100.12
1.70 46.60 1.70 78.81 3.40 98.00
1.80 48.90 1.80 76.62 3.60 96.54
1.90 51.19 1.90 73.12 3.80 93.62
2.00 53.03 2.00 67.99 4.00 89.75
2.10 54.64 2.10 58.48 4.20 83.69
2.20 56.47 2.20 50.94 4.40 69.71
2.30 58.54 2.30 45.80 4.60 46.72
2.40 60.37 2.40 42.74 4.80 38.13
2.50 61.75 2.50 40.01 5.00 31.99
2.60 63.59 2.60 37.60 5.20 29.22
2.70 64.74 2.70 35.85 5.40 23.64
2.80 66.57 2.80 35.19 5.60 16.25
2.90 67.72 2.90 34.10 5.80 13.63
3.00 68.87 3.00 33.77 6.00 11.81
3.10 70.24 3.10 33.34
3.20 71.40 3.20 33.23
3.30 72.31 3.30 32.68
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3.40 73.46 3.40 32.35
3.50 74.60 3.50 32.24
3.60 75.07 3.60 32.24
3.70 76.21 3.70 32.03
3.80 77.36 3.80 31.81
3.90 78.05 3.90 31.59
4.00 78.51 3.98 31.26
4.10 79.89
4.20 80.35
4.30 81.27
4.40 81.72
4.50 82.19
4.60 82.87
4.70 83.33
4.80 83.79
4.90 84.02
5.00 84.25

Port of Brisbane soft soil + 15% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.34 0.00 0 0.00 0
0.10 0.34 0.10 18.74 0.10 1.36
0.20 0.34 0.20 29.45 0.20 2.32
0.30 0.34 0.30 40.66 0.30 7.75
0.40 1.19 0.40 54.30 0.40 15.20
0.50 4.76 0.50 73.81 0.50 26.34
0.60 31.10 0.60 97.01 0.60 38.25
0.70 60.17 0.70 120.08 0.70 54.62
0.80 80.39 0.80 137.54 0.80 70.70
0.90 95.18 0.90 150.67 0.90 91.23
1.00 111.84 1.00 163.29 1.00 109.05
1.10 127.14 1.10 171.20 1.11 123.58
1.20 138.18 1.21 177.19 1.21 138.49
1.30 147.02 1.30 180.37 1.30 149.24
1.40 154.50 1.40 182.54 1.41 159.02
1.50 161.47 1.50 183.43 1.51 166.00
1.60 164.87 1.61 182.92 1.60 170.64
1.70 168.95 1.70 180.50 1.70 174.23
1.80 171.84 1.80 175.66 1.80 176.94
1.90 174.04 1.90 170.94 1.90 178.59
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2.00 176.08 2.00 164.31 2.00 178.59
2.10 177.78 2.10 156.54 2.10 178.30
2.20 178.97 2.20 141.88 2.20 176.84
2.30 179.82 2.30 123.40 2.30 175.58
2.40 180.67 2.41 113.58 2.40 173.36
2.50 181.01 2.50 101.34 2.50 169.38
2.60 180.50 2.60 87.45 2.60 163.77
2.70 180.33 2.70 77.38 2.70 158.73
2.80 178.63 2.80 68.84 2.80 150.11
2.90 176.59 2.90 66.92 2.90 139.17
3.00 174.21 3.00 67.05 3.00 129.97
3.10 169.63 3.10 67.56 3.10 118.35
3.20 157.21 3.20 68.45 3.20 103.24
3.30 146.17 3.30 69.09 3.30 95.98
3.41 140.05 3.40 69.98 3.40 90.65
3.50 135.63 3.50 70.62 3.50 87.74
3.60 131.55 3.60 70.87 3.60 83.58
3.70 127.98 3.70 71.00 3.70 78.16
3.80 123.90 3.80 71.77 3.80 73.51
3.90 119.66 3.90 72.66 3.90 70.99
4.00 114.56 4.00 73.30 4.00 68.86
4.10 108.95 4.10 72.91 4.11 66.92
4.20 102.66 4.20 73.17 4.20 65.08
4.30 98.41 4.30 73.55 4.30 63.34
4.40 94.84 4.40 73.68 4.40 62.27
4.50 91.61 4.50 73.68 4.50 60.92
4.60 88.04 4.60 73.93 4.61 59.46
4.70 85.83 4.70 73.68 4.70 58.21
4.80 83.11 4.80 73.55 4.80 57.62
4.90 80.56 4.90 71.64 4.90 56.95
5.00 78.69 5.00 69.35 5.00 56.17
5.10 76.31 5.10 77.38 5.10 55.59
5.20 74.45 5.20 78.14 5.20 55.20
5.30 72.23 5.30 77.12 5.30 54.81
5.40 71.39 5.40 76.36 5.40 53.56

5.50 75.72 5.50 52.59
5.60 74.57 5.60 51.72
5.70 73.93 5.70 51.04
5.79 73.30 5.80 50.65

5.90 50.75
6.00 51.14
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Port of Brisbane soft soil + 20% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.51 0.10 30.59 0.10 38.18
0.20 0.34 0.20 59.96 0.20 73.52
0.30 2.04 0.30 102.24 0.30 116.93
0.40 5.61 0.40 147.93 0.40 163.44
0.50 19.89 0.50 194.97 0.50 188.98
0.60 40.28 0.60 226.64 0.60 210.48
0.70 62.89 0.70 256.96 0.70 228.76
0.80 92.29 0.80 280.89 0.80 254.56
0.90 124.07 0.90 300.06 0.90 276.07
1.00 154.33 1.00 310.94 1.00 289.65
1.10 180.84 1.10 320.32 1.10 296.64
1.20 209.39 1.20 325.49 1.20 301.61
1.30 237.44 1.30 329.70 1.30 305.50
1.40 254.78 1.40 330.38 1.40 305.91
1.50 273.47 1.50 329.57 1.50 303.89
1.60 287.58 1.60 327.53 1.60 300.66
1.70 297.10 1.70 322.49 1.70 292.07
1.80 305.43 1.80 310.26 1.80 278.76
1.90 310.86 1.90 297.89 1.90 267.07
2.00 313.24 2.00 281.44 2.00 254.43
2.10 312.56 2.10 253.56 2.10 240.19
2.20 312.56 2.20 227.73 2.20 228.36
2.30 312.40 2.30 206.93 2.30 219.89
2.40 312.23 2.40 192.93 2.40 209.00
2.50 311.72 2.50 180.69 2.50 199.46
2.60 310.86 2.60 173.08 2.60 186.56
2.70 307.81 2.70 169.13 2.70 181.05
2.80 304.24 2.80 166.01 2.80 173.52
2.90 297.27 2.90 163.56 2.90 163.98
3.00 288.43 3.01 161.93 3.00 143.95
3.10 278.74 3.10 161.65 3.10 125.67
3.20 263.78 3.20 161.93 3.20 111.29
3.30 245.60 3.30 161.38 3.30 96.23
3.40 233.19 3.40 160.43 3.40 87.22
3.50 224.02 3.50 159.89 3.50 79.70
3.60 213.98 3.60 159.07 3.60 71.91
3.70 205.66 3.70 157.58 3.70 63.57
3.80 194.61 3.80 152.54 3.80 59.41



315

3.90 182.20 3.90 139.36 3.90 57.12
4.01 171.15 4.00 132.56 4.01 56.18
4.10 161.64 4.10 129.98 4.10 54.84
4.20 155.01 4.20 127.26 4.20 54.30
4.30 149.23 4.30 123.45 4.30 54.57
4.40 142.94 4.40 120.32 4.40 53.90
4.50 136.14 4.50 116.24 4.50 55.11
4.60 130.02 4.60 110.81 4.60 55.51
4.70 122.88 4.70 106.86 4.70 54.84
4.80 117.96 4.80 102.51 4.80 54.30
4.90 114.56 4.90 100.20 4.90 54.30
5.00 110.48 5.00 96.39 5.00 53.63
5.10 106.40 5.10 52.55
5.20 103.68 5.20 52.28
5.30 100.28 5.30 52.42
5.40 98.07 5.40 51.88
5.50 97.39

Port of Brisbane soft soil + 25% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 17.67 0.10 3.95 0.10 28.42
0.20 21.75 0.20 35.36 0.20 26.86
0.30 29.91 0.30 72.10 0.30 34.67
0.40 43.51 0.40 128.75 0.40 50.90
0.50 75.05 0.50 194.84 0.50 94.94
0.60 133.51 0.60 241.87 0.60 188.94
0.70 220.25 0.70 292.69 0.70 299.49
0.80 303.46 0.80 344.53 0.80 379.44
0.90 375.25 0.90 395.00 0.90 460.02
1.00 435.61 1.00 448.73 1.00 511.24
1.10 488.09 1.10 489.76 1.10 556.52
1.20 523.44 1.20 530.43 1.20 578.07
1.30 547.91 1.30 562.53 1.30 592.43
1.40 569.12 1.40 580.25 1.41 600.55
1.50 581.09 1.50 593.80 1.50 596.81
1.60 591.15 1.60 603.25 1.60 584.94
1.70 597.94 1.70 608.05 1.70 575.57
1.80 601.75 1.80 610.08 1.80 566.51
1.90 601.75 1.90 608.54 1.90 553.09
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2.00 597.13 2.00 603.05 2.00 539.66
2.10 586.25 2.10 595.33 2.10 515.92
2.20 570.48 2.20 582.47 2.20 480.32
2.30 555.25 2.30 568.72 2.31 439.09
2.40 506.58 2.40 557.59 2.40 402.87
2.50 482.65 2.50 546.06 2.50 373.82
2.60 449.75 2.60 530.28 2.60 353.21
2.70 435.61 2.70 476.54 2.70 336.35
2.80 412.22 2.80 400.32 2.80 325.41
2.90 381.77 2.90 334.40 2.90 308.56
3.00 335.00 3.01 308.65 3.01 295.43
3.10 277.08 3.10 289.08 3.10 278.88
3.20 245.81 3.20 267.62 3.20 266.39
3.30 188.16 3.30 248.23 3.30 255.77
3.40 141.94 3.40 224.88 3.40 247.65
3.50 125.36 3.50 209.43 3.50 240.16
3.60 112.03 3.60 191.75 3.60 232.04
3.70 102.79 3.70 172.52 3.70 226.73

3.80 158.79 3.80 221.42
3.90 147.97 3.90 216.42
4.00 139.90 4.00 203.93
4.10 131.84 4.10 197.06
4.20 126.52 4.20 188.32
4.30 120.51 4.30 182.07
4.40 115.02 4.40 178.33
4.50 108.66 4.50 174.27
4.60 103.85 4.60 167.39
4.70 101.62 4.70 160.52
4.80 101.80 4.80 151.78
4.90 101.80 4.90 145.85

5.00 131.48

Port of Brisbane soft soil + 30% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 90.41 0.00 6.55 0.00 1.38
0.10 243.72 0.10 54.94 0.10 6.23
0.20 390.15 0.20 179.28 0.20 21.46
0.30 557.42 0.30 293.81 0.30 86.90
0.40 667.45 0.40 385.47 0.40 209.80
0.50 765.72 0.50 504.46 0.50 360.74
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0.60 856.94 0.60 625.07 0.60 543.88
0.70 918.67 0.70 726.42 0.70 692.40
0.80 968.22 0.80 801.52 0.80 813.22
0.90 992.70 0.90 872.72 0.90 882.11
1.00 1010.07 1.00 915.24 1.00 964.51
1.10 1014.73 1.10 961.95 1.10 1015.05
1.20 1000.16 1.20 985.85 1.20 1070.43
1.30 945.95 1.30 1003.06 1.30 1101.65
1.40 887.90 1.40 993.73 1.40 1125.50
1.50 790.21 1.50 965.21 1.50 1146.65
1.60 684.82 1.60 893.37 1.60 1158.72
1.70 553.58 1.70 817.68 1.70 1162.21
1.80 436.27 1.80 719.13 1.80 1159.72
1.90 360.83 1.90 631.71 1.90 1153.24
2.00 337.97 2.00 591.65 2.00 1146.65
2.10 316.13 2.10 570.22 2.11 1126.20
2.20 291.86 2.20 544.11 2.20 1098.16
2.31 273.05 2.30 509.31 2.30 1062.84
2.40 253.83 2.40 484.83 2.40 978.71
2.50 240.08 2.50 464.19 2.51 854.43
2.60 223.90 2.60 446.38 2.60 712.13
2.70 215.81 2.70 427.77 2.70 531.76
2.80 211.36 2.80 407.93 2.80 472.91
2.90 209.95 2.90 388.91 2.90 396.39
3.00 208.12 3.00 368.88 3.00 376.67
3.10 205.49 3.11 352.90 3.10 370.78
3.20 202.26 3.20 338.13 3.20 368.01
3.30 200.44 3.30 316.27 3.30 359.70
3.40 199.22 3.40 303.73 3.40 352.77
3.50 199.43 3.50 288.55 3.50 349.31
3.51 199.22 3.60 272.36 3.60 343.78

3.70 249.50 3.70 340.66
3.80 229.46 3.80 336.16
3.90 219.95 3.90 329.24
4.00 208.22 4.00 323.69
4.04 205.79 4.10 320.93

4.21 317.82
4.31 315.04
4.40 313.66
4.50 302.58
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APPENDIX B-4 UCS

PoB soil with 160% water content stabilised by cement

Port of Brisbane soft soil + 10% Cement

Sample 1 Sample 2 Sample 3
Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

3.36 0.00 0.00 0.00 0.00 0.00
6.73 2.71 0.11 0.03 0.10 0.00
11.38 4.59 0.20 0.06 0.20 0.00
17.59 7.10 0.30 0.06 0.30 1.24
25.87 10.44 0.40 0.06 0.40 6.73
34.67 13.99 0.51 7.98 0.50 12.24
45.28 18.27 0.60 15.85 0.60 18.35
53.56 21.61 0.70 24.02 0.70 23.28
63.13 25.48 0.80 31.30 0.80 27.18
71.92 29.03 0.91 36.04 0.90 29.80
79.17 31.95 1.00 39.19 1.00 31.99
85.64 34.56 1.11 40.84 1.10 33.51
90.29 36.44 1.20 42.00 1.20 34.31
94.95 38.32 1.30 42.83 1.30 34.80
98.05 39.57 1.40 43.44 1.40 35.20
100.39 40.51 1.50 43.96 1.50 35.44
101.68 41.03 1.60 44.39 1.60 35.55
102.97 41.56 1.70 44.67 1.70 35.57
103.49 41.76 1.80 45.06 1.80 35.45
104.26 42.08 1.90 45.25 1.90 35.11
104.53 42.18 2.00 45.52 2.00 34.49
105.04 42.39 2.11 45.80 2.10 33.40
105.30 42.50 2.20 46.01 2.20 31.37
105.82 42.70 2.30 46.14 2.30 28.87
105.82 42.70 2.40 46.29 2.40 25.68
106.34 42.91 2.50 46.44 2.50 22.61
106.08 42.81 2.60 46.35 2.60 20.86
106.34 42.91 2.70 46.04 2.70 18.32
106.59 43.02 2.80 45.86 2.80 16.50
106.34 42.91 2.90 45.43 2.90 14.71
106.34 42.91 3.00 44.58 3.00 13.39
105.82 42.70 3.10 43.50 3.10 12.51
105.30 42.50 3.20 41.06 3.20 11.87
104.53 42.18 3.30 38.64 3.30 11.32
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103.75 41.87 3.41 35.37 3.40 10.84
102.71 41.45 3.50 32.74 3.50 10.42
101.42 40.93 3.60 29.37 3.60 9.71
100.39 40.51 3.70 26.22 3.70 8.80
98.31 39.68 3.80 24.96 3.80 8.15
95.99 38.74 3.91 24.75 3.90 7.48
93.65 37.80 4.00 24.51 4.00 7.09
91.07 36.75 4.10 24.26 4.10 6.57
87.70 35.39 4.20 24.02 4.20 6.03
84.34 34.04 4.30 23.74 4.30 5.55
80.46 32.47 4.40 23.34 4.40 5.16
73.22 29.55 4.50 22.91 4.50 4.71
67.79 27.36 4.60 22.15 4.60 4.25
62.09 25.06 4.70 21.54 4.70 3.89
58.99 23.81 4.80 21.02 4.80 3.54
55.63 22.45 4.90 20.53 4.90 3.15
53.30 21.51 5.00 20.10 5.00 2.89
51.74 20.88 5.10 19.61 5.10 2.44
49.93 20.15 5.12 19.55 5.17 2.26
48.90 19.73
47.60 19.21
46.05 18.59
45.28 18.27
44.50 17.96
43.98 17.75
43.72 17.65

Port of Brisbane soft soil + 15% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 26.05 0.10 0.00 0.10 0.00
0.20 63.06 0.20 0.00 0.20 5.52
0.30 124.74 0.30 0.00 0.30 10.18
0.40 183.67 0.41 0.00 0.40 20.37
0.50 216.10 0.50 5.37 0.50 33.52
0.60 238.80 0.60 20.45 0.60 49.23
0.70 259.74 0.70 32.06 0.70 64.93
0.80 278.90 0.80 46.61 0.80 78.51
0.90 295.70 0.90 57.88 0.90 91.66
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1.00 307.49 1.00 70.87 1.00 99.72
1.10 318.70 1.10 83.52 1.10 106.94
1.20 328.13 1.20 93.57 1.20 111.18
1.30 334.91 1.30 101.20 1.30 114.15
1.40 340.22 1.40 107.78 1.40 115.43
1.50 343.46 1.50 111.24 1.50 116.70
1.60 346.70 1.60 114.19 1.60 117.55
1.70 348.18 1.70 116.96 1.70 118.82
1.80 348.47 1.80 117.65 1.81 118.82
1.90 347.89 1.90 117.65 1.90 119.67
2.00 345.82 2.00 117.49 2.00 120.09
2.10 342.29 2.10 117.14 2.10 121.37
2.20 337.27 2.20 115.92 2.20 122.21
2.30 331.96 2.30 114.54 2.30 123.06
2.40 326.07 2.40 111.24 2.40 124.34
2.50 319.58 2.51 108.13 2.50 124.76
2.60 313.09 2.60 103.62 2.60 125.61
2.70 301.01 2.70 98.94 2.70 126.04
2.80 292.75 2.80 93.05 2.80 126.46
2.90 285.09 2.90 89.07 2.90 127.31
3.00 277.72 3.00 86.64 3.00 128.15
3.10 271.82 3.10 84.04 3.10 128.15
3.20 261.80 3.20 81.79 3.20 129.42
3.30 245.58 3.30 79.71 3.30 129.42
3.40 234.38 3.41 77.98 3.40 130.28
3.50 226.71 3.50 76.24 3.50 130.71
3.60 219.64 3.60 74.68 3.60 130.71
3.70 214.04 3.70 73.82 3.70 130.71
3.80 209.02 3.80 72.78 3.80 131.12
3.90 202.84 3.90 72.26 3.90 131.55
4.00 197.83 4.00 71.56 4.00 131.55

4.10 71.04 4.10 131.55
4.20 70.01 4.20 131.12
4.30 69.49 4.30 130.71
4.40 68.62 4.40 130.71
4.50 67.58 4.50 130.28
4.55 67.06 4.61 128.58

4.70 127.31
4.80 126.46
4.90 125.61
5.00 124.34
5.10 121.79
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5.21 120.52
5.30 117.55
5.40 112.88
5.50 107.79
5.60 103.97

Port of Brisbane soft soil + 20% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.00 0.11 7.73 0.10 12.43
0.20 0.00 0.20 9.52 0.20 11.75
0.31 3.89 0.30 13.09 0.30 15.17
0.40 7.78 0.40 19.03 0.40 22.27
0.50 13.44 0.50 32.83 0.50 41.54
0.60 19.63 0.60 58.41 0.60 82.66
0.70 27.23 0.70 96.36 0.70 131.04
0.80 35.19 0.80 132.76 0.80 166.01
0.90 43.14 0.90 164.17 0.90 201.27
1.00 52.69 1.00 190.58 1.00 223.68
1.10 59.77 1.10 213.54 1.10 243.49
1.20 68.43 1.21 229.00 1.20 252.92
1.30 79.75 1.30 239.71 1.30 259.20
1.40 92.12 1.41 248.99 1.41 262.76
1.50 105.20 1.50 254.23 1.50 261.12
1.60 115.64 1.60 258.63 1.60 255.92
1.70 131.37 1.71 261.60 1.70 251.83
1.80 147.29 1.80 263.27 1.80 247.86
1.90 168.33 1.91 263.27 1.90 241.99
2.00 190.07 2.00 261.24 2.00 236.11
2.10 209.52 2.10 256.48 2.10 225.73
2.20 223.50 2.20 249.59 2.20 210.15
2.30 237.46 2.30 242.92 2.31 192.11
2.40 247.19 2.40 221.63 2.40 176.26
2.50 252.85 2.51 211.16 2.50 163.56
2.60 257.97 2.60 196.77 2.60 154.54
2.70 260.80 2.70 190.58 2.70 147.16
2.80 262.22 2.81 180.35 2.80 142.38
2.90 262.75 2.91 167.03 2.90 135.00
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3.00 260.63 3.00 146.56 3.01 129.26
3.10 256.38 3.10 121.22 3.10 122.02
3.20 248.78 3.20 107.54 3.20 116.55
3.30 234.99 3.30 82.32 3.30 111.91
3.40 224.03 3.40 62.10 3.40 108.35
3.50 209.35 3.50 54.84 3.50 105.07
3.60 192.73 3.60 49.01 3.60 101.52
3.70 165.15 3.70 44.97 3.70 99.20
3.80 151.71 3.80 96.88
3.90 145.17 3.90 94.69
4.00 142.87 4.00 89.22
4.10 141.45 4.10 86.22
4.20 140.74 4.20 82.39
4.30 140.39 4.30 79.66
4.40 138.98 4.40 78.02
4.50 136.86 4.50 76.25
4.60 133.67 4.60 73.24
4.70 129.43 4.70 70.23
4.80 125.19 4.80 66.41
4.90 123.24 4.90 63.81
5.00 121.82 5.00 57.53
5.10 120.41 5.10 51.24
5.20 120.06 5.21 48.10
5.30 120.23 5.30 45.77
5.40 120.59 5.33 45.09
5.50 120.59
5.57 120.41

Port of Brisbane soft soil + 25% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 23.92 0.10 22.13 0.10 32.18
0.20 30.82 0.20 24.51 0.20 73.02
0.30 47.30 0.30 37.83 0.30 132.08
0.40 75.20 0.40 54.96 0.41 186.19
0.50 139.50 0.50 114.68 0.50 227.38
0.60 202.48 0.60 195.34 0.60 256.73
0.70 252.44 0.70 280.75 0.70 291.75
0.80 292.30 0.80 349.51 0.80 328.17
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0.90 320.74 0.90 390.91 0.90 354.51
1.01 339.34 1.00 414.23 1.00 372.55
1.10 352.36 1.10 430.89 1.10 385.28
1.21 359.26 1.20 439.21 1.20 394.83
1.31 362.99 1.30 442.30 1.30 401.37
1.40 365.37 1.40 443.02 1.41 404.38
1.50 366.44 1.50 442.78 1.50 404.73
1.60 366.44 1.60 442.07 1.61 404.56
1.70 366.44 1.70 437.07 1.70 403.14
1.80 365.37 1.80 429.46 1.80 398.89
1.90 365.11 1.90 406.62 1.90 391.64
2.00 361.66 2.00 380.68 2.01 381.92
2.10 353.42 2.10 333.10 2.10 373.79
2.20 333.49 2.20 289.56 2.20 353.10
2.30 314.63 2.30 231.98 2.30 338.96
2.40 295.76 2.40 208.18 2.40 319.51
2.50 277.68 2.50 192.96 2.50 308.54
2.60 263.87 2.60 180.58 2.60 298.64
2.70 249.26 2.70 160.36 2.70 291.57
2.80 234.11 2.80 126.10 2.80 286.62
2.90 213.91 2.90 103.02 2.91 279.37
3.00 197.17 3.00 80.42 3.01 274.95
3.10 181.76 3.10 61.15 3.11 270.71
3.20 162.10 3.20 44.25 3.20 266.81
3.30 142.97 3.30 16.89 3.30 262.92
3.40 127.82 3.40 9.28 3.41 259.39
3.51 118.25 3.50 7.85 3.50 257.09
3.60 109.75 3.60 8.33 3.60 253.20
3.70 103.11 3.70 8.09 3.70 250.90
3.80 99.64 3.79 -0.24 3.80 246.65
3.87 97.26 3.90 235.69

4.00 230.57
4.10 226.50
4.20 225.09
4.30 223.85
4.41 222.44
4.50 221.55
4.60 220.13
4.70 219.60
4.80 220.13
4.91 219.96
5.01 219.60
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Port of Brisbane soft soil + 30% Cement
Sample 1 Sample 2 Sample 3

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.28 0.10 31.37 0.10 2.07
0.20 4.21 0.20 85.76 0.20 9.65
0.30 10.66 0.30 162.45 0.30 44.82
0.40 29.45 0.41 232.87 0.40 94.70
0.50 65.06 0.50 278.18 0.50 152.40
0.60 116.95 0.60 325.60 0.60 230.32
0.70 185.65 0.70 371.62 0.70 299.96
0.80 235.85 0.80 404.39 0.80 376.97
0.90 299.23 0.90 431.57 0.90 434.44
1.00 353.91 1.00 449.01 1.01 493.28
1.10 385.89 1.11 464.34 1.10 529.60
1.20 420.66 1.20 475.49 1.20 553.51
1.30 447.03 1.30 483.87 1.30 567.75
1.40 468.05 1.40 489.44 1.40 575.11
1.50 477.31 1.50 492.94 1.50 579.02
1.60 486.85 1.60 497.11 1.60 577.87
1.70 491.90 1.70 498.50 1.70 573.04
1.80 496.94 1.80 499.91 1.80 554.65
1.90 497.78 1.90 499.91 1.90 541.09
2.00 497.51 2.00 499.20 2.00 526.61
2.10 494.14 2.10 499.91 2.10 486.38
2.20 488.53 2.20 497.82 2.20 443.86
2.30 479.56 2.30 495.02 2.30 405.93
2.40 470.02 2.40 491.53 2.40 362.03
2.50 459.08 2.50 486.67 2.50 346.17
2.60 446.46 2.60 482.47 2.60 341.57
2.70 435.81 2.70 477.58 2.70 341.11
2.80 425.99 2.80 471.32 2.80 343.64
2.90 417.58 2.90 460.16 2.90 339.04
3.00 407.48 3.00 444.83 3.00 333.53
3.10 388.69 3.10 420.42 3.10 324.33
3.20 367.94 3.20 403.68 3.20 321.35
3.30 357.56 3.30 386.95 3.30 322.26
3.40 349.15 3.40 369.53 3.40 322.04
3.50 342.14 3.50 351.40 3.50 322.04
3.60 335.69 3.60 331.17 3.60 320.43
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3.70 325.31 3.70 312.36 3.70 316.29
3.80 305.96 3.80 302.60 3.80 306.63
3.90 285.49 3.90 296.31 3.90 294.45
4.00 270.91 4.00 287.95 3.98 290.31
4.10 257.17 4.10 283.07
4.20 245.11 4.20 274.71
4.30 226.88 4.30 269.12
4.40 208.93 4.40 265.65
4.50 192.95 4.50 262.15
4.60 183.13 4.60 258.67
4.70 171.35 4.70 253.79
4.73 168.55 4.80 248.21

4.90 242.64
5.00 237.76
5.10 232.87
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APPENDIX C-1 UCS

UCS results of PoB soil and kaolin soil mixtures stabilised by cement:

Soil 2 + Cement

Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 8.18 0.10 0.12 0.10 5.43 0.10 1.78 0.10 18.49
0.20 14.73 0.20 2.15 0.20 30.68 0.20 9.36 0.20 70.10
0.30 22.00 0.30 20.92 0.30 55.60 0.30 50.80 0.30 132.99
0.40 28.55 0.40 49.48 0.40 82.89 0.40 87.55 0.40 239.20
0.50 35.64 0.50 76.62 0.50 117.31 0.50 132.78 0.50 378.78
0.60 40.55 0.60 96.70 0.60 165.79 0.60 170.88 0.60 477.98
0.70 45.82 0.70 118.21 0.70 205.63 0.70 209.86 0.70 556.80
0.80 50.55 0.80 132.08 0.80 232.25 0.80 252.86 0.80 607.56
0.90 53.46 0.90 150.13 0.90 259.54 0.90 291.18 0.90 647.71
1.00 56.01 1.00 162.32 1.00 277.68 1.00 324.83 1.00 673.18
1.10 58.19 1.10 170.32 1.10 289.54 1.10 357.57 1.10 693.20
1.20 59.46 1.20 176.06 1.20 296.50 1.20 382.30 1.20 706.98
1.30 60.74 1.30 179.29 1.30 301.58 1.30 403.91 1.30 715.49
1.40 61.64 1.40 181.08 1.40 304.64 1.40 421.96 1.40 720.56
1.50 62.56 1.50 182.76 1.50 306.66 1.50 435.77 1.50 719.71
1.60 63.28 1.60 183.59 1.60 307.85 1.60 444.68 1.60 713.34
1.70 63.83 1.70 184.31 1.70 308.71 1.70 448.69 1.70 698.28
1.80 64.55 1.80 184.43 1.80 309.37 1.80 450.70 1.80 687.88
1.90 65.10 1.90 184.31 1.90 309.37 1.90 448.91 1.90 667.06
2.00 65.65 2.00 183.83 2.00 309.37 2.00 445.35 2.00 639.45
2.10 65.83 2.10 182.40 2.10 308.54 2.10 437.33 2.10 596.30
2.20 66.37 2.20 179.88 2.20 307.17 2.20 421.96 2.20 496.68
2.30 66.74 2.30 174.51 2.30 305.31 2.30 407.93 2.30 332.89
2.40 67.10 2.40 169.13 2.40 303.79 2.40 392.77 2.40 271.70
2.50 67.28 2.50 161.96 2.50 301.08 2.50 380.07 2.50 227.94
2.60 67.28 2.60 151.92 2.60 297.34 2.60 362.92 2.60 208.19
2.70 67.47 2.70 144.03 2.70 291.75 2.70 351.11 2.70 168.46
2.80 67.64 2.80 134.94 2.80 283.44 2.80 327.94 2.80 115.78
2.90 67.28 2.90 125.86 2.90 272.08 2.90 305.89 2.90 97.09
3.00 67.10 3.00 119.41 3.00 260.39 3.00 260.89 3.00 84.13
3.10 66.55 3.10 114.98 3.10 249.53 3.10 231.92 3.10 59.28
3.20 65.83 3.20 107.69 3.20 239.03 3.20 196.50 3.20 54.60
3.30 64.92 3.30 97.89 3.30 215.12 3.30 167.76 3.30 55.45
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3.40 64.01 3.40 88.57 3.40 185.12 3.40 141.69 3.40 53.33
3.50 63.28 3.50 79.61 3.50 162.57 3.50 123.64 3.50 55.88
3.60 62.37 3.60 70.76 3.60 146.80 3.60 111.62 3.60 61.19
3.70 62.01 3.70 67.41 3.70 135.11 3.70 95.36 3.70 65.64
3.80 61.47 3.80 60.96 3.80 130.19 3.80 78.20 3.80 65.85
3.90 60.74 3.90 57.49 3.90 127.14 3.90 61.93 3.90 69.04
4.00 59.28 4.00 54.99 4.00 123.24 4.00 40.55 4.00 72.01
4.10 57.46 4.10 52.95 4.10 119.00 4.10 31.19 4.10 71.80
4.20 54.74 4.20 48.89 4.20 116.46 4.20 22.95 4.20 73.71
4.30 51.10 4.30 45.78 4.30 114.08 4.30 12.92 4.30 75.20
4.40 47.46 4.40 43.39 4.40 111.55 4.40 8.69 4.40 76.90
4.50 44.73 4.50 40.40 4.50 110.01 4.50 8.02 4.50 79.24
4.61 41.82 4.61 38.73 4.61 108.67 4.61 81.15
4.70 39.82 4.70 36.93 4.70 106.29 4.70 82.64
4.80 37.64 4.80 35.62 4.80 104.43 4.80 83.91
4.90 36.37 4.90 34.42 4.90 102.56 4.90 85.40
5.00 35.28 5.00 33.59 5.00 84.98

Soil 3 + Cement

Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 8.36 0.00 16.82 0.00 7.65 0.00 0.00 0.00 5.95
0.10 13.18 0.10 15.30 0.10 15.81 0.10 1.53 0.10 11.73
0.20 18.76 0.20 19.71 0.20 17.50 0.20 19.37 0.20 20.22
0.30 25.09 0.30 30.25 0.30 27.02 0.30 20.05 0.30 32.63
0.40 31.43 0.40 48.10 0.40 39.26 0.40 20.05 0.40 50.98
0.50 35.74 0.50 89.22 0.50 81.91 0.50 24.98 0.51 80.56
0.60 41.32 0.60 129.50 0.60 139.53 0.60 26.51 0.60 117.60
0.70 49.94 0.70 161.45 0.70 200.54 0.70 93.47 0.70 170.80
0.80 56.53 0.80 186.94 0.80 249.65 0.80 171.14 0.80 233.34
0.90 62.86 0.90 205.13 0.90 279.22 0.90 243.03 0.90 289.76
1.00 67.43 1.01 217.02 1.00 295.88 1.00 294.86 1.00 366.92
1.10 70.97 1.10 225.35 1.10 307.78 1.10 348.90 1.10 419.26
1.20 73.25 1.21 229.77 1.20 313.72 1.20 393.26 1.20 467.87
1.30 74.77 1.31 232.15 1.30 315.93 1.30 415.35 1.30 505.78
1.40 74.58 1.40 233.68 1.40 316.44 1.40 424.36 1.40 534.48
1.50 74.58 1.50 234.36 1.50 316.27 1.50 423.51 1.50 561.17
1.60 74.58 1.60 234.36 1.60 315.77 1.60 417.56 1.60 583.75
1.70 74.77 1.70 234.36 1.70 312.20 1.70 408.38 1.70 600.40
1.80 76.04 1.80 233.68 1.80 306.75 1.80 381.36 1.80 615.88
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1.90 76.80 1.90 233.51 1.90 290.44 1.90 329.70 1.90 624.06
2.00 76.80 2.00 231.30 2.00 271.92 2.00 223.14 2.00 633.76
2.10 77.82 2.10 226.03 2.10 237.93 2.10 171.14 2.10 638.51
2.20 78.07 2.20 213.28 2.20 206.83 2.20 146.16 2.20 643.06
2.30 78.07 2.30 201.22 2.30 165.70 2.30 136.98 2.30 646.83
2.40 78.32 2.40 189.15 2.40 148.70 2.40 121.68 2.40 649.53
2.50 78.32 2.50 177.59 2.50 137.83 2.50 112.68 2.50 649.72
2.60 78.58 2.60 168.76 2.60 128.99 2.60 104.52 2.60 649.72
2.70 78.83 2.70 159.41 2.70 114.55 2.70 97.21 2.70 648.55
2.80 78.58 2.80 149.73 2.80 90.07 2.80 85.99 2.80 646.49
2.90 78.32 2.90 136.81 2.90 73.59 2.90 77.67 2.90 644.09
3.00 78.32 3.00 126.10 3.00 57.44 3.00 73.08 3.00 637.13
3.10 78.07 3.10 116.25 3.10 43.68 3.10 70.19 3.10 630.52
3.20 78.07 3.20 103.67 3.20 31.61 3.20 68.49 3.20 617.40
3.30 78.07 3.30 91.43 3.30 12.07 3.30 66.62 3.30 602.80
3.40 77.56 3.40 81.75 3.40 6.63 3.40 62.54 3.40 585.46
3.50 77.31 3.51 75.62 3.50 5.61 3.50 59.82 3.50 560.83
3.60 76.80 3.60 70.19 3.60 5.95 3.60 54.55 3.60 524.44
3.70 76.55 3.70 65.94 3.70 5.78 3.70 49.97 3.70 475.51
3.80 76.04 3.80 63.73 3.79 5.78 3.80 45.89 3.80 432.86
3.90 75.03 3.87 62.20 3.90 42.15 3.90 397.68
4.00 74.27 4.00 38.75 4.00 371.17
4.10 73.51 4.10 36.20 4.10 346.01
4.20 71.48 4.20 33.99 4.20 325.28
4.30 69.45 4.30 33.31 4.30 304.38
4.40 66.92
4.50 63.37
4.60 59.82
4.70 56.02
4.80 53.48
4.90 50.95
5.00 47.40

Soil 4 + Cement
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.08 0.00 0.11 8.84 0.10 12.22 0.11 11.05 0.10 0.00
0.18 4.26 0.20 12.75 0.20 11.55 0.20 13.60 0.20 0.00
0.28 7.84 0.30 14.28 0.30 14.90 0.30 18.69 0.30 19.58
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0.39 15.71 0.40 22.09 0.40 21.88 0.40 27.19 0.40 105.85
0.49 25.84 0.50 27.53 0.50 40.82 0.50 46.91 0.50 192.54
0.59 37.94 0.60 48.78 0.60 81.22 0.60 83.45 0.60 288.80
0.69 50.04 0.70 79.88 0.70 128.75 0.70 137.66 0.70 366.31
0.80 60.51 0.80 106.73 0.80 163.12 0.80 189.66 0.80 427.70
0.90 70.65 0.90 124.23 0.90 197.76 0.90 234.53 0.90 468.90
0.99 76.87 1.00 138.00 1.00 219.78 1.00 272.25 1.00 503.37
1.09 82.44 1.10 148.19 1.10 239.25 1.10 305.05 1.10 527.23
1.18 85.71 1.20 153.12 1.20 248.51 1.21 327.15 1.20 539.88
1.28 87.99 1.30 157.03 1.30 254.69 1.30 342.44 1.30 547.62
1.38 88.97 1.40 160.09 1.41 258.18 1.41 355.70 1.40 553.95
1.49 89.95 1.50 161.45 1.50 256.57 1.50 363.18 1.50 557.62
1.59 90.61 1.60 162.98 1.60 251.47 1.60 369.47 1.60 559.46
1.70 91.59 1.70 164.17 1.70 247.44 1.71 373.71 1.70 559.66
1.79 91.59 1.80 165.19 1.80 243.55 1.80 376.09 1.80 557.82
1.89 92.24 1.90 166.21 1.90 237.77 1.91 376.09 1.90 552.52
1.98 92.57 2.01 167.23 2.00 232.00 2.00 373.21 2.00 542.73
2.09 93.55 2.10 168.08 2.10 221.79 2.10 366.41 2.10 525.60
2.18 94.20 2.20 168.93 2.20 206.49 2.20 356.55 2.20 493.58
2.30 94.87 2.30 169.44 2.31 188.77 2.30 347.03 2.30 454.21
2.40 95.85 2.40 169.27 2.40 173.19 2.40 316.61 2.40 404.04
2.50 96.16 2.50 168.42 2.50 160.71 2.51 301.66 2.50 355.70
2.59 96.83 2.60 166.21 2.60 151.85 2.60 281.10 2.60 328.17
2.71 97.14 2.70 160.26 2.70 144.60 2.70 272.25 2.70 288.19
2.80 97.48 2.81 158.05 2.80 139.90 2.81 257.64 2.80 259.64
2.90 98.12 2.90 156.86 2.90 132.65 2.91 238.61 2.90 231.49
2.99 98.79 3.00 155.16 3.01 127.01 3.00 209.37 3.00 210.69
3.11 98.79 3.10 152.95 3.10 119.89 3.10 173.18 3.10 196.82
3.20 99.77 3.20 150.57 3.20 114.52 3.20 153.63 3.20 186.82
3.32 99.77 3.30 147.52 3.30 109.96 3.30 117.60 3.30 178.05
3.42 100.42 3.40 144.28 3.40 106.47 3.40 88.71 3.40 170.51
3.50 100.75 3.50 140.72 3.50 103.24 3.50 78.35 3.50 163.98
3.60 100.75 3.60 134.77 3.60 99.75 3.60 70.02 3.60 152.76
3.69 100.75 3.70 127.46 3.70 97.47 3.70 64.24 3.70 138.49
3.80 101.07 3.80 100.95 3.80 95.19 3.80 128.29
3.89 101.40 3.90 86.16 3.90 93.04 3.90 117.68
4.00 101.40 4.00 77.67 4.00 87.67 4.00 111.57
4.09 101.40 4.10 69.68 4.10 84.72 4.10 103.41
4.20 101.07 4.20 63.90 4.20 80.96 4.20 94.84
4.31 100.75 4.30 57.61 4.30 78.27 4.30 87.30
4.40 100.75 4.40 47.93 4.40 76.66 4.40 81.18
4.48 100.42 4.50 41.30 4.50 74.92 4.50 74.04
4.60 99.10 4.59 39.26 4.60 71.96 4.60 66.90
4.70 98.12 4.70 69.01 4.70 61.19
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4.80 97.48 4.80 65.25 4.80 55.68
4.89 96.83 4.90 62.70 4.90 49.56
5.00 95.85 5.00 56.52 5.00 45.48
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APPENDIX C-2 UCS

UCS results of PoB soft soil stabilised by fly ash-blended cement:

Fly ash/Cement ratio = 1:4
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00
0.10 2.33 0.10 5.31 0.10 88.27 0.10 12.95 0.10 0.76
0.20 5.45 0.20 18.11 0.20 141.71 0.20 36.17 0.20 20.71
0.30 10.45 0.30 34.35 0.31 181.79 0.30 56.74 0.30 44.21
0.40 15.35 0.40 49.19 0.40 215.19 0.40 89.86 0.40 65.93
0.50 23.32 0.50 69.02 0.50 236.17 0.50 150.22 0.50 105.84
0.60 30.70 0.60 88.85 0.60 247.62 0.60 201.62 0.60 150.30
0.70 37.31 0.70 106.96 0.70 253.36 0.70 260.46 0.70 221.80
0.80 42.94 0.80 120.86 0.80 249.54 0.80 302.15 0.80 285.96
0.90 48.19 0.90 127.26 0.90 238.08 0.90 332.42 0.90 381.20
1.00 51.11 1.00 130.70 1.00 213.28 1.00 353.56 1.00 472.39
1.10 54.22 1.10 131.48 1.10 186.56 1.10 365.36 1.10 547.16
1.20 56.35 1.20 131.48 1.20 163.65 1.20 372.79 1.21 596.68
1.30 58.49 1.30 129.29 1.30 147.43 1.30 376.98 1.30 632.80
1.40 59.66 1.40 126.64 1.40 138.85 1.40 378.50 1.40 651.24
1.50 60.82 1.50 120.70 1.50 135.50 1.50 377.93 1.50 661.34
1.60 61.80 1.60 115.55 1.60 135.03 1.60 376.02 1.60 664.38
1.70 62.38 1.70 112.59 1.71 137.41 1.70 373.74 1.70 658.32
1.80 63.35 1.80 109.46 1.80 139.32 1.80 370.89 1.80 650.99
1.90 63.74 1.90 104.46 1.90 140.28 1.90 365.55 1.90 643.92
2.00 64.32 2.00 97.12 2.01 142.19 2.00 355.65 2.00 637.85
2.10 64.71 2.10 83.54 2.10 146.48 2.10 347.46 2.10 624.72
2.20 65.49 2.20 72.77 2.20 149.82 2.20 339.28 2.20 593.65
2.30 65.68 2.30 65.43 2.30 153.63 2.30 327.28 2.30 516.35
2.40 66.26 2.40 61.06 2.40 158.40 2.40 315.48 2.40 438.29
2.50 66.85 2.50 57.15 2.50 163.17 2.50 301.77 2.50 411.51
2.60 67.04 2.60 53.72 2.60 167.94 2.60 283.11 2.60 392.81
2.70 67.43 2.70 51.22 2.70 171.28 2.70 254.75 2.70 382.46
2.80 67.82 2.80 50.28 2.81 169.85 2.80 236.28 2.80 374.63
2.90 67.82 2.90 48.72 2.90 165.56 2.90 214.00 2.90 371.85
3.00 68.40 3.00 48.25 2.98 165.08 3.00 195.91 3.00 368.56
3.10 68.21 3.10 47.62 3.10 177.44 3.10 365.79
3.20 68.21 3.20 47.47 3.20 170.97 3.20 359.73
3.30 68.01 3.30 46.69 3.30 160.69 3.30 348.61
3.40 67.43 3.40 46.22 3.40 152.12 3.40 343.06
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3.50 65.87 3.50 46.06 3.50 145.46 3.50 335.98
3.60 63.54 3.60 46.06 3.60 142.79 3.60 329.16
3.70 61.60 3.70 45.75 3.70 137.27 3.70 323.85
3.80 59.46 3.80 45.44 3.80 130.42 3.80 314.26
3.90 58.10 3.90 45.13 3.90 127.18 3.90 297.33
4.00 56.74 4.00 44.66 4.00 125.09 4.00 268.78
4.10 54.99 4.10 124.33 4.10 242.26
4.20 54.02 4.20 123.18 4.20 232.15
4.30 52.86 4.30 121.66
4.40 51.69 4.40 119.38
4.50 50.52 4.50 116.71

4.60 112.90
4.70 96.15
4.80 89.29
4.90 84.91
4.99 79.20

Fly ash/Cement ratio = 1:4
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 3.94 0.10 9.36 0.10 2.22 0.10 31.37 0.10 2.28
0.20 7.10 0.20 18.98 0.20 5.54 0.20 85.76 0.20 10.63
0.30 9.94 0.29 26.62 0.30 14.41 0.30 162.45 0.30 49.35
0.40 13.33 0.39 36.47 0.41 30.25 0.41 232.87 0.40 104.26
0.50 17.18 0.49 46.99 0.50 62.18 0.50 278.18 0.50 167.79
0.60 21.37 0.59 56.93 0.60 91.69 0.60 325.60 0.60 253.58
0.70 24.95 0.70 65.96 0.70 120.78 0.70 371.62 0.70 330.26
0.80 30.48 0.80 74.67 0.80 151.13 0.80 404.39 0.80 415.04
0.90 35.26 0.89 81.74 0.90 176.04 0.90 431.57 0.90 478.31
1.00 40.51 1.00 87.74 1.00 201.38 1.00 449.01 1.01 543.10
1.10 45.15 1.09 92.74 1.10 215.32 1.11 464.34 1.10 583.09
1.20 48.43 1.19 98.33 1.20 227.24 1.20 475.49 1.20 609.41
1.30 51.60 1.30 102.52 1.30 234.06 1.30 483.87 1.30 625.10
1.40 54.23 1.40 106.30 1.40 240.02 1.40 489.44 1.40 633.19
1.50 55.90 1.49 109.17 1.50 243.82 1.50 492.94 1.50 637.50
1.60 57.13 1.60 111.64 1.60 245.25 1.60 497.11 1.60 636.23
1.70 58.08 1.69 113.28 1.70 243.61 1.70 498.50 1.70 630.92
1.80 58.71 1.80 115.83 1.80 235.27 1.80 499.91 1.80 610.67
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1.90 58.81 1.90 116.90 1.90 179.48 1.90 499.91 1.90 595.74
2.00 57.38 2.00 118.29 2.00 166.97 2.00 499.20 2.00 579.80
2.10 56.02 2.09 119.52 2.10 123.20 2.10 499.91 2.10 535.51
2.20 55.47 2.20 120.35 2.20 103.99 2.20 497.82 2.20 488.69
2.30 54.90 2.30 121.09 2.30 100.93 2.30 495.02 2.30 446.93
2.40 53.89 2.40 121.50 2.40 99.45 2.40 491.53 2.40 398.59
2.50 52.00 2.50 121.33 2.50 98.61 2.50 486.67 2.50 381.13
2.60 47.45 2.59 120.76 2.60 97.34 2.60 482.47 2.60 376.07
2.70 40.68 2.69 118.62 2.70 96.28 2.70 477.58 2.70 375.57
2.80 37.44 2.80 113.28 2.80 95.12 2.80 471.32 2.80 378.34
2.90 32.49 2.90 95.54 2.90 93.54 2.90 460.16 2.90 373.28
3.00 27.52 3.00 78.78 3.00 91.16 3.00 444.83 3.00 367.22
3.10 20.71 3.09 67.03 3.10 89.74 3.10 420.42 3.10 357.09
3.20 18.70 3.19 61.04 3.20 88.42 3.20 403.68 3.20 353.80
3.30 17.47 3.29 54.96 3.30 87.10 3.30 386.95 3.30 354.81
3.40 16.45 3.40 49.86 3.40 86.73 3.40 369.53 3.40 354.56
3.50 15.05 3.49 45.67 3.50 85.83 3.50 351.40 3.50 354.56
3.60 13.78 3.60 41.65 3.60 83.56 3.60 331.17 3.60 352.79
3.70 12.66 3.70 37.62 3.70 81.82 3.70 312.36 3.70 348.23
3.80 11.81 3.79 34.17 3.80 80.13 3.80 302.60 3.80 337.60
3.90 10.56 3.90 32.12 3.90 77.91 3.90 296.31 3.90 324.19
4.00 9.55 3.99 30.97 4.00 74.43 4.00 287.95 4.00 319.63

Fly ash/Cement ratio = 1:3
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 1.20 0.10 0.00 0.10 0.00 0.10 21.97 0.10 4.03
0.20 6.61 0.20 4.30 0.19 0.32 0.20 60.05 0.20 6.92
0.30 18.49 0.29 10.76 0.29 2.43 0.30 113.75 0.30 23.05
0.40 29.61 0.39 20.90 0.39 4.21 0.41 163.06 0.40 45.24
0.50 39.98 0.49 32.27 0.48 6.63 0.50 194.79 0.50 78.38
0.60 46.44 0.58 47.63 0.57 11.00 0.60 227.99 0.60 113.82
0.70 52.00 0.68 58.70 0.67 17.15 0.70 260.21 0.70 162.52
0.80 55.61 0.78 69.45 0.76 22.01 0.80 283.16 0.80 210.35
0.90 58.16 0.88 79.90 0.86 29.77 0.90 302.19 0.90 271.44
1.00 59.97 0.98 86.66 0.96 40.29 1.00 314.41 1.00 324.46
1.11 60.87 1.07 91.58 1.06 48.71 1.11 325.14 1.11 367.69
1.21 61.47 1.17 94.66 1.15 60.52 1.20 332.95 1.21 412.06
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1.30 61.47 1.26 96.50 1.24 73.14 1.30 338.82 1.30 444.05
1.40 61.32 1.36 98.34 1.34 84.14 1.40 342.71 1.41 473.15
1.50 61.47 1.46 99.87 1.44 95.79 1.50 345.16 1.51 493.90
1.60 61.32 1.57 100.49 1.53 111.17 1.60 348.09 1.60 507.73
1.70 61.02 1.65 101.41 1.63 122.33 1.70 349.06 1.70 518.39
1.80 60.87 1.75 102.33 1.72 135.60 1.80 350.04 1.80 526.46
1.90 60.57 1.85 102.94 1.82 151.62 1.90 350.04 1.90 531.36
2.00 59.97 1.95 103.25 1.91 162.62 2.00 349.55 2.00 531.36
2.10 59.67 2.04 103.56 2.01 177.83 2.10 350.04 2.10 530.50
2.20 58.61 2.14 103.87 2.10 188.19 2.20 348.58 2.20 526.17
2.30 56.81 2.24 103.87 2.20 197.58 2.30 346.62 2.30 522.43
2.40 55.31 2.34 104.18 2.29 205.34 2.40 344.18 2.40 515.80
2.50 53.66 2.44 103.87 2.39 211.49 2.50 340.77 2.50 503.98
2.60 52.60 2.53 104.18 2.49 218.45 2.60 337.83 2.60 487.28
2.70 51.40 2.63 103.56 2.58 222.49 2.70 334.41 2.70 472.29
2.80 50.65 2.73 103.25 2.67 226.54 2.80 330.02 2.80 446.64
2.90 49.75 2.83 103.25 2.78 228.64 2.90 322.21 2.90 414.08
3.00 49.30 2.92 102.94 2.87 229.29 3.00 311.48 3.00 386.70
3.10 48.70 3.02 102.64 2.97 229.45 3.10 294.38 3.10 352.12
3.20 47.94 3.12 102.33 3.06 227.19 3.20 282.66 3.20 307.17
3.30 47.19 3.22 101.41 3.15 214.40 3.30 270.95 3.30 285.57
3.40 46.44 3.31 101.10 3.25 205.50 3.40 258.75 3.40 269.71
3.50 45.39 3.41 100.80 3.34 189.32 3.50 246.06 3.50 261.07
3.60 44.04 3.51 100.49 3.44 162.95 3.60 231.89 3.60 248.68
3.70 42.83 3.61 100.18 3.54 140.29 3.70 218.72 3.70 232.54
3.80 42.08 3.71 99.26 3.64 127.02 3.80 211.88 3.80 218.71
3.90 40.88 3.80 98.03 3.72 116.99 3.90 207.48 3.90 211.22
4.00 40.28 3.90 96.80 3.82 106.31 4.00 201.63 4.00 204.88
4.10 39.83 4.00 95.27 3.92 98.54 4.10 198.21 4.11 199.12
4.20 39.23 4.10 93.11 4.02 95.96 4.20 192.35 4.20 193.64
4.30 39.08 4.19 90.96 4.11 94.99 4.30 188.44 4.30 188.46
4.40 38.78 4.29 89.12 4.20 94.82 4.40 186.01 4.40 185.28
4.50 38.32 4.39 87.28 4.30 94.50 4.50 183.56 4.50 181.25
4.61 38.02 4.48 86.35 4.40 94.02 4.60 181.13 4.61 176.93
4.70 37.72 4.58 85.43 4.49 92.72 4.70 177.71 4.70 173.18
4.80 37.27 4.68 84.51 4.58 91.42 4.80 173.80 4.80 171.45
4.90 37.12 4.78 82.36 4.68 89.16 4.90 169.90 4.90 169.44
5.00 36.82 4.88 80.52 4.78 87.22 5.00 166.48 5.00 167.13

Fly ash/Cement ratio = 1:3
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)
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Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 6.46 0.10 0.07 0.10 4.02 0.10 1.39 0.10 15.31
0.20 11.64 0.20 1.26 0.20 22.71 0.20 7.30 0.20 58.04
0.30 17.38 0.30 12.21 0.30 41.14 0.30 39.62 0.30 110.11
0.40 22.55 0.40 28.90 0.40 61.34 0.40 68.29 0.40 198.06
0.50 28.16 0.50 44.74 0.50 86.81 0.50 103.57 0.50 313.63
0.60 32.04 0.60 56.47 0.60 122.69 0.60 133.29 0.60 395.76
0.70 36.20 0.70 69.04 0.70 152.17 0.70 163.69 0.70 461.03
0.80 39.94 0.80 77.13 0.80 171.86 0.80 197.23 0.80 503.06
0.90 42.24 0.90 87.67 0.90 192.06 0.90 227.12 0.90 536.31
1.00 44.25 1.00 94.80 1.00 205.49 1.00 253.36 1.00 557.39
1.10 45.97 1.10 99.47 1.10 214.26 1.10 278.90 1.10 573.97
1.20 46.98 1.20 102.82 1.20 219.41 1.20 298.20 1.20 585.38
1.30 47.98 1.30 104.70 1.30 223.17 1.30 315.05 1.30 592.42
1.40 48.70 1.40 105.75 1.40 225.43 1.40 329.13 1.40 596.63
1.50 49.42 1.50 106.73 1.50 226.93 1.50 339.90 1.50 595.92
1.60 49.99 1.60 107.22 1.60 227.81 1.60 346.85 1.60 590.64
1.70 50.42 1.70 107.64 1.70 228.44 1.70 349.98 1.70 578.17
1.80 51.00 1.80 107.71 1.80 228.94 1.80 351.54 1.80 569.56
1.90 51.43 1.90 107.64 1.90 228.94 1.90 350.15 1.90 552.33
2.00 51.86 2.00 107.36 2.00 228.94 2.00 347.37 2.00 529.46
2.10 52.00 2.10 106.52 2.10 228.32 2.10 341.12 2.10 493.74
2.20 52.43 2.20 105.05 2.20 227.31 2.20 329.13 2.20 411.25
2.30 52.72 2.30 101.91 2.30 225.93 2.30 318.18 2.30 275.63
2.40 53.01 2.40 98.77 2.40 224.80 2.40 306.36 2.40 224.97
2.50 53.15 2.50 94.58 2.50 222.80 2.50 296.46 2.50 188.73
2.60 53.15 2.60 88.72 2.60 220.04 2.60 283.08 2.60 172.38
2.70 53.30 2.70 84.11 2.70 215.89 2.70 273.87 2.70 139.49
2.80 53.44 2.80 78.81 2.80 209.75 2.80 255.79 2.80 95.86
2.90 53.15 2.90 73.50 2.90 201.34 2.90 238.59 2.90 80.39
3.00 53.01 3.00 69.73 3.00 192.69 3.00 203.49 3.00 69.66
3.10 52.58 3.10 67.15 3.10 184.66 3.10 180.90 3.10 49.08
3.20 52.00 3.20 62.89 3.20 176.88 3.20 153.27 3.20 45.21
3.30 51.29 3.30 57.17 3.30 159.19 3.30 130.85 3.30 45.91
3.40 50.57 3.40 51.72 3.40 136.99 3.40 110.52 3.40 44.15
3.50 49.99 3.50 46.49 3.50 120.30 3.50 96.44 3.50 46.26
3.60 49.27 3.60 41.32 3.60 108.63 3.60 87.06 3.60 50.66
3.70 48.99 3.70 39.37 3.70 99.98 3.70 74.38 3.70 54.35
3.80 48.56 3.80 35.60 3.80 96.34 3.80 61.00 3.80 54.52
3.90 47.98 3.90 33.58 3.90 94.08 3.90 48.31 3.90 57.16
4.00 46.83 4.00 32.11 4.00 91.20 4.00 31.63 4.00 59.63
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Fly ash/Cement ratio = 1:2
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 35.12 0.10 7.05 0.10 57.38 0.10 0.00 0.10 0.25
0.20 39.02 0.20 14.30 0.20 84.22 0.20 0.00 0.20 3.82
0.30 42.44 0.29 20.05 0.30 103.34 0.30 0.00 0.30 9.69
0.40 44.39 0.39 27.48 0.40 120.92 0.40 2.49 0.40 26.77
0.51 46.34 0.49 35.40 0.50 136.97 0.50 8.37 0.50 59.15
0.60 47.32 0.59 42.89 0.60 145.91 0.60 17.01 0.60 106.31
0.70 48.78 0.70 49.69 0.70 154.55 0.70 26.43 0.70 168.77
0.80 49.76 0.80 56.25 0.80 161.65 0.80 39.25 0.80 214.41
0.91 50.73 0.89 61.58 0.90 168.74 0.90 55.74 0.90 272.03
1.00 51.22 1.00 66.09 1.00 173.06 1.00 72.88 1.00 321.74
1.10 51.71 1.09 69.87 1.10 176.76 1.10 90.28 1.10 350.81
1.20 52.19 1.19 74.08 1.20 180.16 1.20 111.87 1.20 382.42
1.30 52.68 1.30 77.23 1.30 182.32 1.30 130.98 1.30 406.39
1.40 52.68 1.40 80.08 1.40 184.48 1.40 153.48 1.40 425.50
1.50 53.17 1.49 82.25 1.50 185.71 1.50 171.66 1.50 433.92
1.60 53.17 1.60 84.10 1.60 186.94 1.60 195.48 1.60 442.59
1.71 53.66 1.69 85.34 1.70 188.49 1.70 218.64 1.70 447.18
1.80 53.66 1.80 87.26 1.72 188.79 1.80 238.79 1.80 451.76
1.91 54.15 1.90 88.06 1.72 194.35 1.90 254.75 1.90 452.53
2.00 54.15 2.00 89.11 1.82 197.12 2.00 269.80 2.00 452.28
2.10 54.15 2.09 90.04 1.92 196.82 2.10 287.60 2.10 449.21
2.20 54.63 2.20 90.66 2.02 196.82 2.20 298.71 2.20 444.11
2.30 54.63 2.30 91.22 2.12 196.51 2.30 309.18 2.30 435.96
2.40 54.63 2.40 91.53 2.22 195.27 2.40 318.08 2.40 427.29
2.51 55.12 2.50 91.40 2.32 193.11 2.50 325.67 2.50 417.35
2.60 55.12 2.59 90.97 2.42 191.26 2.60 331.29 2.60 405.87
2.70 55.12 2.69 89.36 2.52 190.03 2.70 333.78 2.70 396.19
2.80 54.63 2.80 85.34 2.62 188.49 2.80 334.69 2.80 387.26
2.90 55.12 2.90 71.97 2.72 186.63 2.90 334.30 2.90 379.61
3.00 55.12 3.00 59.35 2.82 182.32 3.00 332.08 3.00 370.44
3.10 54.63 3.09 50.50 2.92 178.92 3.10 327.76 3.10 353.36
3.20 54.63 3.19 45.98 3.02 173.99 3.20 317.69 3.20 334.49
3.30 54.15 3.29 41.40 3.12 165.66 3.30 295.97 3.30 325.05
3.40 54.15 3.40 37.56 3.22 150.23 3.40 275.30 3.40 317.41
3.50 53.17 3.49 34.41 3.32 132.96 3.50 262.86 3.50 311.04
3.60 52.19 3.60 31.38 3.42 123.08 3.60 251.61 3.60 305.17
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3.70 51.71 3.70 28.34 3.52 111.67 3.70 238.13 3.70 295.74
3.80 50.24 3.79 25.74 3.62 95.02 3.80 228.58 3.80 278.15
3.90 49.76 3.90 24.20 3.72 84.22 3.90 217.98 3.90 259.54
4.00 48.78 3.99 23.33 3.82 78.36 4.00 209.48 4.00 246.28
4.10 47.80 4.10 22.77 3.92 74.04 4.11 203.59 4.10 233.79
4.20 46.83 4.20 22.40 4.02 66.94 4.20 198.36 4.20 222.83
4.31 46.34 4.30 22.09 4.12 60.15 4.30 192.08 4.30 206.25
4.40 45.37 4.40 22.03 4.22 56.76 4.40 185.14 4.40 189.93
4.50 43.90 4.50 21.97 4.32 54.60 4.50 178.47 4.50 175.41
4.60 43.41 4.60 21.91 4.42 51.83 4.60 172.58 4.60 166.48
4.70 42.44 4.70 21.78 4.52 50.90 4.70 166.56 4.70 155.77
4.80 41.46 4.80 21.78 4.63 49.67 4.80 159.37 4.73 153.23

4.89 21.72 4.91 147.07
5.00 21.60 5.01 140.39

Fly ash/Cement ratio = 1:2
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 1.13 0.10 3.98 0.10 4.12 0.10 0.73 0.10 3.25
0.20 6.51 0.20 9.15 0.20 10.71 0.20 5.87 0.20 14.37
0.30 15.02 0.30 16.61 0.30 20.67 0.30 13.94 0.30 34.87
0.40 21.41 0.40 26.18 0.40 35.78 0.40 14.49 0.40 91.48
0.50 28.17 0.50 36.74 0.50 51.44 0.50 28.07 0.50 163.34
0.60 33.17 0.60 50.10 0.60 65.93 0.60 54.67 0.60 215.45
0.70 37.56 0.70 61.39 0.70 88.67 0.70 94.66 0.70 258.45
0.80 41.31 0.80 69.07 0.80 106.73 0.80 137.40 0.80 299.81
0.90 44.32 0.90 75.07 0.90 126.03 0.90 178.68 0.90 330.30
1.00 46.69 1.00 79.95 1.00 141.90 1.00 221.24 1.00 358.17
1.10 48.57 1.10 85.32 1.10 153.71 1.10 246.19 1.10 382.91
1.20 49.95 1.20 90.18 1.20 166.42 1.20 271.51 1.20 401.68
1.30 51.20 1.30 93.10 1.30 175.35 1.30 285.82 1.30 414.03
1.40 52.08 1.40 87.84 1.40 181.11 1.40 301.04 1.40 427.39
1.50 52.95 1.50 70.99 1.50 186.47 1.50 310.21 1.50 436.54
1.60 53.45 1.60 65.15 1.60 190.25 1.60 316.45 1.60 444.03
1.70 53.96 1.70 62.05 1.70 192.03 1.70 321.04 1.70 448.64
1.80 54.33 1.80 60.44 1.80 193.75 1.80 323.79 1.80 450.91
1.90 54.58 1.90 58.23 1.90 193.89 1.90 325.62 1.90 450.52
2.00 54.71 2.00 56.09 2.00 193.61 2.00 326.90 2.00 450.41
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2.10 54.83 2.10 55.07 2.10 192.65 2.10 327.09 2.10 446.91
2.20 54.83 2.20 53.86 2.20 191.21 2.20 326.72 2.20 442.92
2.30 55.08 2.30 52.01 2.30 187.50 2.30 326.18 2.30 438.41
2.40 55.08 2.40 50.05 2.40 180.56 2.40 324.71 2.40 427.79
2.50 55.08 2.50 48.02 2.50 177.54 2.50 323.06 2.50 412.16
2.60 55.33 2.60 46.10 2.60 173.35 2.60 320.49 2.60 390.30
2.70 55.21 2.70 42.66 2.70 168.55 2.70 316.63 2.70 359.80
2.80 55.21 2.80 36.97 2.80 159.89 2.80 312.78 2.80 323.05
2.90 55.21 2.90 33.49 2.90 153.71 2.90 307.28 2.90 294.44
3.00 55.21 3.00 30.17 3.00 145.13 3.00 299.94 3.00 267.19
3.10 55.21 3.10 27.11 3.10 138.46 3.10 284.16 3.10 243.20
3.20 55.21 3.20 23.59 3.20 131.46 3.20 251.14 3.20 235.20
3.30 54.96 3.30 21.75 3.30 127.95 3.30 226.38 3.30 231.70
3.40 54.45 3.40 20.32 3.40 122.67 3.40 215.19 3.40 228.07
3.50 54.08 3.50 19.24 3.50 110.92 3.50 207.30 3.50 223.95
3.60 53.33 3.60 18.54 3.60 106.05 3.60 203.63 3.60 220.70
3.70 52.58 3.70 17.64 3.70 102.20 3.70 201.79 3.70 215.95
3.80 52.08 3.80 16.73 3.80 99.79 3.80 199.96 3.80 180.57
3.90 51.45 3.90 16.02 3.90 97.39 3.90 198.86 3.90 150.24
4.00 50.70 4.00 15.68 4.00 95.95 4.00 196.84 4.00 101.45

Fly ash/Cement ratio = 1:1
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 2.40 0.10 0.00 0.10 17.69 0.11 0.14 0.10 0.00
0.20 4.06 0.20 0.00 0.20 25.17 0.20 0.27 0.20 0.00
0.29 6.28 0.30 0.00 0.30 33.68 0.30 0.27 0.30 8.97
0.40 9.23 0.41 0.00 0.40 42.18 0.40 0.27 0.40 48.52
0.50 12.37 0.50 3.62 0.50 47.97 0.51 35.49 0.50 88.25
0.60 16.15 0.60 13.77 0.60 55.45 0.60 70.43 0.60 132.37
0.70 19.10 0.70 21.59 0.70 67.02 0.70 106.74 0.70 167.89
0.79 22.52 0.80 31.39 0.80 75.86 0.80 139.10 0.80 196.03
0.90 25.65 0.90 38.98 0.90 84.37 0.91 160.18 0.90 214.91
1.00 28.24 1.00 47.73 1.00 90.49 1.00 174.18 1.00 230.71
1.10 30.55 1.10 56.25 1.10 95.25 1.11 181.52 1.10 241.65
1.20 32.21 1.20 63.02 1.20 98.31 1.20 186.69 1.20 247.44
1.30 33.87 1.30 68.15 1.30 100.35 1.30 190.36 1.30 250.99
1.40 34.97 1.40 72.58 1.40 100.09 1.40 193.08 1.40 253.89
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1.50 35.81 1.50 74.92 1.50 100.09 1.50 195.39 1.50 255.58
1.60 36.27 1.60 76.90 1.60 100.09 1.60 197.30 1.60 256.42
1.70 36.73 1.70 78.77 1.70 100.35 1.70 198.52 1.70 256.51
1.80 36.91 1.80 79.24 1.80 102.06 1.80 200.29 1.80 255.67
1.90 37.19 1.90 79.24 1.90 103.08 1.90 201.10 1.90 253.24
2.00 37.28 2.00 79.12 2.00 103.08 2.00 202.33 2.00 248.75
2.10 37.47 2.10 78.89 2.10 104.44 2.11 203.55 2.10 240.90
2.20 37.56 2.20 78.07 2.20 104.78 2.20 204.50 2.20 226.22
2.29 37.74 2.30 77.14 2.30 104.78 2.30 205.05 2.30 208.18
2.40 37.74 2.40 74.92 2.40 105.12 2.40 205.72 2.40 185.19
2.50 37.93 2.51 72.82 2.50 105.12 2.50 206.41 2.50 163.03
2.60 37.84 2.60 69.79 2.60 105.46 2.60 206.00 2.60 150.41
2.69 37.93 2.70 66.64 2.70 105.80 2.70 204.64 2.70 132.09
2.80 38.02 2.80 62.67 2.80 105.46 2.80 203.82 2.80 119.00
2.90 37.93 2.90 59.98 2.90 105.12 2.90 201.92 2.90 106.10
3.00 37.93 3.00 58.35 3.00 105.12 3.00 198.11 3.00 96.57
3.10 37.74 3.10 56.60 3.10 104.78 3.10 193.35 3.10 90.21
3.19 37.56 3.20 55.08 3.20 104.78 3.20 182.47 3.20 85.63
3.30 37.28 3.30 53.68 3.30 104.78 3.30 171.73 3.30 81.61
3.40 37.01 3.41 52.51 3.40 104.10 3.41 157.18 3.40 78.15
3.50 36.64 3.50 51.35 3.50 103.75 3.50 145.49 3.50 75.16
3.60 36.17 3.60 50.30 3.60 103.08 3.60 130.53 3.60 70.02
3.69 35.81 3.70 49.71 3.70 102.74 3.70 116.53 3.70 63.47
3.80 35.07 3.80 49.01 3.80 102.06 3.80 110.95 3.80 58.80
3.90 34.24 3.90 48.66 3.90 100.70 3.91 110.00 3.90 53.94
4.00 33.41 4.00 48.20 4.00 99.68 4.00 108.91 4.00 51.13
4.10 32.48 4.10 47.85 4.10 98.66 4.10 107.83 4.10 47.39
4.20 31.28 4.20 47.15 4.20 95.94 4.20 106.74 4.20 43.47
4.30 30.08 4.30 46.80 4.30 93.21 4.30 105.51 4.30 40.01
4.40 28.70 4.40 46.21 4.40 89.81 4.40 103.75 4.40 37.21
4.50 26.12 4.50 45.51 4.50 85.05 4.50 101.84 4.50 33.93
4.60 24.18 4.55 45.16 4.61 80.29 4.60 98.44 4.60 30.66
4.70 22.15 4.70 75.18 4.70 95.72 4.70 28.04
4.80 21.04 4.80 71.78 4.80 93.41 4.80 25.52
4.90 19.84 4.90 68.38 4.90 91.24 4.90 22.72
5.00 19.01 5.00 63.62 5.00 89.33 5.00 20.85

Fly ash/Cement ratio = 1:1
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 2.19 0.10 1.84 0.10 1.97 0.11 10.83 0.11 7.60
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0.20 2.82 0.20 4.00 0.20 4.06 0.20 15.62 0.20 9.36
0.30 4.32 0.30 6.18 0.30 5.12 0.30 17.49 0.30 12.86
0.40 6.87 0.40 8.98 0.40 6.38 0.40 27.07 0.40 18.71
0.50 12.75 0.50 18.73 0.50 6.77 0.50 33.73 0.50 32.28
0.60 18.51 0.60 31.91 0.60 23.86 0.60 59.75 0.60 57.42
0.70 23.08 0.70 45.86 0.70 43.68 0.70 97.85 0.70 94.72
0.80 26.72 0.80 57.09 0.80 62.03 0.80 130.75 0.80 130.50
0.90 29.32 0.90 63.85 0.90 75.26 0.90 152.20 0.90 161.38
1.00 31.02 1.00 67.66 1.00 89.05 1.00 169.06 1.00 187.33
1.10 32.21 1.10 70.38 1.10 100.37 1.10 181.55 1.10 209.90
1.20 32.84 1.20 71.74 1.20 106.01 1.20 187.59 1.21 225.11
1.30 33.18 1.30 72.25 1.30 108.31 1.30 192.38 1.30 235.63
1.40 33.40 1.40 72.36 1.40 108.09 1.40 196.12 1.41 244.75
1.50 33.50 1.50 72.33 1.50 106.57 1.50 197.79 1.50 249.90
1.60 33.50 1.60 72.21 1.60 104.23 1.60 199.66 1.60 254.23
1.70 33.50 1.70 71.39 1.70 97.33 1.70 201.12 1.71 257.15
1.80 33.40 1.80 70.15 1.80 84.15 1.80 202.37 1.80 258.79
1.90 33.37 1.90 66.42 1.90 56.95 1.90 203.62 1.91 258.79
2.00 33.06 2.00 62.18 2.00 43.68 2.01 204.87 2.00 256.80
2.10 32.31 2.10 54.41 2.10 37.30 2.10 205.91 2.10 252.12
2.20 30.48 2.20 47.30 2.20 34.96 2.20 206.95 2.20 245.34
2.30 28.76 2.30 37.89 2.30 31.06 2.30 207.58 2.30 238.79
2.40 27.03 2.40 34.01 2.40 28.76 2.40 207.37 2.40 217.86
2.50 25.38 2.50 31.52 2.50 26.68 2.50 206.33 2.51 207.57
2.60 24.12 2.60 29.50 2.60 24.81 2.60 203.62 2.60 193.42
2.70 22.78 2.70 26.19 2.70 21.95 2.70 196.33 2.70 187.33
2.80 21.40 2.80 20.60 2.80 19.82 2.81 193.63 2.81 177.28
2.90 19.55 2.90 16.83 2.90 18.65 2.90 192.17 2.91 164.18
3.00 18.02 3.00 13.14 3.00 17.91 3.00 190.09 3.00 144.07
3.10 16.61 3.10 9.99 3.10 17.48 3.10 187.38 3.10 119.16
3.20 14.82 3.20 7.23 3.20 17.00 3.20 184.46 3.20 105.71
3.30 13.07 3.30 2.76 3.30 15.96 3.30 180.72 3.30 80.92
3.40 11.68 3.40 1.52 3.40 15.27 3.40 176.76 3.40 61.04
3.50 10.81 3.50 1.28 3.50 172.39 3.50 53.91
3.60 10.03 3.60 1.36 3.60 165.10 3.60 48.18
3.70 9.42 3.70 1.32 3.70 156.15 3.70 44.20
3.80 9.11 3.79 1.32 3.80 123.67
3.90 8.89 3.90 105.56

4.00 95.15
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APPENDIX C-3 UCS

UCS results of PoB soft soil stabilised by DuraCrete-blended cement:

DuraCrete/Cement ratio 3:100 (3%)
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.86 0.00 15.03
0.10 0.00 0.10 0.00 0.10 2.30 0.10 7.32 0.09 53.50
0.20 0.27 0.20 0.00 0.20 6.19 0.20 50.92 0.19 104.00
0.30 2.39 0.30 0.00 0.30 15.38 0.29 137.02 0.29 171.64
0.40 5.83 0.40 0.00 0.40 22.63 0.39 257.96 0.39 245.58
0.50 10.34 0.50 3.98 0.50 34.13 0.49 420.43 0.48 318.32
0.60 15.65 0.60 8.22 0.60 58.35 0.59 513.36 0.58 399.48
0.70 21.48 0.69 12.20 0.70 87.70 0.68 590.54 0.68 476.73
0.80 28.11 0.79 17.77 0.80 117.05 0.78 645.62 0.78 574.12
0.90 32.89 0.90 26.26 0.90 150.64 0.88 682.99 0.87 662.19
1.00 38.46 1.00 39.78 1.00 188.13 0.98 701.61 0.97 751.16
1.10 43.50 1.09 55.43 1.10 221.37 1.07 704.32 1.07 824.51
1.20 49.07 1.19 76.38 1.20 247.19 1.17 696.06 1.17 888.50
1.30 52.78 1.29 94.42 1.30 271.24 1.27 675.19 1.26 924.89
1.40 57.55 1.39 109.80 1.40 292.98 1.37 641.30 1.36 943.25
1.50 60.74 1.49 124.13 1.51 308.90 1.47 564.31 1.46 956.16
1.60 63.65 1.58 136.85 1.60 322.86 1.56 492.03 1.56 945.94
1.70 66.57 1.68 145.08 1.70 331.70 1.66 404.20 1.65 922.81
1.80 68.43 1.78 150.91 1.80 338.60 1.76 359.00 1.75 929.13
1.91 70.55 1.89 154.62 1.90 344.08 1.85 336.25 1.85 938.75
2.00 72.14 1.98 157.54 2.01 347.80 1.95 321.45 1.95 940.83
2.10 73.73 2.08 159.93 2.10 349.74 2.05 306.49 2.05 933.64
2.20 74.79 2.19 160.72 2.20 349.21 2.15 289.78 2.14 916.22
2.30 75.59 2.28 158.87 2.30 346.03 2.24 278.96 2.24 897.86
2.40 76.91 2.38 155.95 2.40 337.72 2.34 270.69 2.34 874.99
2.50 77.44 2.48 153.30 2.50 328.88 2.44 264.32 2.43 848.55
2.60 78.24 2.58 149.59 2.60 317.03 2.54 253.34 2.53 834.42
2.71 79.04 2.67 146.67 2.70 309.78 2.63 242.84 2.63 818.19
2.80 79.30 2.77 140.04 2.80 295.10 2.73 234.56 2.74 794.75
2.90 79.83 2.87 130.49 2.90 267.87 2.83 231.22 2.82 782.42
3.00 80.36 2.97 114.84 3.00 202.99 2.93 225.02 2.92 760.18
3.10 80.36 3.08 101.31 3.11 171.16 3.02 216.74 3.02 742.45
3.20 80.89 3.17 94.42 3.20 155.78 3.12 212.29 3.12 731.32
3.30 81.16 3.27 90.70 3.30 143.40 3.22 206.56 3.21 710.28
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3.40 81.16 3.37 88.32 3.40 131.19 3.32 201.94 3.31 693.76
3.50 80.89 3.47 87.00 3.50 123.06 3.41 193.03 3.41 671.21
3.60 80.89 3.56 85.14 3.60 115.99 3.51 185.71 3.51 648.96
3.70 80.89 3.67 81.69 3.70 108.57 3.61 179.98 3.61 630.03
3.80 80.89 3.77 79.83 3.80 101.31 3.69 170.11 3.71 609.29
3.90 80.36 3.87 78.24 3.90 94.77 3.80 585.24
4.00 79.04 3.96 76.91 4.00 88.41 3.90 571.42
4.10 77.98 4.06 75.85 4.11 82.22 4.00 556.98
4.20 77.18 4.16 75.59 4.20 76.91 4.09 540.75
4.30 75.85 4.26 75.59 4.30 70.73 4.19 532.04
4.40 74.79 4.36 75.85 4.38 66.66 4.29 503.78
4.50 73.73 4.46 76.12
4.60 72.14 4.56 76.38
4.70 71.08 4.65 76.65
4.80 70.02 4.76 76.65
4.90 68.96 4.86 76.65
5.00 67.90 4.95 76.91

DuraCrete/Cement ratio 3:100 (3%)
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 19.80 0.10 9.79 0.10 0.22 0.10 0.29 0.10 2.05
0.20 29.46 0.20 26.76 0.20 4.04 0.20 0.29 0.20 12.91
0.30 41.34 0.30 50.69 0.30 39.30 0.30 0.29 0.30 77.78
0.40 49.51 0.41 72.66 0.40 92.97 0.40 1.46 0.40 149.69
0.50 57.43 0.50 86.80 0.50 143.94 0.50 3.51 0.50 245.97
0.60 63.87 0.60 101.60 0.60 181.66 0.60 6.44 0.60 351.63
0.70 68.32 0.70 115.96 0.70 222.08 0.70 13.76 0.70 450.83
0.80 71.54 0.80 126.18 0.80 248.13 0.80 33.09 0.81 557.97
0.90 74.51 0.90 134.66 0.90 282.04 0.90 52.12 0.91 640.74
1.00 76.25 1.00 140.11 1.00 304.95 1.01 80.52 1.00 705.31
1.10 76.99 1.11 144.89 1.10 319.99 1.10 140.55 1.10 766.95
1.21 77.23 1.20 148.37 1.20 330.77 1.20 196.18 1.20 810.10
1.30 77.73 1.30 150.98 1.30 336.83 1.30 271.73 1.30 850.00
1.40 77.97 1.40 152.72 1.40 340.20 1.40 344.63 1.40 879.36
1.50 77.97 1.50 153.81 1.51 343.34 1.50 407.30 1.50 901.35
1.60 78.47 1.60 155.12 1.60 344.92 1.60 476.10 1.60 924.02
1.70 78.96 1.70 155.55 1.70 346.26 1.70 527.63 1.70 937.80
1.80 78.96 1.80 158.75 1.80 346.49 1.80 567.17 1.80 947.45
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1.90 79.21 1.90 157.78 1.90 346.26 1.90 602.60 1.90 955.99
2.00 79.46 2.00 156.97 2.00 345.37 2.00 627.48 2.00 958.36
2.10 79.96 2.10 155.99 2.10 342.67 2.11 648.27 2.10 960.39
2.20 80.45 2.20 155.34 2.20 337.95 2.20 665.55 2.20 959.46
2.30 80.20 2.30 154.46 2.30 327.85 2.30 678.73 2.31 954.81
2.40 80.45 2.40 153.37 2.40 317.74 2.40 688.68 2.40 948.04
2.51 80.70 2.50 151.86 2.50 304.27 2.50 700.39 2.50 937.21
2.60 80.70 2.60 150.55 2.60 285.41 2.60 706.83 2.60 919.03
2.70 80.95 2.70 149.02 2.70 270.59 2.70 712.10 2.70 888.15
2.80 80.95 2.80 147.07 2.80 253.52 2.80 716.50 2.80 843.26
2.90 80.70 2.90 143.59 2.90 236.46 2.90 718.83 2.90 769.88
3.00 80.45 3.00 138.80 3.00 224.33 3.00 720.88 3.00 525.68
3.10 79.96 3.10 131.18 3.10 216.02 3.10 719.42 3.11 472.85
3.20 79.71 3.20 125.96 3.20 202.33 3.21 713.86 3.20 393.31
3.30 79.21 3.30 120.74 3.30 183.91 3.30 706.83 3.30 338.72
3.40 78.96 3.40 115.30 3.40 166.40 3.41 698.34 3.40 320.23
3.50 77.97 3.50 109.65 3.50 149.55 3.50 679.31 3.50 281.19
3.60 76.99 3.60 103.34 3.60 132.93 3.60 642.70 3.60 277.37
3.70 76.00 3.70 97.47 3.70 126.65 3.70 576.24 3.70 272.97
3.80 73.77 3.80 94.42 3.80 114.52 3.80 554.86 3.80 268.56
3.90 71.79 3.90 92.46 3.90 108.01 3.91 510.06 3.91 266.80
4.00 68.57 4.00 89.85 4.00 103.30 4.00 467.32 4.00 261.52
4.10 65.35 4.10 88.33 4.10 99.48 4.10 417.83 4.10 245.97
4.20 61.39 4.20 85.72 4.20 91.84 4.20 401.44 4.15 243.32
4.30 56.93 4.30 83.97 4.30 86.00 4.30 384.75
4.41 52.48 4.40 82.89 4.40 81.51 4.40 371.28
4.50 49.01 4.50 81.80 4.50 65.90 4.50 359.27
4.60 45.55 4.60 80.71 4.60 62.76 4.61 346.39
4.70 43.57 4.70 79.19 4.70 59.37 4.70 337.60
4.80 41.59 4.80 77.45 4.80 46.75 4.80 329.99
4.90 39.85 4.90 75.71 4.90 42.75 4.90 323.84
5.00 38.12 5.00 74.19 4.93 33.75 5.00 320.33

DuraCrete/Cement ratio 5:100 (5%)
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.53 0.00 0.71 0.00 0.84 0.00 0.71 0.00 6.01
0.11 1.41 0.10 0.71 0.10 5.68 0.11 1.59 0.10 47.39
0.22 5.66 0.20 0.53 0.20 21.25 0.20 6.72 0.20 165.50
0.31 5.48 0.29 0.88 0.30 69.85 0.30 34.83 0.31 275.48
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0.43 15.38 0.40 0.53 0.40 131.93 0.40 74.61 0.40 393.06
0.53 25.64 0.49 0.71 0.50 194.42 0.50 129.25 0.50 537.89
0.64 40.14 0.59 0.53 0.60 245.76 0.60 189.19 0.60 635.11
0.75 54.63 0.69 3.18 0.69 271.43 0.70 263.45 0.70 697.38
0.85 66.48 0.78 5.13 0.80 289.52 0.80 339.84 0.80 745.48
0.95 75.32 0.88 11.85 0.89 299.41 0.90 411.80 0.90 777.48
1.04 81.34 0.98 22.99 0.99 307.20 1.00 476.87 1.00 791.95
1.13 85.58 1.08 43.85 1.09 311.62 1.10 516.64 1.10 800.61
1.26 89.82 1.18 60.12 1.19 313.93 1.20 558.57 1.20 798.32
1.35 91.59 1.27 82.39 1.29 314.98 1.30 579.97 1.30 779.06
1.46 92.83 1.38 105.74 1.39 314.98 1.40 590.57 1.40 706.75
1.56 93.71 1.47 128.02 1.49 314.35 1.50 587.36 1.50 593.38
1.67 94.06 1.57 146.05 1.59 313.09 1.60 569.17 1.60 509.76
1.77 94.24 1.66 155.25 1.68 312.25 1.70 542.27 1.70 468.38
1.88 94.59 1.76 164.09 1.78 310.15 1.80 505.51 1.80 440.98
1.97 94.59 1.86 169.21 1.88 307.62 1.90 468.91 1.90 407.03
2.07 94.59 1.96 172.39 1.99 305.51 2.00 442.75 2.00 384.57
2.17 94.59 2.06 173.28 2.08 301.30 2.10 410.03 2.10 366.19
2.27 94.42 2.16 172.93 2.18 295.42 2.20 364.77 2.20 355.22
2.38 94.06 2.25 171.86 2.28 288.68 2.30 317.21 2.30 345.14
2.48 94.42 2.35 170.45 2.39 281.53 2.40 262.22 2.40 329.76
2.59 94.06 2.45 168.86 2.48 269.54 2.50 233.40 2.51 314.20
2.67 93.89 2.55 167.09 2.58 251.23 2.61 211.47 2.60 306.07
2.78 93.71 2.65 163.38 2.68 204.10 2.70 197.68 2.70 297.58
2.89 93.36 2.74 157.90 2.78 168.33 2.80 185.83 2.81 286.97
2.97 93.00 2.84 149.05 2.87 151.08 2.90 177.70 2.90 279.90
3.06 92.12 2.94 139.86 2.97 140.76 3.00 171.69 3.00 267.87
3.17 90.53 3.04 119.17 3.08 132.98 3.10 164.62 3.10 258.50
3.28 89.12 3.13 103.79 3.17 126.25 3.20 158.78 3.21 250.55
3.38 87.52 3.24 92.12 3.27 122.88 3.30 152.59 3.30 244.18
3.46 86.29 3.33 87.52 3.37 117.83 3.40 148.17 3.41 234.99
3.58 84.69 3.43 84.87 3.47 115.09 3.50 142.16 3.50 226.68
3.67 83.28 3.53 84.16 3.56 112.36 3.60 136.50 3.58 219.78
3.76 81.86 3.63 82.57 3.67 107.52 3.70 132.26
3.85 79.92 3.72 81.69 3.76 100.78 3.80 128.90
3.96 77.62 3.82 80.45 3.86 97.42 3.90 126.60
4.06 75.14 3.92 80.10 3.95 95.95 4.00 123.77
4.15 73.02 4.02 79.04 4.10 118.47
4.26 69.31 4.11 78.68 4.20 116.35
4.38 64.89 4.21 78.33 4.28 113.87
4.46 62.59 4.31 77.80
4.57 60.47 4.41 74.61
4.66 58.70 4.51 73.20
4.77 57.46 4.61 72.14



345

4.85 56.23 4.66 71.26
4.95 54.99
5.06 53.93

DuraCrete/Cement ratio 5:100 (5%)
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.83 0.00 0.00 0.00 0.00 0.00 0.00
0.10 1.91 0.11 7.13 0.10 0.70 0.10 12.41 0.10 5.70
0.20 11.03 0.22 16.41 0.21 5.60 0.20 32.27 0.22 25.21
0.30 25.46 0.32 29.76 0.31 13.30 0.30 62.27 0.31 61.17
0.40 36.28 0.42 46.91 0.41 13.83 0.40 107.78 0.46 160.49
0.50 47.74 0.51 65.85 0.51 26.78 0.50 154.95 0.62 286.56
0.60 56.23 0.62 89.78 0.62 52.17 0.60 198.60 0.73 377.99
0.70 63.65 0.73 110.02 0.73 90.32 0.70 267.08 0.83 453.41
0.80 70.02 0.81 123.78 0.83 131.11 0.80 321.48 0.94 525.98
0.90 75.11 0.93 134.53 0.92 170.50 0.90 379.61 1.04 579.48
1.00 79.14 1.03 143.27 1.03 211.11 1.00 427.40 1.14 628.37
1.10 82.33 1.13 152.90 1.12 234.91 1.10 462.99 1.24 671.78
1.20 84.66 1.23 161.62 1.23 259.07 1.20 501.25 1.33 704.70
1.30 86.78 1.32 166.84 1.31 272.73 1.30 528.15 1.41 726.37
1.40 88.26 1.44 157.42 1.42 287.25 1.40 545.53 1.50 749.81
1.50 89.75 1.63 127.22 1.53 296.01 1.50 561.66 1.59 765.86
1.60 90.60 1.72 116.76 1.63 301.95 1.60 573.04 1.69 779.00
1.70 91.45 1.82 111.21 1.72 306.33 1.69 578.42 1.78 787.09
1.80 92.09 1.92 108.32 1.83 308.96 1.80 583.59 1.86 791.07
1.90 92.51 2.01 104.35 1.92 310.71 1.90 584.00 1.96 790.38
2.00 92.72 2.12 100.52 2.01 311.93 2.00 583.18 2.07 790.19
2.10 92.94 2.19 98.69 2.11 312.11 2.10 580.28 2.16 784.06
2.20 92.94 2.28 96.52 2.21 311.76 2.19 575.94 2.26 777.05
2.30 93.36 2.38 93.22 2.32 311.24 2.30 564.77 2.35 769.15
2.40 93.36 2.47 89.70 2.41 309.83 2.40 543.87 2.46 750.51
2.50 93.36 2.56 86.06 2.50 308.26 2.50 534.77 2.56 723.09
2.60 93.78 2.65 82.62 2.59 305.81 2.60 522.15 2.66 684.73
2.70 93.57 2.74 76.45 2.69 302.13 2.70 507.67 2.75 631.22
2.80 93.57 2.84 66.26 2.79 298.45 2.80 481.60 2.85 566.76
2.90 93.57 2.91 60.02 2.89 293.20 2.90 462.99 2.93 516.55
3.00 93.57 3.01 54.08 2.98 286.20 3.00 437.12 3.03 468.76
3.10 93.57 3.12 48.58 3.08 271.15 3.09 417.06 3.13 426.66
3.20 93.57 3.21 42.28 3.16 239.64 3.20 395.96 3.23 412.63
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3.30 93.14 3.29 38.98 3.27 216.01 3.30 385.41 3.33 406.49
3.40 92.29 3.40 36.42 3.37 205.33 3.40 369.48 3.44 400.13
3.50 91.66 3.51 34.48 3.47 197.80 3.50 334.10 3.53 392.90
3.60 90.39 3.59 33.23 3.56 194.30 3.60 319.41 3.62 387.20
3.70 89.11 3.68 31.62 3.66 192.55 3.70 307.83 3.72 378.87
3.80 88.26 3.79 29.98 3.77 190.80 3.80 300.59 3.81 368.78
3.90 87.21 3.89 28.70 3.85 189.75 3.90 293.35 3.92 358.04
4.00 85.93 3.95 28.09 3.96 187.83 4.00 289.00 4.01 353.87
4.10 84.87 4.06 185.03 4.10 284.45 4.12 340.72
4.20 83.81 4.16 182.92 4.20 277.62 4.20 327.78
4.30 82.54 4.28 181.52 4.30 269.35 4.29 319.23
4.40 81.26 4.37 180.12 4.40 262.11 4.40 313.96
4.50 79.99 4.47 178.55 4.50 256.11 4.50 313.53
4.60 78.29 4.56 174.87 4.60 251.77 4.60 313.75
4.70 76.17 4.67 168.57 4.70 247.63 4.69 311.77
4.80 73.84 4.76 164.20 4.80 244.32 4.79 295.55
4.90 71.50 4.86 159.99 4.90 240.39 4.88 282.18
5.00 70.02 4.97 156.14 5.00 235.42 4.98 278.01

DuraCrete/Cement ratio 7:100 (7%)
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 6.72 0.00 0.53 0.00 0.35 0.00 30.24 0.00 62.06
0.10 14.50 0.10 0.53 0.10 0.71 0.10 89.29 0.10 180.53
0.19 23.34 0.20 0.53 0.20 8.13 0.20 156.13 0.20 271.94
0.29 31.65 0.30 0.35 0.29 15.91 0.30 209.52 0.30 397.30
0.39 39.96 0.40 0.53 0.39 32.71 0.40 266.46 0.40 508.34
0.48 46.50 0.50 0.53 0.49 59.77 0.50 316.15 0.50 597.66
0.58 52.34 0.60 0.53 0.59 94.59 0.60 346.74 0.60 686.93
0.67 56.23 0.70 0.53 0.68 131.55 0.70 366.01 0.70 737.83
0.77 59.41 0.80 0.53 0.78 170.27 0.80 375.73 0.80 758.88
0.86 61.89 0.90 9.55 0.88 201.57 0.90 381.39 0.90 750.93
0.96 63.30 1.00 25.46 0.98 217.13 1.00 383.51 1.00 741.40
1.06 64.01 1.10 46.15 1.08 229.15 1.10 385.64 1.10 742.98
1.15 64.36 1.20 66.84 1.17 235.69 1.21 386.34 1.20 747.41
1.25 64.54 1.30 85.58 1.27 239.41 1.30 383.69 1.30 742.62
1.34 64.54 1.40 101.67 1.37 241.00 1.40 380.50 1.40 721.43
1.44 64.36 1.50 118.29 1.47 241.53 1.51 372.55 1.50 704.41
1.54 64.36 1.60 133.49 1.57 241.35 1.60 360.70 1.60 685.71
1.63 64.18 1.70 145.17 1.67 241.00 1.70 335.60 1.70 649.43
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1.73 64.01 1.80 155.95 1.76 239.58 1.81 258.68 1.80 612.33
1.82 64.01 1.90 161.25 1.86 236.75 1.90 215.89 1.90 594.65
1.92 64.01 2.00 164.44 1.96 233.93 2.00 191.67 2.00 567.95
2.02 63.65 2.10 166.56 2.06 225.97 2.11 181.06 2.10 545.48
2.11 63.83 2.20 168.15 2.15 208.64 2.20 176.11 2.20 519.64
2.21 63.65 2.30 168.68 2.25 188.84 2.30 176.64 2.30 498.26
2.31 63.30 2.40 168.86 2.35 173.28 2.40 173.63 2.40 482.88
2.40 63.12 2.50 169.03 2.45 154.36 2.50 170.09 2.50 470.68
2.50 62.77 2.60 168.33 2.55 139.51 2.60 165.15 2.61 460.25
2.59 62.59 2.70 167.62 2.64 126.25 2.70 162.49 2.70 451.41
2.69 62.24 2.80 167.27 2.74 121.65 2.81 160.37 2.80 439.03
2.79 61.89 2.90 166.74 2.84 116.70 2.90 154.89 2.91 426.65
2.88 61.53 3.00 166.38 2.94 113.87 3.00 149.76 3.00 410.21
2.98 61.18 3.10 165.68 3.04 112.45 3.10 147.64 3.10 397.30
3.07 60.83 3.20 164.62 3.14 111.04 3.20 142.16 3.20 389.17
3.17 60.65 3.30 163.38 3.23 109.80 3.30 136.50 3.30 384.22
3.26 60.12 3.40 162.14 3.33 106.27 3.40 134.03 3.40 379.62
3.36 59.59 3.50 160.37 3.43 105.20 3.50 132.08 3.50 369.19
3.45 59.41 3.60 157.54 3.53 105.03 3.60 125.19 3.60 363.89
3.56 59.23 3.70 154.89 3.63 104.85 3.70 116.70 3.70 361.58
3.65 58.53 3.81 150.47 3.72 105.38 3.80 107.51 3.80 358.94
3.74 58.17 3.90 144.64 3.82 105.38 3.90 100.96 3.90 353.45
3.84 57.46 4.00 136.15 3.92 104.50 4.01 93.00 4.00 350.80
3.93 56.05 4.10 127.31 3.97 103.79 4.10 91.24 4.10 338.25
4.03 54.28 4.20 117.58 4.20 89.65 4.20 327.99
4.13 51.28 4.30 109.45 4.31 88.94 4.30 326.93
4.22 50.04 4.40 101.31 4.40 88.06 4.40 323.75
4.32 49.51 4.50 98.13 4.50 86.99 4.50 320.74
4.42 48.80 4.60 92.83 4.60 86.11 4.50 320.57
4.51 47.92 4.70 90.71 4.70 85.75
4.61 47.39 4.80 87.35 4.75 85.93
4.70 46.68 4.90 84.34
4.80 45.62 5.00 81.16
4.90 44.91 5.10 78.15
4.90 44.91 5.20 75.50

DuraCrete/Cement ratio 7:100 (7%)
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00
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0.10 0.24 0.11 0.08 0.10 0.33 0.10 0.53 0.10 4.15
0.20 2.04 0.20 0.34 0.20 1.77 0.20 2.83 0.20 14.31
0.30 8.06 0.30 3.39 0.30 5.31 0.30 8.49 0.30 57.92
0.40 15.87 0.40 11.80 0.40 17.16 0.40 27.41 0.40 139.83
0.50 22.36 0.51 30.13 0.50 35.09 0.50 56.05 0.50 240.43
0.60 29.34 0.60 54.40 0.60 67.19 0.60 107.33 0.60 362.50
0.70 34.99 0.70 74.60 0.70 100.61 0.70 160.72 0.70 461.49
0.80 40.40 0.80 96.75 0.80 129.95 0.80 207.58 0.80 542.02
0.90 45.45 0.90 111.01 0.90 149.65 0.90 239.05 0.90 587.93
1.00 49.30 1.00 125.52 1.00 168.58 1.00 269.29 1.00 642.85
1.10 52.54 1.10 136.22 1.10 184.73 1.10 295.10 1.10 676.54
1.20 56.27 1.20 145.04 1.20 198.57 1.20 317.21 1.20 713.44
1.30 58.91 1.30 152.09 1.30 208.64 1.30 333.29 1.30 734.26
1.40 61.32 1.40 158.03 1.40 217.28 1.40 347.09 1.40 750.15
1.50 63.24 1.50 161.51 1.50 223.81 1.50 357.52 1.50 764.25
1.60 64.69 1.60 164.65 1.60 229.34 1.60 366.36 1.60 772.29
1.70 66.01 1.70 166.69 1.70 232.66 1.70 371.66 1.70 774.62
1.80 66.85 1.80 167.88 1.80 234.54 1.80 374.67 1.80 772.96
1.90 67.33 1.90 168.39 1.90 236.76 1.90 378.21 1.90 768.64
2.00 67.69 2.00 168.39 2.00 237.09 2.00 378.74 2.00 764.25
2.10 68.05 2.11 167.96 2.10 237.76 2.10 379.80 2.11 750.62
2.20 68.17 2.20 166.94 2.20 238.09 2.20 380.33 2.20 731.93
2.30 68.05 2.30 165.92 2.30 237.09 2.30 378.74 2.30 708.39
2.40 68.17 2.40 164.48 2.40 234.99 2.40 375.38 2.40 652.31
2.50 68.05 2.51 162.36 2.50 232.77 2.50 371.84 2.51 569.48
2.60 68.05 2.60 159.98 2.60 227.57 2.60 363.53 2.60 474.64
2.70 67.93 2.70 158.03 2.70 214.84 2.70 343.20 2.70 354.42
2.80 67.69 2.80 157.27 2.80 203.99 2.80 325.87 2.80 315.19
2.90 67.57 2.90 155.57 2.90 193.70 2.90 309.43 2.90 264.20
3.00 67.69 3.00 154.55 3.00 180.53 3.00 288.39 3.00 251.05
3.10 67.21 3.10 152.34 3.10 166.47 3.10 265.93 3.10 247.13
3.20 66.97 3.20 129.43 3.20 154.41 3.20 246.65 3.20 245.28
3.30 66.61 3.30 98.87 3.30 145.99 3.30 233.22 3.30 239.74
3.40 66.01 3.40 88.61 3.40 140.57 3.40 224.56 3.40 235.13
3.50 65.53 3.50 83.60 3.50 137.14 3.50 219.07 3.50 232.82
3.60 64.93 3.60 78.34 3.60 134.82 3.60 215.36 3.60 229.13
3.70 64.21 3.70 71.72 3.70 133.93 3.70 213.95 3.70 227.05
3.80 63.60 3.80 67.22 3.80 131.39 3.80 209.88 3.80 224.05
3.90 63.12 3.91 65.86 3.90 125.96 3.90 201.22 3.90 219.44
4.00 62.64 4.00 65.18 4.00 120.87 4.00 193.08 4.00 215.74
4.10 62.04 4.11 64.50 4.10 116.00 4.10 185.30 4.10 213.90
4.20 61.56 4.21 64.25 4.21 114.67 4.21 183.18 4.21 211.83
4.30 60.72 4.30 64.25 4.30 113.79 4.30 181.77 4.31 209.98
4.40 60.24 4.40 63.74 4.40 112.90 4.40 180.35 4.40 209.05
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4.50 59.40 4.50 61.96 4.50 111.68 4.50 178.41 4.50 201.67
4.60 59.15 4.60 61.45 4.60 109.91 4.60 175.58 4.61 194.28
4.70 58.55 4.70 58.22 4.70 109.02 4.70 174.16 4.70 189.67
4.80 57.83 4.80 55.34 4.80 110.47 4.80 176.46 4.80 188.52
4.90 57.47 4.90 53.47 4.90 110.91 4.90 177.17 4.90 186.90
5.00 56.99 5.00 50.58 5.00 110.91 5.00 177.17 5.00 186.67

DuraCrete/Cement ratio 9:100 (9%)
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.53 0.00 12.55 0.00 0.00 0.00 9.90 0.00 1.41
0.10 1.41 0.10 34.66 0.10 0.00 0.10 36.07 0.10 2.12
0.20 7.78 0.20 54.46 0.20 0.00 0.20 65.24 0.20 12.55
0.30 21.75 0.30 73.73 0.30 0.00 0.30 98.49 0.30 80.98
0.40 34.83 0.40 86.99 0.40 0.00 0.40 134.38 0.40 151.17
0.50 47.03 0.50 98.13 0.50 0.18 0.50 177.35 0.50 240.47
0.60 54.63 0.60 107.86 0.60 1.00 0.60 214.83 0.60 296.70
0.70 61.18 0.70 113.87 0.70 8.78 0.70 261.16 0.70 405.62
0.80 65.42 0.80 117.76 0.80 28.20 0.80 295.63 0.80 489.60
0.90 68.43 0.90 120.06 0.90 56.89 0.90 325.69 0.90 583.64
1.00 70.55 1.00 121.47 1.00 92.59 1.00 343.90 1.00 646.27
1.11 71.61 1.10 122.18 1.10 133.20 1.10 358.05 1.10 680.20
1.21 72.32 1.20 122.71 1.20 160.04 1.20 364.42 1.20 697.38
1.30 72.32 1.30 122.88 1.30 186.17 1.30 368.13 1.30 701.76
1.40 72.14 1.41 123.06 1.40 211.87 1.40 366.72 1.40 667.31
1.50 72.32 1.50 122.53 1.50 229.97 1.50 363.89 1.50 612.13
1.60 72.14 1.60 122.00 1.60 244.78 1.60 358.23 1.60 501.63
1.70 71.79 1.70 121.47 1.70 250.10 1.70 355.40 1.70 439.38
1.80 71.61 1.80 119.53 1.80 248.03 1.80 353.45 1.80 409.32
1.90 71.26 1.90 115.46 1.90 223.40 1.90 350.98 1.90 391.11
2.00 70.55 2.00 111.04 2.00 189.95 2.00 346.03 2.00 380.15
2.10 70.20 2.10 104.85 2.10 177.18 2.10 337.54 2.10 372.90
2.20 68.96 2.20 99.90 2.20 175.89 2.20 327.46 2.21 368.66
2.30 66.84 2.30 95.83 2.30 171.36 2.30 317.74 2.30 361.58
2.40 65.07 2.41 92.47 2.40 161.30 2.40 308.72 2.40 358.76
2.50 63.12 2.50 89.82 2.50 151.41 2.50 303.77 2.50 355.05
2.60 61.89 2.60 87.70 2.60 147.58 2.60 297.58 2.60 339.66
2.70 60.47 2.70 86.29 2.70 142.19 2.70 292.63 2.70 300.06
2.80 59.59 2.80 85.05 2.80 136.74 2.80 288.03 2.80 267.52
2.90 58.53 2.90 84.52 2.90 132.99 2.90 283.61 2.90 250.02
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3.00 58.00 3.00 84.16 3.00 129.17 3.00 279.19 3.00 238.88
3.10 57.29 3.10 83.63 3.10 123.64 3.10 275.65 3.10 232.51
3.20 56.40 3.21 83.28 3.20 119.53 3.20 269.29 3.20 224.56
3.30 55.52 3.31 82.57 3.30 116.82 3.30 263.98 3.30 218.19
3.40 54.63 3.40 81.86 3.40 106.30 3.40 259.39 3.40 212.89
3.50 53.40 3.50 81.16 3.50 102.79 3.50 253.91 3.50 206.17
3.60 51.81 3.60 79.57 3.60 99.69 3.60 247.54 3.60 199.80
3.70 50.39 3.70 77.80 3.70 95.30 3.70 243.48 3.70 192.73
3.80 49.51 3.80 76.03 3.80 92.69 3.80 241.35 3.80 183.54
3.90 48.09 3.90 73.38 3.90 90.80 3.89 238.88 3.81 183.36
4.00 47.39 3.95 71.61 4.00 87.62
4.10 46.86 4.09 84.98
4.20 46.15
4.30 45.97
4.40 45.62
4.50 45.09
4.61 44.73
4.70 44.38
4.80 43.85
4.90 43.67
5.00 43.32
5.10 43.50
5.20 43.14

DuraCrete/Cement ratio 9:100 (9%)
Sample 1
(10%)

Sample 2
(15%)

Sample 3
(20%)

Sample 4
(25%)

Sample 5
(30%)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

Strain
(%)

Stress
(kPa)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 7.43 0.10 16.74 0.10 27.19 0.10 0.57 0.11 42.73
0.20 15.56 0.20 27.84 0.20 49.24 0.21 7.57 0.20 104.82
0.30 24.58 0.30 40.02 0.30 73.60 0.30 41.41 0.31 173.76
0.40 32.36 0.40 51.91 0.40 97.93 0.40 92.95 0.41 255.59
0.50 39.43 0.50 63.00 0.50 116.12 0.50 148.34 0.51 332.58
0.60 46.33 0.60 70.46 0.60 138.18 0.61 191.75 0.61 412.00
0.70 50.92 0.70 80.11 0.70 153.93 0.70 228.30 0.71 461.99
0.80 55.52 0.80 86.99 0.80 170.83 0.80 257.00 0.83 519.25
0.91 58.70 0.90 93.52 0.90 183.29 0.90 285.98 0.92 563.99
1.00 61.53 1.00 98.95 1.00 195.61 1.00 306.26 1.02 594.23
1.10 63.83 1.10 103.52 1.10 204.92 1.10 324.10 1.12 624.87
1.20 65.60 1.20 107.94 1.20 210.79 1.20 339.24 1.22 648.25
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1.30 66.66 1.30 110.91 1.30 216.09 1.30 349.66 1.32 668.00
1.40 67.90 1.41 113.60 1.40 221.53 1.40 356.37 1.43 680.90
1.50 68.43 1.50 115.77 1.50 225.26 1.50 360.80 1.54 691.38
1.60 69.14 1.60 117.58 1.60 227.55 1.60 362.37 1.64 698.64
1.70 69.49 1.70 118.89 1.70 229.26 1.70 363.08 1.73 702.67
1.80 70.20 1.80 119.68 1.80 229.84 1.80 362.65 1.83 706.70
1.90 70.55 1.90 118.82 1.91 228.26 1.90 358.23 1.94 709.12
2.00 71.08 2.01 116.71 2.00 226.11 2.00 345.81 2.04 706.70
2.10 71.61 2.10 110.26 2.10 222.82 2.10 326.10 2.14 701.46
2.20 71.79 2.20 103.59 2.20 216.66 2.20 303.40 2.24 691.38
2.30 72.49 2.31 97.94 2.30 210.50 2.30 285.13 2.34 678.07
2.40 72.67 2.40 92.79 2.40 201.48 2.40 273.28 2.45 655.09
2.50 73.02 2.50 88.22 2.50 194.32 2.50 259.43 2.55 616.80
2.60 73.02 2.60 85.25 2.60 179.28 2.60 249.72 2.65 563.99
2.70 73.38 2.70 82.64 2.70 162.24 2.70 238.87 2.75 502.31
2.80 73.55 2.80 81.12 2.80 148.06 2.80 232.01 2.85 462.40
2.90 73.38 2.90 80.11 2.90 140.18 2.90 225.87 2.96 422.89
3.01 72.85 3.00 78.51 3.00 135.74 3.00 221.73 3.06 393.87
3.10 71.96 3.10 77.28 3.10 132.01 3.10 215.17 3.16 364.03
3.20 71.61 3.20 76.19 3.20 130.30 3.20 208.31 3.26 335.41
3.30 71.61 3.30 75.54 3.23 129.87 3.30 202.32 3.36 304.77
3.40 70.20 3.40 74.67 3.41 197.74 3.47 279.78
3.50 69.67 3.43 74.45 3.50 194.32 3.57 264.46
3.60 68.96 3.60 188.32 3.67 251.56
3.70 67.90 3.70 181.76 3.77 241.48
3.80 66.84 3.80 174.33 3.88 229.38
3.90 65.60 3.91 170.19 3.91 225.35
4.00 63.83 4.00 165.34
4.10 60.47 4.11 158.91
4.20 54.81 4.20 153.63
4.30 49.86 4.30 148.06
4.40 45.44 4.40 127.19
4.50 40.84 4.50 119.91
4.60 39.43 4.60 109.55
4.70 36.60 4.70 93.03
4.80 35.19 4.80 73.56
4.90 34.48 4.90 50.22
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APPENDIX D CIU

Triaxial results of Port of Brisbane soft soil stabilised by cement, fly ash-blended

cement and DuraCrete-blended cement:

PoB soil + cement - 200 kPa
Axial

Strain (%)
Sample

Pressure (kPa)
Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

0.00 445.70 0.00 0.00 200.50 200.50 200.50
0.20 470.20 24.50 59.51 235.51 176.00 195.84
0.40 494.37 48.67 111.49 263.32 151.83 188.99
0.60 527.45 81.75 165.69 283.44 117.75 172.98
0.80 558.15 112.45 221.00 309.05 88.05 161.72
1.00 573.50 127.80 247.00 318.70 71.70 154.03
1.50 591.40 145.70 286.00 340.80 54.80 150.13
2.00 601.40 155.70 321.58 366.38 44.80 151.99
2.50 604.00 158.30 338.94 381.14 42.20 155.18
3.00 600.80 155.10 338.22 383.62 45.40 158.14
3.50 590.80 145.10 327.73 383.13 55.40 164.64
4.00 578.30 132.60 317.51 385.41 67.90 173.74
5.00 570.90 125.20 304.86 380.16 75.30 176.92
6.00 565.10 119.40 294.19 375.29 81.10 179.16
7.00 559.40 113.70 285.14 371.94 86.80 181.85
8.00 555.90 110.20 273.56 363.86 90.30 181.49
9.00 554.00 108.30 260.41 352.61 92.20 179.00
10.00 551.90 106.20 249.19 344.49 95.30 178.36
11.00 550.60 104.90 241.79 338.39 96.60 177.20
12.00 550.30 104.60 235.82 332.72 96.90 175.51
13.00 550.20 104.50 232.62 328.62 96.00 173.54
14.00 547.50 101.80 228.41 327.11 98.70 174.84
15.00 545.50 99.80 221.52 322.22 100.70 174.54
16.00 543.50 97.80 217.67 320.37 102.70 175.26
17.00 541.50 95.80 214.94 319.64 104.70 176.35
18.00 539.50 93.80 208.26 314.96 106.70 176.12
19.00 537.50 91.80 202.92 311.62 108.70 176.34



353

PoB soil + cement - 100 kPa
Axial

Strain (%)
Sample

Pressure (kPa)
Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa) p' (kPa)

0.00 673.10 0.00 0.00 97.10 97.10 97.10
0.20 692.70 19.60 43.47 120.97 77.50 91.99
0.40 712.70 39.60 93.81 151.31 57.50 88.77
0.60 739.00 65.90 148.63 179.83 31.20 80.74
0.80 758.40 85.30 218.94 230.74 11.80 84.78
1.00 766.40 93.30 270.80 274.60 3.80 94.07
2.00 746.30 73.20 300.14 324.04 23.90 123.95
3.00 731.80 58.70 306.29 344.69 38.40 140.50
4.00 718.90 45.80 295.06 346.36 51.30 149.65
5.00 712.10 39.00 289.09 347.19 58.10 154.46
6.00 710.12 37.02 282.58 342.66 60.08 154.27
7.00 708.30 35.20 275.26 337.16 61.90 153.65
8.00 706.00 32.90 271.16 335.36 64.20 154.59
9.00 701.40 28.30 264.20 333.00 68.80 156.87
10.00 695.70 22.60 263.22 337.72 74.50 162.24
11.00 693.80 20.70 254.57 330.97 76.40 161.26
12.00 692.70 19.60 243.53 321.03 77.50 158.68
13.00 688.70 15.60 234.19 315.69 81.50 159.56
14.00 684.30 11.20 229.26 315.16 85.90 162.32
15.00 681.60 8.50 219.85 308.45 88.60 161.88

PoB soil + cement - 50 kPa
Axial

Strain (%)
Sample

Pressure (kPa)
Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

0.00 399.63 0.00 0.00 45.22 45.22 45.22
0.20 405.52 5.89 22.50 62.64 40.14 47.64
0.40 412.75 13.12 54.05 86.84 32.79 50.81
0.60 420.98 21.35 102.23 126.82 24.60 58.67
0.80 433.74 34.11 153.06 164.78 11.72 62.74
1.00 440.93 41.30 187.35 191.86 4.51 66.96
1.50 442.94 43.31 212.92 215.36 2.44 73.41
2.00 436.34 36.71 225.75 234.81 9.06 84.31
2.50 428.78 29.15 234.27 250.82 16.55 94.64
3.00 427.66 27.45 236.75 254.86 18.11 97.02
3.50 425.92 26.29 238.01 257.67 19.66 99.00
4.00 419.41 19.78 239.02 265.14 26.12 105.79
4.50 414.84 15.21 238.91 269.50 30.59 110.23
5.00 412.66 13.03 234.75 267.52 32.77 111.02
5.50 408.87 9.24 231.57 268.06 36.49 113.68
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6.00 406.40 6.78 228.75 267.94 39.19 115.44
6.50 405.60 5.97 224.35 264.22 39.87 114.65
7.00 405.94 6.31 220.96 260.54 39.58 113.23
8.00 401.53 1.90 207.63 251.60 43.97 113.18
9.00 398.10 -1.53 195.58 242.93 47.35 112.54
10.00 394.40 -5.23 179.53 230.42 50.90 110.74
11.00 390.12 -9.51 174.41 229.76 55.35 113.48
12.00 386.13 -13.50 170.39 229.71 59.32 116.11
13.00 382.46 -17.17 167.07 230.10 63.03 118.72
14.00 381.31 -18.32 157.85 222.01 64.16 116.78
15.00 380.09 -19.54 153.95 219.29 65.33 116.65
16.00 378.83 -20.80 153.16 219.79 66.63 117.68

PoB soil + fly ash-blended cement - 200 kPa
Axial

Strain (%)
Sample

Pressure (kPa)
Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

0.00 704.73 0.00 0.00 196.55 196.55 196.55
0.20 712.54 7.81 9.43 198.17 188.74 191.88
0.40 720.75 16.02 35.59 216.12 180.53 192.39
0.60 761.66 56.93 126.54 266.16 139.62 181.80
0.80 796.71 91.98 187.38 291.95 104.57 167.03
1.00 820.47 115.74 224.63 305.44 80.81 155.69
1.20 838.40 133.67 252.82 315.70 62.88 147.15
1.60 860.42 155.69 285.21 326.07 40.86 135.93
2.00 869.72 164.99 296.17 327.73 31.56 130.28
2.50 872.42 167.69 294.47 323.33 28.86 127.02
3.00 873.55 168.82 277.49 305.22 27.73 120.23
4.00 873.60 168.87 255.97 283.65 27.68 113.00
5.00 874.08 169.35 241.57 268.77 27.20 107.72
6.00 873.01 168.28 224.01 252.28 28.27 102.94
7.00 871.66 166.93 223.17 252.79 29.62 104.01
8.00 868.46 163.73 222.38 255.20 32.82 106.95
9.00 865.14 160.41 224.01 260.15 36.14 110.81
10.00 862.38 157.65 223.41 262.31 38.90 113.37
11.00 859.49 154.76 218.59 260.38 41.79 114.65
12.00 857.10 152.37 211.50 255.68 44.18 114.68
13.00 855.98 151.25 199.89 245.19 45.30 111.93
14.00 854.32 149.59 193.04 240.00 46.96 111.31
15.00 851.98 147.25 190.83 240.13 49.30 112.91
16.00 850.13 145.40 190.90 242.05 51.15 114.78
17.00 848.33 143.60 190.54 243.49 52.95 116.46
18.00 846.95 142.22 186.65 240.98 54.33 116.55
18.60 846.30 141.57 184.30 239.28 54.98 116.41
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PoB soil + fly ash-blended cement - 100 kPa
Axial

Strain (%)
Sample

Pressure (kPa)
Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

0.00 594.00 0.00 0.00 95.20 95.20 95.20
0.20 599.50 5.50 13.35 103.05 89.70 94.15
0.40 606.80 12.80 29.56 111.96 82.40 92.25
0.60 630.00 36.00 87.80 147.00 59.20 88.47
0.80 648.20 54.20 127.58 168.58 41.00 83.53
1.00 661.60 67.60 154.10 181.70 27.60 78.97
1.20 670.80 76.80 170.72 189.12 18.40 75.31
1.60 678.50 84.50 181.40 192.10 10.70 71.17
2.00 682.80 88.80 189.42 195.82 6.40 69.54
2.50 679.10 85.10 193.85 203.95 10.10 74.72
3.00 675.40 81.40 194.65 208.45 13.80 78.68
3.50 671.70 77.70 194.81 212.31 17.50 82.44
4.00 666.90 72.90 195.99 218.29 22.30 87.63
5.00 664.50 70.50 196.57 221.27 24.70 90.22
6.00 663.40 69.40 198.48 224.28 25.80 91.96
7.00 661.60 67.60 197.01 224.61 27.60 93.27
8.00 660.20 66.20 198.61 227.61 29.00 95.20
9.00 658.10 64.10 201.51 232.61 31.10 98.27
10.00 656.50 62.50 202.38 235.08 32.70 100.16
11.00 654.40 60.40 204.56 239.36 34.80 102.99
12.00 653.60 59.60 207.13 242.73 35.60 104.64
13.00 653.80 59.80 207.88 243.28 35.40 104.69
14.00 651.90 57.90 208.94 246.24 37.30 106.95
15.00 650.10 56.10 210.07 249.17 39.10 109.12
16.00 647.90 53.90 211.33 252.63 41.30 111.74
17.00 646.50 52.50 212.15 254.85 42.70 113.42
18.00 644.80 50.80 213.70 258.10 44.40 115.63
19.00 643.80 49.80 214.16 259.56 45.40 116.79

PoB soil + fly ash-blended cement - 50 kPa
Axial

Strain (%)
Sample

Pressure (kPa)
Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

0.00 650.70 0.00 0.00 49.30 49.30 49.30
1.00 668.70 18.00 52.80 84.10 31.30 48.90
2.00 676.80 26.10 89.49 112.69 23.20 53.03
3.00 682.90 32.20 119.27 136.37 17.10 56.86
4.00 686.50 35.80 126.50 140.00 13.50 55.67
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5.00 683.60 32.90 141.74 158.14 16.40 63.65
6.00 680.40 29.70 156.43 176.03 19.60 71.74
7.00 676.80 26.10 165.73 188.93 23.20 78.44
8.00 672.10 21.40 172.57 200.47 27.90 85.42
9.00 669.40 18.70 179.20 209.80 30.60 90.33
10.00 666.70 16.00 184.00 217.30 33.30 94.63
11.00 665.40 14.70 189.50 224.10 34.60 97.77
12.00 663.40 12.70 195.32 231.92 36.60 101.71
13.00 660.60 9.90 197.31 236.71 39.40 105.17
14.00 658.40 7.70 199.65 241.25 41.60 108.15
15.00 658.00 7.30 203.76 245.76 42.00 109.92
16.00 657.70 7.00 203.90 246.20 42.30 110.27
17.00 656.20 5.50 203.52 247.32 43.80 111.64
18.00 655.60 4.90 203.72 248.12 44.40 112.31
19.00 654.80 4.10 207.93 253.13 45.20 114.51

PoB soil +DuraCrete-blended cement - 200 kPa
Axial

Strain (%)
Sample

Pressure (kPa)
Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

0.00 431.90 0.00 0.00 199.70 199.70 199.70
0.20 469.45 37.55 37.32 199.47 162.15 174.59
0.40 491.40 59.50 145.57 285.77 140.20 188.72
0.60 524.85 92.95 248.62 355.37 106.75 189.62
0.80 547.95 116.05 298.89 382.54 83.65 183.28
1.00 564.30 132.40 329.35 396.65 67.30 177.08
1.50 588.25 156.35 362.30 405.65 43.35 164.12
2.00 595.00 163.10 375.12 411.72 36.60 161.64
2.50 597.35 165.45 362.43 396.68 34.25 155.06
3.00 603.35 171.45 351.18 379.43 28.25 145.31
3.50 606.35 174.45 337.42 362.67 25.25 137.72
4.50 606.25 174.35 323.25 348.60 25.35 133.10
5.50 606.55 174.65 300.72 325.77 25.05 125.29
6.50 605.45 173.55 294.77 320.92 26.15 124.41
7.50 602.80 170.90 300.41 329.21 28.80 128.94
8.50 600.15 168.25 298.41 329.86 31.45 130.92
9.50 597.10 165.20 298.82 333.32 34.50 134.11
10.50 594.45 162.55 296.65 333.80 37.15 136.03
11.50 594.10 162.20 285.83 323.33 37.50 132.78
12.50 592.25 160.35 276.15 315.50 39.35 131.40
13.50 590.05 158.15 271.10 312.65 41.55 131.92
14.50 587.00 155.10 272.35 316.95 44.60 135.38
15.50 584.65 152.75 274.67 321.62 46.95 138.51
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16.50 582.80 150.90 276.06 324.86 48.80 140.82
17.50 581.30 149.40 277.32 327.62 50.30 142.74
18.50 581.45 149.55 275.37 325.52 50.15 141.94
19.50 581.55 149.65 274.39 324.44 50.05 141.51
20.50 580.95 149.05 277.41 328.06 50.65 143.12
21.50 580.05 148.15 276.67 328.22 51.55 143.77
22.50 578.85 146.95 278.60 331.35 52.75 145.62
23.50 577.35 145.45 281.55 335.80 54.25 148.10
24.50 576.80 144.90 281.90 336.70 54.80 148.77

PoB soil +DuraCrete-blended cement - 100 kPa
Axial

Strain (%)
Sample

Pressure (kPa)
Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

0.00 588.00 0.00 0.00 100.90 100.90 100.90
1.00 594.05 6.05 31.61 126.46 94.85 105.39
1.20 606.00 18.00 80.05 162.95 82.90 109.58
1.40 656.70 68.70 206.66 238.86 32.20 101.09
1.60 675.60 87.60 280.34 293.64 13.30 106.75
2.00 677.60 89.60 293.74 305.04 11.30 109.21
2.50 663.60 75.60 300.13 325.43 25.30 125.34
3.00 657.00 69.00 306.47 338.37 31.90 134.06
4.00 645.60 57.60 307.28 350.58 43.30 145.73
5.00 640.00 52.00 304.53 353.43 48.90 150.41
6.00 637.50 49.50 304.74 356.14 51.40 152.98
7.00 632.60 44.60 305.76 362.06 56.30 158.22
8.00 629.30 41.30 302.26 361.86 59.60 160.35
9.00 626.50 38.50 299.55 361.95 62.40 162.25
10.00 622.20 34.20 302.75 369.45 66.70 167.62
11.00 621.40 33.40 300.05 367.55 67.50 167.52
12.00 621.70 33.70 294.74 361.94 67.20 165.45
13.00 619.60 31.60 292.77 362.07 69.30 166.89
14.00 617.80 29.80 288.60 359.70 71.10 167.30
15.00 614.40 26.40 288.65 363.15 74.50 170.72
16.00 613.50 25.50 283.15 358.55 75.40 169.78
17.00 611.50 23.50 282.67 360.07 77.40 171.62
18.00 609.50 21.50 282.48 361.88 79.40 173.56
19.00 609.30 21.30 280.94 360.54 79.60 173.25
20.00 609.40 21.40 279.00 358.50 79.50 172.50
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PoB soil +DuraCrete-blended cement - 50 kPa
Axial

Strain (%)
Sample Pressure

(kPa)
Excess u
(kPa)

q
(kPa)

σ1'
(kPa)

σ3'
(kPa)

p'
(kPa)

0.00 690.80 0.00 0.00 49.40 49.40 49.40
0.40 693.80 3.00 14.72 61.12 46.40 51.31
0.80 707.22 16.42 53.13 86.11 32.98 50.69
1.00 728.90 38.10 123.01 134.31 11.30 52.30
1.20 737.90 47.10 181.19 183.49 2.30 62.70
1.80 739.90 49.10 232.80 233.10 0.30 77.90
2.00 734.90 44.10 234.32 239.62 5.30 83.41
3.00 726.90 36.10 227.00 240.30 13.30 88.97
4.00 722.90 32.10 221.19 238.49 17.30 91.03
5.00 719.90 29.10 217.27 237.57 20.30 92.72
6.00 717.90 27.10 213.31 235.61 22.30 93.40
7.00 714.90 24.10 210.53 235.83 25.30 95.48
8.00 712.90 22.10 207.22 234.52 27.30 96.37
9.00 710.90 20.10 203.29 232.59 29.30 97.06
10.00 709.40 18.60 199.66 230.46 30.80 97.35
11.00 708.90 18.10 196.37 227.67 31.30 96.76
12.00 708.90 18.10 199.04 230.34 31.30 97.65
13.00 707.90 17.10 202.30 234.60 32.30 99.73
14.00 706.90 16.10 202.38 235.68 33.30 100.76
15.00 706.90 16.10 201.55 234.85 33.30 100.48
16.00 706.90 16.10 201.91 235.21 33.30 100.60
17.00 704.90 14.10 200.00 235.30 35.30 101.97
18.00 703.90 13.10 199.27 235.57 36.30 102.72
19.00 701.80 11.00 200.17 238.57 38.40 105.12
20.00 700.80 10.00 201.83 241.23 39.40 106.68




