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ABSTRACT

This thesis presents experimental and numerical investigations for the effects of cement and
lime treatment on compressibility, permeability, stress-strain, strength and stiffness behaviour
of three soft clays. Effects of cement treatment on physiochemical and micro-structural
properties have also been investigated. X-ray Diffraction, Scanning Electron Microscopy,
particle size distribution, pH measurement, organic content, electrical conductivity, cation
exchange capacity, exchangeable cation, water content, unit weight, specific gravity, and
Atterberg limits tests were conducted to examine physiochemical and micro-structural
properties. Compressibility and permeability properties of untreatcd and, cement and lime
treated clays were investigated by performing one-dimensional consolidation tests. Stress-
strain, strength and stiffness behaviour of untreated and, cement and lime treated clays were
evaluated by performing unconfined compression (UC) tests. Consolidated drained direct
shear (OS), unconsolidated undrained (UU), isotropically consolidated undrained (CIU) and
isotropically consolidated drained (CID) triaxial compression tests were also carried out to
assess the stress, deformation and strength properties of cement treated clays. Sets of
variables considered in the testing program include a wide range for type of clay (PI = 13% to
47%), type of admixture, clay-water/cement ratio (2 to 30), curing time (1 to 104 weeks),
mixing water content (120% to 250%) and effective confining pressure (50 kPa to 400 kPa).
Finally, applicability of different constitutive models and Cap models were assessed for the
predictions of drained and undrained behaviour.
It has been observed that pH value, electrical conductivity (EC), cation exchange capacity
(CEC), increases with decreasing clay-water/cement ratio. pH value, howcver, decreases
while EC and CEC value increases with increasing curing time. Loss on ignition and organic
matter decreases due to increasing cement content and with increasing curing time. The
relative amount of cementitious product (CSH + CASH) was identified by the XRD analysis
and found to increase with the increase of cement content and curing time. Due to the
formation of cementitious product, the fabric of the treated clays changed to flocculated type,
comprising of clay-cement clusters separated by large inter-cluster voids with smaller intra-
cluster pores as seen from the SEM images of treated clays. These changes were more
pronounced with higher cement content and longer curing time.

The significant increase in yield stress and reduction in compression index (Co) and swcll
index (C,) were observed with increasing admixture (cement/lime) content and increasing
curing time. C, and C, for lime treated clays were found to be greater than thosc of cement
treated clays. C, and C, values increase significantly with the increase of mixing clay-water
content. The lime-treated clays gained comparatively higher void ratio and volumetric strains
and lower yield stress than those of cement-treated clays. The effect of cementation is to
increase the values of coefficient of consolidation (c,) and coefficient of volume
compressibility (m,). The higher the admixture content and curing time, the lower is the
values of Cv and m,. c, and mv values for lime treated clay were found to be higher than those
of cement treated clay. A substantial increase in the value of c, and mv was found to have
occurred within higher mixing water content.

At higher stress level, progressive destructuration of the treated clay particles occurred, which
has been verified from the SEM images of cement treated clay compressed at different
consolidation pressure. Addition of admixture to the clay increases the permeability and void
of the soils, due to flocculation of the soil particles, which has been seen from SEM images.
The Intrinsic Compression Line (ICL) and Generalized Compression Line (GCL) have been
proposed for the untreated and treated clays. Coefficient of permeability (k) and void ratio
relationships have also been proposed for cement and lime treated clays. The values of k of
cement and lime treated clays have been found to reduce with increasing cement or lime
content and curing period. Values of k for lime treated clays were found to be higher than
those of cement treated clays.
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Based on the rate of strength development with time, the unconfined compressive strength
and cement content relationships have been divided into 3 zones: Inactive Zone, Active Zone
and Inert Zone. Since the behaviour of cement treated clays was remarkably governed by
wclc, the strength prediction in terms of wclc as well as the interrelationship involving
strength, curing time and clay-water contentlcement content ratio (wc/c) have been proposed.

From stress-strain relationships, the overall behaviour has been categorized into brittle, quasi-
brittle and ductile. Comparatively, brittle, quasi-brittle and ductile types for the cement treated
clays, while quasi-brittle and ductile types for the lime treated clays have been found. The
correlation between yield stress, (cr,') and unconfined compressive strength (q,,), tm and q".
axial strain at failure (8r) and q,,, and stiffness (Ei and EsD) and q" have also been proposed.

In direct shear test, for cement treated clays, vertical expansion (dilation) was observed at low
normal stress and experienced vertical contractions or settlement throughout the shearing
stage at higher normal stress. The cohesion and friction angle have been increased with
increasing cement content and curing time.

The undrained effective stress paths of the cement treated clays obtained from CIU triaxial
compression tests indicate that the stress paths belong to different category of states such as
normally consolidated, lightly, moderately and heavily over-consolidated state. The degree of
alteration have been found different for different samples depending on the amount of cement
content, curing time and pre-shear effective consolidation pressure. Upon reaching the peak
deviator stress in CIU triaxial test, the progressive destructuration takes place and thus the
stress path tends to move either on the I-Ivorslev envelope or envelope of strain softening
behaviour.
SEM results have been suggested that complete destructuration takes place only on the shear
plane at which the clay-cement cluster crushes. The prevalent role of pre-shear effective
consolidation pressure was manifested to annihilate the cementation effect attributing ductility
to the treated matrix. The main effect of cement treatment was to modify the behaviour of the
soft clay form normally consolidated to over-consolidated state.

Similar natures of deviator stress-axial strain and volumetric strain-axial sirain relationships
were observed for all samples having the identical wclc ratio in cm triaxial tests. So, the
wclc is a prime parameter governing the engineering behaviour of cement treated samples
having different mixing water content. For cement treated clays, peak deviator stress (q",,)
criterion of failure envelopes can be used as obtained from CIU and CID triaxial compression
tests. The degree of overall curvature of the failure envelope for each type of clay depends on
the range of consolidation stresses and hence increases with increasing cement content and
curing time.

The values of soil constants Aand K for the treated clays have been found to be less than those
for the untreated clays while the values of the constant Nand M are greater for the cement
treated clays than those of untreated clays. At a particular curing time, the soil constants Aand
K decreased, while the constant Nand M increased with increasing cement content.
Correlations between the soil constants A, K and N with plasticity index have been proposed.
Hvorslev surface was established for the cemented clays. No definite Roscoe surface could be
found for cemented clays.

For the untreated clay, it has been observed that the predicted stress paths, deviator stresses,
volumetric strains and excess pore pressure responses at small strain levels using the MCC
model appear to be significantly close to experimental curves. It appears from the present
study that MCC, MMCC, EMMCC and Cap models (Plane Cap and Elliptic Cap) cannot be
applied for predictions of drained and undrained behaviour of cemented clays at high water
content.
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CHAPTER 1

INTRODUCTION

1.1 General Background

Soft clay deposits arc widespread in Southeast Asia, and they present very special problems

of arise at soft clay formations in low land of Bangladesh, which have large potential

engineering design and construction, many of which arc 110t common to other earth materials.

Similar problems for settlement with low inherent shear strength of soft clays have been

studied in Bangladesh (Safiullah, 1991; Molla, 1993; Siddique et aI., 2002). Foundation

failures in soft clay arc comparatively common, high surface loading in the form of

embankments and.shallow foundations inevitably results in large settlements which must be

accommodated for in design, and which invariably necessitate long-term maintenance of

engineered facilities. The construction of buildings, roads, enibankments, bridges, canals,

harbours and railways in soft soils has always been associated with stability and settlement

problems. Methods and applications of ground improvement techniques. in Bangladesh have

been summarized by Ansary and Doulah (1993). Typical methods were used to increase the

bearing capacity of soft soils of Bangladesh include preloading (or preeompression) and

vertical drainage in conjunction with precompression. Loading berms, or pressure berms, arc

being used as counter weights to increase the stability of road and railway embankments in

Bangladesh. Fabric-reinforced soil, where woven or non-woven fibre materials arc placed in

road and railway embankments to improve their overall stability. Vertical drainage methods

using three types of drains, namely, sand drain, wick drain and prci"brieated vertical drain are

being used. Due to lack of mechanical skills. and equipment, other ground improvement

techniques like dynamic compaction, admixture stabilization, stone columns, electro-osmosis

and lime piles and columns arc yet to gain popularity in Bangladesh. An alternative technique

for short time is the chemical stabilization to enhance the level of cementation bond with soft

clays by the use of supplementary cementing agents. In such a cemented state for soft clays,

the resistance to compressibility and consequent strength development increase with

increasing curing time. But, it is not practicable to mix a cementing agent with a large area or

volume of in-situ sort clays. To overcome this problem, in-situ deep mixing methods (DMM)

have been dcvcloped during the last two decades primarily to effect columnar inclusions into

the soft ground to transform such whole the ground to composite grounds (Miura et aI., 1986).

The increase in the strength of soft clay arising from the mixing of cement has been well

established (Mitchell, 1981; Kamaluddin et aI., 1997; I-Iorpibulsuk et aI., 2000;

Kamruzzaman, 2002, Chew et aI., 2004). This strength increase is often accompanied by an

increase in stiffness (Porbaha et aI., 2000; Ghee et aI., 2004) and a decrease in the ductility of

the soil, which is manifested as a large post-peak reduction in the strength of the treated soil
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(Kamaluddin et aI., 1997; Balasubramaniam et aI., 1999). All these features arc characteristic

of natural structurcd soils (Ameen and Safiullah, 1986; Islam et aI., 2004) and indicate that

the mixing of cement into the soil leads to the formation of structure within the soil grain

assemblage. Miura et aI., (2001) also examined the improvement for engineering behaviour of

cement stabilized clay at high water content. Horpibulsuk (2002) found that the

compressibility of the soil is similarly altered due to the cementation, with a much higher pre-

consolidation pressure (yield stress) than the untreated soil. Exceeding of the pre-

consolidation pressure leads to sharp decrease in void ratio (Balasubramaniam et aI., 1998;

Bergado et aI., 2003), which has also been observed in natural structured soil (Amin et aI.,

1987; Ansary et aI., 1999). Other basic soil property that can be significantly altered by the

addition of cement, is its permeability (Chew et aI., 2004). In regions where problems of

groundwater intrusion exist, alteration of the permeability is oneil an important factor in the

usc of cement stabilization to construct cut-off walls (Porbaha et aI., 2000; Takahashi and

Kitazume, 2004). The physicochemical and engineering behaviour of cement treated clay are

studied by Chew et aI., (2004) while the micro-structural behaviour of cement treated clay are

studied by Kamruzzaman et al. (2004). A number of researchers compared the constitutive

model predictions with the experimental results for untreated and cement treated soil

(Siddique et al. 2007; Islam et al. 2007; Khalilulah 2007; Siddiquee 2006; Youwai and

Bergado 2003; Siddique et al. 2003; Bashar, 2002). Desai and Siriwardane (1984); Chen and

Mizuno (1990) explained the Cap model applications for soft rocks.

The interactions of cement or lime and clay minerals are responsible for a drastic parametric

alteration (M itehell, 1981). In soft clay, hydration of cement creates rather strong bonds

between the various mineral substances and forms a matrix which efficiently encloses the

non-bonded soil particles. The matrix develops a cellular structure. Sincc thc matrix

penetrates the particles, the cement reduces the plasticity on olle hand, and increases the shear

strength on the other hand. The effect of chemical surf"cc of thc ccmcnt rcduces the water

affinity of the clay and, thereby, the clay's water retention capacity. The products of these

reactions arc amorphous but consider a crystalline form. First of all, a primary and secondary

process may be distinguished on consolidation of the clay cement mixture according to the

hypothesis of clay-cement interaction. The primary process includes hydrolysis and hydration

of cement, in the course of which the usual hydration products appear, and the pH value of the

watcr increases. The improvement of the properties of cement treated soil has been attributed

to the soil cement reaction (Mitchell, 1981), which produccs primary and secondary

cementing materials in thc soil-cement matrix (Kamruzzaman, 2002; Chew et aI., 2(04). The

primary cementing materials arc formcd by hydration and comprisc of hydrated calcium

silicates (C,SI-I" C,S,I-I,), calcium aluminatcs (C,AI-I" C,AI-I,) and hydrated lime Ca(OH),.

Secondary pozzolanic reaction between the hydrated lime and the silica and alumina from the

clay mincrals Icads to the formation of further calcium silicate hydrates (CSH) and calcium

aluminate hydrates (CAl-I). The soil-cement reaction provides a clear basis to explain the
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observed engineering behaviour of treated clay. What is, however, not so clear is the type of

structure that is induced into the soil-cement mixture by the soil-cement reaction. Many

processes of introducing cement into soli ground, such as jet grouting and deep mixing,

involve a large amollnt of mixing and remoulding of the in-situ soil. It can, therefore, be

understood that the original in-situ structure of the soil would have been totally destroyed

during the improvement process and yet, the engineering behaviour of cement treated soil

outlined. above appears to indicate that apart from an increase in strength and pre-

consolidation pressure some frol11 the "structurel! has been induced of in-situ soil.

The chemical admixture stabilization of soft clay by lime or cement is one kind of the most

economical and desirable improved techniques in low land at high water contcnt. Winterkorn

(1975) dcfined chemical admixturc stabilization as the collective term for any physical,

chemical or biological method used to improve the engineering properties of a natural soil to

make it serve adequately for an intended engineering purpose. The main goals of thc

stabilization include an increment in strength, a reduction in compressibility, an improvement

of the swelling or squeezing characteristics and incrcasing thc durability of soil with timc. So,

thc improvcment of soft clays with lime or cement can easily be aehicvcd to bcneficial effects

on the strength, compressibility, plasticity, permeability and workability of soil. Chemical

admixture stabilization has been broadly applied in both shallow and deep stabilization. It is

used for construction purposes such as in the field of highways, rail roads and airport

constructions ill order to improve mechanical properties of the bearing layers. The modern

applications include the lise of cel11en1or lime column act as a type of soil reinforcement and

to improve the stability of slopcs, trenches and deep excavations; to prevent sliding failure of

embankments; to reduce the vibrations from traffic loads and to accelerate the consolidation

settlements under embankments. The stabilization gencrally is uscd to increase the bearing

capacity and reduce the total and difkrcntial settlements below lightly loaded strueturcs. It is

used as an alternative measure of costly pilc foundation to reduce thc negative skin friction on

structural piles, blasting and pile driving.

1.2 The Current Issues

The deep stabilization technique has been used in many countries (0 treat the soli clay layers,

and knowlcdge is limited to the global performance of the treated ground. So far, very few

studies have been carried out to understand the fundamental physicochemical and micro-

structural behaviour of such treated clays at high water content and thcir innuence on the

observed enginccring behaviour.

Natural soil structures arc often formed by solute deposition at inter-particle contacts, charge

deficicneies and Van der Waal's forces (M itchell, 19HI), rathcr than by hydration and

pozzolanic reactions. I-Iencc, therc may bc some differences betwecn thc naturally structured

soil and the cement treated strueturcd soil. The microstructure of lime-treated soil has been
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studied by Loeat et al. (1990) amongst others. However, the absence of the primary hydration

reaction in lime treatment may lead to a different microstructure from that produced by

cement treatment. The physicochemical and micro-structural behavioul~ of cement treated

Singapore marine clays were studied by Kamruzzaman (2002), Chew et aI., (2004) and

Kamruzzaman et al. (2004). So far no such research is carried out on Bangladesh clays.

Previous studies on regional soils of Bangladesh basically focused on physical and

engineering properties of eompaekd soil treated with admixtures, like cement, lime, ny ash

and rieehusk (Ahmed, 1984; Hossain, 1986; Serajuddin and Azmal, 1991; Serajuddin, 1992;

Rajbongshi 1997; Molla, 1997; Shahjahan, 2001; Hasan, 2002; Siddique and Rajbongshi, 2001,

2002; Siddique and Hossain, 2003; Ansary et aI., 2003; Toyeb, 2006).

Chew et al. (1997) and Kamruzzaman (2002) studied the strength and stiffness behaviour of

cement treated soft clays of Singapore based on unconfined compression test data. Rajbongshi

(1997), Hasan (2002) ,and Toyeb (2006) have done some works on strength and stiffness

properties of lime and cement treated clays of Bangladesh by conducting unconfined

compression test. However, proper interpretation of the strength and stiffness of the treated

soil with the observed micro-structural behaviour rcmaiils ullclear. The unconfined

compression test is widely and frequently used as an index of the strength of treated clays.

However, there arc number of factors that contribute significantly to the strength and stiffness

of cement treated clay that cannot be understood through unconfined' compression test. The

two main factors are (i) the effect of lateral restrain and (ii) the effect of internal soil

conditions (e.g. the degree of saturation, volume and pore water pressure changes, and

drainage condition under loading). I-fence, extensive triaxial tests (unconsolidated undrained,

isotropieally consolidated undrained and drained) could be conducted for the proper

interpretations ofstrcngth and stiffness of treated clays.

A few researches have been carried out focusing on global performance of cemented clays to

understand the strength and compressibility behaviour (Kamaluddin, 1995; Balasubramaniam

et aI., 1999; I-Iorpibulsuk et aI., 2000, 2001; and Miura et aI., 2001). Kabir et al. (2007)

studied on the constitutive model prediction for stabilized local clay of Bangladesh. However,

the relationship between the observed microstructure of such treated clays and the ehan'ges of

their strength and compressibility characteristics yet have not been completely clarified. In

addition, the strength and compressibility characteristics of cement treated 'elays might be

related to the strueturation (creating of cementation bond) and destrueturation (breaking of

cementation bond) phenomenon as found in the natural structured soil (Kaml"uzzaman, 2002).

Hence, it is important to have fundamcntalundcrstanding of the improvement of strength and

compressibility behaviour of treated Bangladesh clays that involves strueturation and

destrueturation processes.

In the case of deep excavation projects, the soil improvement is carried out before start of

excavation that provides an improved soil layer and helps in limiting the movement of soil
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below the final excavation level. In this application, the slim,ess behaviour of stabilized clay

layer is more critical than its shear strength. Until now the research conccntrated cithcr on the

initial clastic or secant stiffness where the cementation bond of treated soil governs the

stiffness behaviour. To date; what remains unelear is the effect of destructuration (breaking of

ccmentation bond) on the stiffness of treated clay.

The pcrmcability of ccmcntcd clay is oftcn an important factor to construct cut-off walls (Yu

et. aI., 1999; Porbaha et ai, 2000 and Kamruzzaman, 2002). So far no study has bccn

conducted 10 integratc thc pcrmcability behaviour for trcated regional clays of Bangladesh.

The model prediction of untreated and cement treated clays is an important issue (Bashar,

2002; Siddique et aI., 2003; Siddique et aI., 2007; Islam el aI., 2007 and Khalilullah, 2007).

So far no study has been conducted to prediel the draincd and undraincd behaviour by

constitutive models for treated clays at high water contcnt.

Considcring thc abovc issucs, it can bc concludcd that thcre is a nced to study Ihe

physicochemical as well as micro-structural behaviour of ccmcntcd soft Bangladcsh elays at

high water content and lise them to explain some aspects of the observed engineering

behaviour for deep mixing method in a well-controlled laboratory condition first, before

extending it to the field condition. The engineering properties have also been simulated and

implemented by constitutive models for soil-cementation analysis. Attempts may also be

niade to compare the experimental test results with those prcdicted using diffcrent eonstitutivc

modcls.

1.3 Objectives of the Study

Thc major objectives of this research arc as follows:

• To study how the engineering behaviour (i.e. strength as well as stiffness,

compressibility and permeability) arc altered when cement and lime are added to the

soft clays at high water content;

• To study the innucllcc of physicochemical as well as micro-structural behaviour of

celllent treated clays Oil the observed engineering behaviour; and

• To study the applicability of Modified Cam Clay (MCC) model, Modified Modified

Cam Clay (MMCC) model, Extended Modified Modified Cam Clay (EMMCC)

model and Cap model to predict the behaviour of ccment treated clays.

A sehcmatie outlinc of thc scopc and objcctives of the prescnt study is shown in Fig. 1.1. To

understand the physicochemical and micro-structural behaviour of celllent treated clays; pH

and determination of CaH ion eoncenlration, grain sizes analyses, X-ray diffraction (XRD)

analyses and Scanning Electron Microscopic (SEM) analyscs werc carried out. While for
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cngl11ccrlllg behaviour; basic index properties (Attcrbcrgls limits and water content), onc-

dimensional consolidation, consolidated drained direct shear (OS), unconfined compression

(UC), unconsolidated undrained (UU), isotropically consolidated undrained (CIU) and

isotropically consolidated drained (CID) triaxial compression tests have been conducted. Sets

of variables have been considered in the testing programme which include a wide range of

type of clay, clay-water/cement ratio, curing time, initial water content of the clay slurry and

effcctive confining prcssures.

The microstructure of cement treated clays in Bangladesh has been first examined using X-

ray diffraction (XRO) and scanning election microscopic (SEM) analyses. The grain sizes,

basic index properties, Ca++ ion concentration and pH of the treatcd clay have bcen examined

and cxplained in tcrms of the soil-cemcnt rcaetions and induccd microstructurcs. For the

evaluation of the presencc of Ca++ ion conccntration on thc clay surfaec, limc has bccn used

as an index in thc evaluation of the strcngth of ccmcnt trcatcd clay vcrsus limc trcatcd clay.

The changes to the strength, stiffness, compressibility and permeability characteristics of the

treated clay have been evaluated and explained in the light of the soil-cement reaction and

induced microstructure. Apart frol11 clarifying the underlying mechanisms leading to the

changes in comprcssibi I ity and strength characteristics of treated clays, strllctllration (existing

of cemcntation bond) and destrueturation (brcaking of ccmentation bond) phcnomcnon have

bccn studicd and cxplaincd from the SEM and XRO analyscs of thc consolidation, UC and

UU, CIU, CID triaxial samples.

Thc comprcssibility of thc trcatcd clays has bcen investigated by conducting the one-

dimcnsional consolidation tcst. The coefliciCilts ofpcrmcability havc bccn calculatcd from thc

onc-dimensional consolidation tcsts. Thc strcss-strain as wcll as stifti,CSS characteristics of

trcatcd clays havc becn studicd from the OS, LJC and LJU, CIU, ClD triaxial comprcssion

tests. Thc effects of dcstructuration on thc stiffncss of trcatcd clays arc also studicd from the

CIU and CID triaxial tests.

The present rcscarch has bccn carricd out in thc laboratory to asscss the strcngth and

deformation l'or cementcd clays at high water contents so that thc statc of watcr contcnts will

simulate the condition realized in deep mixing mcthod. In thc prcsent investigation, an

allcmpt has bccn madc to idcntify thc critical factors govcrning the cnginecring bchaviour of

cemcnt treated clays, which helps not only to control thc input of cementing agent to attain

strcngth developmcnt with curing time, microstructure and clay-water content, but also to

understand the subsequent engincering behaviour.
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1.4 Organization of thc Thcsis

This is the first introductory chapter, which deals with the '11m and scope 01' the work in

relation to the general background and the current issues of its importance. Chapter 2

presents a literature review 011 deep mixing and the behaviour of soils treated with lime and

cement. In this chapter, the basic concepts, mechanisms, properties, crucial parametric

behaviour, various key factors controlling the parameters and results of past researchers are

reviewed. Concluding remarks arc also prescnted at the end of the chapter as a way of

establishing the present state-of-art in the evaluation of physicochemical and micro-structural

behaviour of treated clays at high water content and intcgrate them with the observed

engineering behaviour.

Chapter 3 describes thc experimental investigations, prescnts' details of test apparalus, test

programme, sample preparation and testing procedure. The test results and discussions uftbe

tesling programme arc presenled in Chapter 4 and S. Chapter 4 explains the chemical,

mineralogical and physical properties and integrates them with the basic engineering

properties of treated clays al high water eontcn!. In Chapler 5, thc eompressibilily,

permeability, stress-strain, strenglh and stiffness behaviour in terms of slrueluration and

destrueturation processes involved in the treated clays at high water eonlent arc discussed and

clarified with the knowledge of the induecd physicochcmical and microstructure. Chapter 6

prcscnts the applicability of Critical State Soil Modcls and Cap Model 10 predict cngineering

propcrtics of ccmented clay. The conclusions and Ihe main findings related to major areas of

the present study arc summarized ill Chapter 7. Recomlllendations for future research arc also

presented in this Chapter .
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CHAI'TER 2

LITERATURE REVIEW

2.1 General

Major gcotechnical problems often arises in construction at Bangladcsh involving soft clays

at low land with high water contcnt owing to its low shear strcngth and high compressibility

(Siddique et aI., 2002). Thus, suitablc ground improvcmcnt techniques are needed for deep

excavation projects in soft clay for stability and dcformation control. Chemical deep mixing

stabilization is one of thc commonly used methods. Chcmical stabilization has been

extensively used in the past recent years, both in dcep and shallow foundations in order to

improve inherent properties of soil such as strength and deformation behaviour. The

resistance to compression and eonscquent strcngth devclopment in such a cemented state

incrcasc with incrcasing curing time. It is not practicable to admix a cementing agent with a

large volume of in-situ soft clay. Hence in-situ deep mixing methods (DMM) have been

developed during the las1 two decades primarily to effect columnar inclusions of cementing

admixture into thc soft ground to transform such wholc soil ground to composite grounds.

Moreover, the new gco-material of wastc clays bcing addcd in thc construction works can be

made by mixing with cement. It is of intcrcst to undcrstand the chemical situation and be ablc

to predict the strcngth development of stabilizcd matcrials. Thc outcome of thc chemical

rcaetions is such that the strength of the clay multiplcs immediately on mixing and continues

to increase for several years. Parallel to the practical use of the methods, together follow-ups

ol"projects continued, a continuous devclopment has been made on various researches. Such

rescarch works, which arc criticised in the chapter.

Thc subjccts containcd in this ehaptcr dcals with literaturc rcview on the l"undamcntal idcas

l"or dcep mixing methods (DMM), mechanisms of ecment and lime stabilization. The

discussions on the basic concepts and mechanisms of reactions between hardening agent and

soft soil by modifYing of soil parameters, have been mainly drawn from a number of

published works that dealt with shallow and deep stabilizations. The present knowledge on

the stress-strain-strength behaviour ol"the treated clay is very limited. The strength property ol"

the treated clay was mostly evaluated by the past rcsearchers by unconfined compression tests

specially in Bangladesh. The limitation of those studies is that the el"feets of initial

consolidation stress and drained condition on the strength can not be properly evaluated by

only unconfined compression tests. In this chapter, those phenomena have been reviewed.

A boundary has been made on some strength and deformation characteristic of lime and

cement treated clay explaining the mechanism of compression, particle breakage, the time-

dependent consolidation characteristics and the load-compression behaviour. To comprehend
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the compression behaviour of cemented clay, it is necessary to understand the controlling

mechanisms of lin-cemented clay to rOfm the model framework demonstrating the behaviour

of deep mixing ccmcnt admixcd clay. Thc modcl factors affccting the parametcrs providing to

strcss-strain and compressibility behaviour of thc stabilizcd clays havc bccn critically

rcconsidercd. Thc critical soil model paramcters with their previous deep mixing analysis are

discussed. Prediction for the stress-strain, volumetric strain response and excess pore pressure

of treated soils tested using the constitutive critical state modcls and comparison the

predictions with experimental results arc also reviewed.

2.2 Deep Mixing

The deep mixing or ground modification technique, has been used Illany diverse applications

including building and bridge foundation retaining structures, liquefaction mitigation,

temporary support of exeavation and water control. Names such as Jet Grouting soil deep

mixing, Cement Deep Mixing (COM), Soil Mixed Wall (SMW), Geo Jet, Deep Soil Mixing

(DSM), Hydra-Mech, Dry Jet Mixing (DJM), and Lime Columns are known to many. Each of

these methods has the same basic root, f-indillg the most efficient and economical method to

mix cement (or in same cases ny ash or lime) with soil and cause the properties of the soil to

become more like the properties of a soft rock.

2.2.1 Previous History

Various methods of soil deep mixing, mechanical, hydraulic, with and without air, and

combinations of both types have been used widely in Japan for about 20 years and more

recently have gained wide acceptance in the United States. At the present time, the total

volume of soil deep mixing work preformed annually in Japan is about 5,000,000 million

cubic meters. This includes CDM, SMW, D.lM, and Jet Grouting. Total Yen (Dollar) volume

annually is on the. order of $2 Billon performed by over 500 rings in all categories operating

throughout the country. In contrast, in the United States, currently there are about 10

traditional soil deep mixing rigs operating, plus about another 10 jet grouting rigs, and total of

soil treated in anyone year has not exceeded approximately 30,000 cubic meters. Japan has a

population of about y, that of the United States and a land area smaller than the state of

California. Therefore, their need to utilize all available space has made reclamation of soft

soilS along their coastline critical to providing the needs their populations. Much of their soil

deep mixing has been to treat soh bay muds in coastal areas, developing strength of 5-20

kg/cm'.

At about the same time as the lise of soil deep mixing was expanding in Japan (mid 1970's),

independent progress was being made in Scandanavia with a lime column technique for the

stabilization and reinforcement of very soft, cohesive soils. This technology has evolved in

Sweden and Finland to the present time where production of what is now lime-cement

columns ranges between 3 and 4 million lineal meters per year. This production is mainly for
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new reduction of settlements and improvement of stability for the construction of new roads

and railroads. Almost all this production is construction using dry reagents that arc introduced

by compressed air and mixed mechanically with the soft soils.

Several representative deep mix design have been reported for construction of large-scale

project in many countries, including Japan, Singapore, Thailand and US, in recent years,

which could be used as a database for new project. The most distinctive project in the under

water tunnel in Tokyo Bay, namely the trans-Tokyo Bay highway project in which OM (deep

mixing) technology was used for seabed stabilization and for facilitating driving of the shield

tunnel in soft elay (Uchida et aI., 1996; Wasa et aI., 1991). Uchida et al. (1996) presented the

mechanical properties of foul' types of mixtures with different target strengths, and the mixing

conditions for that project. Another representative project is the central Artery/Tunnel project

in Boston, in which OM technology was used for different purposes, including a deep

excavation in soft clay. This project has been well documented (e.g. Lambreehts and Roy,

1997; O'Rourke et aI., 1998; Oas et ai, 1998). The projects reported for rehabilitation of dams

in the US reported mix design for cut-off wall and foundation stabilization, for instance, the

Loekington dam in Ohio (walker, 1994), and the Jackson Lake dam in Wyoming (Taki and

Yang, 1991). Carlsten (1995) presented some experience gained in Sweden; similarly, I-Iarnan

and Lagolnitzer (1992) in France. The increase in the strength of soft clay arising from the

introduction of cement has been well established in various countries (Chew et aI., 1998,

Porbaha et aI., 2000; I-Iorpibulsuk et aI., 2000; Kamaluddin et aI., 2004; Ghee et aI., 2004).

Some typical applications for which soil deep mixing has been used in the United States,

Scandinavia and in Japan arc shown in Fig. 2.1.

2.2.2 Treated Soil Characteristics

The most deep mixing is to modify the soil so the it's properties become similar to that of a

soft rock such as a clay shale or lightly cemented sandstone. The modulus of elasteity and

unconlined compressive strengths arc typically 1/5 to 1/10 that of normal concrete. Almost

all soil types arc amenable to treatment, however, soils containing morc than 10% peat must

be thoroughly prior to treatment. Deep mixing of soft, clay soils must be carefully controlled

to avoid significant pockets of untreated soils. However, there arc methods avilable to insure

competent mixing and methods of insure that adequate mixing and treatment has been

achieved.

2.2.3 Construction Methods amI Equipment

Mechanical deep mixing is typically performed using single or multiple shans of augers and
mixing paddles. The auger is slowly rotatcd into the sol't ground, typically 10-20 rpm, and

advanced at 0.5-1.5 meters per minute. As the auger advanccs, cemcnt slurry is pumped

through the hollow steem of the shafts feeding out at the tip of the auger. Mixing paddles are

arrayed along the shaft above the auger to provide mixing and bl6nding of the slurry and soil.
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The slurry helps to lubricate thc tool and assists in the brcaking up of the soil into smaller

piCCl;S. Since Iluid volume is being introduced into the ~onground, spoils must come to the

surface. These spoils arc a combination of the cement slurry and soil particles, typically with

a similar cement content as what remains in the soft ground. After final depth is reached, the

tools remain on the hole, rotating for about 0.5 to 2 minutes for complete mixing. At this

point, the tools arc raised while continuing to pump at a reduced rate. Withdrawal is typically

at twice the speed of penetration, 1-3 meters per minute.

Other methods of deep mixing cement with soil consist of jet grouting. Here, high-pressure

cement slurry (4000-7000 psi) is pumped through horizontal ports in a drill string above the

drill bit, The high velocity and pressure of the cement jets cuts and mixes the soil insitu. This

is termed single fluid jet grouting. In double fluid jet grouting, a shroud of compressed air

(10-15 bar pressure) is pumped to surround the slurry jet thus enhancing thc penetrating

ability of the jet. In triple jet grouting, the cement is pumped at low pressure at the bottom of

the hole while high pressure water, surrounded by a shroud of compressed air, cuts and

removes the soil during the withdrawal of the tools. Other methods of introducing and deep

mixing cement with soil involve such methods as Hdra-Meeh. Utilizing both hydraulic (jet)

and mechanical energy to cut and mix the soil and cement. A different method not utilizing

slurry is thc DJM (Dry Jet Mixing) method. Here, compressed air carries lime and/or ccment

powder to the bottom of the hole where mixing paddles blend the dry reagent with the soil.

This method can only be useb in high water content, soft soils.

2.2.4 Quality Control and Testing

Since the aggregate being used in producing the engineered "low strcngthlt concrete insitu is

the native soils, pre-construction soil borings, testing o1'thc mix design with the in-situ soil is

a must. One to two cubic fcet of the treated soils is sufficient to run the required laboratory,

pre-production tests on the soil cement mix. Various water cement ratios arc considercd,

usually between I: 1 and 1.5: I (by weight) the amount of ccment, again by weight, is typically

5-15% of the weight of the soft soil to be treated. Test results for soi I deep mixed gravity wall

applications are shown in Table 2.1.

Proper injection of slurry, deep mixing and blending of the cement slurry and soil is verified

by several means. Initially, during installation, wet grab samples arc taken from different

elevations in the mixed columns after the tools arc withdrawn. Remote closing tubes are

inserted, filled with the wet, deep mixed soil and slurry, a closure lid secured and the sample

brought to the surface. The slurry is poured into cylinders for later laboratory testing. In

addition, core cutter sampling or the completed columns may be performed. It is \vise to wait

at least until 28 days after installation to perform coring, and the only with triple tube corillg

equipment, as the sample may be difficult to retrieve intact because of it's low strength.
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The improvement and applications of deep mixing are continued morc or less in various

countries according to their demand on construction. A lot of cost is needed for conducting

and operating the deep mixing technique. Cost and demand r~lcilitics arc balanced the deep

lilixing technique. There is a lack of facilities in many countries such as Bangladesh, the deep

mixing technique cannot be developed and established smoothly now-a-day.

2.3 Fundamental Concepts of Cement Stabilization

2.3.1 Mechanism of Soil-Cement Stabilization

The fundamental mechanism of soil cement stabilization for physicochemical changes has

been outlined by Chew et. al. (2004), Schaefer el al. (1997), amongsl others. The componenls

of Porlland cemenl arc Iriealcium silicate (C3S), dicalcium silieale (C,S), Iriealeiul11 aluminate

(C4A) is a solid solution known as tetraealeium alumino-ferritc (C4AF). Lea (1956) stated that

these four main constituents arc major strength producing compounds of Portland cement.

The major hydration products arc eallcd primary eementitious products, which are

combination of hydrated calcium silicates (C,SH" c,S,H,), hydrated calcium aluminates

(C3AH,. C4AH,) and hydrated lime Ca(Ol-ih. when the clay-watcr of the soil encounters with

cement, hydration irthe cement occurs rapidly. The first two of the hydration products listed

above arc thc main cementitious products formed and the hydrated lime is deposited as a

separatc crystalline solid phase. These cement particles bind the adjacent cement grains

together during hardening and form a hardencd skelcton matrix, which encloses unaltered soil

particles. In addition, the hydration of ecment leads to a rise of pH value of the pore water,

which is caused by the dissociation if the hydrated lime. The strong bases dissolve the soil

silica and alumina (which arc inherently acidic) from both the clay minerals and amorphous

materials on thc clay partielc surfaces, in a manner similar to the reaction between a weak

acid and strong base. The hydrous silica and alumina will then gradually react with the

calcium ions liberated from the hydrolysis of cement to form insoluble compounds are called

secondary cementitious products, which arc combination of calcium silicate hydrate (CSI-I)

and calcium aluminum hydrate (CAl-I) and hardens when cured to stabilize the soil. This

secondary reaction is called as pozzolanie reaction.

The reactions which take place in soil-cement stabilization can be represented in the

following qualitative cquations; thc reactions given here are for triealcium silicate (C3S) only,

because it is most important constituent of cement for strength development.

C,S +H,O -----------> C,S,I-I, (Hydrated gel) + Ca(OH),

(primary cementitious products)

Ca(OH), -----------> Cal+ + 2(011)"

Ca" + 2(OH)" -I-SiO, (soil silica) -----------> CSH

(secondary eementitious product)

(2.1 )

(2.2)

(2.3)



Ca+'>+ 2(01-1)' + AI,O, (soil alumina) -----------> CAI-I

(secondary eementitious product)

When pl-l<12.6, then the following reaction occurs:

C,S,I-I, ----------> C,S,I-I, (Hydrated gel) + Ca(OH),

14

(2.4)

(2.5)

The silicates and aluminates in the material must bc soluble and they have additional bonding

forces produced in cement-clay mixture. The solubility ofthc clay minerals is equally affected

by the impurities present, the crystalline degree of thc materials involved, the grain size, etc.

The cementation strength of the primary eementitious products is much stronger than that of

the secondary products in the above equations.

At low pH values (pH < 12.6), the Equation 2.5 will oeeul'. I-Iowever, the pH drops during

pozzolanie reaction and a drop in the pH trends to promote the hydrolysis ofC,S,H" to form

CSH. The formation of CSH is beneficial only if is formed by the pozzolanie reaction of lime

and soil particles, but it is detrimental when CSI-j is formed at the expense of the formation of

the C:-S2H,x, whose strength generating characteristics arc superior to those of CSH. Bergado

et al. (2003) found that the strength of cement treated clay is inercascd with time for the

reason of cement hydration and pozzolanic reaction which continues for months. or even

years. after the mixing.

2.3.2 Schcmatic llIustrations of Clay-Ccmcnt Intcractiolls and Improvcd Soil

Fig. 2.2 presents the chemical reactions between a cohesive soil, ordinary Portland cement

(OPC) and blast-furnace slag and their reaction products in generally. The effect of adding

OPC and blast furnace slag to several types clay and other soils was proposed by Saitoh et al.

(1985), who identified the required reactions between soil, cement and slag in this figure

diagrammatically such as: (i) Hydration of Ordinary Portland Cement producing Ca(OH)"

(the calcium hydroxide generated equals up to 25% of the weight of the cement), (ii)

Adsorption of Ca(OI-I), by the clay and (iii) If and when the clay is saturated with Ca(O]-])" a

pozzolanie reaetiol) between these two components occurs. The finalization of deep mixing

varies with the type of soil being treated, more specifically on their calcium hydroxide

adsorption capacity and their pozzolallie reactivity. Some soils show a marked increase in

strength once enough Ca(OI-l), is available to cause a pozzolanie reaction. Saitoh et al. (1985)

also concluded that from the point of view of its wide applicability is more advantageous with

respect to soil types, deep mixing with OPC, blended with blast furnace slag.

Saitoh et al. (1985) illustratcd thc conditions of hardcning with schcmatic diagrams as shown

in Fig. 2.3. Thc condition immcdiately alier mixing a eohcsive soil and a hardening agent

slurry arc shown in Fig. 2.3(a). If the cohesive soil and hardening agent slurry are thoroughly

mixed, clay particles will form to a cluster, which will be surrounded by the slurry. The

condition of the cohesive soil and hardening agent slurry that have formed a hardened body
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are shown in Fig. 2.3(b). The hardening agent slurry produces hydrated calcium silicates,

hydrated calcium aluminates, Ca(OH)" etc., and forms hardened cement bodies. The cement

hydration reaction produces hardened soil bodies by the pozzolanie reaction between the clay

and the Ca(OH),. It is concluded by Saitoh et al. (1985) that the strength of the improved soil

depends upon the strength characteristics of both types of hardened bodies as shown in

Fig. 2.3.

2.4 Predominant Factors that Cont.-ols Hardening Characteristics of Cement
Treated Clays

Fig. 2.4 represents an outline of some superficial hardening factors exerting an influence on

the properties of cement treated soils, which was proposed by Kezdi (1979). Owing to the

large number of alternatives and combinations, it is impossible to tabulate the various

mechanical properties as function of these factors, so the cxpcril11~1l1al determination is

indispensable in some cases. There arc, nevertheless, some predominant factors presented in

the following sections, but they only provide information outlining order-of-dominanee value,

and illustrating the effect of these factors on the stress-strain-strength and stiffness of the

cement treated clay.

2.4.1 Type of Admixtures and Amount of Cement

Some investigators (Balasubramaniam et ai, 1999. Porbaha et ai, 2000, Bergado et ai, 2003)

found the different results for improvement of soft clays by using different types of

admixtures (lime, cement, fly ash, rice husk ash, slag cement, slaked lime etc) and they

reported that cement is the best one. Balasubramaniam et al (1999) reported that the stress-

strain behaviour for the binding materials fly ash (FA), lime, cement, rice husk ash (RHA) as

shown in Fig. 2.5. They found that different admixtures have different stress-strain behaviour

and cemented products arc gained higher strength and lower failure strain than those of other

admixtures.

Felt (1955) made experiments on three different types of soils to find out the effect of cement

type on cement-treated soil mixtures. Felt (1955) compared the results of compaction test,

compressive strength tests and the wet-dry tests made on soils treated by normal Portland cement

(Type-I) and air-entraining Portland cement (Type-III). It was ((lUnd that moisture-density

relationships, compressive strengths and the soil-cement losses in the wet-dry tests were almost

the same. This indicates that these two types of cement can be used interchangeably in soil-

cement construction. It was further observed on experimentation with Type-III cement that the

optimulll moisture contents and maximulll densities obtained arc approximately the sume for

Type-I and Type-III cements. Felt (1955) also found that innuenee of Type-III cement on

strength of dilTerent soils varies. For loamy sand. the 7 and 28-day strength for Type-III cement

were about 2 and 1.4 limes those lor Type-I cement respectively. For a silty-clay loam, the

strength for Type-1I1 was only slightly higher than that for Type-l cement.
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Ahmed (1984), Hossain (1986), Rajbongshi (1997), Hasan (2002), and Siddique and Rajbongshi

(2002) investigated the effect a f cement stabi Iization on uncon fined compressive strength (1.4 in.

diameter by 2.8 in. high samples) of a number of regional soils of Bangladesh. Ahmed (1984)

and Hossain (1986) found thai compared with the untreated soil, unconfined compressive

strength of the eemenl-lreated samples increased markedly, depending on the cement content and

curing age. The effect of cement content and age 011 compressive strength, and the rate of gain in

strength with cement content for coastal soils rep0l1ed from Siddique and Rajbongshi (2002) are

shown in Figs. 2.6.

2.4.2 Curing Time

It was well established that the strength orthe cement treated clay increases with the increase

of curing time (Kawasaki et aI., 198 I; Nagaraj ct aI., 1997; Kamruzzaman et aI., 2004).

Porbaha et al. (2000) reported thaI the rate of increase of strength is generally rapid in the

early stages of curing period and thereafter decreases with time. The rate of reduction also

depends on the amount of cement added. Kamruzzaman et al. (2004) found that beYond a

certain curing period (> I year) the rate of inerease of unconfined compressive strength is

almost negligible as ean be seen in Fig. 2.7. Saitoh et al. (1996) found thaI the strength ratio at

28 days to 7 days was between 1.2 to 2.1. Mitehell (1981) established the following

relationship among q , curing time (t) and eemenl content (e):
"

q" (t) = q,,(to) -I- Klog (t/to)

Where, q (t) = Unconfined compressive strength att days, in kl'a.
"

q (t )= Unconfined compressive strength at t days, in kl'a.
u 0 0

K = 480e for granular soils and 70e for fine grained soil.

c = Cement content, % by mass.

(2.6)

Similarly, Kawasaki et al. (1981) suggested the f(lilowing correlation based on the Tokyo Bay

marine clay:

(2.7)

Wbere, q and q are the unconfined compressive strength at 60 days and 28 days curing
uua u28

periods, respectively.

Serajuddin and Azmal (1991) and Serajuddin (1992) reported the effect of curing age on

unconfined compressive strength (50 I11Ill diameter and 100 111111 high samples) of regional

alluvial soils of Bangladesh. Typical results are presented in Fig. 2.8. Fig. 2.8 shows that

compressive strength of samples stabilized with cement increases with the increase in curing age.
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2.4.3 Soil Type

The physicochemical properties of the untreated soil (such as grain size, water content,

Attcrbcrg limits, clay minerals, cation exchange capacity, soluble silica and alumina, pH of

pore water and organic malleI' content) affect the properties of the treated soil (Wissa et "al.

1965; Ahnberg et aI., 1995; I'orbaha et aI., 2000; Chew et aI., 2004). Ahnberg et al. (1995)

established that the relationship for improvement of fine grained soils depend on generally

type of clays with different plasticity index for cement and lime stabilization as shown in Fig.

2.9. Porbaha et al. (2000) suggested for fine grained soils that special considerations are

needed ill the case of soil with a high organic content and soils with an excessive salt content

(especially sulphates), which may retard the hydration reaction of the cement. The rate of

increase of strength in cement treated organic soil is very low as reported by Miura et al.

( 1986).

There arc three types of clay on the basis of soil plasticity, namely high plastic clay (LL >

50%), medium plastic clay (LL = 35-50%) and low plastic clay (LL <35%), reported by Singh

(1998). Yamadera et al. (1997) analyzed the strength data with the water content as one of the

variables from three different clays at the liquid limit"water content, since they arc considered

that the fabric pattern of all soils at such a state is the same. With the liquid limit of clay as a

variable parameter, the previous analysis (Yamadera et aI., 1997) indicated that as the liquid

limit water content of the clay increases; the spacing between clusters as well as that between

particles increases; hence strength developed for the same cement content decreases. To

enhance the strength to the same level, the cement content has to be decreased. The effects of

cement content gradually decrease with increasing clay content and increasing plasticity

index. In general, when the activity of a soil is very high, the increase of the shear strength of

the soil treated with cement is low. However, these arc in the reversed order in the case of

lime, since the strength of the lime treated clay depends mainly on the participation of the

clay particles in the pozzolanic reactions. The increase of the shear strength due to the

flocculation is often relatively small 1'01' marine clays deposited in salt water, since these clays

already have a flocculated structure (I3roms, 1986). l3ut for cement treated clay, it depends

mainly all the cementation from the cement hydration.

Taki and Yang (199\) reported that the effect of dilTerent soil types on unconfined

compressive strength of cement treatment as shown in Fig. 2.10. As can be seen, the coarse

grained soil shows the largest increase in strength as compared to the fine grained soil for a

given cement content. Bergado et al. (1996) reported that the rate of increase in strength of

treated soil decreases with the increase or percentage clay content and plasticity indcx. It was

also reported that in gcneral whell the activity of the soil is very high, the rate of increase in

strength of treated soil is low. Similarly, l3ell (1993) found thaI as the clay content increases,

higher quantity of stabilizing agenl is required to increase the strength, perhaps owing to the

increase in surface area and contact between the clay particles.
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2.4.4 initial Mixing Watcr Contcnt and Clay-Watcr/Ccmcnt Ratio

The strength and deformation arc changed efTectively far cement treated clays at different

initial mixing water content were reported by a number of investigators (Chew et aI., 1997,

Porbaha et aI., 2000, Miura et aI., 2001). EfTect of initial mixing content on unconfined

compressive strength is shown in Fig. 2.11. Fig. 2.11 shows at same cement content, the

unconfined compressive strength decreases with increasing initial mixing water content

(Porbaha et. ai, 2000). It is observed that strength varies about linearly with cement content in

each case of mixing water content increment. The above results arc also supported by Chew ct

al. (1997). Chew et al. (1997) found that the unconfined compressive strength and cement

content relationship is a fUllction of initial mixing water conlcntofthe untreated soil as shown

in Fig. 2.12. They stated that for the same amount of cement content, the lower mixing

water/soil ratio, the higher strength gained for final products.

Miura et al. (2001) reported that stress-strain characteristics of Ariake clay at different mixing

water contents and different levels of cementing agent but at the sallle clay-water/cement

(we/c) ratio, 7.5, 10 and 15. Fig. 2.13 shows the stress-strain relationship of cement stabilized

Ariakc clay at high water content. The cxpcrimcntall110Jcl study far Ariakc clay (tcst samples

arc prepared without compaction blows) indicated that it would be advantageous to deep

mixing include the cement content in the same parameter since it would take care of the

bonding component of the state represented by initial water content (w,). Miura et al. (200 I)

found that the initial clay-water/cement ratio (we/c) is expressed as an integrated parameter of

the structural state of the soft clay in its induced cemented state. It was a convenient

parameter to adjust cement content in water to get the same level of strength with the same

curing time. It has been observed that as the clay-water/cement ratio increases, which mean

that cemcnt contcnt is decreased, thc yield stress reduces. As the curing time increases for the

same input condition, the yield stress furlher increases. The Ariake clay and cement were

mixed with four levels of water content i.e., 120%, 150%, 180% and 250%, the change in

physical and consolidation parameters are summarized in Table 2.2.

2.4.5 Soil pH

The pH value flses rapidly at lower cement content but the rate of the rise moderated at

higher cement content. The long term pozzolanic reactions arc favored by high pH values,

since the reactions arc accelerated due to the increased solubility of the silicates and the

aluminates of the clay particlcs. Furthermorc, the ccmcnt contcnt at which the pH values

moderate also agree closely with that at whieh the water content reduction moderates.

2.4.6 Soil Mincrals

Saitoh et al. (1985) suggested that the improvement conditions arc equal, greater strength is

obtained from the soil with higher pOl.zolanic reactivity. At higher pozzolanic reactivity, the
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strength charactcristic of thc trcatcd soi I is govcrncd by thc strcngth behaviour of thc

hardened cement bodies. But at lower pozzlanic reactivity, the strength characteristics of the

trcatcd soils arc govcrncd by thc strcngth charactcristics of thc hardcncd soil bodics (Saitoh,

1985). Grim (1981) obscrvcd that montmorillonitic and kaolinitic claycy soils wcrc found to

be effcctivc pozzolanic agcnts, as comparcd to clays which contain illitc, chloritc or

vcrmiculitc. Thc montmorillonitc clay mincral will probably rcact morc rcadily than the illites

and kaolins bccause of thcir dcfincd crystallinity. Grim (1981) also explaincd that thc amount

of sccondary ccmcntitious matcrials that arc produccd during pozzolanic rcaction of the clay

particlc and hydratcd limc, Ca(OH), is dcpcndcnt on thc amount and mineral composition of

the clay fraction as wcll as thc amorphous silica and thc alumina prcscnt in the soil. Wissa et

al. (1965) reportcd that for clay containing illitc, thc improvcmcnt of cffcctive cohcsion

intcrccpt (c') from thc untrcatcd clay is vcry high, whilc thc improvcmcnt of anglc of shcaring

resistance is moderate.

2.5 Fundamcntal Concepts of Lime Stabilization

2.5.1 Types and Properties of Limes

Most cOlllmonly, lime is the calcination products of calcitic and dolomitic lime stones and

hence it is classified into two groups, calcitic lime and dolomitic lime. The formation of

calcitic limc involvcs thc following chemical processcs:

CaCO, + hcat (~ CaO + CO 2 (2.8a)

Hcat is rcquircd for the dissolution of CaCO, (Kczdi, 1979), since the proccss is callcd

cndothcrmic in naturc. The oxidc of Ca'+ (bivalcnt calcium) is thc burnt of quicklimc. Oxidcs

can bc produccd from dolomitic 01' calcium magncsium carbonatc, CaMg(CO)2 in thc form of

dolomitic limc 01' (CaO -I- MgO). Limc can cxists in two forms, cithcr as quicklime, CaO and

hydratcd lime, Ca(OH)2. But calcitic quicklimc can casily be hydratcd according to the

following cquation.

CaO + H20 (-> Ca(OH), + 65.31d/mol

Hydration of dolomitic limc follows thc rcactions undcr normal conditions:

CaO+MgO+H,oHCa(OH), +MgO

(2.8b)

(2.9)

Thc propcrtics of thc quicklimc and hydratcd limc arc prcscntcd in Tablc 2.3 while Table 2.4

prcscnts thc specifications of purc limc.

2.5.2 Mechanism of Lime Stabilization

Three reactions namely, dehydration of soil, ion exchange and pozzolanic reaction arc guided

the major strength gain of lime treated clay. Carbonation is also other mechanisms causes
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minor strength increase and can be neglected. Short term reactions include hydration (for

quicklime) and flocculation" (ion exchange). Longer term reactions arc cementation and

carbonation. Thc natural stabilizing agent for cohesive soils is calcium hydroxide, hydrated

lime or slaked limc. Calcium hydroxide is not itsclf a binder, but will produce a binder

(consisting mainly of calciulll silicate) by slow chemical reactions principally with the

silicates in the clay mineral of cohesive soils (Assarson et aI., 1974). The use of lime as a

stabilizing additive is mainly due to its well-known effects when mixed with soils.

2.5.2.1 Hydration

The hydration of quicklime is started with the pore water of the soil and a large amount of

heat is released. The increase in temperature can, at times, be so high that the pore water start

to boil (Broms, 1986). An immediate reduction of natural water contents occurs when

quicklime with cohesive soil as water is consumed in the hydration process. Assarson et al.

(1974) reported that at the slackening of the lime, a part of the soil water, about 0.3 kg/kg

CaO is consumed. Moreover, a considerably larger amount orthe pore water evaporates of the

heavy heat release, i. c., as thc hydration of the quicklime proceeds and the temperature

increascs, the amount of pore water is reduced. This drying action is particularly beneficial in

the treatment of the moist clays. Thus if a reduction of the natural watcr content in a cohesive

soil is desirablc, quicklime (or unslakcd lime) instead of calcium hydroxide is used. It is

important that the water content of thc base clay must be sufficient for the complete

slackening of the quicklime. Furthermore, to make the ion exchange possible between

calcium ions of hydrated and the alkali ions of the clay minerals, there must be enough water

after the evaporation caused by the heat release at the slackening of the quicklime. During the

placement of lime columns and layers, the heat generation and the expansion of lime further

affect the consolidation phenomena.

CaO -\-1-1,0 -> Ca(OH), -\- II EA T (280 Cal/gm of CaO) (2.10)

Ca(OH), form the hydration of quicklime or when using calcium hydroxide as the stabilizer,

dissociates in to the water, increasing the electrolytic concentration and the pI-] of the pore

water, and dissolve the SiO, and AI,O, from the clay particles.

Ca(01l)2 -> Ca++ -\-2(01-1)' (2.11 )

The reaction outputs will result of ion exchange and flocculation and pozzolanic reactions.

2.5.2.2 Ion Exchangc and Floccnlation

Sodium ancl other cations adsorbed to the clay mineral surfaces arc exchanged with calcium

when the lime is mixed with clay. This change in cation complex affects the structural

component of the clay mineral. Within a period of a couple of minutes lip to some hours

mixing the calcium hydroxide is transformed again due to the prescnce of carbonic acid

(I-1,CO,) in the soil (Kezdi, 1979). The presence of carbonic acid in the soil is due to the
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reaction of carbon dioxide of the air in the soil and the free water. The reaction results in the

dissociation of the lime into Ca++ (or Mg++) and (01-1)" which modifies the electrical surface

forces of the clay minerals. A transformation of the soil structure begins, i.e., flocculation and

coagulation of soil particles into lager sized aggregates or grains and an associated incr~ase in

the plastic limit. Lime causes the clay to coagulate. aggregate or Oocculalc. The clay plasticity

(measured in terms of Attcrberg Limits) is reduced making it morc easy workable and

potentially increasing its strength and stiffness. The change in the soil structure is a

consequence of cation exchange caused by dissociated bivalent calcium ions in the pore water

replacing such univalent alkali ions that normally arc altraeted to the negatively charged clay

particles (Assarson et aI., 1974). This is the outputs in the Iloeeulation of the clay particles.

Ca++ -1- Clay ---}CaH Exchange with monovalent ions (K+, Na+) (2.12)

Replace ability of common cations associated with soils follows the general order of the

Hofmeister series: Na+ < K+ < Ca++ < Mg++, with highly melallic iOlls replacing the weaker

aile on the surface of clay particles. The crowding of CaH ions onlo the surface of the clay

partieles_ The crowding of Ca++ ions onto the surface of the clay particles (adsor'ption) brings

about tloeeulation (I-Ierrin and Mitchell, 1961). The cation exchange capacity high Iy depends

on the 1'1-1 of the soil water and on the type of clay mineral in the soil. Among the types of

clay mineral, Montmorillonites have the highest and Kaolinites have the lowest cation

exchange capacities (Assaron et aI., 1974)_

2.5.2.3 l'ozwlanie Reaction

Calcium hydroxide in the soil water reacts with the silicates and aluminatcs which are called

pozzolans in thc form cemcnting materials or binders, consisting of calcium silicates and

aluminate hydrate, they arc principally dihydrates (Diamond and Kinter, 1965). The dissolved

dissociated Ca ++ ions react with the dissolved SiO, and AI,O, from the clay particle's surface

and form hydrated gcls, resulting in the combination of the soil particles (Diamond and

Kinter, 1965). Thus, the shear strength of the stabilized soil gradually increases with time

only due to pozzolanie reactions.

Ca H + 2(011)" -1- SiO, -} CSII

Ca H -I 2(01-1)" -1- AI,O, ---) CAli

2.5.2.4 Cal-bonation

(2.13)

(2.14)

Carbonation may be defined as a process that the lime reacts with carbon dioxide in the

atmosphere or in the soil to form relatively weak cementing agent, such as calcium carbonate

or magnesium carbonate (Ingles ,1I1dMetcalf~ 1972). The strength calcium carbonate which

formed by this process can be discounted, and its significance on the soil lime stabilization

can be dismissed (Broms, 1986). Eades and Grim (1960) found that although carbonation

docs take place, the strength gain that is said to occur by virtue of cementation of soil grains
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by calcium carbonate has yet to be conel,!sively demonstrated. Diamond and Kinter (1965)

cven suggested that carbonation is probably a delirious rather than helpful phenomenon in the

soil stabilization.

2.6 l','edominant Factors that Control Hardening Characteristics of Lime Treated Clay

2.6.1 Type and Amonnt of Lime

Unslakcd limc or quicklime is gencrally marc effective than slaked lime or hydrated lime, bit

generally it needs care in handling for soils with moisture contents (Kezdi, 1979). Thus the

efficiency of soil stabilization depends in part on the type of lime material used and the effect

of lime arc compared with other binding materials as shown in the previous Fig. 2.5

(Balasubramaniam et. aI., 1999). Quicklime is more effective and important since water to be

absorbed from the soil, the hydration will cause an increase in temperature which is favorable

to strength gain during soil stabilization.

Lime contents equal to the lime lixalioll point for a soil will generally contribute to the.

improvement in soil workability, but Illay not result in sufficient strength increases. Handy et

aI., (1965) referred this point as the 'Lime retention point'. This is because the plastic limit is

indicative only of the lime Ilxation capacity in clayey soils, and that it is necessary to use

additional amounts of lime above the lime fixation capacity to permit the formation of

cementing materials within clayey soils to increasc strength. Thus the lime fixation point is

defined as the point at which the percentage of lime is such that additional increments of lime

produce no appreciable increase in the plastic limit.

Eades and Grim (1960) suggested that the amount of lime consumed by a soil after one hour

affords by a quick method of determining the percentage of lime required for stabilization,

i.c., the lowest percentage of lime required to maintain a pH of 12.6 is the percentage required

to stabilize the soil. However, a strength test is still necessary to show the percentage of

strength increase. He gave correlation which showed that the amount of lime is proportion to

the type and amount of clay present and is independent of the absorbed calion present in the

clays. The relationship is established as follows:

Optimum Lime Content =% of clay / 35'1- 1.25 (2.15)

In Bangladesh, a number of research works was carried out on lime treated samples (Ahmed,

1984; Serajuddin and Azmal, 1991; Serajuddin, 1992; Rajbongshi, 1997; Molla, 1997;

Shahjahan, 2001; Hasan, 2002; Siddique and Rajbongshi, 2001,2002; Siddique and Hossain,

2003; Ansary et aI., 2003; Toyeb, 2006). These works reported the effects oflime stabilization on

geotechnical properties and strength characteristics of regional alluvial soils and coastal soils,

where test model samples wcre preparcd by compaction. Ahmed (1984) reported the effect of

lime content and curing age 011 ullconfined compression strength Cor sandy silt and silty clay

samples (1.4 in. diameter by 2.8 in. high) treatcd with various lime contents (0.5% to 5%) and
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found that unconfined compressive strength increases with the increase in lime content and

curing age. Serajuddin and Azmal (1991) andSerajuddin (1992) also reported the effect of lime

content and curing age on unconfined compressive strength of samples (50 I11Ill diameter and 100

mm high) of regional alluvial soils of Bangladcsh. Samples were treated with 5%, 7.5% and 10%

slaked limc. Typical results showed that unconfined comprcssivc strength of lime-treated

samples increasc with the increase in curing age and lime content. Hossain (1991) also found an

increase in unconfined compressive strength with the increase in lime content and curing age

lime for two regional soils of Bangladesh. Molla (1997) also found that the same effect for lime-

treated samples.

Rajbongshi (1997) investigated the effect of lime content and cUring age on unconfined

compressive strength oflarge diameter samples (2.8 in. diameter by 5.6 in. high) ofa coastal soil.

Siddiquc and Rajbongshi (2001) rep0l1ed that unconfined compressive strength of lime-treated

samples increase with the increase in lime content and curing age as shown in Fig. 2.14.

Shahjahan (200 I) also found that unconlined compressive strength of lime-treatcd samples

increased with the increase in lime content and curing age for three regional soils of Bangladesh.

Similar effects were reported by Siddique and Hossain (2003) and Ansary et al. (2003).

2.6.2 Curing Timc

The shear strength of lime stabilized soils increase with time in a manner similar to concrete.

The rate of increase is generally rapid at the early stage of curing time; thereafter, the rate of

increase in strength decreases with time. Lime has an initial reaction with soil taking place

during the first 2-3 days after mixing, and a secondary reaction which starts after this pcriod

and continucs indcfinitcly (Taylor and Arman, 1960). The subscquent incrcase in strength

which continue for years is mainly due to pozzolanic reactions. Broms (1986) reported that

approximately one third of the increase in shear strength after one year is usually gained after

a month and approximately three-quarters after three month.

Shahjahan (200 1) also reported that unconfined compressive strength of lime-treated samples

increased with increasing curing time at different lime content for three regional clays of

Bangladesh as shown in Fig. 2.15. Similar eflects were also reported by a number of

investigators (Molla, 1997; Siddique and Rajbongshi, 200 I; Siddique and Hossain, 2003; Ansary

et al. 2003).

2.6.3 Typc of soil

For lime to be cflCetive, there must be within the soil, clay particles or other pozzolanie materials

that arc reactive with the lime. Thompson (1966a) stated that the extent of improvement of the

engincering characteristics of soil dcpends largcly upon the soil type. The gain in strength of a

soil lime systcm is mainly duc to thc pozzalonic reaction i.c. thc long-term rcaction between lime

and certain clay minerals (silicate and aluminates) in the presence of water. He also noted that
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soils having larger amount of clay fraction and less amount of organic matter arc very effective to

lime stabilization.

In general the more plastic the clay fines and the higher the clay content, the larger will be the

lime content to produce a specific strength gain or other effcct. On the other hand, the amount of

bonding achievable with lime can be limited by the amount of reactive material. For lime

stabilization to be successful, the clay content of the soil should not be less than 20% and the sum

ofthc silt and clay fractions should preferably exceed 35%, which is normally the case when the

plasticity index of the soil is greater than 10 (Broms, 1986). Ingles and Metcalf (1972) did not

recolllmend crushed rock and sands for lise in lime stabilization.

NASSRA (1970) stated that highly plastic soils arc more effective to gain strength. NASSRA

(1970) pointed out that soil having plasticity index in the range of 10 to over 50 arc suitable for

lime stabilization. Soils with plasticity index lower than 10 do not react readily with lime,

although there are some few exceptions. Ingles and Metcalf (1972) studied the effect of the

unconfined compressive strength on different types of soil stabilized using lime. It was fond that

the strength of lime stabilized silty clay is higher than the other types of soil.

Yu Kuen (1975) stated that in gcncral, highly plastic soils arc more effectivc-than other typcs of

soil when stabilized with lime. Compendium (1987) stated that lime is vcry effcetive in

stabilizing the clay soils with a substantial portion of the coarsc grained soil. Rodriguez et al.

(1988) notcd that thc maximum effect of lime is on clayey gravel soil. Sometimes, thc strength

incrcasc due to limc stabilization on thesc typcs of soil is such that thc stabilized soil becomes

strongcr than those that would be obtained with cement. Rodriguez et al. (1988) also rep0l1ed

that lime has been more frequently used with plastic clays, which become more workable and

easy to compact. Lime also provides volumetric stability of the soil in the presence of changing

water.

Locat et al. (1990) studied the effect of four types of soil of Canada stabilized with lime. He

observed that the unconfined compressive strength of the silty clay soil is higher than the other

types of soil. He rep0l1ed that the variation of unconfined compressive strength with lime content

for four types of soil. It has been found that the maximum strength is gained by the soil with

higher clay content.

Serajuddin (1992) reported that the results of three types of lime treated soil of the South West

region of Bangladesh. Silt and clay types of soil were used in the investigation. It has been found

that silty soil has much lower unconfined compressive strength than the clay types of soil.

2.6.4 Clay Minerals

Clay minerals arc c1assif-ied into three main groups, namely the Kaolinite minerals, the

Montmorillonite groups, and the Illites. Eades and Grim (1960) observed that although

Kaolinites, Illites, Montmorillonites and other mixed-layered clays all rcact with limc to givc
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greater strengths, the quantity of lime needed to treat a clay is dependent on the type of

mineral present. For Kaolinite clay, the increase in strength begins with the addition of the

first increment of lime. The strength begins to increase as some of the calcium attacks the

edges of the Kaolinite particles and a new phase of calcium silicate hydrates formed. In

contrast, illite, Montmorillonite and some mixed layered clays required in excess of 40/0 to 60/0

before any strength developed. It is found that unconfined compression test results suggested

that Kaolinitic and Montmorillonitie clayey soils arc effectively stabilized with lime alone,

where as IIlitie clays require addition of fly-ash to obtain a significant strength gain. Lee et

al.. (19S2) found that in terms of strength increase, lime treatment has greater effect in

montmorillonites than kaolinitic soils. Wissa et al. (1965) reported that for limc stabilization,

clay that contained montmorillonite showed higher improvement of angle of shearing

resistance as compared to cohesion orthe clay that contained illite.

2.6.5 Soil pH

The base exchange of soil is low when the pH-value is less than 7. Lime addition will increase

the pi-I of the water content in the soil, and give rise to increased solubility. The long term

chemical reactions in lime stabilized soils arc favored by a high pi-I-value (pi-I> 12) since the

reactions arc accelerated due to the increased solubility of the silicates and a\ulllinatcs which

are called pozzolans present in the clays (8roms, 1986). Davidson et aI., (1965) suggested that

a minimum pH of approximately 10.5 is necessary for pozzolanie reaction to take place, while

Eades and Grim (1960); Rao and Rajasekaran (1996) suggested that the lowest percentage of

lime required to maintain a pl-I of 12.40 is the percentage required to stabilize a soil. 8roms

(19S6) pointed out that the pH of the treated soil will normally exceed 12 even when only a

few percent of lime has been added to the soil.

2.6.6 Curing Temperature

8roms (1986) attributed that the favorable effects of high curing temperature to the increased

the chemical reactions and solubility of the silicates and aluminates (pozzolans) in the clay at

high temperatures. For lime-soil mixture at the same age, the effect of increasing the curing

temperature is to increase strength as shown in Fig. 2.16. Bell (I98S) expressed from Fig. 2.16

that for a particular curing age unconfincd compressivc strcngth incrcascs considerably with

curing tcnlpcraturc and that at a particular tcmperature strength incrcascs with increasing curing

age. For lime stabilized clays, it is found in Fig. 2.16 that the curves (UC strength versus

temperature) were different for different curing time and that there was an abrupt change in

the slope in the vicinity 01" 45°C, although he gave no explanation ['or this phenomenon. The

different reaction products are formcd at diffcrcnt curing tcmpcraturcs and that the cut-off

strength-temperature slope is different I"rom 15°C to 25°C. Furthermore, it was found that

there was increase or strength with time at alllempcratul"cs, with greater rate of increase at the
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higher temperature. The eUl'lng temperature has found to affect the long term reactions

between lime and.clay.

2.6.7 Compaction Delay Time

Compaction delay time is the time interval between mixing of lime with soil and compaction.

Mitchell and Hooper (1961) from their experiments on an expansive clay reported that a delay

between mixing and compaction is definitely detrimental in terms of density, swell and strength

for samples under the same eompaetive effort. Croft (1964) also concluded that compaction

should proceed immediately. The sooner the pa.ticles arc brought into contact with one another,

the greater will be the final strength achieved and prolonged delays will certainly be detrimental.

The IRC (1973) stipulates a maximum time lag of 3 hours between mixing and compaction for

the construction of roads and rUllways.

NAASRA (1986) suggests that if high strengths arc required, then this can best be obtained

by early compaction as these results in high densities. Delayed compaction lowers density but

the rate of reduction in maximum density is nowhere ncar as rapid as with cement. If soils are

wet, a delay can be used to improve handling and eompaetability. Conversely, with dry soils a

delay ill compaction will increase the moisture requirements.

Townsend et al. (1970) observed that the compaction delay time of 24 hours can reduce the

strength of the specimen up to 30% as compared to the specimen prepared by compacting

immediately after mixing.

Sastry et al. (1987) observed that for a delay period of time for two hours between mixing and

compaction, there is practically no reduction in strength. But for further delay the strengtllofsoil

lime mixture continues to fall. By an independent study Sastry et al. (1987) observed the delay

for 96 hours between mixing and compaction, strength of the soil lime mixture continuous to fall

in the same trend.

Compendium (1987) stated that granular soil-Iimc mixlure should be compacted as soon as

possible after mixing, although delays up to two days arc not detrimental, cspeeially if the soil is

not allowed to dry out. Fine grain soils can also be compacted, soon after final mixing, although

delays of up to 4 days arc not detrimental.

Boominathan and Prasad (1992) stated that compaction delay of 24 hours can decrease the

strength from 30% to 70%. Boominathan and Prasad (1992) repOlted that the reduction in

strength and density arc attributed to granulation of lose soi I particles by week cementation, as

the soil mellows.

Molla (1997) and Shahjahan (2001) also investigated the clTcct of compaction delay time on

unconfined compressive strength for regional soils of Bangladesh. Shahjahan (200 I) reported
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that unconfined compressive strength decreases with the increase in compaction delay time as

shown in Fig. 2.15.

2.7 Comparison on the Mechanisms of Cement and Lime Stabilization

The mechanism of the cement stabilization is composed of cement hydration and the

pozzolanie reaction but lime stabilization is mainly composed of the hydration of the soil, the

ion exchange and the pozzolanie reaction (Siddique and Hossain, 2003; Ansary et aI., 2003).

The rate of the strength gain of cement \reated soils is very rapid in the early stages but

decreases very rapidly with increasing curing periods, which is similar to that of concrete. The

rate of strength gain of lime treated soils is slower compared to cement treated soils, but last

longer. At low concentrations, lime treated clays have higher strengths than the cement

treated clays do. However, after certain values of concentration, cement treated clays have

higher strengths than the lime treated clays do during eheniieal stabilization.

2.8 Modification of Clay Mineralogy Due to Cementation

Figures 2.18(a) and 2.18(b) show the X-ray diffraction pattern of untreated and eement-

treated Singapore marine clay respectively as reported by Chew et aI., (2004). They found

that the combined mass of CSH and CASH cClllcntitiollS product increased with increasing

cement contents for cement treated Singapore marine clay as shown in Fig. 2.18. The relative

amounts of constituents in the soil samples were determined using the semi quantitative

procedure suggested by Pierce and Siegel (1969). Chew et aI., (2004) reported that kaolinite

appears to have vanished in all three of the cement-treated soil specimens as listed in Table

2.5. This is suggested by Eades and Grim (1960) that kaolinite is rapidly exhausted by the

pozzolanie reaction and is consistent with the highly pozzolanie behaviour of kaolinite. It is

also consistent with the rapid increase in eementitious product content at low cement content

as shown in Fig. 2.19. They found that at low cement content, eementitious products are

formed by the hydration and pozzolanie reaction, with the latter using up the kaolinite and at

higher cement content, exhaustion of the kaolinite leads to cessation of the pozzolanic

I:eaetion and additional eementitious products arc formed only by the hydration reaction.

2.9 Modification of Micro-strnctnre Due to Ccmentation

Kamruzzaman et al. (2004) reported the miserostrueture of untreated and treated Singapore

marine clay. As shown in Fig. 2.20(a), untreated Singapore marine clay exhibits a fairly open

type of microstructure with the platy clay particles assembled in a dispersed arrangement.

Figure 2.20(b) shows the micrograph of cement-treated marine clay specimens alier 28 days

curing. Kamruzzaman c\ al. (2004) observed that the cemcnt contcnt of 200/0 results ill an

open fabric, with some sign of reticulation and as the cement content increases to 30-50% (he

noeeulated nature of the fabric becomes more evident, with soil particle elus(ers interspersed

by large openings. At the same time, the platiness of the fabric becomes less evident and the
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degree of reticulation appears to increase. At 50% cement content fine networks of

reticulation become quite evident. The increase in the degree of reticulation can be attributed

to an increase in the amount of CSH, which is reticular in nature, which is also reported by

Locate et al. (1990). This is consistent with the rcsults of thc X-ray diffraction analysis, as

well as with SEM rcsults for lime-treated clay (Locate et aI., 1990; Onitsuka et aI., 200 I). The

flocculated nature of the fabric has been attributed to thc cation cxchangc process, which

results in Ca'+ ions rc.placing K> cations (Locatc ct al. 1990; Shen 1998). The adsorption of

Ca?'+ iOlls onto the illite particle Sllrl~lCC leads to a dccrcas'c in repulsion between successive

diffused double laycrs and rcsults in marc edge-to-face contacts betwecn successive illite

sheets. Thus, clay particles flocculate into largcr sizc c1ustcrs.

2.10 Modification of Chemical Properties ofTrealed Clays

2.10.1 pH Value

Kamaluddin, (1995) reported that the pH valuc of the Bangkok clay was found to be 6.1,

which indicates that the clay is acidic and the low pH reveals that the clay contains a

significant amount of H+ ions. According to the critcria of pH that the neutral soil solution is

exprcssed by numerical pH value 7 and if pH value cxists abovc 7, soil solution is alkaline

and pH valuc exists below 7, soil solution is acidic in nature. Chew ct al. (2004) reported that

thc pH valuc rises rapidly at lower cemcnt content but the rate of the rise moderated at higher

cement content and at very high cement content, the pH value approaches 12.5, which

corrcsponds to that of Ca(OH), as shown in Fig. 2.21. Thc inercasc of pH with an increase of

cement content is due to crowding of the Ca7.+ ion concentration on the clay surface, leading

to changcs in fabric of thc cement-treated clay (i.e., the formation of a flocculated elay-

cement matrix). A similar effect of pH on fabric changcs of a c1ay-water-elcctrolyte system

has been reported by Santamarina et aI., (200 I).

2.10.2 Organic MatteI" and Organic Carbon

Organic matter in soil is derived from a wide variety of animal and plant remains so there can

be a great variety of organic compounds. Organic matter has undesirable effects on the

engineering bchaviour of soils. Arora (2000) reportcd that thc effcct organic content on

engineering properties of soil layer arc as follows:

(i) Bcaring capacity I strength of soil layer is rcduccd.

(ii) Compressibility of soil layer is increascd.

(iii) Swelling and shrinkagc potcntial due to changcs in moisturc content is increascd.

(iv) The presence of gas in the voids can lcad to largc imlllcdiate settlemcnts and can

affect thc derivation of consolidation coefficicnts from laboratory tests.

(v) Thc gas can also give misleading shcar strength valucs derivcd from total stress.
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(vi) The presence of organic mattcr (e.g. in peat) is usually associated with acidity (low pH)

and sometimes with the presence of sulphates. Detrimental effects on foundations could

result if precautions arc not taken.

(vii) Organic matter is harmful in soils used for stabilization roads.

A measure of the organic content of soils is necessary in order to make the soil for allowable

properties. These effects on the engineering behaviour of soils are minimized and improved

by cement and lime stabilization. The organic matter and organic carbon of the treated and

untreated clays arc determined by wet oxidation methods. Kamaluddin (1995) reported that

the organic matter content and organic carbon content for Bangkok clay were found to be

5.6% and 2.87% respectively. Arman and Muhfakh (1972) reported thaI the undesirable

effects of organic content on the strength for lime treated clays as shown in Fig. 2.22. 11is

concludcd that the strength decreases with increasing organic mattcr. Gcnerally, the effect of

cement / lime decreases with increasing organic content. Some other accelerating agent (c.g.,

gypsum) has often been used togethcr to stabilize organic soil when ccment / lime alone is not

effcctive. At thc present of organic matter and organic carbon for cement / lime treated clays,

strength increases slowly with increasing curing time.

2.10.3 Electrical Conductivity

Kamaluddin (1995) reported that the electrical conductivity for Bangkok clay was determined

to be 2.29 mmho/cm, signifying that the clay is saline. Thc range of values indicates that the

pore water contains a moderate amount of soluble cations. The salinity of clay is measured by

the clectrical conductivity (EC) test. Thc amount of salts arc dissolvcd in the pore water

which arc responsible for amount of soluble cations.

During chemical stabilization, electrical conductivity of soil is increascd by reactions with

increasing cement. The EC values increases with increasing curing time because chemical

reactions proceed on and flocculated structures are formed. Stabilized soils with a flocculent

structure are light in weight and have a high void ratio (Arora, 2000). However, these soils are

quite strong and can resist external forces because of strong bond due to attraction between

particles. The stabilized soils arc insensitive to vibration. In general, the stabilized soils in a

flocculated structure have a low compressibility, a high permeability' and a high shear strength

(Arora, 2000).

2.10.4 Cation Exchange Capacity

Das (1999) defined that the phenomenon of replacement or cations is called cation exchange

or base exchange. The net negative charge on mineral which can be satis-Ficd by exchangeable

cations is termed cation exchange capacity (CEC) or base-exchange capacity. In other words~.

base exchange capacity is the capacity or the clay particles to change the cation adsorbed on

the surface. Base-exchange capacity is expressed in terms of the total number of positive
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charges adsorbed per 100 gm of dry soil. It is measured in milliequivalent (meq), which is

equal to 6 x 10'" electronic charges. Thus one meq per 100 gm that 100 gm of material can

exchange 6 x 1020 electronic charges if the exchangeable ion arc univalent, slich as Na+.

However, if the exchangeable iOlls are divalent, such as Ca/:+, 100 gill material will replace 3

x 1020 electronic charges of calciulll ions.

Kamaluddin, (1995) reported that the cation exchange capacity (CEC) of the Bangkok clay

was found to be 28.2 meqll OOg, that means the clay tends to absorb cations and it's 28.2

numbers of chemical equivalents per hundred grams of oven dry soil. While Chew et. aI.,

(2004) reported that the cation exchange capacity (CEC) of the Singapore marine clay was

found to be 33.30 meq/IOOg, that means the clay tcnds to absorb cations and it's 33.30

numbcrs of chemical equivalcnts per hundred grams of oven dry soil. Thc base-exchange

capacity of clay mineral depends upon the pH value of the water in the environment. If the

water is acidic (pH < 7), the cations exchange capacity is reduced.

Das (1999) reported that the base exchange capacity of the kaolinite, illite and

montmorillonite mineral arc about 3-8 meq per 100 gm, 10AO meq per 100 gm and 70-100

meq per 100 gm rcspcctively. CEC is the sum of the exehangcable cations that a mineral can

absorb at a specific pH, i.e., a measurement of the negative charges carried by the mineral. .

One of the fundamental properties of the clays is the electrical chargc on their unit particles

which mcans that clays will absorb cations and/or anions that neutralize the layer charge, but.

which arc exchangeable. This means that they can bc readily replaced by another anion or

cation when brought into contact with these ions in aqueous solution during chemical

stabilization. Except under extremely acidic conditions, the layer charge is predominantly

negative.

2.10.5 Exchangeable Cations

A soil particle carries either a negative charge or positive charge. However, by the actual

tests, only negative charges have been measured, when clay particles mixed with water and

cement. Arora (1998) rcported that the net negative charge on clay particles may be due to

one of the following reasons:

(i) Isomorphoos substitution of one atom (Ca2+) by another (Na+) of lower valence.

(ii) Dissociation of hydroxyl ion (OW) into hydrogen ions.

(iii) Adsorption of anions (negative ions) on clay surface.

(iv) Absence of cations (positive ions) in the lattice of the crystal.

(v) Presence of organic maHer a'nd salt conccntratiqn.

Kalllaiuddin, (1995) reported that the cation exchange capacity (CEC) of the Bangkok clay

was found to be 28.2 meq/1 OOg, with the exchangeable cations idcntified as Na+ ~ 3.26
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meqllOOg, K+ = 1.99 meq/100g, Ca++ = 26.78 m eqllOOg and Mg++ = 6.1 meqllOOg and

cations in the pore water were found to consist of K+ = 0.3'~ meq/l, Mg++ = 9.9 meqll, Na+=

3.22 meq/l, Ca++ = 6.98 meq/l. It is compared that the cation exchange capacities for treated

samples arc higher than that of untreated sample.

Eades and Grims (1960) indicated to the formation of new crystalline phases in thc soil lime

clectrolyte system duc to thc addition of lime to thc soil in presence of watcr, which are

tentatively identified as calcium silicate hydrate. The reaction of limc with three layers material,

which are montmorllinitc, kaolinite, and illite. bcgin by thc replacement of existing cations

between the silicate sheets with Ca++. Following the saturation of inter layer positions with

Ca++, the whole clay minerals deteriorate without the formation of substantial new crystalline

phases.

Rao and Rajashekaran (1996) reported that the effect of curing time on exchangeable calcium

ion (Ca2+) concentration of lime treated clay, which depend on quality of water as shown in

Fig. 2.23. It is found that Ca'+ ions are increased rapidly within short time about 5 days and

af'terward rate of risc moderatcd to bc asymptotic. The exchangcablc cations (Ca'+) that a

mineral can absorb at a specific pH value. As increasing cement content, the pH value

approaches 12.5, which corresponds to that of Ca(OH),. Thc increasc of pH with an incrcasc

of cemcnt content is due to crowding of the Ca+' ion concentration on the clay surface,

leading to changes in fabric of the eemenl-lreated clay (i.e., the formation of a flocculated

clay-cement matrix). The flocculated nature of the fabric has been attributed to the cation

exchange process, which results in Ca2+ ions replacing Mg2+, K+ and Na+ cations (Locate et al.

1990).

Kamruzzaman (2002) and Chew et al. (2004) reported that the cations behaviour of cement

treated and untreated clays, The adsorption of Ca'+ ions onto the clay particle surface leads to

a decrease in repulsion between successive diffused double layers and results in more edge-

to-face contacts between successive clay sheets. Thus, clay particles flocculate into larger size

clusters. As the silicates and aluminates from the mineral component go into solution, they

react with the adsorbed Ca'+ ions on the mineral particle surface and form CSH (Calcium

silicate hydrate) and CASH (Calcium aluminium silicate hydrate), which induces cementation

of the Iloeeulated clay particles and forms clay-cement clusters.

2.11 Modification of Physical Propcrtics for Trcatcd Clays

2.11.1 Grain Sizc Distribution

The reactions which occur when cement is mixed with clay, will result in changes in the grain

size distribution of the soi I. Chew et al. (2004) reported that the dissociation of hydrated lime

Ca(OH), into Ca2+ and 01-1' ions causes the cement to lose most of its crystalline structure and

assumed an amorphous form, i.e., it creates a transition to gel phase. The finest soil particles
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agglomerate which brings about a change ill grain size distributioll. The extent of

agglomeration is influenced by factors such as the type of soil, the amount of cement added

and the curing time. The gel phase is an important stage from the aspect of strength, as the gel

substance will connect and cement the mineral grains, thus changing the pore structure.

Assarson et al. (1974) concluded that the dissolved bivalent calcium ions (Ca'+) replace the

monovalent ions (Na+ and K+) which arc normally attracted to the surface of the negatively

charged clay particles. The crowding of (Ca'+) ions onto the surface of the clay particles

brings about the flocculation of the clay (Herrin and Mitehelll, 1961). Thus, the soluble

products of cement hydration cause the electrolytic concentration of pore pressure and pH

value to increase. The flocculation can also be brought about by the hydration of cement,

resulting in a change of (coarser) grain size distribution ofthc soil particles.

Changcs in the grain size distribution by ehcmical stabilization arc rather difficult to

dctermine as thc usual analysis by hydromctcr, docs not render a truc pieturc. Kezdi (1979)

suggested that the changes ill the grain' size should instead of to be expressed numerically on

the basis of another characteristic property such as specific surface area, pore size,

permeability or plasticity.

2.11.2 Water Content

Chcw ct al. (2004) reportcd that the immcdiatc reduction of the watcr contcnt from that of the

clay slurry is due to the addition of dry eemcnt, so it should thercfore be rcgarded as the initial

water content as shown in Fig. 2.24. They found thal Illuch of the decrease in water content

takes place within the first 7 days of curing, and the magnitudc of the reduction increases with

the cement contcnt. This is not surprising sincc water is absorbed and transformed into

hydrated CSH and CASH during the hydration and pozzolanic reactions, and would not be

expelled by reheating the cementitious products to 105°C. Both the 7-day and 28-day water

contents show in Fig. 2.24, a very rapid decrease at cement content of less than 10%, which

then moderated substantially at higher cemcnt contcnts. At higher ccmcnt content, thc

exhaustion of the kaolinite further inhibits pozzolanic reaction, leaving only the hydration

reaction. Bergado ct al. (2003) concluded that the hydration of' the ccment treated clays

generally continues with time, leading to thc rcduetion of thc water content until the

completion of the reactions. Bergado et al. (2003) rcportcd that the water content immediate

decreascs af'1er mixing soil-cemcnt and significantly rcduccs with increasing cement content

and curing time.

2.11.3 Unit Weight

General effcet for unit weight of eemcnt treated clay in comparison to untreated clay can be

reviewed that at low mixing water content with compaction by blows is increased in nature as

reported by Bergado et al. (2003) whilc at high mixing water content without compaction by

blows is decreascd in nature as reJlorted by Miura et al. (2001). Thc unit wcight increases with
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increasing cement content ancl curing time. The unit weight of cement treated clay is also

affected by the soil type and the water-cement ratio. Kamaluddin, (1995) reported that the

innUCllCC of curing time 011 unit weight at different cement content arc shown in Fig. 2.25. It

is found that and thc longer curing time produces trcatcd clay of higher unit weight. The

curvilinear variation can be observed up to 8 weeks curing period and then turns into a lincar

pattern. It is also found that higher the cement content, highcr the unit weight.

2.11.4 Specific Gravity

Gcneral effect for specific gravity of cement treated clay in comparison to untreated clay can

be reconsidered that at low mixing water content with compaction by blows is decreased in

nature as reported by Bergado et al. (2003) and at high mixing water content without

compaction by blows is also decreased in nature significantly as reported by Miura et al.

(2001). T,he specific gravity decreases with increasing cement content and curing time.

Kamaluddin (1995) stated that cement causes signincalll reduction in specific gravity and this

change is dependent on cement content and curing time as shown in Fig. 2.26. The figure

shows that the reduction process of specific gravity follows a pattern; the lowest curing time

possesses a' curvilinear type of variation and the curvature reduces gradually with increasing

curing time. It is also found that lower the ccmcnt contcnt, highcr the specific gravity.

2.11.5 Attcrbcrg Limits

In general, liquid limit and plastic limit of the soil generally increases with increasing cement,

while the plasticity index reduces with the increase in cement content. Felt (1955) showed that

the plasticity index for a plastic granular soil reduced considerably when treated with cement.

Willis (1947), however, showed that the cement admixture reduces slightly the liquid limit of

mixtures made from soils having liquid limit greater than 40. Willis (1947) also showed that

liquid limit increases for soils having liquid limits less than 40 when treated with cement.

Ahmed (1984) showed that for sandy silt (LL ~ 40, PI = 10) and silty clay (LL = 43, PI = 21),

plastic limits increased while plasticity indices reduced as cement content increased. Rajbongshi

(1997) found that with the increase in celllent content, for coastal soil (Type: A-4, LL=41, 1'1=7)

liquid limit and plastic limit increased while plasticity index reduced while lor coastal soil (Type:

A-7-6, LL'~ 44, 1'1~"19) liquid limit reduced.

Ahmed (1984) investigated that the effect of increasing lime content on the liquid limit, plastic

limit and plasticity index of regional soils of Bangladesh. Ahmed (1984) found that an increase in

plastic limit while liquid limit and the plasticity index reduced with increasing addition of lime.

Hossain (1991), however, found that an increase in liquid limit and plastic limit while plasticity

index reduced (became non-plastic) with increasing addition of lime for two regional soils (LL =
25 and 42, PI = 12 and 20) or Bangladesh. Rajbongshi (1997) also investigated that the effect of

increasing lime content on the liquid limit, plastic limit, plasticity index and shrinkage limit of a
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coastal soil (LL = 44, PI = 19) of Bangladesh. Rajbongshi (1997) found that an increase in

plastic limit and shrinkage limit while liquid limit alld thc plasticity index reduced with

increasing addition of lime. Malia (1997) alld Hasall (2002) also found thc same cffeet for lime

treated clays. The linear shrinkage of a clayey soil is also affected by addition of lime. Linear

shrillkage reduces as the lime eOlltellt increases, while the reduetioll'in lillear shrillkage with the

illerease ill lime eOlltent in the heavy clay is much higher (lRC, 1976).

Bergado et al. (2003) foulld that for treated clays, the plastic limit of the soil increases with

increasing cement content, while the plasticity index reduces. Chew et al. (2004) reported that

the rates of increase in the liquid and plastic limits with respect to the cement content are

almost equal at low cement content as shown in Fig. 2.27. This is consistent with the nation of

water trapped with intra-aggregate pores. However, the rates of change of these two Atterberg

limits at higher cement content arc not the same. This suggests that the entrapped watcr

hypothesis explains much, but not all, ofthe observed changes in the plastic and liquid limits.

One possible reason for this is the depositionofeementitious products onto the surfaces ofthe

noceulated clay clusters, which would lower the surface activity of these clusters. This also

explains the slight decrease in liquid limit between 7-day curing and 28-day curing periods.

2.11.6 Degree of Saturation

General effect for degree of saturation of cement treated clay ill comparison to untreated clay

can be reviewed that at low mixing water content with compaction by blows is increase in

nature (Bergado et aI., 2003) and at high mixillg water contellt without eompaetioll by blows

is also increase in nature significantly (Miura et al. 2001). The degrec of saturation increases

with increasing cement content. The degree of saturation of ccment treated clay is affected by

the soil type and the elay-water/cement ratio. A summary of the gelleral effects of

cemelltatioll on various physical properties of soft Bangkok elay is presented in Table 2.6.

2.12 Modifications of Engineering Propertics due to Chcmical Stabilization

Essential engineering properties slich as compressibility, permeability, stress-strain, strength

and stiffness were studied from the one-dimensional cOllsoli"dalion, triaxial compression,

direct shear and unconj-jncd compression tests.

2.12.1 Compressibility Characteristics

The influcnccs ofwc/c ratio (clay-water content/ccmcnt content) and curing time on different

comprcssibility paramctcrs including prc-eonsolidation pressurc (a,,'), void ratio (e),

volumetric strain (0,), comprcssion index (Cel, swell index (C,) and eoefiicient of

consolidation (c,) wcre investigated by a number ofrcsearchers (Kamaluddin, 1995; Miura ct

aI., 2001; Horpibulsuk, 2002; and Chcw cl aI., 2(04). Thcse arc presentcd in the (allowing

sections.
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2.12.1.1 Pre-consolidation Pressure, Void Ratio and Volumetric Strain

The increase in apparent pre-consolidation pressure (yield stress) and reduction in

compression indices of soft clay arising from the inclusion of cement have been well

established by Miura ct al. (2001) and13ergado et al. (2003). Miura ct al. (2001) investigated

the (e-Iog";) and (E,-Iogo',) relationships of clay-cement mixturcs at wclc ratios of 10 with

clay-water contcnts of 120%, 150%, 180% and 250% and cured for after 28 days for cement

treated Ariake clay. The tcst model samples were prepared without compaction blows for

deep mixing. The (E,-Iog";) relationship is plotted so as to take care of the effect of the

difference in void ratio for the vertical stresses less than the yicld stress. The e-Iog"; and E,-

logo; relationships are shown in Fig. 2.28. Miura et al. (2001) found that the yield stress and

the deformation behaviour at pre-yield stress of all samples having identical wcle are

practically the same. They showed that the higher the cement content and curing time, the

lower is the volumetric strain incurred by the treated sample. Miura ct al. (2001) suggested

that the resistance to compression of the treated clay is markedly enhanced until the

consolidation pressure reaches the apparent pre-consolidation pressure (yield stress), which is

due to the induced cementation bond created by the inclusion of cement. It was also suggested

that beyond the yield stress, drastic compression occurs at which the cementation bond breaks

down. Takahashi and Kitazume (2004) concluded that the well defined consolidation yield

stress (0 ') and the unconfined compressive strength (q ) were correlated as 0' = (1.27 to
y U Y

2.55) q .
"

2.12.1.2 Compression Index ami Swell Index

The compression indices of treated clays in terms of C, (compression index) and C, (swell

index) for Singapore Marine clay at dilTerent cement content and curing periods were

reported by Chew et al. (2001). The test model samples arc prepared without compaction

blows for deep mixing. The effect of cement content on C, and C, is shown in Fig. 2.29. It

was found that C, value decreases significantly with the increase for cement content. For

cement content up to 200/0" the reduction of Cc is more pronounced. However, at cement

content 30% or morc almost 110 change or Cc is noticed. For cement content 300/0 or 11.1orc, the

reduction or Cs values is very marginal and approaching almost zero. This observation is

consistent with the lindings of Liu and Carter (1999) who showed that during virgin yiclding,

the structured soil is more compressible than the reconstituted soil. Chew et al. (2004)

suggested that at higher stresses (beyond the apparent pre-consolidation pressure), the treated

samples exhibit normally consolidated behaviour with larger Co' The effect of curing time on

compression indices is also significant. C, and Cs decrease with increasing curing time.
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2.12.1.3 Coefficient of Consolidation

Bergado et al. (2003) reported that the effect of cement treatment is to increase the values of

cocrficicnl of consolidation (el.) as shown in Fig. 2.30. The c" value generally decrease

approximately linearly with increasing consolidation pressure. Bergado et al. (2003) found

that the higher the cement content, the greater the value of e,. The highest enhancement of e,

value with cement content occurs in the vicinity of 15% cement contcnt.

2.12.1.4 Intrinsic Compression Line and Generalized Compression Line

The compressibility and strength characteristics of rcconstituted clays arc used as a basic

frame of reference for interpreting the corresponding of natural sedimentary clays (Burland,

1990). The intrinsic properties provide a frame of reference for asscssing the in-situ state of a

natural clay and the influence of structure on its in-situ properties. For overeonsolidated

natural clays, the Intrinsic Compression Line (ICL) provides a useful means of assessing the

degree of ovcrconsolidation.

Kamaluddin (1995) reported for cemcnt treated Bangkok clay that the intrinsic properties for

(I,-Iogcr:) plot rcnders excellent confirmation of the over-consolidation effect and assessing

the dcgree of over-eonsol idation of the treated clays as shown in Fig. 2.3 I. The untreated clay

proeecds with Intrinsic Compression Line (ICL) as the cement content increases, the curve is

displaced with an increasing value of cr:. Kamaluddin (1995) showed that the curves arc

shifted with an increasing value of Gv' as shown by the bands of higher cement content.

Burland (1990) introduced a new normalizing parametcr called the void index to aid in

correlating the compression characteristics of various clays. One-dimensional compression

curve for reconstituted natural clays is normalized by assigning fixed values to e,OOand e,OOO.

The quantities clODand e,OOOarc the intrinsic void ratio corresponding to the consolidation

pressure, cr,' = 100 kPa and cr: = 1000 kPa respectively. The normalizing parameter chosen

has been defined as thc void index. I,. such that,

e-cIUO e-c1oo (2.17)

The intrinsic eomprcssion index, C" is defined as e"", - elOon. According to Burland (1990),

the parameters ClODand C, arc called as the constant of intrinsic compressibility. The

compression curves may be transformed to the normalized eurvc by using void index I,.

Clearly therc is a c10sc analogy between void index, I, = (e - e,oo)/Co and liquidity index. It is

of utmost importance to be clear about the difference betwcen these two indices. The void

index is defined in terms of two dii'eetly measured mcehanieal properties (ClODand Co) derived

from a one-dimensional compression test. There arc two unknown parameters required to

obtain ICL, which are compression index and CIOO. Since the CIOO can be 'written in terms ofCc,~2_., .
the modification of the Intrinsic Comprcssion Line has becn obtaincd by plotting normalized' ';
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void ratio, C/CIOO versus vertical pressure, (5v', This line is designated as Generalized

Compression Line (GCL). Thus, Horpibulsuk et al. (2002) reported that ICL and GCL by the

equation nos. 2.18a and 2.18b respectively as below:

I, ~ 2.45 - 1.285 log": -I- 0.015 (log":)'

ele,oo = 2.025 - 0.504 log":

2.12.2 Permeability Characteristics

2.12.2.1 Permeability ami Vertical Stress

(2.18a)

(2.18b)

Chew et al. (2004) reported that permeability is increased due to cementation, which was

explained by the permeability and vertical stress (Iogk - log":) relationship of treated and

untreated Singapore Marine clay as shown in Fig. 2.32. Test results reveal that at the same

effective vertical stress, the treated clay has higher permeability than the untreated clay.

Furthermore, it can be seen that the 7-day permeability is much higher than the 28-day

permeability. Loeat et al. (1996) and Takahashi and Kitazume (2004) also the similar trend of

change in permeability.

2.12.2.2 Permeability and Void Ratio

As a pozzolanie reaction occurs, eementitious products gradually in fill the intraeluster voids

and strengthen the contacts between soil particles, thereby rendering the soil less

compressible. As shown in Fig.'2.33, the increase in permeability k is closcly correlated to the'

increase in void ratio (c) by the following rclations (Chew et aI., 2004):

e = 0.26 In (k) -I- 6.86 with 1" = 0.80

e = 0.21 In (k) -I- 5.14 with 1" = 0.87

for treated clays

for untreated clay

(2.19)

(2.20)

The regression equation for treated clay appears to be independent of the curing time and

cement content, being almost entirely dependent on the void ratio. Furthermore, Chew e1. al.

(2004) reported that at the same void ratio, the treated clay would have higher permeability

than the untreated soft clay. At the time of soil treatment, the addition of cement to the clay

increases the permeability of the soils, uue to flocculation of the soil particles. This

phenomenon was consistent with Takahashi and KitazlIlllC, (2001\) for treated clay that has

rather large intra-cluster voids which are enclosed by layers of cementations products with

much smaller entrance pore diameters. The coefficient of permeability of the soil-cement

mixtures was ranges from 10.5 and 10.9 em/see based on laboratory testing found by

Takahashi and Kitazume (2004). Siddque and Safiullah (1995) reported that the same natured

void ratio and penneability relatioliship for untreated Dhaka clay of Bangladesh.
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2.12.3 Stress-Strain, Strength and Stiffness Characteristics

The innuences of w~/c ratio (clay-water content/cement content), pre-consolidation pressure

and curing time on stress-strain behaviour of cement treated clay over that of the untreated

clay were investigated by Miura et al. (2001), Bergado et al. (2003), Ghee et al. (2004).

2.12.3.1 Deviatol" Stress-Strain Relationship frum CIl; Test

Ghee et aI., 2004 reported that the specimen consolidated to higher pre-shear consolidation

pressure attains higher values of maximum deviator stress. Bergado et al. (2003) reported

deviator stress, shear strain relationship for time treated Bangkok clay. The characteristic

shape of the (q-E,) curves shows that the deviator stress increases to a peak value, then strain-

softens to a lower value of q. The improvement of the sample with low lime content was

found for treated Bangkok clays, to be much smaller than those for the samples of high lime

content and lie close to the untreated clay as shown in Fig. 2.34. A general trend exists in

these figures that the maximum deviator stress increases with the increasing value of lime

content. It is also found that generally shear strain at the maximum deviator stress is reduced

when lime content is increased.

2.12.3.2 Deviator Stress-Shear Strain Relationship from Cll) Test

Miura et aI., (2001) investigated the strain softening drained behaviour for the samples with

same clay-water/cement ratio (we/c) and subjected to low and high effective cell pressures, Po'
as shown in Fig. 2.35. The samples consolidated io a higher po' sustain higher failure strain

accompanied by greater deviator stress. They found that the characteristics before their peak

deviator stresses of e1ay-cement mixtures with a wc/e value of 10 are the same for all

effective cell pressures, and slightly diverse approaching the peak deviator stresses.

2.12.3.3 Volumetric Strain and Shear Strain

Miura et al. (2001) investigated the volumetric strain and shear strain relationships as shown

in Fig. 2.35. For the same we/e of 10, similar relationships up to their peak deviator stresses

was obtained, but their peak and ultimate volumetric strains are different and dependent on

Po'. They found that the higher 1',: is generally associated with larger volumetric and shear

strains. The lower the value of effective cell pressure, the greater the degree of dilation with

showing negative volumetric strain (Kamal uddin, 1995). The dilation starts at lower levels of

strain for samples, which are consolidated to a lower 1',,"

2.12.4 Pore Pressure Characteristics

Chew et al. (2004) investigated the pore pressure responses of cement treated Bangkok clay.

Cement treated samples with pre-shear consolidation pressure modifies pore pressure

response behaviour by reducing the strain at peak pore pressure. For low Po' values, the

maximum pore pressure attains prior to the failure of the sample, whereas for higher values of



39

1',,'. the maximum pore pressure occurs after the failure of the sample (Fig. 2.36). Chew.ct al.

(2001) foulld thal at low consolidation pressures, excess pore pressure during shearing of

stabilized soil increased slightly and then dropped and became negative at larger stain. This

behaviour was similar to "that of ovcrconsolidated clay.

2.12.5 Failure Envelopes Characteristics

Bergado et al. (2003) reported the failure envelopes derived from the points of peak deviator

stress (q","J obtained from triaxial tests which arc shown in Fig. 2.37. Based on their results,

they found that the failure envelope of the treated soil could not be characterized by a single

straight line over the range of confining pressures investigated but for untreated soil by a

single straight line. The authors arc of the opinion that it fits well into a model of bilinear

failure envelope for treated soil. On the other hand. Porbaha et al. (2000) found that both peak

and residual failure state of cement treated soil was represented by a best fit straight line.

2.12.6 Stress Ratio and Volumetric Strain

Miura et al. (200 I) reported that for cement treated samples subjected to high effective cell

pressures, their (q-£s) and (Ev-C~) relationships arc the same at the initial state up to a certain

stress ratio, '1 (q/p) and that samples with higher clay-water content exhibit higher volumetrie

and axial strains at the same stress ratio, ']' This is allributed to the yield stress being the

same. Kamaluddin (1995) also reported similar observations. The clastic behaviour is

recognized for these treated samples. They round that samples with higher clay-water eontent

undergo higher volumetric deronnation when the states or stress arc on the state boundary

surraees due to the break up or the cementation bond. It is showed that the transformation of

the small strain zone into the large strain zone occurs at a smaller stress ratio, 11 for samples

with a higher clay water content, as illustrated in Fig.2.38.

2.12.7 Effective Stress Paths Characteristics

Ghee et al. (2004) reported that the undrained stress paths at various pre-shear consolidation

pressure ror treated and untreated Singapore clays samples as shown in 2.39. They found

indicated that these stress paths, corresponds to dilTerent category or statcs such as normally

consolidated, lightly and heavily over-consolidated state; though all or the samplcs originatcd

from the same untreated samples possessing normally consolidated state. Bergado (2003) also

found that the stress paths evidently, belong to different category ranging from a low OCR

value to a high OCR value dcpending on amount or cement content, curing period and pre-

shear consolidation pressure.

2.12.S She'll' Stress, Vutieal an<l Horizontal Displacement Characteristics

Fig. 2.40 shows the relation between shcaring stress and horizontal displacement ror

consolidated drained tcst or the undisturbed Vertical (V)-speeimens in soaked and unsoaked
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conditions, which was invcstigatcd by Taha ct al. (1998). Gcnerally, there were no distinct

peak points in stress displacement curves and the curves for soaked condition located well

below that of unsoaked specimens. For unsoaked condition, vertical expansion (dilation) was

observed at low normal stress and contractions or settlements at higher normal stress. Vertical

settlements dominated for specimens in soaked condition at all normal stress levels.

2.12.9 Shear Strength Paramctcrs

Kamruzzaman et al. (2004) reported the effect of cement content and curing age on effective

shear strength parameters (c' and ~') of cement treated clays as shown in Fig. 2.41. As can be

seen, from Fig. 2.41 that at 7 days curing periods, both c' and ~' increases with the increase of

cement content but 28 days curing periods, c' increased and ~' dropped. It was explained that

the strength behaviour of the samples cured at lower time was mainly govern from the

hydration reaction, hence c' and <P' increases aln105t linearly with the increase of celllent

content. On the other hand, at higher curing periods, the strength behaviour mostly depends

upon the pozzolanic reaction than the hydration reaction. Thus, the strength parameter e'

increases significantly with the increase of cement content, while~' almost stabilizes at higher

ccment content, Shibuya and Ozawa (1992) reported similar results.

2.12.10 Failurc Strain Charactcristics

Kamaluddin (1995) introduced from unconfined compression test that the relationship (CI-q,,)

is an arithmetic plot as shown in Fig. 2.42. Such a figure is wrathful to delineate the ductile

and brittle behaviour of the samples. The relationship has produced a definite trend of

reduction failure strain with incremental values of cement content and curing time. Ductile

behaviour is associated with low strength and higher failure strain. The brittle characteristics

was seen at higher values of q,,, where samples cluster along the best fit line and Kamaluddin

(1995) expressed the value of £1' by the following equation:

Er= 3.3 - 19.0 x q,,/ 10.1

2.12.11 Strcngth Dcvclopmcnt Indcx

(2.21 )

Rajbongshi (1997) and Hasan (2002) investigated the rate of strength gain with curing time in

terms of the parameter termed as strength development index (SDI) for lime and cement treated

clays respectively as proposed by Kamaluddin (1995). SDI is defined by the following

expression (Kamal uddin, 1995):

S
Strength of treated soil- Stl,'ength of untreated soilDl=-~-------~-----

Strength of untreated soil
(2.22)

Plotting of SOl with curing age of samples of lime-treated clays of Bangladesh is shown in Fig.

2.43. It can be seen from Fig. 2.43 show that the values of SDI increases with increasing curing

time and admixture content as well. Fig. 2.44 also the relative degree of strength gain resulted
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due to increasing cement content and curing age. As can be seen from Fig. 2.44 that the strength

gain for samples treated with 7% lime arc relatively much higher than those of samples treated

with 3% and 5% lime.

2.12.12 Normalized Strength

Kamaluddin (1995) explained from unconfined compression test the strength normalization

for Bankok clay as shown in Fig. 2.45, where the different strengths were normalized by the

unconfined compressive strength at 24 weeks, Qu(T24) that has been found to produce the most

stable and ultimate value of qll that a sample can experience in the course of various curing

time. Kamaluddin (1995) proposed that the parameter, cement content was independent.

variable in a manner that it produces similar effects for samples with different ratio. It was

explained that the methodology produces an overall narrow band with more elose values

ranging from low and high levels of curing time. Two polynomial equations of third order

were f'ound that bound the narrow band.

2.12.13 Flexural Strength

The flexural strength of lime and cement treated regional soils in Bangladesh were investigated

by Rajbongshi (1997), Hasan (2002), and Siddique and Rajbongshi (2002). It has been found

that compared with the untreated sample, flexural strength of the cement treated samples cured at

7 and 28 days increased significantly. The effect of cement content on flexural strength is shown

in Fig. 2.46. The figure shows that flexural strength increases with increasing cement content. It

is evident from the figure that curing time has got insignificant effect on increase in flexural

strength.

2.12.14 Stiffness Characteristics

Brandl (1981) reported that the relative improvement of def'ormation resistance after adding

lime is much more significant than the increase in strength, with common increase of modulus

from 20 to 40 times. Balasubramaniam et al. (1999) observed that the initial tangent moduli of

treated soil increase with increase in confining pressure and curing time. Kamaluddin (1995)

reported the relationship between initial tangent modulus, (E;) and q" for cement treated

l3angkok elay (where test model samples arc prepared with compaction) as shown in Fig. 2.47.

Kamaluddin (1995) found that higher strength corresponds to high values of modulus. It has

been shown that data points of these relations lie closely on a straight narrow band in such a

way that the relationship between Ei and q" can be approximated to linearity. Kamaluddin

(1995) proposed that the relation 1'01' E; and E50 (secant stiffness) with q" by the equation 2.23

and 2.24 respectively as follows:

E; = 6.2 x (q,,15) / 101

E,o = 5.8 x (q,,'s)/ 101

(2.23)

(2.24)
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The flexural modulus of untreated and trcated samples of l3angladesh .were investigated by

Rajbongshi (1997), Hasan (2002) and Siddi'lue and Rajbongshi (2002) for lime and cement

treated clays. It has been found that compared with the untreated sample, flexural modulus of

cement treated samples cured at 7 and 28 days arc increased significantly as shown in Fig. 2.48.

The figure shows that flexural modulus increases with increasing cement content. It is evident

from the figure that curing time has got insignificant effect on increase in flexural modulus.

2.12.15 Interrelationship among Strength, Cnring Time ami we/e Ratio

The interrelationship was dcveloped by Horpibulsuk et al. (2000) based on the unconfined

compression test result of Ariake clay(3) and Island clays in Japan, where the test model

samples arc prepared without compaction blows for deep mixing. The relations referred to the

clay water content/cement ratio's concept was proposed by Horpibulsuk et al. (2000) as

follows:

" for given clay-cement mixtures, the strength at any curing time depends 011 one factor

clay-water/cement ratio, we/e", The observed relationship between unconfined compressive

strength after a certain period of curing was expresscd by a formula having the following

equation:

(2.25)

where '1("'''')1 is the strength to be estimated at clay-water/cement ratio of (we/c)) and q(w"')2is

the strength value at clay-water/cement ratio of (we/c),.

Again, they suggested that the we/e does not play any significant role on the strength

development with time from Figures 2.49 through 2.50. As a result, the strength

normalization of the ccment admixed clay by 28 day-strcngth was performed by them in

terms of curing time only.

q/l =[O.116+0.247]InD
q24

where '10 is the strength after D dyas, 'I" is (he 2S day-strength as the reference value.

(2.26)

The normalization was made so as to account for the effect of clay-type, clay-water and

cement contents. Finally, I-!orpibulsuk ct al. (2000) developed that the interrelationship

among strength, curing time and wc/c for predicting strength development of cement admixed

clays was expressed by combination of equations (2.25) and (2.26) as follows:

(
q(WC /c)J.D J = 1.241(lVc/cI28-(wc/c)J.D l(0.116 + 0.24 7111D)
q(wc /C128

(2.27)
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where q(wdcJI.D is the strength of cement admixed clay to be estimated at clay-water Icement

ratio of (we/c)l after 0 days of curing and Q(wc!l,:).2K is the strength of cement admixed clay at

clay-water/cement ratio of (we/c) after 28 days of curing.

2.12.16 Direct Shear and Unconlined COllipression Tests Results Relationship

Porbaha et al. (2000) reported that the relationship between the OS and UC results for marine

clay treated with 10-20% cement and cured for 28 days as shown in Fig.2.5 1. They found that

for low-strength cement treated clay, the shear strength can be roughly represented by half of

the ullconfined compressive strength. However, when the cement content is increased, the

shear strength may reach only about one-third of the unconfined compressive strength. Broms

(1986) reported for lime treated clay that the shear strength determined by fall cone /

laboratory vane test was about 2 to 3 times higher than unconfined compressive strength.

From the regression analysis, the following relationship was proposed by Porbaha et al.

(2000):

'm = 0.53 + 0.3 7q" - 0.0014q.,' (2.28)

where '10 is the shear strength (kg/em') from a direct shear (DS) test without normal stress

and qll is the unconfined compressive strength (kg/cnl) from a unconfined compression (Ue)

test for specimens cured for 28 days.

2.13 Cdtical State Models for Prediction of Soil Bahaviour

Atkinson and Bransby (1978) stated that generally the critical state is the condition in which

the clay continues to deform at constant volume under constant effective stress. The critical

state concept represents idealized behaviour clays, but it is assumed to apply also to

undisturbed clays in triaxial compression test. The critical state soil parameters were studied

by a number of investigators (I-Ivorslev, 1949; Schofield and Wroth, 1968; Allman and

Atkinson, 1992; Bashar, 2002; Siddique el al. 2003; Khaliullah, 2007; Siddique et aI., 2007;

Islam et al. 2007).

The single and unique line of failure points of both drained and undrained tests are defined as

the critical state line. Figure 2.52 shows a schematic representation of the behaviour ofa soil

as a function of the shear stress q, normal stress, I' and void ratio, e. The material can sustain

and pass through any state (p-q-e) below the surface formed by two surfaces that intersect at

the critical state. The surfaces AI3CD is referred to as the state boundary surfaces of Roscoe

surfaces and 13 13' C' C is referred to as the I-Ivorslev surface. States of wet, normally

consolidated soil lie below the state boundary surf"ee. on the hand, dry and over consolidated

'soil exhibit behaviour on the right side of the CSL, A' 13'C' D' is indicated as the Tension

failure zone. Before the material reaches the critical state, it passes through successive state of

yielding; during this yielding, the material hardens. This continuous yielding state can lead to
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the critical state of ultimate yield state, at which the material nows without changes in volume

and in shear stress.

Atkinson and Bransby (1978) reported that the critical state model in its original form is

described by reference to a three dimensional space as shown in Fig. 2.52, whose three axes

define the magnitudes of the variables p', '1' and v, where

3
q' = J2 lOCI

v=l+e

(2.29a)

(2.29b)

(2.30a)

(2.30b)

The specific volume (v) is the total volume of soil containing unit volume of solid particles.

In case of triaxial compression test in hydrostatic state, then the stress parameters are defined

as

p' = (a', + 2a',)/3 (2.31 a)

(2.31 b)

in which a'" a', and a', are the principal effective compressive stresses, p' and '1' are referred

to as the mean normal stress and deviator stress respectively. The slope of CSL, q'/p' is

denoted by M. The stress parameter, po, is called the mean equivalent pressure and defined as

p, = Po' exp [(co - e)1 A] (2.31e)

in which p'o and Cocorrespond to the pre-shear consolidation pressure and void ratio on the

isotropic consolidation line; and Ais the slope of the isotropic consolidation line in the (e, In

p') plot. During untrained tests, there is no change in voids ratio and, therefore, p, remains

constant during shear at a value of po'. However, during a drained test in which the voids ratio,

e, decreases, the mean equivalent pressure, Pc, increases from its initial value afpo'.

Atkinson and Bransby (1978) also reported that for one-dimensional consolidation, there is a

nearly linear relationship between specific volume (v) and the logarithm of mean effective

stress. This relationship may be expressed as

v ~ N - A log, p' (2.3 Id)

Where N (eapitalnu) is defined as the specific volume corresponding to p' = 1.0 kN/m'. Then,

p' = exp [(N - v)1 AJ (2.31 e)
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Since the curves for one dimensional and spherical arc Ilc~rlyparallel,

c= 2.303 Ie (2.3 II)

ror over-consolidated soil, rclationship between specific volume (v) and the logarithm of

mean effectivc slress can be expressed as follows:

(2.31 g)

Whcrc v, is dcfined as the valuc of v of an over-consolidated soil corresponding to on

swelling line.

Since, however, the slopcs of the lines for one dimensional and spherical consolidation are not

exactly the same, C, is only approximately equal to 2.303K.

C, = 2.303 K (2.31 h)

The equivalent consolidation pressure, 1', as the value of Po' on the normal consolidation line

corrcsponding to any valuc ofc. Then for any value of v,

So thai, 1",= exp [(N - v)/ Ie]

(2.31 i)

(2.3 Ij)

For over-consolidated soils, where 1" < po', Ihe over-consolidation ratio (for spherical

consolidation) will be defined as

OCR = 1'0'/1" (2.3 I k)

Siddique et al. (2003) proposed a number of eonstilutive models showing the correlations of

above critical parameters with plasticity index (PI) of three coastal soils in Bangladesh as

follows:

Ie = 0.094 + 0.0021 PI, (R' = 1.0)

K= 0.0076 + 0.0011 PI, (R' = 0.97)

N = 2.128 -I- 0.0158 PI, (R' = 0.99)

M = 1.37(1 -- 0.00221'1) PI, (R' = 1.0)

H = 1.219( I - 0.0068 PI), (R2 = 1.0)

(2.32a)

(2.32b)

. (2.32e)

(2.32d)

(2.32e)

Typical values of the constants M, N, Ie and K for some clays arc in Table 2.7 for regional clay

in Bangladesh.

2.13.1 State Boundary Surface

The State Boundary Surface (SBS) has been dcfined as a unique surface as shown in rigs.

2.53, which separates thc statcs of an clement of thc soil from those that arc not admissible as
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reported, 'by Atkinson and Bransby (1978). This surface is formcd by two distinct surfaces,

namely the Roscoe surface, on which volumetric yielding 'takes place, and the Hvorslcv

failurc surfacc. Roscoc surfacc has bccn defincd by undraincd stress paths of normally

consolidated clay whilc thc Hvorslcv surfacc is thc locus of failure points for heavily over-

consolidatcd samplcs.

Whcn a statc of sample reaches the Critical State, it experiences unlimited distortion while the

effective strcss and thc volumc of thc soil rcmains unchangcd. The arca bctwccn thc Critical

Statc Linc (CSL) and thc Normal Consolidation Line (NCL) in the watcr content-log mean

normal stress plot is callcd 'wct of critical' whilc thc arca to thc left of thc Critical Statc Linc

is called 'dry of critical'. The soil when sheared in the 'wet' zone would generate a positive

pore pressure response under undrained condition or decrease ill volume under drained

conditions. On thc other hand, a soil in thc 'dry' zone would show an increase in volume under

draincd conditions or tcnd to dcvclop a negativc pore pressure. In its simplified form, the SBS

is accepted to be symmetrical about the hydrostatic p-axis provided there is no substantial

time effects and anisotropy either from the depositional mode or from the applied stress

conditions. Much of the challenge and argumcnts on SBS and thc Critical State Concept seem

to be on these aspects, but nevertheless their cffcets can bc incorporated in a primary SBS

with appropriatc dcviations as pcr thc pcrturbations. Atkinson and 13ransby (1978) dcfined

that thc State Boundary Surface (S13S) parameters for triaxial compression (isotropic) were

expressed as follows:

6 sin 16;
(a) Critical State Line (CSL): g' = Mp' and M = ---~--

3 - sin r/J:

(b) Normal Consolidation Line (NCL): v = N - A In 1"

(c) Elastic Walls: v = Vk - K In 1"

q' (A) ,( N - V)(d) Roscoe Surface: -- + -- In p - -- = 1
Mp' A - f( A - f(

q (M-HJ (N-V)(c) Hvorslev Surface: - - --- exp-'_' __ ' = 1
Hp Hi' A

(f) Tension Cutoff: g' = 31"

For one dimensional compression:

(a) Normal Consolidation Line (NCL): v ~ N" - A In p'

(b) Elastic Walls (or over-consolidated clay): v ~ VkO -K In p'

(2.33a)

(2.33b)

(2.33c)

(2.33d)

.(2.33e)

(2.33t)

(2.34a)

(2.34b)

Siddigue et al. (2003) established the complete state boundary surfacc (Roscoc surface and

Hvorslev surface) of three coastal soils in Bangladesh from undrained stress paths of normally
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consolidatcd and overconsolidated samples of the soils and it has been found that these

surfaces vary with the type of soil. Fig. 2.54 shows the complete state boundary surface for

one of the coastal soils.

2.13.2 Cam Clay Model

Atkinson and Bransby, (1978) cxplained that strcss:'strain models to dcscribc the soil

behaviour arc developed based on several assumptions and hypothesis in conjunction with

well-known concepts of plasticity theory. These theorics assume that the soil is isotropic,

follow thc Critical State Conccpt, and that thcre is no recoverable axial strain. The state ofthe

sample inside the State Boundary Surface must remain on the elastic wall which is a vertical

plane above an isotropic swelling line. The plastic deformation is assumed to occur only when

the state of the sample changes on the State Boundary Surface. These theories appeal to only

a few well-known soil parameters instead of depending on a large number of empirical

constants.

The Cam Clay model was developed for normally consolidated and lightly over consolidated

clay. The author assumed that the energy dissipated at any infinitesimal increment of plastic

work is only a function of the plastic axial strain. Thc proposcd expression for energy

dissipation with an assumption that the principal axes of stress and plastic strain increment

coincide, is,

dW = I'd!:,,, + 'Ide,,, (2.35a)

where, dW

1','1

: energy dissipated per unit volume of soil

: mean effective principal stress, deviator stress

dEvp, dEsp : increments of plastic strains

Equation (2.35a) can be expressed as,

dW = pde,,, + qde'I' =M pde,,, (2.35b)

where M is the slope of the Critical State Line in ('1', 1") plot. Eqn. (2.35b) leads to the

following flow rule,

(PM,,,) = M-l1

pM.,J'
(2.35e)

where 11 is the stress ratio, '1'/1". The normality rule is applied such that the equation of the

yield locus is,

(poJ'1'= Mp' In 7 (2.35d)
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where Po is the preeonsolidalion stress. In this theory, the shear and volumetric strain

increments for states 011 the State Boundary Surface arc given as,

d".~ (A-K)( 1 )[dI7 + dP,'] .--do.",", . --- c, As [d",' -------> OJ
v M -17 M P

The State Boundary Surface can be derived as,

11 ~ AM In(~)
(A-K). p'

(2.35e)

(2.35f)

(2.35g)

The volumetric yield loci as described by Eqn. (2.35d) is bullet shaped at the p-axis and

seems to be more applicable for volumetric yielding inside the SBS whcn the associated

plastic volumetric strain is smaller than the value when the state paths lie on the SBS as

shown in Fig. 2.53.

In an attempt to improve the limitations of the Cam Clay model, Burland (1965) proposed

that a modified equation which considers the work dissipated in plastic volume change. The

energy dissipated in the Modified Cam Clay (MCC) Model is given by,

- 7. 2 [/2dW ~ p[(d£,.,,) + (Md£,,,) 1

The now rule and yield locus arc given by the following equations (2.37) and (2.38),

respcetively:

(2.36)

dEsfI

dc\.p

M 2 -17'

217
(2.37)

M', PoI' ~ ------
M' +17'

(2.38)

Hence, the shape of the volumetric yield locus was changed from the earlier log spiral to an

elliptic form. The incremental shear and volumetric strains (plastic potential function) are as

follows:

dc, ~ (~.:::_~)(.-3!l )[.l:!f!.'L:; + 0]: ]
v M' - 172M' + 17 P

(2.39a)
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The State Boundary Surface described in this theory is,

Po _(M2
+17' JH:J-- ~~---

p' M2
(2.40)

Thus 'Cam Clay (CC) Model' is developed to 'Modified Cam Clay (MCC) Model',

'Modified Modified Cam Clay (MMCC) Model' and 'Extended Modified Modified Cam

Clay (EMMCC) Model'.

2.13.3 Modified Cam Clay (MCC) Model

Atkinson and Bransby (1978) defined that the model originally devised in Cambridge and

termed as the "Modified Cam Clay Model", is generally used to simulate the stress-strain

response for clays. The Modified Cam Clay (MCC) Modcl is a critical state model

incorporating volumetric strain hardening assumptions in Cam Clay (CC) Model. The model

has been generally observed to predict, with reasonable accuracy, the stress-strain response of

cement treated and untreated clays. Finally, conclusions were drawn regarding the capabilities

of the MCC model to predict the undrained and drained response of cement treated and

untreated clays at various prccol1solidatioll effective cell pressures. The significant aspects of

the MCC model are described below:

2.13.3.1 The Critical State

The MCC model is based on the critical state concept. The critical state is defined to be that

condition of the soil at which the soil shears continuously at constant stress and aleonstant

volume. Such a condition is observed at failure of the soil at it'S ultimate state. Atkinson and

Bransby (1978) stated that the critical stale occurs at a certain ratio of the mean effective

stress p' and the shear or deviator stress q. The critical states may be defined by a straight

line in (p' - q) space. This straight line is termed as the critical state line. The slope of this

line is termed as the critical state ratio generally identified by the parameter M. The mean

effective pressure p' and the deviator or shear stress q at the octahedral plane is given in

terms ortlle effective principal stresses 0";.0-; ,0; as below:

(2.4 1)

q=
(, ,),(, ,),(, ')'0", - 0", + 0", - 0", + 0", - 0", .

2
(2.42)

,
q{

M=-'-
jJ.~

(2.43)
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In the above equations a; is the major principal effective stress and a;, a; arc minor

principal effective stresses. M is the critical stress ratio. p> and q> arc respectively the mean
. .

effective stress and deviator stress at the ultimate or failure state. The ultimate stress state is

the condition, at which soil shears at constant stress and constant excess pore pressure

(undrained case)' or constant volume strain (drained case). The locus of ultimate stress states

is generally a straight line passing through the origin in (p', q) space. This line is termed as

the critical state line. The critical state parameter M was then indirectly determined from the

drained friction angle using the following relation:"

M = 6sinq;>
3 - sin q;>

2.13.3.2 Yield Function

(2.44)

Atkinson and Bransby (1978) found that the combination of mean and effective stresses (p' ,

q) at which the soil starts to have irrecoverable or plastic deformations may be represented by

a convex fUllction in (p' - (J) space. This function Illay be represented as follows:

f(p',q,p;,) = 0 (2.45)

Equation (2.45) is called the yield function. where P;, is the preeonsolidation effective cell

pressure of the soil. In the Modified Cam Clay model, preeonsolidation effective cell pressure

P:, is the soil parameter which determines the size of the yield locus in the effective stress

space. Once the stress state touches the yield locus, the stress-strain response becomes e1asto-

plastic. P:, is also termed as the hardcning parameter in e1asto-plastieity. For stress states

within the yield function, the stress-strain response of the soil is assumed to be elastic.

2.13.3.3 Strain Hardening

At stress states on the yield function, an incrcmcnt of stress applied outside of the yield

function, results in incrcmental plastic strains. At the same time the value of the hardening

parameter P;, increases. Consequently the yield function expands and the current stress state

lies on the new expanded yield surface. The elast;e region is permanently expanded. This is

observed as an apparent hardening effCet if the soil is unloaded and then reloaded. The

hardening parameter p:) is related to the plastic volumctric dcformation-ofthc soil. This may

be derived from the e -log p' or vOid ratio by log of mean effective stress relation of a soil.

It is given as follows:

(2.46)
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In equation (2.46), P:, is the preeonsolidation effective cell pressure, dp:, is the increment of

this pressure, e is the void ratio, and A and K arc respectively the slope of the normal

consolidation line and clastic rebound line of the e -log p' line.

2.13.3.4 Plastic Potcntial Function

Atkinson and Bransby (1978) defined that at the yield or plastic condition, the Modified Cam

Clay model assumes the ratio of incremental plastic volumetric strains to incremental plastic

deviator or axial strains to be related to the stress ratio 11 as follows:

dE:"
"

dE:;

where '7=!L
p'

(2.4 7)

In equation (6.20), M is the critical stress ratio. At stress ratios'7 > M, the soils undergo

expansive volume strain and soften. At stress ratios'7 < M , the soil goes compressive plastic

volume strain and hardens. At the critical state ratio M. the incremental plastic volumetric

strain is zero and the soil becomes perfectly plastic.

Assuming associated flow rule and integrating equation (2.47), the yield and the plastic

potential function for the Modified Cam Clay model may be obtained as below:

( J
' ,q p-----; = -, -)

Mp Po

2.13.3.5 Elastic Behav;oul"

(2.48)

The MCC model assumes elastic stress-strain response for stress states within the yield locus.

The MCC model defines a pressure dependent non-linear stress-strain response defined by the

elastic bulk modulus and elastic shear modulus. The clastic bulk modulus of the MCC model

is given as below:

dp' p' (1 + e)
=----

K (2.49)

Generally, a constant value of the Poisson's ratio I' is assumed In the MCC model. The.

clastic shear modulus G is then obtained as below:

KG=----
3(1+21') (2.50)
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From the theory of elasticity it can bc shown that a value of elastic Poisson's ratio, ~ 0.40 to

0.50 implies volume incomprcssibility. This is thc basic assumption for undrained condition.

In this rcscarch, an clastic Poisson's ratio, ~l0.41 to 0.49 was assumcd for numerical stability

for undraincd triaxial tests. For clays, thc valuc of thc draincd clastic Poisson's ratio, ~ is

gencrally assumcd to bc bctwecn 0.2 to 0.3. In this study, an clastic Poisson's ratio, ~ 0.21 to

0.29 was assumed for numerical stability for drained triaxial tests.

Thc MCC model is a mathematical model giving the response of clays to applied loads. In the

undrained analysis, the bulk modulus of pore water pressure is generally given a very high

value compared to the bulk modulus of soil particles and in this case, it is considered 1 to 50.

As a result an incompressibility condition is simulated. On the other hand, in drained

conditions, the bulk modulus of pore water pressure is set equal to zero. Volume change of

the soil skeleton is then predicted. No excess pore water pressures arc predicted under these

circumstances. Islam et al. (2007) and Khalilulah (2007) verified the applicability of the MCC

model for reconstituted cemented Savar clays, while Siddique et 'II. (2007), Siddiquee (2006),

Siddique et al. (2003) and Bashar (2002) verified the applicability of the MCC model for

reconstituted 1I11ccmcIltcd coastal clays ill Bangladesh.

2.13.4 Modified Modified Cam Clay (MMCC) model

Using the finite element programme AFEoNA,Carter and Balaam (1995) developed the MCC

model in which incorporated tensile strength parameter as a model parameter, is discussed

here as the Modified Modified Cam Clay (MMCC) model for cemented clays. The various

aspects of the MMCC model arc discussed as given below.

2.13.4.1 The MMCC Yield Locus and Plastic Flow Rule

Cement treatment of clays gives it the ability to resist tensile forces. This is termed as tensile

or cementation strength. The tensile strength is explicitly incorporated in the MMCC yield

locus as follows:

Where

{
q }2 P;, + p; -1

M(p' + p;) = p' + p;

M= __ Cf __, ,
p + p,

(2.51 )

(2.52)

In the above equations, mean effective pressure p' and the deviator or shear stress q as

above equations (2.41) and (2.42) respectively, p; is the tensile strength and P;, is the

preeonsolidation effective cell pressure of the soil.
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The MMCC model is assumed to obey the associated flow ruk. Thus the MMCC model

plastic potential function is identical to it's yield locus equation given by equation (2.51). The

plastic flow rule of the MMCC model is identical to that of the plastic flow rule of the MCC

model and is given as below:

(2.53)

However, the 'perm in the above equation is defined in the MMCC model as follows:

1) = q
p' + p;

2.13.4.2 Tensile Strength and Unconfined Compression Strength

(2.54)

When tensile strength is explicitly incorporated in the MCC model, it is termed as the MMCC

model. Islam et al. (2007) and Khalilulah (2007) verified the applicability of the MMCC

model for reconstituted cemented Savar clays in Bangladesh:The tensile strength of clay may

be obtained from its uneonlined compression strength by following procedure.

The undrained shear strength of the soil at zero cell pressure or zero mean effective pressure

may be termed as the uneonlined compression strength of the soil. Thus substituting p' = 0

and q = q" in equation (2.51), the MMCC yield equation may be rewritten as below:

2 '

{
q" } = p" + p; - 1

M(O+p;) O+p;
(2.55)

From equation (2.55) the relationship between tensile strength and unconfined compression

strength may be obtained as below:

2
q/l

M2 ,2
p,

(2.56)

Ii; ,
M

2
p"

(2.57)

Equation (2.56) relates the tensile strength p; cemented clay with its unconfined compression

strength Cfll' M and p:) arc the critical state ratio and prcconsolidation effective cell pressure

oflhe cemented soil, which were proposed by Carter and Balaam (1995).
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2.13.5 Extended Modified Modified Cam Clay (EMMCC) Model

As a result of cementation of clays, both the consolidation and tensile strength of the clay

increases. Both these components of cementation components may be distinctly incorporated

in the MCC model, along with separate breakdown effects for each of these components.

Only tensile strength component of cementation was incorporated in the MCC model. This

was termed as the MMCC model. The resulting model is termed here as the EMMCC model

with incorporating cementation breakdown parameters in MMCC model, which was

developed and established for cemented clays by Carter and Balaam (1995) using the finite

element programme ArENA. The aspects of the EMMCC model are discussed as below.

2.13.5.1 Tensile Strength Breakdown Parameter

It is assumed in the EMMCC model that the tensile strength degrades with the accumulation

of the absolute value of plastic volumetric strain. The equation used to simulate the

breakdown of tensile strength with plastic volumetric strain is given as below:

P; = P;" expl- p, (cd)j
Where Cd = ~dl..',.1'1

(2.58)

(2.59)

In the above equation, p, is the degradation p""neter lor tensile strength, P;" is the tensile

strength of reconstituted cemented Bangladesh clays. Generally a large positive number

greater than 1.0 is used to effectively simulate a realistic cemcntation breakdown effect. Zero

value is assumed for P, in the case of 110 break down assumption.

2.13.5.2 Consolidation Strength Breakdown Parameter

It is assumed in the EMMCC model that the increment of consolidation strength as a result of

cemcntation degrades with the accumulation orthe absolute value of plastic volumetric strain.

The equation that is used to simulate the breakdown of increment of consolidation strength (as

a result of cementation) with volumetric strain is as given below:

Pm = Pm" exrl- Pm (c")' j
Where, Cd = ~dS,.1'1

(2.60)

(2.61 )

In the above equation, Pm is the degradation parameter for the increment of consolidation

strength 17 of reconstituted cemented clays. As discussed before, generally a large positive
1110

number greater than 1.0 is used for Pm to realistically simulate the breakdown effects. Zero

value is assumed for p for no break down assuml'tion. It is to be noted that in the numericalm
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predictions presented in this chapter using the EMMCC model. Carter and Salaam (1995)

was proposed that there is no breakdown of the increment of consolidation strength

component occurring as a result of cementation. Islam et al. (2007) and Khalilulah (2007) also

verificd the applicability of the EMMCC model for rcconstituted cemented Savar clays of

Bangladcsh.

2.13.5.3 Yield Locus and Flow Rule

The yield locus of the EMMCC model is given as follows:

, + ' + I= J!..!.!. J2~J?~!!-- 1
p'+ p;

(2.62)

Whcrc M = q
p'+ p;

(2.63)

In the above equations, mean effective pressure p' and the deviator or shear stress q as the

equations (2.41) and (2.42) respectively, p; is the tensilc strength duc to cementation or

cohesion, P;II is the increment of consolidation strength due to cementation and P;, is the pre-

consolidation pressure of the untreated clays without any cementation effects .

. The EMMCC model is assumed to obey the associated flow rule. Thus the EMMCC model

plastic potcntial function is identical to it's yicld locus equation. Thc plastic flow rule for thc

EMMCC model in its incrcmcntal form is identical to that of thc plastic flow rule of MCC

model as given below:

d "51'

ds"
'I

M' _1]2
=--~-

21)
(2.64)

However, the 1] term in the above equation is defined in the EMMCC model as follows:

'7 = q
p -\-p,

(2.65)

The remaining aspects of the EMMCC model arc identical to the MCC and MMCC model,

which arc described previously.

2.13.6 Prediction and Comparison Results by Developed MCC Model

Siddique et al. (2007), Islam et al. (2007), Khalilulah (2007), Siddiquee (2006), Youwai and

Bergado (2003), Siddique et al. (2003), Bashar (2002) and Desai and Siriwardane (1984)

reported that the prediction using cam clay and cap models and the comparison with test data

for untreated and treated clays. Youwai and Bergado (2003) compared the constitutive model

prediction with the test results from drained lest for stabilized soil as shown in Fig. 2.55. It
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was found that the model simulations broadly matched the experimental results at different

confining pressures and mix ratios. The clTcctivcllcss of the critical state framework in

conjunction with state- dependent dilatancy can simulate the deformation and strength

characteristics for stabilized soil. The constitutive model can belter capture overall the

dilatancy characteristics, including both negative and positive values.

Islam et al. (2007) compared the MCC (Modified Cam Clay) model and MMCC (Modified

Modified Cam Clay) model predictions as shown in Fig. 2.56 from undrained test for

cemented Savar clay of Bangladesh. It was observed that the predicted initial shear stiffness

and initial pore pressure arc higher for cemented soil using MMCC model compared to the

prediction of the MCC model. The predicted deviator stress becomes constant with

continuous shearing. This indicated that the critical state condition has been reached.

The EMMCC (Extended Modified Modified Cam Clay) model with different values for

including the tensile strength breakdown parameter, RHO (values of 1, 10 and 100) was used

to predict the stress-strain response for cemented Savar clays as shown in Fig. 2.57.

Khalilullah (2007) found that a higher value of the cementation break down parameter

(RHO), predicted a relatively lower increase of deviator stress and volumetric strain with

axial strain.

Siddique et al. (2007) reported that the predicted and observed behaviour regarding undrained

stress-strain and pore pressure response of reconstituted coastal clays at different over

consolidation ratio in triaxial shear by Modified Cam Clay model, which predicts non-linear

strain hardening response before the ultimate stress state is reached as shown in Fig. 2.58.

This happens as the Modified Cam Clay model simulates clastic behaviour prior to yielding in

case of high OCR clays. Thus the Modified cam Clay model is a rational predictor of excess

pore pressure response of coastal clays, at least qualitatively.

2.14 Cap Model

In developing models for various soils based on the critical state concept, the Cambridge

group expressed the behaviour by using quantities relevant to the conventional (cylindrical)

triaxial and conventional consolidation tests (Desai and Siriwardanc, 1984). The using

parameters were q ~ (ai' - a)') and p' = (al'+ 2a)')/3 and the void ratio e. The cap models arc

also based on the concept of continuous yielding of soils but they arc expressed in terms of

three-dimensional state of stress and arc formulated on the basis of consistent mechanics

principles. The name cap models derives from the shape of the elliptical yield surfaces which

look like "caps" as shown in Fig. 2.59.

There arc certain other differences between the cap and Cam clay models. In the cap models,

the portion of the cap above the fixed yield or failure surface (Fig 2.59) is omilted and only

the surface marked ABC is considered. In the Cam clay models, the moving cap play the main
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role in defining yielding, and the fixed yield surface is used essentially to define the critical

state. On the other hand, in the cap model both fixed and moving surfaces are used to define

the yielding process.

2.14.1 Fixed Yield Surface

The fixed yield surface (Fig 2.60), which can be considered to be an ultimate yield surface, is

expressed as

.fi(J,,~J2IJ )=0 (2.66)

In the initial Cap model, the fixed surface was assumed to be composed of an initial portion of

the Drucker-Prager envelope joined smoothly to the subsequent von Mises surface (Fig. 2.59).

The logic for adopting the von M ises surface at higher stresses was based on the observation

that at higher stresses the material behaves like a "liquid". The was adopted particularly to

simulate behaviour of cohesion less materials subjected to high stresses caused by dynamic

(blast) loads.

The expression for.li in Eq. 2.66 adopted by DiMaggio and Sandler is given by

fi= I; +Ycll/l-a=O
,I '\j 21J

where a, ~ and Yare materials parameters.

2.14.2 Yield Caps

The yield surfaces (Fig 2.60) are expressed as

.(,(.1" ~J2IJ ' k,) = 0

(2.67)

(2.68)

where k, defines the deformation history, and usually is taken as the volumetric plastic strain.

G; = G,;' = I" / 3. Consequently, a yield surface represents the locus of the points with the

same volumetric plastic strain. The fixed and moving yield surfaces are assumed to intersect

such that the tangents to the yield surfaces at the intersection are parallel to the J,-axis. As a

result, with the associated plasticity, the increment of plastic strain vector is parallel to the

~.J2J) -axis implying no volume change once the fixed surface is reached. This is similar to

the critical state concept in which the material docs not change in volume at the critical state.

The yield surfaces intersect the J,-axis at right angles, implying that under isotropic

compression there arc no shear deformations. This assumption removes the anomaly that can

arise due to non-orthogonal yield surfaces 10 tile .II-axis.

The cap model has been applied successfully to simulate behaviour of various geological

materials such as McCormick Ranch Sand and an artificial soil (Desai and Siriwardane,

..
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1984). Subsequent developments have considered anisotropic and kinematic hardcning in the.

study of the cap model. Dimaggio and Sandler (1984) adopted an elliptic cap for representing

yicld surfaces for thc cohesion less material considercd by thcm. Hence the expression for fi;n

Equation 2.68 used was

fi ~1" .1m -I- (.I, - C)' = R'b' (2.69)

where Rb = (X-C) (Fig.2.60), I' is the ratio of thc major to minor axis of the ellipse, X the

value of .I, at the interscction of the cap with the J,-axis, C the value of .I, at the center of the

ellipse and b the value of ~J2IJ when.l, = C. The value of X, which is the hardening

parameter similar to Po in the Cam clay models, depends on the plastic volumetric strain Ei;

and is expressed as

X= 1 E:') ,.
- - In (I - -- ) -I- Z
D W

(2.70)

where D, Z, and Ware materials parameters to be determined. On the basis of the above

variables, Cap Modcl has becn developed by Chen and Mizuno (1990). A flow chart for the

implementation of Coulomb and Prager Models in Cap Model is shown in Fig. 2.61.

2.14.3 Prcdiction and Comparison of Rcsnlts by Cap Model

Desai and Siriwardanc (1984) reported the behaviour regarding drained stress-strain and

volumetric strain response of clays in triaxial shear by Cap model, which predicts non-linear

strain hardening response before the ultimate stress state is reached as shown in Fig. 2.62. It

can be seen that the predicted and observed results for the drained test are satisfactory.
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Table 2.1 Test Results for Soil Deep Mixed Gravity Wall Applications

(after CDM 1994)

Soil Type Cement Usage Unconfined Compression Permeability
(kg/m') Strength (kPa) (m/sec)

Sludge 240 to 400 70-350 lOx 10-9

Organic silts and clay 150 to 260 350-1400 5x 10-9

Cohesive silts and clay 120 to 240 700-2100 5x 10-9

Silty sands and sands 120 to 240 1400-3500 50x 10.9

Sands and gravels 120 to 240 3000-7000 1OOx10-9

,- - - - - - - - - --I, ,
I Hydration I, ,

Ordinary
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1 _____ ------

:)\ds~~pti~~-;;di~;: .. ---------;, Alkaline ,
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Fig.2.2 Chemical Reaction betwecn Soil and Hardening Agents (after Saitoh
el a!., 1985)
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Fig, 2.3 Schematic Illustrations ofImproved Soil (after Saitoh et ai., 1985)
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Fig.2.4 Factors Affecting the Properties for Cement Treated Soils
(after Kezdi, 1979).
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Fig.2.7 Unconfined Compressive Strength and Cement Content Relationship
(120% water) at different Curing Periods for Cement Treated clays
(after Kamruzzaman et aI., 2004)
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Table 2.2 Properties of Cement T,'eated Ariake Clay (after Miura et a!., 2001)

Curing
(days)

28

Wi wc/c Wr Yd S, C, C, cry
(%) ratio (%) (kN/nr') (%) (kPa)

15 III 6.54 98 0.018 0.807 820

120 10 103 6.95 97 0.010 0.850 2100

7.5 100 7.05 96 0.014 - 3500

15 131 5.71 98 0.011 1,122 810
---- -~-- -- --_._- ,..----

ISO 10 120 6.09 96 0.020 1.011 2300
--- ----~._--_.,---

7.5 113 6.34 95 0.013 - 3600

15 143 5.43 99 0.023 1.226 850

180 10 138 5.55 98 0.021 1.431 2150

7.5 125 5.95 98 - - -
15 193 4.27 100 0.031 1.492 900

250 10 168 4.85 100 0.025 1.559 200
---- ------------ ------- ._--_._----- ---- ---' -~--

7.5 159 5.23 100 0.014 1.407 3400
-- ._.-- --------



Table 2.3 Properties for Pure Lime (after Kamalullllin, 1995)

67

--------
Property Quicklime Hydrated Lime

Chemical Name Calcium Magnesiulll Calcium Magnesium
Oxide Oxide H)idroxide Hydroxide

Chemical Formula CaO MgO Ca(OH), Mg(OH),

Crystalline Formula
----

Cubic Cubic Hexagonal Hexagonal

Melting Point 25700C 28000C - -
Decomposition Point

0----
745vC- - 580 C

Boiling Point 2850vC 3600vC - -
Molecular Weight 56.09 40.32 74.10 58.34

Specific Gravity 3.40 3.65 2.34 2.40

'(Specification provided by May and Baker Ltd., England)

Table 2.4 Specification for Pure Lime (after Kamaluddin, 1995)

Specification of Quicklime

Cao Content Not less than 95% CaO

Loss Ignition Not more than 10%

AI, Fe and Acid Insoluble Not more than 1%
--

Chloride Not more than 0.02%

Sulphate Not more than 0.2%

Arsenic Not more than 0.0004%

'(Specification provided by May and Baker Ltd., England)
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Table 2.5 Clay Minerals Cementitions Componnds of Treated Singapore Clays
at 120'10 water and 28 days enring (after Chew et aI., 2004)

10% 30% cement 50% cement
Normal ized mass of Untreated cement treated clay treated clay
mineral (% by weight) clay treated clay
Total mass (% by WI.) 100 110 130 150

.._---- -
Illite (% by wL) 18 6 I I 11

Quartz (% by wI.) 71 72 65 71

Kaolinite (% by wL) I I 0 0 0

CSH+ CASH (% by wt.) 0 32 54 68

-~
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Fig. 2.19 Cementitious Products (CSH + CASH) Versus Cement Content
Relationship of Cement Treated Clays at Wi = 120% and Curing = 28

days (after Chew et aI., 2004)
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Table 2.6 Effect of Cementation on Engineering Properties of the Soft
Bangkok Clays (after, Bergado et aI., 2003)

Properties General effect in Effect of increasing Effect increasing
comparison to ccment Ilimc content curing time

untreated clay
Speci11e Decreases Reduces significantly Decreases with time

l\~avity significantly
Water Immediate decrease Reduces significantly Rcduces substantially
content ahout 5% to 10%.
Plastic limit Increases Increases at higher Increases with time

cement content increasing
Liquid limit Small reduction Insignificant change Reduces with time

increasing

Plasticity Reduces Reduces at higher Decreases at longer
index cement content time

.

Unit wcight Increases Increases at higher Increases at longer
cement COlltClit time

Void ratio Decreases Reduces at higher Reduces with time
cement content increasing

Degree of Increases Increases at higher Decreases at longer
saturation ccmcnt contcnt time
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Table 2.7 Values of Critical Siale Soil Paramelers for Regional Clays of Bangladesh
(Uneemented and Cemented State)

Properties Banskhali Anwara Chandanaish Sayar clay Sayar clay Sayar clay
7% 14%clay Clay Clay 1I1lccmcIlted cemenled cemenled

t.. 0.115 0.128 0.136 0.290 0.197 0.100

K 0.019 0.023 0.03 0.033 0.03 0.01

N 2.29 2.37 2.45 1.603 1.75 1.80

M 1.34 1.32 1.31 1.16 1.25 1.30

~', 33.21 ° 32.75° 32.50° 29.08° 31. 15° 32.29°

A = (t..-K)It.. 0.835 0.820 0.783 0.886 0.848 0.900

LL (%) 34 40 45 43 43 42

PI (%) 10 16 20 26 21 18

G, 2.69 2.70 2.72 2.68 2.64 2.60

Sourcc of after Siddiquc et al. (2003) aftcr Khaliullah (2007)
Dala

...... :':..f)
<:::--1
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Fig, 2.61 Flow Chart for the Implementation of Coulomb and Prager Models
in Cap Model (after Chen and Mizuno, 1990)
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CHAPTER 3

LABORATORY INVESTIGATIONS, EQUIPMENT AND
INSTRUMENT ATION

3.1 General

The individual scopes, limitations, apparatus and testing procedures for various tests

performed are discussed in the relevant sections of this chapter. Sets of variables considered

in the testing programme included a wide range of type of clay, type of admixture, c1ay-

water/cement ratio, curing time, mixing water content of the clay slurry and effective

confining pressure. Thc engineering behaviour of the treated clays was invcstigated by

performing unconfined compression, direct shear, one-dimensional consolidation, triaxial

drained and undrained tests.

The details of the experimental investigations followed in the research are discussed in the

current chapter. Sampling procedure, methodology of soil sample preparations, test

procedures, test programme and test apparatus used in the study are presented.

3.2 Geology and Sub-Soil Conditions of the Project Sites

Bangladesh is a part of Bengal basin at the lower reaches of the three mighty rivcrs the

Ganges, the Brahmaputra and the Meghna and their associated tributaries. Bangladesh,

therefore, may be called the delta of this river systcm. Thc dclta consists of a number of

overlapping sub-deltas that wcrc formcd by intermingling of light coloured quarternary

sediments that have been deposited by the three mighty rivcrs. The Himalayas were the major

sources of these scdiments. These sediments start from 0 m to about 8 m above mean sea

level; other soil layers are marine deposition which is the result of changes in sea levels

during the quaternary period. The sub-surface strata are constantly subsiding by the weight

buildup of thesc scdiments, compactcd and maintaining the surface level in a condition of

gcological isostacy.

A lot of marshy and boggy arc as arc covcrcd in Bangladcsh and soft clays in this country arc

mainly availablc in thc alluvial Oood plain dcposits, dcprcssion dcposits and estuarinc and

tidal plain dcposits. Geotechnical aspects for soil of Bangladesh werc reported by Safiullah

(1991) and Serajuddin (1992), whilc Mollah (1993) reported the gcotechnical conditions of

thc deltaic alluvial plains of Bangladcsh. Geological Map of Bangladesh is shown in Fig. 3.1

while Fig. 3.2 shows the various symbols used in thc map. Based on gcological

considerations, Bangladesh can be conveniently divided into five major regions. These five

regions arc as follows:
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(i) North-western region or Gangetic plain: Rajshahi, Pabna division plus Dinajpur,

Rangpur and Bogra districts.

(ii) North-eastern region or Suma valley: Entire Sylhet division and North-eastern part of

Mymensingh division.

(iii) Central and eastern region: Dhaka division, South-eastern part of Mymensingh,

Tangail, Gazipur and Western part of Camilla districts.

(iv) South-western region: Khulna division plus Kushtia, Gopalgonj, Faridpur, Jessore,

Barisal, Patuakhali districts.

(v) South-eastern region: Chittagong division plus Noakhali, Cox's Bazar, Rangamati,

Banderban districts.

The layer features, thickness and different components of soil (mainly clay, silt and sand) at

each laycr of any district arc similar and dissimilar with othcr districts in Bangladesh. The

laycr featurcs and related components of soil (mainly clay, silt and sand) for different districts

(Town) of Bangladesh are found on the basis of field tests i.e., Standard Penetration Test

(SPT) and Geological Map of Bangladesh (Alam el aI., 1990). The top layer of soil strata

about 25 to 35 n (7.6 to 10.7 m) contains clay and silt, and bclow thcsc layers of soil strata

contain sand and silt.

The samples uscd in the prcsent invcstigation wcre collcctcd from thc Gazipur, Gopalgonj and

Khulna districts. The sample locations arc shown in Fig. 3.1. The sub-soil conditions of

Gazipur, Gopalgonj and Khulna districts are summarized in the following paragraphs.

Sub-soil conditions in Gazipur district consists of intcr-stream and oldcr alluvial deposits

contain ycllowish-gray or gray to rcddish-gray, light ycllowish-gray/ brown, orange, light to

brick-red and grayish-white soft to mcdium stiff / stiff clay, silty clay, silt from existing

ground level to about 13 m depth and about from 13 to 15m dcpth contain yellowish brown

loosc sandy silt and thcn about from 15 to 30 m dcpth contain brown medium dense to dense

fine to medium sand.

Sub-soil conditions in Gopalgonj district consists of stream and inter stream deposits contain

'light to yellowish-gray, gray, bluish-gray soli to medium stilT clay, silty clay, silt from

existing ground levcl to about 9 m depth and about from 9 to I I m depth contain gray loose

sandy silt and about from 11 to 30 m depth contain gray medium dense to dense fine to

medium sand.

Sub-soil conditions III Khulna district consists of tidal and dcltaic deposits contain light to

greenish gray, yellowish-gray, gray, bluish-gray, yellowish-gray soft to medium stiff clay,

silty clay, silt with occasionally organic soil layers from existing ground level to about 15 m

(' .

I ~ ."'Ii ••.• : -:
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depth and about from 15 to 30 m depth contain gray medium dense to dense fine to medium

sand.

3.3 Properties of Soft Base Clays Used

The clays were collected from the south-western region, central and eastern region of

Bangladesh. Samples of soft clay were collected from the location at Gazipur, Gopalgonj and

Khulna districts of Bangladesh as mentioned earlier. The natural water content of clays was in

a range of 53% to 70%. The water tablc was varicd from 1.0 to 2.0 m depth below from the

existing ground levcl at time of collection. The high plastic clay was collected from a low

land bcside boundary wall of Titas Gas office in Gazipur. Thc low to medium plastic clays

werc collected from low land beside Embankment (Chainage: 12 km) of Gopalgonj-

Bhatiapara road in Gopalgonj as from Foundation trench of Academic Building, Khulna

University of Engineering and Technology (KUET) in Khulna. The basic index properties of

the clays are shown as below:

Location Natural water LL PL PI Unified Soil
content

(Districts) (%) (%) (%) Classification
System

Gazipur 70 78 32 47 CH

Gopalgonj 62 47 25 22 CL

Khulna 53 33 20 13 CL
-~--_.

3.4 Sampling Procedure

Soil sampling was carried out by open excavation at a depth of about 2.0 to 3.0 m as disturbed

samples used for cement and lime treatment. Disturbed samples were collected in plastic

polythene bags, secured and tied up tightly to make these airtight to prevent loss of natural

water content and not to be changed in dry state. Undisturbed samples were retrieved using

100 mm diameter and 450 mm long open-drive tube sampler from depths of 2.0 to 3.0 m.

This depth was chosen so that the sample obtained would be uniform in composition for

finding the actual in-situ base clay conditions. The site was also chosen for its natural clayey

soil conditions. All sampling tubes were immediately sealed at both ends with paraffin wax to

prevent the loss of natural moisture. AII samples were then transported from above districts to

Geolechnial Engineering Laboratory of I3UET and stored in a about constant-temperature

humid room for later extrusion.

..f'
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3.5 Admixtures Used

Cement and lime arc used as admixtures III this research. Both materials are the suitable

binding material for soft soil improvement.

3.5.1 Type of Cement Used

"Holcim" as Hyundai cement, Type 1 Portland Cement, refined by the Holcim Cement

Company, Bangladesh, was used in this research works. The major compositions of the

cement are listed i'n Table 3.1. A total of 20 bags of cement were purchased from the market,

one in each month. Immediately after receiving per bag cement at Geotechnical Engineering

Laboratory, cement powder of weight 2 kg was packed in double-layered plastic polythene

bags. In order to prevent hydration of the cement powder and to maintain the freshness of the

powder, the plastic polythene bags were secured and tied up tightly to make these airtight.

3.5.2 Type of Lime Used

Quicklime powder or Calcium oxide (CaO), commercially produced locally by burning lime

stone in Sylhet, Bangladesh, consisting of not less than 95% CaO was used this research

works. The quicklime powder was purchased from market in a packet condition as a 2 kg lime

sealed per bag. To ensure that the quicklime was not exposed to air and moisture, to prevent

slaking and carbonation prior to the lime treatment of the clay samples, to take care was taken

it all times.

3.5.3 Admixture Content

The clay-water/cement ratio (designated as we/e ratio) has been used as a prime parameter in

this research, which governs the engineering behaviour of soil samples. The elay-

water/cement ratio (we/e ratio) is defined as the initial water content in clay divided by the

cement content. The cement content is found in percentage by dividing the percentage initial

mixing water content by we/e ratio. The cement content (c) of the test samples, is defined as

the ratio of the weight of cement powder to the dry weight of the soil and is expressed as a

percentage. Similarly, lime content (I) is defined as the ratio of the weight of lime used to the

dry weight of soil that was treated, expressed as a percentage. Knowing the total weight of

soil and the water content of the base clay to be treated, the amount of ecmcnt or limc to be

uscd was calculatcd.

3.6 Methodology Used for Sample Preparation

Thc intentional increase in water content is to simulatc thc high water eontcnt incrcase taking

plaec in thc wet method of dispensing cement admixturc in deep mixing at low land and the

significant inercase taking plaec in jct grouting. Thc clay with its watcr eontcnt corresponding

to the' abovc simulating Icvels quantity of ecmcnt rcsulting in clay-water / eemcnt ratio

(designatcd as we/c) of 7.5, 10 and 15 was thoroughly mixed so as to cnsure uniform
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dispersion of the cementing agent (ordinary Portland cement). The initial water content

(designated as Wi) would be 120%, 150%,200% and 250%. Cement contents (designated as

c) as low as 8% and as high as 33% were adopted for the clay-cement mixtures of initial clay

water content of 120% at wele of 15 and initial clay water content of 250% at wele 7.5,

respeetivcly. The estimated required amount of the base clay was thoroughly mixed with

cement slurry with gloved hands. The artificially prepared clay paste was passed through a 2-

mm sieve for removal of shell pieces and other bigger size particles. The cement slurry was

prepared with the required amount of cement with water. The mixing of the hardening agent

and the clay was done until the mixture was uniformly mixed, the mixing being done within

10 minutes. Such a uniform paste was transferred to cylindrical split moulds of 50 mm

diameter x 100 mm height and 75 mm diameter x 100 mm height with connecting 50 mm

height top collars and bottom ended cap, taking care to prevent any air entrapment by shaking

but with out compaction blows. Cylindrical moulds of 50 mm diameter x 100 mm height were

used for unconfined compression and triaxial compression test samples preparation.

Cylindrical moulds of 75 mm diameter x 100 mm height were used for one-dimensional

consolidation and direct shear test samples preparation. After 24 hours the cylindrical samples

were dismantled. All the cylindrical samples were wrapped in thick polythene bags and these

were stored in a room of approximate constant temperature (25 :l: 2'C) until the lapse of

different planned curing times.

3.7 Preparation of Specimens for Testing

When the samples had been allowed to cure for the required time, the prepared cement treated

clay was opened from the polythene bag. Then the sample was trimmed to the size required

for the specific test to be conduetcd, i.e., to 38 mm diamcter x 76 mm height for the

unconfincd compression and triaxial compression tests and to 63.5 mm diameter x 25.4 mm

height for the consolidation and dircct shear tests. The water content of the clay was

determined with trimmed out soil and the unit weight of the sample was determined by

measuring thc weight and dimension (diameter and height) prior to the testing. One-

dimensional consolidation, direct shear and triaxial compression tests were carried out on

treated samples after 4 and 12 weeks of curing time. Unconfined compression tests were run

on trcated samples after 1,2,4, 12,24, 52 and 104 wecks of curing time.

3.8 Scope of Experimental Investigations

3.8.1 Test Variables

In order to carry out thc comprchensive study ofthe strength and deformation characteristics

of the cemented clays, the effects ofscveral test variables were considered. The test variables

include as follows:
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(i) type of clay

(ii) type of admixture

(iii) initial mixing water content

(iv) clay-water/admixture ratio

(v) curing time

(vi) effective confining pressures

(vii) drainage condition during testing

Depending on the plasticity of clays, the soils arc selected in this research at different zone of

13angladesh. So, the types of clay were considered as a variable in this research. There are so

many marshy, boggy and low land in Bangladesh and clays of these area contain high water

content overall all seasons, so the different amount of high mixing water content were

considered as another variable in this study. Sometimes, water drainage managements and

applied pressure systems were controlled on these low land area for various purposes. To

increase the variety boundaries of the research, type and different amount of binding materials

were counted as the test variable. Maturity of stabilization samples depend on effective times,

so curing time were a very essential parameter. Practically, one month and three months are

very reasonable time for application of loads, importance of these two curing times were

stressed in this study. Ultimate goal of this research, to improve these low land soils for

construction of lightly loaded and temporary structure by deep mixing method to intrusion of

cement/lime treated clay's columns. This laboratory investigation on strength and deformation

for treated clays is an attempt to model deep mixing method for a vast area to improve its

strength and compressibility. The details of the test variables are summarized as shown 111

Table 3.2.

3.8.2 Characteristics of the Base Clay

The initial properties of the base clay, prior to the cement stabilization was important in order

to determine the relative influences of cement treatment. It was also required to establish the

degree of improvement caused by cement stabilization on the properties of the untreated clay.

So, the basic physical, chemical, mineralogical and micro-structural properties of the base

clay were established first, prior to the testing work of treated samples. The strength-

deformation properties were determined by the unconfined compression, direct shear,

consolidation and triaxial tests for in-situ base clay from undisturbed samples. Table 3.3

shows the scope of experimental work for the untreated base clay.

3.8.3 Characteristics of T,'eatcd Clays

The linal properties of base clay were completely changed after cement and lime treatment on

the basis of different curing times. Experiments were conducted to determine the changeable
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engineering parameters for cement and lime treated clay. The following properties of the

treated clays were determined.

(i) The basic physical, chemical, mineralogical and micro-structural properties of cement

treated clays.

(ii) Strength and deformation characteristics of both cement treated and lime treated clays

were determined from unconfined compression test and one-dimensional consolidation

tests.

(iii) Strength and deformation characteristics of cement treated clays were determined from

consolidated direct shear test, UU, CIU and CID triaxial compression tests.

Table 3.3 shows the scope of experimental investigation for cement treated clay.

3.8.4 Number of Treated Samples depending on Test Variables

According to test variables using type of clay, mixing water content and clay-water/admixture

ratio, the total number of treated samples are shown in Table 3.4. Three soft clays were used

in this study having plasticity index (PI) values of 47%,22% and 13%. The clays with PI

values of 47%, 22% and 13% arc designated as C I, C2 and C3 respectively. There are four

types of initial mixing water content (Wi) used in this study such as 120%, 150%,200% and

250%. There are three types of clay-water/cement ratio (we/c) used in this study such as 7.5,

10 and 15. In this respect, the total numbers of cement treated samples are counted to thirty

six. There are two types of binding material also used in this research such as cement and

lime. Binding material cement is successfully applied with the proper ratio on each mixing

high water content but lime is successfully applied with proper ratio on 120% and 150%

mixing water content only and lime is failed to bind with the ratio on 200% and 250% mixing

water content because the binding capacity of lime was out of boundary line with that ratio on

much high water content i.e., 200% and 250%. In this respect, the total numbers of lime

treated samples are counted to be eighteen.

3.9 Chemical, Mineralogical, Micro-structural and Physical Properties

A sUl11mary of the chemical, mineralogical, micro-structural and physical tests for the

untreated and treated clays conducted in this study has already been presented in Table 3.3.

3.9.1 Chemical Property Tests and Test Prog •.••mme

The chemical properties of the base clays include the soil pH, organic content, salt

concentration, cation exchange capacity, exchangeable cations, and electrical conductivity.

The chemical properties were determined according to the procedures guided by BS 1377

(1990) and Jackson (1985). The chemical tests were performed in the Environment

Engineering Laboratory of the Bangladesh University of Engineering and Technology
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(BUET), Environment Engineering Laboratory of the Dhaka University of Engineering and

'Technology (DUET) and Soil Research Laboratory of the Soil Resource Development

Institute (SRDI).

3.9.1.1 pH Test

The pH of dilute soil solution has been determined by the colo urimetric method. Certain

dyes, k.l1own as pH indicators, change colour in a definite manner, according to the acidity or

alkalinity of the solution in which they arc mixed. The best-known indicator is litmus, which

is red in an acidic soil solution and blue in an alkaline soil solution. The colour is converted to

numerical pH chart. The neutral soil solution is expressed by numerical pH value 7. If pH

value exists above 7, soil solution is alkaline and pI-! value exists below 7, soil solution is
I

acidic i,nnature. The low pH reveals that the clay contains a significant amount ofH+ ions.

The pH of dilute soil solution has also been determined by the digital indicator for untreated

and treated samples. In this method, Metrohm 691 glass electrode pH meter is directly pushed

in soil suspensions, where soil and water ratio used as I : 2.5. pH tests were conducted on

forty tfo treated clays and three on base clays. The details 'summary of pH test programme

are sho'wn in Table 3.5.

3.9.1.2 Loss on Ignition Test

Loss on ignition of soil solid is the reduction of temporary chemical substances which arc

identified as peat, mucks, and soil containing relativcly undeeayed or undeeomposed

vegetaJle matter or fresh plant materials such as wood, grass or

alkaline and carbonaceous materials such as lignite, coal, carbonate etc and also efflorescence

effect of treat cd cement. Loss on ignition is defincd by thc percentage of weight difference in

between thc conditions, 110 or 5°C temperatures during 24 hours and 445 or 1DoCtemperatures
during Ii hours. At high temperature, 445°C, all burning matters are burned within 6 hours and

I

rested only soil solid portions. Threc tests on base clay and twenty four tests on treated

samples were conducted by loss on ignition. The details summary of loss on ignition test

progr"'T'me is shown in Table 3.6.

3.9.1.3 Organic Content Test

Organic matter in soil is derived from a wide varicty of animal and plant remains so there can

be a great variety of organic compounds It has undcsirable effects on thc engineering

behaviour of soils. A measure of the organic content of soils in necessary in order to make

allowance for these effccts. The undesirable cffccts on the engincering behaviour of soils are

minimized and improved by chemical stabilization. The organic content of soil has been

determined by thc Dichromate wet oxidation. The organic content of dilute soil solution by

dichromate oxidation method is the percentagc or (0.67 x V1m), where V is the volume of

potassium dichromate used to oxidize the organic matter ill the soil, initial mass 111, which is
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the mass of passing 10 mm sieve. V is measured by titration with ferrous sulphate and is

given by V ~ 10.5 x (I - y/x). Where y ~ total volume if ferrous sulphate used in the test and

x = volume used in standardization test. According to Organic content test was three base

clays and eighteen treated samplcs. The dctails summary of organic content test programme

are shown in Tablc 3.7.

3.9.1.4 Electrical Conductivity Test

The salinity of clay is measured by the electrical conductivity (EC) test. The amount of salts

are dissolved in the pore water which are responsible for amount of soluble cations. When

clay particles settle in water during stabilization, deposits formed have a flocculated structure.

The degree of flocculation of a clay deposit depends upon the location, type and concentration

of clay particles, amount of cemcnt and the presence of salts in water. Clays settling out in a

salt water solution have a morc flocculent structure than clays settling out in a fresh water

solution. Thc amount of salts in clay act as an electrolyte and reduccs the repulsive forces

between particlcs. Stabilized soils with a flocculent structure are light in weight and have a

high void ratio and water content. However, these soils are quite strong and can resist external

forccs bceause of strong bond due to attraction between particles. The stabilized soils are

insensitive to vibration. In gencral, the stabilizcd soils with flocculated structure, have a low

compressibility, a high permeability and a high shear strength.

The electrical conductivity (EC) was determined by Metrohm 644 conductivity mcter from

soil solution, whcre soil and water ratio used as 5. The electrical

conductivity of the hydrogen ions (H+) in a very dilutc soil solution is almost double that of

the hydroxyl ions (Ol-n. Electrical conductivity of a solution can therefore be related to its

pH, and although the converse is far more complex, this property is made by electrometrie

method of determining pH. According to electrical conductivity tests were programme, the

eighteen tests were performed on treated clays and carried out of three tests were performed

on base clays. The details summary of electrical conductivity test programme are shown in

Table 3.7.

3.9.1.5 Cation Exchange Capacity Test

The cation exchange capacity (CEC) for Potassium, Sodium, Calcium and Magnesium were

determined through Atomic Absorption spectrometer and Na, K were determined by Flame

photometer from soil extraction where IN NH40Ac were used for extracting solution. Total

nitrogen was determined by Kjeldahl method accordingly 3 steps namely digestion,

distillation and titration. The apparatus were used centrifuge machine, centrifuge tube (50 ml),

volumetric flask (100, 250, 1000 ml), funnel (7.5 cm dial, lilter paper and beaker. The

reagents were ammonium acetate (CH, COONH4), clasial acetic acid

C,H,,(OH)(COONa),I-l,O, ammonia (NH,), ammonium chlorde (NH4CI), ammonium oxalate

(NH4), C,04.H,O, silver nitrate (AgNO,), sodium chloride (NaC!), isoprophyl alcohol (99%).
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Cation exchange carpeting test programme, eighteen tests were performed on treated clays

and conducted three tcsts were performed on base clays. The details summary of cation

exchange test programme are shown in Table 3.7.

3.9.1.6 Exchangeable Cations Test

The exchangeable cations werc mcasured li.OI11 soil extract (extracting soil usmg 1M KCI)

titratc with 0.02M NaOH also using a fcw drops of phcnolphthalein indicator. In this tcst, the

amount of Na+, K+, Ca++ and Mg++ arc dctermincd by chemical rcactions. Exchangeable

cations test were run on the number of eighteen tests wcrc performed on treated clays and thc

number of three tcsts were performed on base clays. The summary of cxchangeable cations

test programme are shown in Table 3.7.

3.9.2 Mineralogy Test and Test Programme

The determination of the clay mineralogy of the untreated and treated clays were done by x-
ray Diffraction (XRD) analysis in Materials and Metallurgical Engineering Laboratory of

BUET, soil laboratory of Soil Research Devclopment Institute (SRDI) and Atomic Energy

Research Centre (AERC). The results for XRD of BUET have been calculated by manually

graphical and tabular analysis but the result for XRD of SRDI and AERC by directly

computerized analysis and thus the outputs arc given on fair printed copies.

X-ray diffraction (XRD) analysis of untreated and cement treated Bangladesh clays was

carried out using a Philips X'Pert-PRO X-ray difractometer. XRD patterns were obtained

using a Cu Ka (A = 1.54178 A) x-ray tube with input voltage of 40 kV and current of 30 mA.

A continuous scan mode and sean rate of 2-degree per minutc was sclectcd. Air-dried

powdered samples (particle size less than 75 11m)of treated and untreated soil samples were

used. Mineralogical analysis of X-ray diffraction pattern of untreated clay was carried out

based on the characteristic Bragg anglc given by Brown (1961), Grim (1981) and Mitchell

(1993). For treated clay, the Bragg data were taken from the standard Powder Diffraction File

(JCPDS, 1995). According to mineralogy tests programme, the number of nine tests were

performed on treated clays and the number of three tests were performed on base clays. The

details summary of mineralogy lest programme arc shown in Table 3.8.

3.9.3 Microstructure Test and Test Progmmme

The analysis of microstructure of the untreated and treated clays were pcrformed by Scanning

electron microscope (SEM) analysis in Materials and Metallurgical Engineering laboratory of

BUET. The SEM setup is donated from The Netherlands to BUET. According to

microstructure tests programme, the number of twelve tests were performed on treated clays

and the number of three tests were performed on base clays. The details summary of

microstructure test programme are shown in Table 3.9. Scanning electron microscope (SEM)

analyses of treated and untreated clay were carried out by a Philips 4100 field emission
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scanning clectron microscopc with a Model XL-30. Thc soil sample was dried completely by

Drying method. Air drying may be suitable for very stiff soil (i.e., cement-treated soil) since it

does not undergo significant shrinkage (Mitchell, 1993). However, for soft clay with water

content, air drying takes longer and causes more particle rearrangement. For soft clay, the

stress induced during oven drying may result in some breaking of fabric, for this freeze drying

method is adopted (Safiullah, 1984). In the present study, to compare the micro fabric of

untreated stiff clay and treated hard clay, a Drying method is adopted. The method causes less

sample disturbance and shrinkage than air or over drying.

In Order to minimize disturbance to the microstructure of the soil, the Drying method

(Mitchell, 1993) was used to dry the soil specimen prior to SEM analysis. The soil samples

were finally dried by raising the temperature and of the chamber to 32°C and 80 bars

respectively. After drying soil samples were broken up by finger pressure to a size of about 10

mm diametcr x 10 mm high without any disturbance to the broken face of the samples. The

broken soil samples placed on an aluminum stub by a double-sided conducting tape, with the

broken face facing upwards. Prismatic specimens were carefully sculptured out of the bulk

specimen dried by of the techniques using a sharp modeling"knife and in the c"aseof the very

hard samples a fine hacksaw proved useful for coarse trimming. Regarding the specimens

taken, two was deemed to be optimum number. After fracturing the specimens were carefully

trimmed to approximately 1 cm cube for specimens. The back of the specimens so obtained

flat and then fixed to a clean microscope stub using a glue. After mounting the fracture

surfaces were peeled suing 100 applications of Sello-tape in order a cleaned and

representative surface. The prepared surface of each specimen wan vacuum coated with a

layer of gold palladium (200-300A) thick to prevent charge build up on the specimen.

Surfaces not requiring examination were painted with colloidal silver to improve the electrical

contact between the specimen and stub.

The specimen could be observed in a video screen to the desired magnification and

photographed. It was possible to control and measure the movement of the specimen in three

orthogonal directions as well as in rotation and tilt. Therefore it was suitable for taking stereo

pictures. Microphotography techniques each specimen placing inside the microscope chamber

was first observed at low level of magnitication (3 to 4 times) over the whole specimen

surface. After a thorough observation in low magnification, areas of interest were scleeted.

These areas were subsequently observed at different higher magnifications. Stereo

micrographs were taken using an angle of tilt of around 5 to 10. In order to maintain constant

magnification focusing was carried out suing the specimen height control. An attempt was

also made to maintain constant contrast and brightness conditions.
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3.9.4 Physical Property Tests and Test Programme

The test results pertaining to the basic engineering properties of the untreated and treated

clays arc presented in Chapter 4. The fundamental engineering properties of the untreated and

treated clays are: (i) water content (ii) Atterberg limits (iii) specific gravity (iv) degree of

saturation (v) total and dry unit weights (vi) void ratio and (vii) grain size distribution. These

basic engineering properties of the untreated and treated clays were determined according to

procedures presented in ASTM (1989) except liquid limit and plastic limit. For the

determination of liquid limit and plastic limit of the untreated base clays, natural samples as

obtained from the field were directly used. However, for the determination of liquid limit and

plastic limit of ccment treated elays, the samples were first cured for required duration and

then the samples wcre broken into small picces. Thc broken pieces were mixed with water for

determining liquid limit and plastic limit.

The basic engineering tests on cement treated clay samplcs are comprised basically thc same

tests carried out on untreated samples, exccpt the determination of grain size distribution. The

changes in grain size distribution due to cement treatmcnt were rather difficult to determine

accurately. The usual hydrometer method could not be expected to render a true picture for

the cementation of soil. The grain size distribution for samples were taken place after cement

treatment would be broken down grain size and failed the system if the usual laboratory

procedures in preparing soil samples for the determination of the grain size distribution are

adopted (Kamal uddin, 1995). For this reason, grain size distribution concept is converted to

specific surface area distribution concept. The smallest grain size, the highest specific surface

area. The details summary of physical properties of untreated and treated clay test programme

are shown in Table 3.10. A total number of four hundred twenty three tests for each type of

physical properties were performed on treated and untreated clays.

3.10 Determination of Engineering Properties and Test Programme

In this research, the engineering properties were determined by four major types of tests such

as unconfined compression test, direct test, consolidation test and triaxial compress 1011

(unconsol idated undrained, isotropica Ily consol idated undrained and isotropically

consolidated drained) test.

3.10.1 Unconfined Compression Test

3.10.1.1 Testing Prog.-amme

The unconfined compression testing programme was designed to provide an economical and

fast method means of comparing the effects of variable cement content and to find optimum

cement content, if any, and to monitor the characteristics of strength gain of the treated clay

with time. The unconfined compression tests indicated the initial profile of stress-strain-

strength characteristics of the treated samples. The main experimental programme was
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designcd on the basis of unconfincd comprcssion tcsts. Thesc tests were performed according

to thc manuals rccommended by ASTM (1989). Thcrc arc two limitations for unconfined

compression tests such as (i) no effect of lateral restraint and (ii) no information about the

internal soil conditions (e.g., the degree of saturation, the pore water pressure and volume

changc). The details summary of unconfined compression test programme is shown in Table

3.11. A total number of four hundred sevcnty sevcn unconfined compression tests were

performed on trcated and untreated clays.

3.10.1.2 Tcst Apparatus

A standard soil test apparatus manufactured by SOIL TEST was used for unconfined

compression test. It consists of a compression type-loading ram. A screw-jack-activated load

yoke applied the load. Thc dcformation of the specimen was mcasured by a dial gauge

(having rcsolution of 0.0254 mm.) and the axial load capacity of machine was measurcd by a

means of calibrated proving ring load of 2.8 kN. Loading rate is usually controllcd manually

by turning lever. The axial strain of 1.50 mm per minutc can be applied.

3.10.1.3 Specimen Preparation and Set-up

The size oftcst specimcns in this research for unconfincd compression test is 38 mm diameter

x 76 mm height, prcpared from cement treated samples of size 50 mm diameter x 100 mm

height. The trimming of the specimcns was done with wirc saw and or a cutting plate and

trimming frame, the set-up which is called Soil Lathe. Aftcr the sample dimensions were

measured, it was placed into a split fonncr, which facilitated the trimming of the specimen to

a correct height by cutting at both ends of the spccimcn. For the computation of the unit

weight, the trimmcd specimen was weighed without the split former. Wax paper was used to

cover the top and the bottom ends of the trimmed spccimen to minimize the ends effect,

which was then placcd on thc loading framc of the compression machine. The specimen axis

was carefully aligned as exactly perpendicular on the centre of loading frame in the machine.

3.10.1.4 Testing Procedure

The loading platform was adjustcd until thc uppcr platcn just in contact with thc specimen at

the time of specimen had been mounted 011 the compression machine. The contact point can

be confirmcd from responsc of thc load dial for thc proving ring. The proving ring and the

deformation dials werc sct to zero after the specimen had been correctly mounted and aligned.

The spccimen was shcared at a controlled rate of strain of 1.00 mmlmin (about 1% strain per

minute). The applied load and deformation of the specimen tested can be read respectively

from the dial of the proving ring and the attachcd strain gauge. Whcn the shearing started,

appropriate proving ring readings were takcn at every equal interval until the load on the

sample dccrcascd significantly. Whcn thc failurc modc has bccn reached, the geometry of the

tested specimen at the failure phasc was sketchcd and the anglc of thc failure plane was
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measured with respect to horizontal for mode of failure study. The failure specimens were

placed in the oven for 24 hours in the process of determining the water content in the test

sample.

3.10.2 One Dimensional Consolidation Test

3.10.2.1 Testing Programme

One dimensional consolidation testing programme was chosen for this study in order to

investigate the effects of cement treatment on thc consol idation characteristics of soft high,

medium and low plastic Bangladesh clays. The effects oftypc of clay, mixing water contents,

cement contents and curing time on the improvcment in consolidation properties have been

studied. The main object was to assess the effects of stabilization on the preconsolidation

pressure, compression index, and coefficient of consolidation, coefficient of volume

compressibility and coefficient of permeability. One- dimensional consolidation tests were

outlined to the procedures based on ASTM (1989). The maximum stress level of 1600 kPa

was used for all treated and untreated clay. A total number of one hundred fifty nine

consolidation tests were performed on cement treated and untreated base clays, which are

summarized in Table 3.12.

3.10.2.2 Test Apparatus and Accessories

A standard soil test apparatus manufactured by SOIL TEST was used for one dimensional

consolidation test. The consolidation machine consists of a confining ring, top and bottom

porous stones, top cap, water reservoir and strain gauge with clamp assembles. It has a tever-

arm typc of loading dcvice with an arm ratio of I : 10, togethcr with standard 63.5 mm

diameter x 25 mm height floating ring consolidometers were used. The sample ring was

clamped to the base. A thin layer of grease is applied inside the ring in order to minimize

friction. For the load sequence applied, the corresponding hanger loads were computed in

accordance with the known lever arm ratio, and taking into account the weights of the loading

cap and top porous stone on the samples. The calculated load sequence were 0.40, 0.80, 1.60,

3.25, 6.50, 13, 26, 52 kg and the load corresponding stresses sequence were 12.5, 25, 50, 100,

200, 400, 800, 1600 kPa respectively for the consolidation tests. The height, diameter and

weight of the specimen rings were also measureu. The top ano bottom porous stones were

deaired by boiling, cooled, and kept in deaired water until usc.

3.10.2.3 Specimen Preparation and Set-np

Prior prcpared treated samples of size 75 mm diamcter x 100 mm height were used for

consolidation specimen preparation. A thin walled retaining ring 63.5 mm inner diameter x

25.4 mm height as trimming tool is designed 10 minimize sample disturbance during

mounting. The trimming tool holds the specimen and the ring through an outer support ring
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which is turn fixcd to the rotating ring guide. Thc soil samplc was first placed at the rotating

base of the trimming tool. The specimen was trimmed to the required size by alternately

pressing the cutting edge into the soil sample and trimming the excess soil ahead of the ring

with a spatula. The cutter shaves off a very thin slice and hence does not disturb the soil ahead

of it. The trimming procedure was continued until the cutting shoe touched the rotating base.

The outer ring along and the sample ring were then removed from the trimming frame. The

outer ring was then separated from the sample ring. Excess soil in the sample ring was then

trimmed using a straight edge wire saw and the surfacc made flush. A reccss tool was then

used to trim I mm deep soil from the top so as to place the top porous stone and the top cap in

position. After sampling, the ring with the soil sample was weighed. Water content

determinations were made from the soil trimmings. Soaked filter papers were used at both

ends of the sample. The bottom porous stone was placed on the oedometer cell base and the

sample was positioned on the porous stone very carefully. The consolidometer unit was

assembled. The pre-leveled loading beam was lowered until the loading arm just touched the

loading cap without exertion any pressure on the sample.

3.10.2.4 Testing Procedure

The ready ring with the soil sample was first assembled in the consolidometer and then

aligned in the loading frame. A small seating load of 7 kPa was used to place the equipment

in compression before the displacement recording device, strain gage is set. Displacements

were recorded by strain gage. The stresses were applied in the sequence of 12.5, 25, 50, 100,

200,400, 800, 1600, 800,400, 100 and 50 kPa from the next morning. Thus one load-unload

cycle was also studied. The loads were changed according to the required loading sequence.

Adjustment of the lever ann was done before each loading. At the starting of each loading, the

deformations were recorded at times of 0, 0.10, 0.25, 0.50, I, 2, 4, 8, 15, 30 minutes, 1,2,4,

8, 24 hours. The container of the oedometcr was filled de-aired and distilled water at certain

stages of the loading sequence. If the water was added before this stress, there was a

possibility of swelling of the sample. For ccment treated clay, a stress of cr,o'was normally

adopted, at which water was added to the sample. For all samplcs, it was checked whether

swelling occurred or not, aftcr addition of watcr to the sample by secing the dial gauge

reading (whether the displacement reading is going forward or backward). In general, the

loads were kept for 24 hours per increment in order to reach the end of the primary stage and

to obtain the characteristics settlement time curve which also includes at least one log cycle of

secondary compression. At the end of the last increment, the soil sample was taken out of the

consolidometer, weighed, oven dried for 24 hours and re-weighed.
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3.10.3 Direct Shear Test

3.10.3.1 Testing Programme

A direct shear testing programme was chosen for this study in order to investigate the effects

of cement treatment on the cohesion and friction charactcristics of soft high, mcdium and low

plastic Bangladesh clays. It was studicd the cffect of variablcs, such as clay type, clay water

contents, cement contents and curing tillie on the improvement in cohesion and friction

properties. Consolidated drained direct shear test has been carried out. The main goal was to

measure the effects of stabilization on the strength parameters (effective cohesion, c' and

effective angle of internal friction, ~'). Direct shear tests were outlined to the procedures

based on ASTM 03080 (1989). The maximum stress level of 400 kPa was used for direct

shear on treated and untreated clay. A total number of 123 direct shear tcsts was performed on

treated and untreated clay, which is summarized in Table 3.13.

3.10.3.2 Test Apparatus and Accessories

A standard testing apparatus shear box (63.5 mm in diameter x 25.4 mm high) manufactured

by SOIL TEST was used for this test. The shear box was split in two halves, hence it is

known as a shear box. Fig. 3.6 shows line details for the direct shear apparatus. The box is

circular in section and it was split horizontally at the center of the soil specimen. The lower

half of the box was rigidly held in position in a container. The container itself along with the

lower part of box slides and could be pushed forward at a constant rate by a geared jack,

driven by an electric motor. The upper half of the box shears against a calibrated steel-proving

ring. The movement of the lower part of the box was transmitted through the specimen to the

upper part and hence, on to the proving ring The resulting deformation indicates shear force.

The specimen was held between metal grids and porous stones Normal load was applied on

the specimen form a loading yoke bearing upon a metal pressure pad through a steel ball. The

pressure pad fits into the box over the upper porous plate. The volume change during

consolidation and during the shearing process was measured by mounting a dial gauge

(having the resolution of 0.0254 mm) at the top of the box. The rate of shear displacement or

strain within the specimen could bc controlled preciscly. The shcar box had also the

arrangement for permitting drainage of water through the porous stones, and for submerging

the specimen in water. The corresponding hanger loads, 32.5 kg, 65 kg and 130 kg were

computed in accordance with the applied stress 100 kPa, 200 kPa and 400 kPa respectively on

the samples. The height, diameter and weight of the specimen rings are also measured after

testing.

3.10.3.3 Specimen Preparation and ScI-up

Prior prepared treated samples of size 75 mm diameter x 100 mm height were used for direct

shear specimen preparation. A thin walled retaining ring 63.5 mm inner diameter x 25.4 mm
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height as trimming tool was designed 10 minimize sample disturbance during mounting. The

trimming tool holds the specimen and the ring through an outer support ring which was turn

fixed to the rotating ring guide. The soil sample was first placed at the rotating base of the

trimming tool. The specimen was trimmed for the required size by alternately pressing the

cutting edge into the soil sample and trimming the excess soil ahead of the ring with a spatula.

The cutter shaves off a very thin slice and hence did not disturb the soil ahead of it. The

trimming procedure was continued until the cutting shoe touched the rotating base. The outer

ring along and the sample ring were then removed from the trimming frame. The outer ring

was then separated from the sample ring. Excess soil in the sample ring was then trimmed

using a straight edge wire saw and the surface made flush. After sampling, the ring with the

soil sample was weighed. Water content was determined from the soil trimmings. Soaked

filter papers were placed at bottom ends of the shear box. The loaded ring unit was placed and

assembled on the shear box. Pressure was applied on soil sample and sample was transferred

into shear box from sampling ring. The leveled loading beam was placed until the loading arm

just touched the loading point without exertion any pressure on the sample.

3.10.3.4 Tcsting Proeedurc

The ring with the soil sample was first assembled in the shear box and then aligned in the

loading frame. The required load for 100 kPa, 200 kPa and 400 kPa was used to place on

hanger, the equipment in compression after the displacement recording device, strain gages

were set and waited for primary consolidation. In each test, sample was consolidated for

completing time about 2 hours. The container of the shear box was filled de-aired and distilled

water just after of the loading. Vertical displacements were recorded by strain gage up to the

time when readings were stable in position. Adjustment of the loading arm was done by

starting motor at very low speed. The rate of shear was very slow. At the starting of loading,

the proving ring, vertical and horizontal deformations readings were recorded at times of 0,

0.10, 0.25, 0.50, I, 2, 4 minutes. When the shear fully started, appropriate proving ring and

vertical dial gage readings were taken at every 10 horizontal dial gage divisions until the load

on the sample decreased significantly. In these tests, the time for failure of a samples was

approximately 4 to 5 hours. At the end of the test, the soil sample was taken out of the shear

box, weighed, oven dried and re-weighed. The ("iled specimens were placed in the oven for

24 hours in the process of determining the water content in the test sample.

3.10.4 Triaxial Tcst

3.10.4.1 Tcsting Programmc

In the UU, CIU and cm triaxial tests, the variables considered were type of clay, clay water

content, cement content, curing time, the pre-sheared confining pressure and conditions of

drainage. In order to have an idea pertaining to the stress-strain-strength behaviour of the

treated samples at 4 and 12 weeks curing time were chosen for triaxial tests. The pre-sheared
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confining pressures were 50, 100, 200 and 400 kl'a for both undrained (CIU) and drained

(CID) triaxial tests on isotropically consolidated samples. A summary of the triaxial testing

programme is presented in Table 3.14. A total number of two hundred twenty two tests for

each undrained and drained triaxial tests was performed on treated and untreated clays. The

equipment used for the triaxial tests consisted of the cells, the loading devices, and the

measuring units and instruments.

3.10.4.2 Triaxial Cell

A standard soil test apparatus manufactured by SOIL TEST was used for triaxial compression

test. The triaxial machine consists of three main components, namely the cell base, the

removable perspex cylinder, and the top head assemble. In the entire testing programme, free

top cap system was used. The cell base, machined from anticorrosive light alloy, forms the

pedestal on which the sample is placed and includes three different connections, namely: (i)

the line to the cell chamber, used to fill the triaxial cell with dc-aired, distilled water and

through which pressure is applied (hydrostatic pressure increments) on the triaxial specimen;

(ii) two drainage lines connected to the bottom of the test specimen. One drainage line is used

in combination with a pore pressure transducer to measure pore pressure during undrained

loading; while the other is used to apply the back pressure and/or as a bottom drainage line

connected to volume change burettes; and (iii) a drainage line connected to the top of the

sample. The back pressurizing for the saturation of the specimen was applied through the two

drainage lines. The base connection lines arc fitted with Klinger valves to close or open the

connections. The removable cylinder, made of transparent Perspex material, encloses the

pressurized water, and can withstand a working stress of 1700 kl'a. The chamber assembly is

clamped by stainless steel tie rods, and attached to the base by wing nuts on stainless steel

studs with pilots for easy location. The top head assembly consists of a stainless steel piston

or loading ram which was ground and honed to a close-sliding fit with the cell bush. The cell

top assembly also includes ports for oil injection and air release.

3.10.4.3 Loading Device

The required stress conditions were created on the specimen by a combination of two dead

weight suspended by hangers with dash-pot system. The piston uplift force of dash-pot is

completely compensated by the hanger with dead weight. One was used to apply constant cell

and back pressures to the triaxial cell. A capable of applying strain-controlled loading was

used for the application of the deviator stress through a load cell. The deviator stress was

measured through a load cell. With the aid of load hangers and dead weights, the specimens

could be sheared along a wide range of pre-determined stress space.
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3.10.4.4 Measurement of Strains and Pore Pressure

Axial deformations of specimen were measured with the displaced strain gage with an

aceuraey of 0.01 mm per revolution. In undrained tests, a pressure transducer of capacity

1700 kPa mcasured the excess pore pressure during shearing process with an accuraey of 0.1

kPa, connected to the bottom of the specimen. In the consolidation process and the drained

tests, the change in volume of the specimen was monitored with the lise of the volume change

indicator (burette) with eapacity of 10 cc (with an accuracy of 0.02 ce), whieh were connected

to the back pressurc line. This system is similar to that given by Head (1990). The interface of

the de-aired water and coloured kerosene in the burctte can be elearly seen due to the

difference in their densities, and the volume changes were observed by monitoring the

movcment of the intcrface.

3.10.4.5 Calibration of Pressure Transducer

The calibration factor of each pressure transduccr was estimated by regression analysis from

the relationship between the applied pressure and the corresponding pressure transducer

reading as shown in Fig. 3.3. The pressure transducers of capacity 1700 kPa wcre used for the

measurement of pore pressure.

3.10.4.6 Calibration of Displaccment Strain Gauge

Thc calibration factor of each displaccment strain gagc was found by regression analysis from

the relationship bctwcen thc applicd displacemcnt and thc corresponding displaccmcnt gauge

reading. Thc deformation readings wcrc made on strain gauges with smallest reading of

0.0254 mm/division and maximum travcl range is 25 mm.

3.10.4.7 Calibration of Proving Ring for Measuring Load

The calibration factor for proving ring was obtained based on the mean curve drawn from the

rclationship between proving ring reading and the known loads applied from the universal

testing machinc. Proving ring (Calibrated load constant, 0.4077 Ib/division) of sufficiently

range was used to measure load readings. The maximum capaeity was 2.8 kN of theproving

ring.

3.10.4.8 Triaxial Testing Sample Preparation

The required size of the test specimens for unconfined eompression test is 38 mm diameter x

76 mm height, trimmed from prior prepared cement treated samples of size 50 mm diameter x

J 00 mm height. The initial moisture content was determined from the trimmings residue. The

weight of the specimen was taken for L1llit weight determination.
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3.10.4.9 Setting-up of Specimen

The base of the triaxial cell was connected to the pressure line, drainage line and a pore

pressure transducer. The entire pressure and drainage lines, including pore pressure

transducers, were always flushed with de-aired water to get rid of any entrapped air. The

porous stones were also dc-aired and saturated. Filter papers, saturated porous stones, O-rings

and membranes were prepared for the prompt sealing of the specimen after trimming. Filter

paper strips were soaked in de-aired water at all times before they were used. De-aired

distilled water was always used throughout the investigations. The trimmed specimen was

mounted on the pedestal of the cell base. Then, the saturated porous stones and the filter

papers were placed at both ends of the specimen along with side drains.

In order to accelerate consolidation, eight filter paper strips as side drains were placed

vertically around the sample at equal spacing. These filter papers should not cover more than
I

50% of the specimen area. Both ends of the filter paper strip were extended to the porous

stOnes for easy drainage. The sides of the top loading cap and the base pedestal were then
,

lightly coated with silicone grease. The sample was enclosed within a membrane using a

membrane stretcher sleeve, with both ends of the membrane rolled over the bottom pedestal

an:d the top cap. The ends of the membranes were sealed with two O-rings at top end and

thtee O-rings at bollom end.,

Care was taken to keep the specimen concentric with both the pedestal and the shaft piston.
,

The precautions were also taken to minimize the suction of water by the specimen during the
,

selling-up procedure. The perspex cylinder with top head assembly was mounted and fixed to

lhb cell base. The chamber surrounding the specimen was filled with dc-aired water up to the
Itop of the cell. The water is flashed by top open with a few time to conform for de-aired.

3.10.4.10 Saturation of Specimen
I

I
For fully saturated specimens, selected back pressure of 100 kPa was applied in this stage.

The cell pressure and back pressure were gradually increased with pressure increment of 25
,

kPa. During the application of pressure, the cell pressure was always maintained higher than,
th~ back pressure at value equal to initial effective stress of the sample. When the back

prbssure reached 100 kPa and cell pressure was 110 to 125 kl'a depending on initial effective

stiess, then the specimen was left for 24 hours at least. At the end of the 24 hours saturation

period, the state of saturation was checked by the pore pressure response under undrained

eo'nditions, i.e., closing both top and bollom drainage lines and increasing the cell pressure to

estimate the pore pressure increasing. The Skempton B value of 0.90 to 0.98 was the index

erl;terion of sufficient saturation. When the specimen showed such a B value, saturation of the

specimen was deemed to be sufficient and the consolidation process of the specimen was
I

cOllll11cnced.
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3.10.4.11 Consolidation of Specimen

Thc consolidation phasc was started after full saturation ?f the specimen. Thc initial reading

of the buretle and the displacement had been taken, then the drainage valves were c10scd and

the piston was clamped. The cell pressure (i.e., the consolidation pressure plus the back

pressure) was raised to the desired value gradually (with the back pressure line closed) and

thc counterbalance force is provided by the hanger weight. The consolidation was initiated by

reopening the drainagc valves and unlocking the piston simultaneously. The volume and the

axial displacement changes with time were recorded. Complete consolidation was determined

mainly by measuring cxcess porc pressurc. Thc prcsencc of any exccss pore pressure in the

specimen was checked with the back prcssure valve closed for onc hour. Thc consolidation

condition is considcred as isotropic and the first loading incremcnt starts at 25 kPa. For each

step, displacement readings with time were recorded by strain gage and volume change

readings from burette versus time up to the end of consolidation wcre recorded both

manually.

3.10.4.12 Shearing of Specimen

All the spccimens were allowed one day of consolidation or swelling process to ensurc thc

full dissipation of cxccss porc pressurc within thc specimen. All undrained and drained tcsts

wcre strained controlled.

3~1O.4.13Unconsolidated Undrained Triaxial Compression Test

Thc shearing stagc was startcd without isotropic consolidation ofthc spccimen. The drainage
!

vafves werc closed and the strain gauge was set at zero position. The applied cell pressure was

200 kPa. The sample was loaded by driving the base platen upwards. All unconsolidated

undrained triaxial tests were strain-controlled comprcssion tcsts. Strain rate of 0.76 mm per

minutc was used for trcatcd clays. The proving ring dial gauge rcading and the corrcsponding

pore pressure transducer reading were recorded. The sample was then sheared and the proving

dial gauge reading and the corresponding pore pressure transducer reading were recorded at

specified deformation of the sample. Shearing was continued until the proving ring dial

reading remained constant or decreased for a few rcading of strain dial gauge. At the end of

thc: test, cell base was lowered and ccll pressurc was rcleased. The ccll was disassembled and,
samplc was carcfully removcd from thc ccll. Thc wcigh of thc sample was takcn and ils water

conlenl was delermined.

3.10.4.14 Consolidaled Undrained Triaxial Compression Test

The shcaring slage was started aftcr thc complction of isotropic consolidation of thc

spccimen. All the drainage valvcs were closed and the cell prcssure valves were open. After

consolidation and up 10 prior 10 start of shearing, Ihe piston ram was fixed to keep the

prevailing stress condition within the cell. Shearing was then commenccd by incrcasing the

axial stress with constant cell pressure. The effective cell pressure were considered 50, 100,
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I,

290 and 400 kPa. The sample was loaded by driving the base platen upwards. All undrained
;

triaxial tests were strain-controlled compression tests. Strain rate of 0.060 mm per minute was

used for treated and untreated clays. Readings of pore pressure were monitored through
I

p(essure transducers but readings of axial displacement of sample and the axial load were

re1eorded manually. Readings were taken at close intervals of time at the early stage of

sllearing, thereafter at larger intervals. After the failure of the specimen, shearing was
Icontinued as much as possible, until a larger axial strain was attained. To study the post-

falilure behaviour of the specimens is found by this test.

3.:10.4.15 Consolidated Drained Triaxial Compression Test
I

I
T\le back pressure line was kept open and the cell pressure was maintained constant through

the test. The back pressure was considered 100 kPa. The effective cell pressure were

eclnsidered 50, 100, 200 and 400 kPa. The sample was allowed to drain via the burette during

sl1earing. In this test series, samples were sheared at a strain rate of 0.020 mm per minute for,
treated and untreated samples. Axial load and axial displacement of the sample were recorded

manually. The volume change was recorded from the burette. After the failure of the
!

sp'ccilllcn, shearing was continued, whenever possible, lip to the stage of larger strain in order

tal study the residual behaviour of the specimcns.

I

3.10.4.16 Isotropic Compression Test,

I) triaxial machine, the isotropic compression tests can be easily performed. For specific cell

prrssure, the volume change of samples were recorded during consolidation. These tests

represent equilibrium states of volume and effective stress and so creep has been neglected.

The results of the test were used for analyses using critical state. Several tests were performed

for various treated and untreated clays.

3.10.4.17 End of Testing ofTl'iaxial Test

The drainage lines were closed and the cell pressure was reduced to atmospheric pressure in

one step at the end of the test. The triaxial cell was released immediately as possible as early

and cleaned. The mode of failure and the inclination of failure planes were drawn. The

specimen was then weighed and dried in the oven for 24 hours.

3.11 Extra Precaution Measures During Triaxial Test

In triaxial tests, some precaution measures applied to be considered. According to the

suggestions of Head (1990), precautions were in ordcr to minimize the effects of end

restraints, a thin coat of vacuum silicone grease was applied on top of the pedestal and on the

underside of the top cap. The lubricated end platens were most successful in reducing end

restraints. Tlie ratio of the length to the diameter of the sample was also at least two in all the

tests conducted. Leakage through O-rings and membranes was always checked. Two

membranes may be used with smooth talc lubricating the interface. The sides of the base
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pedeslal and the lop cap may bc lightly coaled with vacuum silicon grease and 2 O-rings at

top and 3 O-rings al bottom may bc placcd 10 seal Ihc mcmbranes wilh sample al both ends.

Dc-aircd distilled water may bc used in the lests. Thc de-airing of the distilled water may be

done for at least 10 hours in de-airing apparatus to remove dissolved air from the water. All

lines in the triaxial sct-up wcrc carcfully flushed with deaircd water prior to every test.

System flexibility was checked during cvery stages oftesling.

3.12 Processing and Analysis of Triaxial Tesl Data

Thc test results were processed based on the following usual assumptions:

(i) A right cylindrical shape specimen was remained and (ii) Stresses and slrains were uniform

throughout the soil samples during testing.

3.12.1 Calculation of Stress

In this research, thc compressivc strcss was taken as positive. The principal stresses in such a

way that lateral strcsscs are always equal, which acted on a soil specimen under cylindrical

triaxial test. Thc total strcsscs as axial stress acting on the. specimen is dcnoted by a, and

lateral stress by 0'3. When the soil specimen is saturated and pore water pressure in the soil is

u, thcn the corresponding effcctivc stresses in the specimen are a,' and 0'3'. The equations are

defined as follows:

0'1' = 0"1 - 1I (3.J)

(3.2)

In thc lesls, the slress condition is a,' > a,' = a), where a'' is effective stress on the end caps

of the sample and 0'1' = a]' is the cell pressure. The stress parameter q (deviator stress) and p

(mean normal stress) which are also a function of the invariant of strcss tensor are limited as

follows:

(3.3)

(3.4)

3.12.2 Calculation of Strains

The axial strain £, has been defincd as

(dL 1 (Lo) (C . b' ")c, = 1, L = n L omprcsslon emg POSltlVC

The volumetric strain c" is given by

CO dV I (Vo) (C . b' ")C" = l V = n V omprcsslon emg POSitive

(3.5)

(3.6)
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Fig. 3.1 Geological Map of Bangladesh
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Stream Deposits: Stream bed, meander bolt, flood plain and low level
terrace deposits, undivided including some swamp dcposits.

Older Alluvial Deposits: Medhupur clay mostly red end orange clay
deposits slightly higher than inter-stream deposits (old).

I1111 I

~~

~

Inter-stream Deposits: Silt, sand and gravel deposit of a slightly
higher attitude than adjacent flood-plain and low level terrace deposits.

Piedmont Deposits (Barind): Detrital materials derived from
highlands of India deposited on gentle slopes to the south and the west.

Tidal Deposits: Tidal delta deposits and deltaic flood plain deposits.

.. - ....

----_._----_ ..._ .•

Sedimentary Rocks: Yellowish-brown, medium to coarse grained
sandstone and mottled clay and sandy clay thickness up to 5,000 ft.

Deltaic Deposits: Deltaic flood plain deposits. Tidal and deltaic
deposits are separated primarily on the basis of difference in land use,
vegetation and drainage pattern.
Sedimentary Rocks: Grayish-yellow, medium grained and cross
bedded sandstones, gray sandy shale, gray shale and limestone,
thickness up to 10, 000 ft.

" .
" '.. .' .

"

Sedimentary Rocks: Sylhet lime stones, gray, medium grained, hard,
massive limes tones: thickness lip to 2,000 ft, chittagollg lime stones:
gray brown, coarse grained. mediulll hard lime stones:

Coastal Deposits: Beach sand and sandbars deposits tidal deposits.

Swamp Deposits: Vegetables, Organic, and Peat deposits.

Folds: Stratum tilled, bent or buckled rock deposits

Fanlts: Fractured, broken down rock deposits.

Fault trace: Light Fractured rock deposits.

Fig. 3.2 Symbols Used in Geological Map of Bangladesh



Table 3.1 Properties of Type 1 Portland Cement Used in the Stndy
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Physical Properties Test Result Chemical Test Result
Properties (By Weight, %)

Specific Gravity, G, 3.17
Calcium Oxide 64.67(CaO)

Bulk Density (g/em') 1.02 Magnesium 2.15Oxide (MgO)
Fineness, Specific 280 - 303 Potassium Oxide 0.57Surface Area, (m'/kg) (K,01
Normal Consistency (%) 24 - 25 Sodium Oxide 0.23(Na,O)
Initial Setting Time 100-153

Silieondioxide 21.87
(min), > 45 minute (SiO,)
Final Setting Time 241 - 320

Aluminium 7.26
(min), < 375 minute Oxide (AI,O,)
Compressive Strength 18.10- 22.50 Ferric Oxide 2.91
(Mpa),3 days (Fe,O,)
Compressive Strength 24.60 - 25.30 Sulfurtrioxide

lAS(Mpa), 7 days (SO,)
Loss of Ignition (%) 0.80 Insoluble 0.29Residue

Table 3.2 Summary orthe Test Variables Used

Test Variables Description
High Plastic Clay, designated as Cl (PI - 47%)

Type of Soil Medium Plastic Clay, designated as C2 (PI = 22%)

Low Plastic Clay, designated as C3 (PI - 13%)

Cement
Type of Admixture Lime

Initial Mixing Water Content 120%, 150%, 200% and 250%

Clay-water /Admixture Ratio 2,2.5,4,7.5, 10, 15 and 30

Curing Time I, 2, 4, 12, 24, 52 and 104 weeks

Conlining Pressure SO, 100, 200 and 400 kl'a

Unconfined Compression Tests

Consolidation Tests
Stress Conditions for Tests Triaxial Compression Tests

Direct Shear Tests

Undrained Triaxial Tests

Drainage Condition Drained Triaxial Tests

Drained Direct Shear Tests



Table 3.3 Summary of Experimental Investigations
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Samples Tests Description

Chemical Analysis pH, Organic Content, Loss on Ignition, Cation
Untreated Exchangc Capacity, Exchangcable Cations,
Clays
(High, Electrical Conductivity
Mcdium

Basic Engineering w, S" G" PI, PL, LL, Unit Wcight and Voidand Low
Plastic Basc Propcrtics Ratio, Spccific Surface area Analysis
Clays)

Mineralogy Analysis X-ray Diffraction Analysis

and Microstructurc Analysis Scanning Microscopic Analysis

Treated Clays Unconfincd Compression Without confining pressurc
(with Tcsts

Various ratio Dircct Shear Tests Normal Pressure - 100, 200 and 400 kPa

of Cement Consolidation Test Loading Sequence: 12.5,25, 50, 100,200,400,
or Lime 800, 1600, 800, 400, 200, 100, 12.5 kPa
Content and CIU and ClD Triaxial Pre-shcar Effective Consolidation Pressure
Curing Timc) Compression Tests = 50, 100, 200 and 400 kPa,

Back Pressure = 100 kPa
UU Triaxial Compression Confining Cell Pressure - 200 kPa,
Tests

Table 3.4 Total Nnmber of Treated Samples Used

Initial water Clay-water/Cement Clay-water/Cement Clay-water/Cement

content (w;) (wc/c) Ratio = 7.5 (wc/c) Ratio = 10 (wc/c) Ratio = 15

120% CI C2 C3 CI C2 C3 Cl C2 C3

150% CI C2 C3 CI C2 C3 CI C2 C3

200% Cl C2 C3 CI C2 C3 CI C2 C3
----- ~-_._------_.

250% Cl C2 C3 CI C2 C3 CI C2 C3
--------

Initial water Clay-water/Lime Clay-waler/Lime Clay-water/Lime

content (w;) (wc/I) Ratio = 7.5 (wc/l) Ratio = 10 (wc/I) Ratio = 15

120% Cl C2
FC3

CI C2 C3 Cl C2 C3
.. -

150% CI C2 C3 CI C2 C3 CI C2 C3
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Table 3.5 Summary of pH Test

127

Initial Water Clay-Water! Curing Time
Type of soil Number of Tests

Content (%) Cement Ratio (week)
.

3-Base Clays In-situ - - 3

CI, C2, C3
120

I

2,4,7.5, 15 4,12 24
Clays

--
Cl, C2, C3

150,200,250 15 4,12 18
Clays

Table 3.6 Summary of Loss of Ignition Tests

Initial Water Clay-Water/ Curing Time IType of soil Number of Tests
Conlent (%) Cement Ratio (week)

3-Base Clays In-situ - - 3

CI, C2, C3
2,4,7.5,15 4,12 24120

Clays

Table 3.7 Summary of Organic Matter, Electrical Conductivity, Cation Exchange
Capacity and Exchangeable Cation Tests

Initial Water Clay- Water/ Curing Time
Type of soil Number of Tests

Content (%) Cement Ratio (week)

3-Base Clays In-situ - - 3

CI, C2, C3
120 4,7.5, 15 4,12 18

Clays



3.8 Summary of X-ray Diffraction Test
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Initial Water Clay-Water! Curing Time
Type of soil Number of Tests

Content (%) Cement Ratio (week)

3-Base Clays In-situ - - 3

C1, C3 Clays 120 2,4,7.5 4 6

C2 Clays 120 4,7.5 4 2

C1 Clays 120 4 12 1

3.9 Summary of Microstructure Test

Initial Water C1ay-Water/ Curing Time
Type of soil Number of Tests

Content (%) Cement Ratio (week)

3-Basc Clays In-situ - - 3

C1, C2, C3
120 4,7.5 4,12 12

Clays

Table 3.10 Summary of l'hysicall'ropcrties Test

Initial Water Clay-Water/ Curing Time Number of Each
Type of soil

Content (%) Cement Ratio (week) Tests.

3-Base Clays In-situ - - 3

Cl, C2, C3 120, 150, 200, 2,2.5,4,7.5,
1,2,4,12,24 420

Clays 250 10,15,30



Table 3.11 Summary of Uneontined Compression Test
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Type of Initial Water C lay-Water! Clay-Water! Curing Time Number

soil Content (%) Cement Ratio Lime Ratio (week) of Tests

3-Base
In-situ - - - 3

Clays

Cl, C2, 2,2.5,4,7.5, 1,2,4,12,24,
120 - 147

C3 Clays 10, 15,30 52, 104

C1,C2,
150,200,250 7.5, 10, 15 1,2,4,12,24, 135-

C3 Clays

C1,C2, 2,2.5,4,7.5, 1, 2, 4, 12, 24,
120 - 147

C3 Clays 10,15,30 52, 104

C1,C2,
150 - 7.5, 10, 15 I, 2, 4, 12, 24, 45

C3 Clays

Table 3.12 Summary of Consolidation Test

Type of Initial Water Clay-Water! Clay-Water! Curing Time Number

soil Content (%) Cement Ratio Lime Ratio (week) of Tests

3-Base
In'situ - - - 3 I

Clays

C1,C2, 120,150,
7.5, 10, 15 - 4,12 72

C3 Clays 200,250
1--.:

CI,C2,
120,150 7.5 1,24 12-

C3 Clays

C1,C2,
120,150 7.5, 10, 15 1,4,12,24 72-

C3 Clays
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Table 3.13 Summary of Direct Shear Test

Typc of soil Initial Watcr Clay- Water! Cement Curing Time Number of
Contcnt (%) Ratio (week) Tests

3-Basc Clays In-situ - - 3

CI, C2, C3 120

Clays
120, 150, 200, 250 2.5,4,7.5, 10, 15 4,12

Table 3.14 Summary of Triaxial Compression Test

Type of Initial Water Clay-Water/ Curing Time Numbcr of Tests
soil Contcnt (%) Cement Ratio (week)

3-Basc 3 Nos. CIU test
In-situ - -

Clays 3 Nos. cm test

Cl,C2, 120,150,200, 96 Nos. CIU test
7.5,10,15,30 4,12

C3 Clays 250 96 Nos. cm test

CI,C2,
120 7.5, 10, 15, 30 4,12 24 Nos. UU test

C3 Clays

---Cut Points -

y = 1.0026x + 3.89

....

50 100 150 200 250 300 350 400 450
Applied Cell Pressure (kPa)

rn 450
0...
.Yo 400~
OJc 350
"0
ro
0) 300~
~
0) 2500::J
"0en 200cro~ 150t-
O)~::J 100enen
0)~ 500...
0)~ 00
0... 0

Fig.3.3 Calibration Chart for Pore Pressure Transducer Used
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CHAPTER 4

CHEMICAL, MINERALOGICAL AND I)HYSICAL
PROPERTIES OF CEMENT TREATED CLAYS

4.1 General

This chapter explains the physicochemical as well as microstructural behaviour and integrate

them with the physical properties of treated clays at high water content. The basic index and

physical properties of the base clays used in the research arc presented to establish the

relevant reference properties, prior to treatment. The observed properties include the physical,

chemical, mineralogical and microscopic properties. These are presented in order to establish

relevant reference behaviour for the counterpart, cemented clays. For this, a large number of

tests on various treated clays were conducted with different values of initial mixing water

content, clay-water/cement ratio and curing period. The experimental programme of untreated

clays was set in accordance with that for treated clays so that a datum profile can be

established for the base clays and parametric relevance can be drawn between treated and

untreated clays. The basic chemical, mineralogical, microscopic and physical properties for

both treated and untreated clays are presented and discussed in the following sections.

4.2 Chemical Properties of Untreated Base and Cement Treated Clays

Most of the important chemical properties have been studied for both treated and untreated

clays. The soil pH value, cation exchange capacity, exchangeable cations, organic content,

loss on ignition, nitrogen and phosphorous, electrical conductivity parameters were

considered as the chemical properties in this study. The chemical properties were studied for

three base clays with different plasticity from the location in Gazipur, Gopalgonj and Khulna

districts of Bangladesh. The chemical response for three base clays were quite different. The

clays CI (PI = 47%), C2 (PI = 22%) and C3 (PI = 13%) were treated by using mixing clay-

water contents (Wi) 120%, 150%,200% and 250% and clay-water/cement ratios (we/c) 2, 4,

7.5, 10 and 15, where chemical tests were applied on the final products at different curing

times. The result of each chemical properties for the treated and untreated clays arc presented

in graphical and tabular form.

4.2.1 Soil pH Value

The pH values of the base clays was found to be 8.3, 6.6 and 7.8 for Cl clay, C2 clay and C3

clay, respectively. The neutral soil solution is expressed by numerical pH value 7. IfpH value

exists above 7, soil solution is alkaline and pH value exists below 7, soil solution is acidic in

nature. According to the criteria, CI clay and C3 clay arc alkaline in nature and C2 clay is

acidic in nature. The low pH reveals that the clay contains a significant amount of let ions.
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The comparisons of the variation for pH value with c1ay-water/ccmcnt ratio are shown in Fig.

4.1 for trcatcd clays. From Fig. 4.1, it has been found that the pH values dccreases with

increasing clay-water/cement ratio. The pH value for C I clay is higher than that of C3 clay

but the pH value for C2 clay is lower than that of C3 clay. The effect of cement content and

curing time on pH value of treated clays are shown in Fig. 4.2. The pH values increase with

increasing cement content but the pH values decrease with increasing curing time. At lower

cement content, the pH value suddenly changes. It can be seen from Fig. 4.2 that the pH value

(8.3 to 11.9) rises rapidly with increasing cement content (0 to 16%) but the rate of the rise

pH value (11.9 to 12.6) moderated with increasing cement content (16 to 60%) for typical C I

clay. This is because as possibly, due to hydrolysis of cement constituent with high metallic

oxide occur promptly at lower cement level, then pH rises rapidly and afterward reach 111

equilibrium position at higher cement level and including other reasons.

At very high cement content, the pH value approaches 12.6, which corresponds to that of

Ca(OH),. The increase of pH with an increase of cement content is due to crowding of the

Ca+' ion concentration on the clay surface, leading to changes in fabric of the cement-treated

clay (i.e., the formation of a flocculated clay-cement matrix). The similar effect of pH on

fabric changes of a elay-water-electrolyte system has been reported by Santamarina el. al.

(200 I) and Chew el. al. (2004). Furthermore, the cement content at which the pH values

moderate also agree closely with that at which the water content reduction moderates. Thus,

the trends of water content reduction and pH increase support the presence of un-reacted lime

at high cement content postulated.

Figurc 4.3 shows the effect for mixing clay-water content and type of clay on final pH value

of treated clays. It is found that the rate of pH value increases with increasing the initial

mixing water content of soil during stabilization at same clay-water/cement ratio and curing

time. It can be seen from Fig. 4.3 that for CI clay at wc/c ratio 15 (i.e. cement content 8%)

and curing time 4 weeks, with respect to base clay values, the pH values increases 26.5%,

34.9%,39.7% and 43.4% for initial mixing water contents 120%, 150%,200% and 250%

respectively.

From the Fig. 4.2, comparing the pH values for treated and untreated samples of each clays,

the pH values for treated samples arc higher than that of untreatcd samples. The treated clays

at initial mixing water content 120%, wc/c ratio 7.5 (i.e. cement content 16%) and curing time

4 wecks, with respect to base clay values, the pH valucs increases 51%, 59% and 80% for C 1

(PI = 47%) clay, C2 (PI = 22%) clay and C3 (PI = 13%) clay respectively.

4.2.2 Loss on Ignition

Effect of cement content, curing time and clay typc on loss on ignition values of the treated

clays are presented in Fig. 4.4. Thc loss on ignition of the base clays was found to be 11.38%,

4.56% and 3.94% for CI (PI = 47%) clay, C2 (PI = 22%) clay and C3 (PI = 13%) clay



133

rcspectivcly. Thc loss on ignition for CI clay is higher than that of C2 clay and C3 clay.

During chemical stabilization, loss on ignition of soil is minimizcd by chemical reactions. The

loss on ignition values decrease with increasing curing time because soil become strengthen

duc to hydration reactions. The cffect for cement content and typc of clay on loss of ignition

value of treat cd soils at initial water content, 120% and curing time, 4 weeks and 12 weeks

are shown in Fig. 4.4. From the figure, it can be seen that for cach treated clays have the

minimum loss 011 ignition at a particular cement content. The minimum loss on ignitions are

obscrved at against 28%, 18% and 22% ccmcnt contcnt for Cl clay, C2 clay and C3 clay

respectively. Afterward, loss 011 ignition increases with increasing cement content for treated

clays. For typical high plastic (CI, 1'1 = 47%) clay, thc loss on ignition (from 11.4 to 8%)

decreascs rapidly with increasing cement content (from 0 to 28%) but loss on ignition (from 8

to 9.6%) increases moderately with increasing cement content (from 28 to 60%).

4.2.3 Organic Contcnt

Thc organic contcnt of thc trcatcd and untrcated clays werc dctermined by wet oxidation

methods. The organic content contains organic matter and organic carboll. The organic

content of the treatcd and untrcatcd clays arc shown in Fig. 4.5. Organic content are 6.99%,

3.52% and 4.64% for untreatcd CI (PI = 47%) clay, C2 (PI ~ 22%) clay and C3 (1'1= 13%)

clay respectively. Relatively small amount of organic material for treatcd clays have a effect

on the strength increase. Some other accelerating agent (e.g., gypsum) has often been used

together to stabilize organic soil when cement alone is not effective (Broms, 1986). Arman

and Muhfakh (1972) also reportcd that the strength decrcascs with increasing organic matter.

Generally, the effcct of cement / lime decreases with increasing organic content.

The organic content increases with increasing plasticity of soil. The organic content for Cl

clay is greater than that of C2 clay and C3 clay. Comparing the organic content in between

untreated and treated soils, the values for treatcd soils are lower than that of untreated soils.

During chemical stabilization, organic content of soil is minimized by chemical reactions. The

organic content decreascs with increasing curing time bccausc soil become strengthen due to

hydration and pozzalonic reactions. The cffect for cement content and type of clay on organic

content of treated soils at initial water content, 1200/0and curing time, 4 and 12 weeks are

shown in Fig. 4.5. From Fig. 4.5, it can bc sccn that for each trcated clays have thc minimum

organic content at a particular cement content. The minimum organic content have been

observcd at against 12%, 10% and 11% ccment content for Cl clay, C2 clay and C3 clay

respcctively. Afterward, organic content increases with increasing cement content for treated

clays. For typical high plastic Cl (PI = 47%) clay, the organic content (from 4.5 to 1.5%)

decreascs rapidly with increasing cement content (from 0 to 8%) and organic matter (from

1.50 to 3.25%) increases moderately with increasing cement content (from 8 to 30%). This is

because as possibly, thc organic matter having organic acid and carbon-oxalic acid react with
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metallic oxide effcctively, results reduces organic matter and afterward reach in cquilibrium

position.

4.2.4 Electrical Conductivity

Thc electrical conductivity (EC) of the base clays were detcrmined to bc 0.23 ds/m, 0.92 ds/m

and 0.78 dshil for CI (PI = 47%) clay, C2 (PI = 22%) clay and C3 (PI = 13%) clay

rcspeetively with signifying that the clays arc non-saline in nature because the EC values up

to 2 ds/m (desicemal/metcr), the soils are called non-salinity. The range of values indicates

that the pore water contains a low amount of soluble cations. The salinity of clay is measured

by the clectrical conductivity test. Kamaluddin (1995) reported that the electrical conductivity

value was 2.29 ds/m for untreated Bangkok clay (PI = 60%). It is indicated that the Bangkok

clay has salinity problems.

Thc cffect for cemcnt content, curing time and type of clay on c1ectrical conductivity of

treatcd soils at initial water content, 120% and curing time, 4 and 12 weeks are shown in Fig.

4.6. It is found that the electrical conductivity (EC) of soil is increased by reactions with

increasing cement content (decreasing clay-water/cement ratio). For typical high plastic CI

(PI = 47%) clay, the EC (from 0.23 to 7.56 ds/m) increases rapidly with increasing cement

content (from 0 to 16%) and EC (from 7.56 to 9.38 ds/m) increases moderately with

increasing cement content (from 16 to 30%). It can be inferred that thc flocculation of cement

treated particles changes the EC values, because EC values indicate the salinity of c1ay-

cement slurries. Salt concentration is one of reason of flocculated type structures and

including other reasons. The EC values increases with increasing curing time because

chemical reactions proceed on and flocculated structures are increased. The degree of

flocculation of a clay deposit depends upon the type and concentration of clay particles,

amount of cement and the presence of salts in water. The amount of salts in clay act as an

electrolyte and reduces the repulsive forces between the particles (Arora, 2000). It is also

evident that EC values increases with increasing plasticity of soil.

4.2.5 Cation Exchange Capacity

The cation exchange capacity (CEC) of base clays were found to be 26 meq/l OOg, 23

meq/lOOg and 18 meq/IOOg for CI (1'1= 47%) clay, C2 (1'1= 22%) clay and C3 (PI = 13%)

clay, respectively. This means that CI clay tcnds to absorb cations and it's 16.7 numbers of

chemical equivalents per hundred grams of oven dry soil. CEC is the sum of the exchangeable

cations that a mineral can absorb at a specific pH, i.e., a measurement of the negative charges

carried by the mineral. Kamaluddin, (1995) reported that the cation exchange capacity (CEC)

of the Bangkok clay (PI = 60%) was found to bc 28.2 meq/1 OOgwhile Chew et. al. (2004)

reported that the cation exchange capacity (CEC) of the Singapore clay (PI = 52%) was found

to be 33.3 meq/l OOg.
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Effcct of CEC on ccmcnt contcnt, curing timc and typc of clay is shown in Fig. 4.7 at initial

watcr content 120%, wclc ratio of 7.5 (i.c. ccment content 16%) and curing time of 4 weeks

and 12 weeks. From Fig. 4.7 it is clcar that thc ratc of cation cxchangc capacities increases

with incrcasing cemcnt content. For typical high plastic CI (PI ~ 47%) clay at 4 wccks, the

CEC (from 26 to 41 mcq/1 OOgm) increases rapidly with increasing cemcnt content (from 0 to

16%) and CEC (from 41 to 48 meq/lOOgm) incrcases modcrately with increasing cement

contcnt (from 16 to 30%). It can bc inferrcd that thc hydrolysis, hydration, pozzolanic

reactions arc rcsponsiblc for changing thc CEC values of c1ay-ccmcnt slurries. Thus Clay-

watcr-clectrolyte systcm changcs CEC values of clay fabric and including others changes.

The cation cxchangc capacity (CEC) also increases with increasing curing time. Fig. 4.7 also

shows that the cation cxchange capacity at 12 weeks for C 1 clay (highest mcasured 57

mcq/1 OOgm) is higher than that of C3 clay (highest measured 50 meq/1 OOgm) while the

cation exchange capacity for C2 clay (highcst measured 45 meq/1 OOgm) is lower than that of

C3 clay and subsequently, Cl clay gains more strength than that of C3 clay while C3 clay

gains more strength than that of C2 clay (which has been found from unconfined compression

test as prcsentcd in thc next chapter). So it is evident that cation exchange capacity increases

with increasing plasticity of soil.

4.2.6 Exchangeable Cations

Cation exchange capacity is the sum of the exchangeable cations which means the clay tends

to absorb cations. Thc clays will absorb cations andlor anions that neutralize the layer charge,

but which are exchangeable. This mcans that it can bc rcadily rcplaced by anothcr anion or

cation whcn brought into contact with thcsc ions in aqucous solution. Thc cation cxchangc

capacity and cxchangcable cations arc varicd on thc type clays. During the chemical

stabilization, the cation cxchange capacity and exchangeablc cations of base are continuously

changed. Thc exchangeable cations of the untreated base clays and cement treated clays are

summarized in Table 4.1.

The effcct for cement content, curing time and type of clay on exchangeable cation (Ca'+) of

treated soils at mixing water content (w;) of 120% is shown in Fig. 4.8. It has been found that

Ca2+ ion increases with increasing turing time. There' is a consistent of results, reported by
Rao and Rajashekaran (1996). It seems to suggest for exchangcable cation, Ca'+ from thc

figurc that a certain percentagc of cement (say more than 4%) is required to complete the

hydration as well as pozzolanic reaction between cement and clay particlcs. Fig. 4.8 shows

that thc Ca'+ ion for C 1 clay is higher than that of C3 clay while the Ca'+ ion for C2 clay is

lower than that of C3 clay. For typical high plastic (CI, PI = 47%) clay at 4 weeks, the Ca'+

ion (from 17 to 32 meq/1 OOgm) increascs rapidly with increasing cement content (from 0 to

16%) and Ca'+ ion (from 32 to 34 meq/l00gm) increases moderately with increasing cement

content (from 16 to 30%). Table 4.1 shows the following variations:
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o exchangeablc cations Mg2+ increascs with increasing plasticity index.

o exchangeable cations Na +and K+decreases with increasing plasticity index.

• exchangeable cations Ca2
+, Na+ and K+ increases with increasing cement content.

o exchangeable cation Mg'+ decreases with increasing cement content.

From the Table 4.1, comparing the exchangeable cations for treated and untreated samples of

each clays, it can be observed that the cation exchange capacities for treated samples are

highcr than that of untreated samples. For treated clays, exchangeable cations increase with

increasing curing time. It can be inferred that the rapidly rising the pH values indicate the

crowding of Ca'+ ion concentration and the formation of flocculated clay-cement matrix on

the clay surface. The exchangeable cations that a mineral can absorb at a specific pH value,

i.e., a measurement of the negative charges carried by the mineral. As increasing cement

content, the pH value approaches 12.6, which corresponds to that of Ca(OH),. The increase of

pH with an increase of cement content is due to crowding of the Ca+' ion concentration on the

clay surface, leading to changes in fabric of the cement-treated clay (i.e., the formation of a

flocculated clay-cement matrix). The flocculated nature of the fabric has been attributed to the

cation exchange process, which results in Ca2
+ ions replacing Mg2

+, K+ and Na+ cations

(Locate et aI., 1990; Shen, 1998). The adsorption of Ca'+ ions onto the mineral particle

surface leads to a decrease in repulsion between successive diffused double layers and results

in more edge-to-face contacts between successive mineral sheets. Thus, clay particles

flocculatc into larger size clusters, which has been confirmed in SEM images in the next

scction. As the silicates and aluminates from thc mineral component go into solution, they

react with the adsorbed Ca'+ ions on thc mineral particle surface and form CSH (Calcium

silicatc hydrate) and CASH (Calcium aluminium silicate hydrate), which induces cementation

of the flocculated clay particles and forms clay-cement clusters, which has been confirmed in

X-ray diffraction in the next section. Similar to that reported by Rao and Rajasekaran (1996),

Kamruzzaman (2002) and Chcw et al. (2004).

4.2.7 Nitrogen and Phosphorus

Due to chemical stabilization, the nitrogen and phosphorus in soil are also changed. The

nitrogen and phosphorus of the treated and untreated clays are summarized in Table 4.2: The

nitrogen of the base clays were found to bc 0.037%, 0.027% and 0.024% for Cl (PI ~ 47%)

clay, C2 (PI ~ 22%) clay and C3 (PI ~ 13%) clay respectively. The phosphorus of the base

clays were found to be 4.62 micro gm/gm, 6.23 micro gm/gm and 7.74 micro gm/gm for Cl

clay, C2 clay and C3 clay respectively. The nitrogen for C I clay is higher than that of C2 and

C3 clay but the phosphorus for C I clay is lower than that of C2 and C3 clay. The nitrogen and

phosphorus are both increased with increasing cement content. The nitrogen increased with

increasing curing time, while the phosphorus decreased with increasing curing time. As the

pi-I values of treated samples are increased, the phosphorus are also increased. The amount of

nitrogen and phosphorus in soil have no role on strength and deformation function but have
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remarkable role on soil fertilization function. So, the effects of cement stabilization on

environmcntal position of treatcd soils arc explaincd hcre by the amount of nitrogen and

phosphorus.

4.2.8 Chemical Effect for Potential Acidity or Buffering Capacity

Kamaluddin (1995) rcported that the clays, which have high in organic content ("= 6%) having

a large reserve of potential acidity or buffering capacity. Buffering capacity was defined as

the capacity of the soil to release exchangeable H+ into the soil solution to restore the

equilibrium pH and due to which there is no soil reaction until the reserve H+ is exhausted.

The chemical tests" results show that prior to cement treatment, the base clay already contains

a moderate amount of calcium cations, both in the adsorbed state and dissolved state in the

pore water. Secondly, another important property which has a significant bad influence on the

effectiveness of cement treatment should be markcd as the high organic content of the soil.

Low pH value of the soil results in high degree of acidity. Thus, it shows that the clay has got

high buffering capacity, i.e., it bears a large reserve of potential acidity. So, a relatively large

amount of cement is needed to first exhaust the reserve acidity, and thereafter, to raise the pH

value to the desired value at which the cement-clay reactions arc enhanced.

The modification of the clay particles is brought about by the dissolution of the silicates and

aluminates originating from the clay particles themselves and the amorphous components in

the high pH environment, caused by the highly reactive Ca(OH),. The material thus dissolved

is associated with calcium ions, producing additional cementing matter which, in turn,

connect with adjacent clay particlcs. The ideal conditions for cement-clay reactions arise at

high pH (pH> J 2), at which the solubility of soil pozzolans (Silicates and aluminates) is high.

Thus it can be inferred that for the soft Bangladesh clay which was used as base clay, a large

portion of the cement used was needed mainly for the above mentioned purpose, i.e., to first

exhaust the large reserve of potential acidity of the soil since the soil, in its equilibrium or

intact state, already possessed a moderate amount of calcium. After neutralization of the

reserve acidity, the balance cement is used up to raise the pH value in order to bring about the

clay-cement interactions. The base clay C2 has got high buffering capacity, i.e., it bears a

large reserve of potential acidity, which has been confirmed in pH value determination in the

previous section.

4.2.9 Summary for Effect of Cement Treatment on Chemical Properties

Concluding remarks of each ehcmical properties are summarized in Table 4.3. The effect for

each variable on chemical properties arc listed in a tabular form. From Table 4.3, one can

easily observe the final effects of chemical properties for each variable during cement

stabilization of clays at high water content.
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4.3 Mineralogical Properties of Untreated Base and Cement Treated Clays

The clay minerals contained in the cohesive soil demonstrate physicochemical interactions

with hardening agents to affect properties of the treated soil and it is important to study the

relations with mineral compositions of cohesive soils. The basic mineralogical properties of

the treated and untreated clays arc summarized in Tables 4.4 and 4.5 for understanding the

effect of ecment, clay type and curing time. Diffraction patterns were obtained with X-ray

diffractometer using Cu Ka radiation, Fe-filter, and fixed scanning speed per minute. The

clay mincral constituents of the base clay werc identified as lIIite, Montmorillonite and

Kaolinite and expressed as pcreentages of the total amount of clay minerals in the soil. A silt

fraction was identified to contain in the base clay. The silt fraction was found to contain

mainly quartz and a smaller fraction of feldspar. Calcium silicate hydrate (CSI-I) and calcium

aluminum silicate hydrate (CASH) were identified to contain in the treated clays.

Mineralogical analysis of X-ray diffraction pattern of untrcated clay was carried out based on

the characteristic Bragg angle given by Brown (1961) and Mitchell (1992). For treated clay,

the Bragg data were taken from the standard Powder Diffraction File (JCPDS 1995). Figures

4.9(a) and 4.9(b) show the XRD pattern of untreated soils for C3 clay and CI clay

respectively. As shown in Fig. 4.9, illite, Montmorillonite, quartz, and kaolinite are clearly

indicated for the untreated Bangladesh clays. In untreatcd clays reveal several peaks, which

indicates the presence of illite (at 4.46, 3.19, 2.88, 2.16 and 2.04 A), montmorillonite (at 3.53,

2.55 and 2.25 A), quartz (at 4.28, 3.34 and 1.82 A), and kaolinite (at 7.07, 2.45 and 2.28 A).

Of these, illite is the predominant mineral as shown in Table 4.4. This is consistent with the

measured activity, A of 0.64, 0.35 and 0.23 and cation cxehange capacity (CEC) of 32.2

meql100 gm, 28.1 meql100 gm and 16.7 meq/l00 gm for CI (PI = 47%) clay, C2 (PI = 22%)

clay and C3 (PI = 13%) clay respectively. Mitchell's (1993) reported that both parameters fall

within range of activity of 0.20 - 1.0 and cation exchange capacity of 10 - 40 meql1 00 gm for

illite.

The effects of cement content arc explained in Figs. 4.10, 4.11 and 4.12 up to 4 weeks curing

time and addition with the effcct of curing is explained in Fig. 4.13 up to 12 weeks curing

time. As shown in Figs. 4.1O(a) and 4.1O(b), corresponding measurements with 16% eement-

treated clays for C3 clay and CI clay respeetivcly and Figs. 4.II(a) and 4.II(b),

corresponding measurements with 30% cement-treated C3 clay and C1 clay respectively. And

the Figs. 4.12(a) and 4.12(b), corresponding measurements. with 60% cement-treated C3 clay

and CI clay respectively. The Fig. 4.13, corresponding measurements with 30% eement-

treatcd C I clay only up to 12 wceks curing time. In these Figures, the cement content is

defined as the ratio of thc mass of cement to the mass of soil solid. In cement-treated clays

reveal several new peaks, which indieatcs the presence of calcium silicate hydratc (CSH) (at

3.85,3.61, 3.19, 3.04, 2.12, 1.87 and 1.59 A) and calcium aluminum silicate hydrate (CASH)

(at 5.0 1,3.28,2.73,2.45, 1.99 and 1.67 A). Figure 4.14 shows the amounts of constituents in



139

the soil samples which were determined using the semi quantitative procedure suggested by

Pierce and Siegel (1969). The mass of CSH and CASH was normalized by the mass of the

treated soil solid; this quantity is hereafter termed the cementations product content. As Fig.

4.14 shows, although the cementations product content increases approximately linearly at

higher cement content but nonlinear line at lower cement content and pass through the origin.

This suggests that, at cement content up to 20%, the rate of increase in CSH and CASH

content is higher. It should be mentioned that there is some uncertainty in the accuracy of the

scmi quantitative procedure. Nonethelcss, the consistcncy in the trend of thc nine samples is

significant and suggests that thc cause may be deterministic. The change in composition of

the clay can be seen from Table 4.4 and Table 4.5, which show the mass of the various

constitucnts of improvcd soil after 4 weeks and 12 weeks of curing time respectively. The

initial mass of soil solid in each samplc is 100 g. As Table 4.4 shows, kaolinite appears to

havc vanished in all eight of thc cement-treated soil specimens. This suggests that kaolinite is

rapidly exhausted by the pozzolanic reaction and is consistent with the highly pozzolanic

behaviour of kaolinite (see, e.g., Eades and Grim 1960). It is also consistent with the rapid

increase in ccmentitious product (CSH + CASH) at low cement content. For typical high

plastic (CI, PI = 47%) clay, the cementitious product (from O.to 52% by wt.) increases rapidly

with increasing cement content (from 0 to 30%) and cementitious product (from 52% to 82%

by Wl.) increases moderately with increasing cement content (from 30 to 60%) as shown Fig.

4.14. From Table 4.4, the cementitious product for C 1 clay is higher than that of C3 clay

while the cementitious product for C2 tlay is lower than that ofC3 clay.

At low cement content, cementitious products are formed by the hydration and pozzolanic

reaction with the latter using up the kaolinite. At higher cement content, exhaustion of the

kaolinite leads to completion of the pozzolanic reaction and additional cementitious products

are formed only by the hydration reaction (Kamruzzaman, 2002). There is always a

substantial amount of isomorphous substitution of silicon of by aluminium in silica sheet.

Consequently, the mineral has a larger negative charge that in montmorillonite. The link

between different structural units is through non exchangeable potassium (K+) and not

through water. This bonds for thc units are more firmly than in montmorillonite. The lattice of

little is stronger than that of montmorillonite, and is, therefore, less susceptible to Cleavage.

Illite swells less than montmorillonite. However, swelling for both more than in kaolinite. The

space between different structural units is much smaller than that in montmorillonite, as the

potassium ions just fit in between the silica sheet surfaces. The properties of the mineral illite

are somewhat intermediate between that of kaolinite and montmorillonte. The bond between

the non-exchangeable K+ ions, though stronger than that in montmorillonite is considerably

weaker than bond of kaolinite. The swelling of illite is more than that of kaolinte, but less

than that of montmorillonite (Arora, 2000).
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From Table 4.4, it can bc secn that the amount of illitc and quartz showed consistent trend

with change in cement content and plasticity of soil. Illite decreases and quartz increases with

an increase in cement content but illite and quartz decrease with a increase in plasticity of

soil. The amount of CSH and CASH content increases with decrease in plasticity of soil. The

amount of montmorillonite, on the other hand, also show the consistent trend of reduction

with an increase in cement content. From Table 4.5, it can be seen that Illite and

montmorillonite decreases and quartz increases with an increase in curing time. The amount

of CSH and CASH products increase with increasing in curing time. This suggests that the

illite and montmorillonite are less involved in the pozzolanic reaction than kaolinite, which is

consistent with the findings reported by Porbaha et al. (2000). On the other hand, Eades and

Grim (1960) reported that both pure kaolinite and pure illite undergo pozzolanie reaction with

lime although illite appears to require a higher lime content to initiate the pozzolanie reaction

but Chew et al. (2004) reported for marine clay that different minerals kaolinite and illite

undergo pozzolanic reaction with cement. At the present research, it is found for Bangladesh

clays that different minerals kaolinite, montmorillonite, and illite undergo pozzolanic reaction

with cement.

There are, however, two important differences between Eades and Grim's (1960) research and

the present research. Firstly, Eades and Grim (1960) used lime as the reactant where as the

present research uses cement. In soil-cement mixes, lime is not present initially, but is instead,

produced by hydration reaction of the cement. Secondly, Eades and Grim's (1960) study was

on pure clay mineral, whereas the Bangladesh clays used in the present research comprises

several different minerals. There are, more or less, similarity between Chew et al. (2004)

research and the present research, but only one difference that montmorillonite mineral has

been found in this study.

4.4 Miero-stmetural Properties of Untreated Base and Cement Treated Clays

Scanning Electro Micrograph (SEM) analysis was carried out in order to understand the

bridging (cementation) effect and to indicate the probable weak / failure zone in the cement

treated clay matrix. The drying method was used to sample preparation, prior to SEM analysis

in order to minimize the disturbance of the microstructure for soil. Details of the. sample

preparation techniques have been reported in the last Chapter 3.

Figures 4.15(a) and 4.15(b) show SEM images of untreated for CI (PI = 47%) clay and C3

(PI = 13%) clay respectively. As shown in these figures, untreated clays exhibits a fairly open

type of microstructure, with the platy clay particles assembled in a dispersed arrangement.

However, the micrograph of 16% cement treated clays at curing 4 weeks, shown in Figs.

4.16(a) and 4.16(b) for C1 clay and C3 clay, respectively, results in an open structure, with

some sign of reticulation. As the cement content increases to 30% at curing age of 4 weeks,

the nocculated nature of the structure becomes more evident, with clay particle clusters
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interspcrsed by largc openings as can bc seen from Fig. 4.17. At the same timc, the platiness

of thc structure becomcs less evidcnt and degrcc of rcticulation appcars to increase. As the

ccmcnt contcnt highest incrcases up to 30% at curing 4 wceks (Fig. 4.17), the flocculated

naturc of the structure becomes most evident, with clay particle clusters interspersed by large

openings. The increase in the degrcc of rcticulation and formation of clay ccment clusters is

duc to thc formation of cementitious products, caleium silicate hydrate (CSH)/calcium

aluminum silicatc hydratc (CASH). The increase in the dcgrce of rcticulation can be attributed

to an incrcasc in the amount ofCSH, which is rcticular in naturc (c.g., Locatc et al. 1990). As

a similar significant improvcmcnt rcsult was obscrved and rcportcd by Kamruzzaman et al.

(2004). Thc formation of cementitious products (CSH -\-CASH) is also confirmed from the x-
ray Diffraction (XRD) analysis in the present research. Similar results were also reported by

Chew et al. (2004).

The effcct of curing time on the formation of cementitious products can also be explained by

the SEM images. The clay cement clusters arc formed for 16% cement trcated clays with in

thc period of 12 week curing as can bc scen from Fig. 4.18. As the curing time increases

through 4 to 12 wccks, thc flocculated nature of the structurc bccomes more evident, with the

formation of clay cement clusters. At the same time, the platiness of the structure becomes

less evident and degrec of reticulation appears to increase. The micrograph of 30% cement

treated clays cured at 12 weeks as shown in Fig. 4.19 appears to be different from the 16%

cemcnt treated clays samples curcd up to 4 weeks (Fig. 4.16). As can be seen from Figs. 4.19,

the clay-cement clusters arc appearcd to be platy in naturc and at same timc the clusters are

interspersed by large openings. This is attributcd to thc fact that at prolonged curing periods

(" I year). Significant portion of Ca'+ ions diffuses within the cement treated clays matrix to

permit the pozzolanic reaction, similar to that rcported by Kamruzzaman ct al. (2004) and

Chew et al. (2004). For lime treated clay, Locate ct al. (1990) suggested that CASH appears to

be platy and CSH is reticular in nature. Thus, it seems that at prolonged curing time (" 1 year)

the bchaviour of cement treated clay is mainly governed by the platy nature of cementitious

product, which is believed to the calcium aluminum silicate hydrate (CASH). The presence of

platy and reticular cementitious products in the clay cement matrix is the main cause for the

development of long-term strength. This is consistent with the results of the XRD 'analysis

discussed above, as well as with SEM results for lime-tf"eated clay (Locate et aI., 1990;

Berube et aI., 1990; Rao and Rajasckaran 1996). The floeeulatcd nature of the fabric has been

attributed to the cation exchange process, which results in Ca2+ ions replacing K+ cations

(Locate et al. 1990; Shen 1998). The adsorption of Ca'+ ions onto the illite and

montmorillonite particle surface leads to a decrease in repulsion between successive diffused

double layers and results in more edge-to-faee contacts between successive illite and

montmorillonite sheets. Thus, clay particles flocculate into larger size clusters. As the silicates

and aluminates from the kaolinite go into solution, they react with the adsorbed Ca
2
+ ions on

the illite and montmorillonite particle surface and form CSH and CASH, which induces
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ccmentation of the flocculated clay particles and forms clay-cement c1ustcrs, similar to that

reported by Kamruzzaman et al. (2004) and Chew et al. (2004). Thus, the overall effect in one

of rcmoval of kaolinite material from thc clay matrix and addition of eementitious material

between flocculated particles. The dissolution of kaolinite and the flocculation process both

result in a more open clay structure, with cement-clay clusters interspersed by large voids.

4.5 l'hysieall'roperties of Untreated Base and Cement Treated Clays

4.5.1 Colour

The basc clays uscd in this study were retrieved from depths of 2.0 m to 3.0 m. The narrow

range of sampling depth was adopted to obtain each samples with similar initial properties

and history and is expected to have the same initial structure, water content and index

properties. The clays used in this study were undisturbed and fairly homogeneous, and

various in colour. The colour is varied from location to location, depth to depth, soil to soil

and indicator to indicator. The observed colour of base clays were grayish brown for C1 (PI =

47%) clay, brown for C2 (PI = 22%) clay and yellowish brown for C3 (PI = 13%) clay. At

time of treatment, the colour of base clays were changed by chemical reaction with deep gray

coloured cement. The observed colour of treated clays were grayish light brown for CI clay,

light brown for C2 clay and light yellowish brown for C3 clay. The gray colour cement

converted to the colour of each untreated clays to light in position.

4.5.2 Grain Size Distribution and Surface Area Distribution

The basic physical properties of the clays can be explained by grain size and surface area

distribution. The percentage sand, silt and clay of base clays were determined by hydrometer

analysis. The percent of clay, silt and sand are shown in Table 4.6. In this table, the percent of

clays were 73%, 41% and 32%, thc percent of silts wcre 23%, 51% and 58%, and the percent

of sands were 4%, 8% and 10%, for C I (PI = 47%) clay, C2 (PI = 22%) clay and C3 (PI =
13%) clay respectively. Fig. 4.20 presents cxpresses a comparison of the grain size

distribution curves for three base clays.

The basic engineering tests on cement treated clay samples comprised basically the same tests

carried out on untreated samples, except the determination of grain size distribution: The

changes in grain size distribution due to cement treatment were rather difficult to determine

accurately. The usual hydrometer method could not be expected to render a true picture for

the cement treated clays as reported by Kamaluddin (\995). The grain size distribution

concept is converted to specific surface area distribution concept. The lowest the grain size,

the highest the specific surface area and vice versa are presented as shown in Fig. 4.21. From

Fig. 4.21, it has been found that specific surface area increases with increasing plasticity

index (i.e. increasing clay content) of soils.
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4.5.3 Water Content

The clays uscd in this study wcre undisturbcd and disturbcd samplcs. Thc in-situ watcr

contcnts wcrc dctcrmined from undisturbed samplcs as possiblc as carly after sampling. The

water content is varied from season to season, location to location, depth to depth and soil to

soil. In this study, the water content is defined as the ratio of weight of water to the weight of

total dry solids, which consists of soil and cement solids, and is determined by heating the soil

in an oven at temperature of 105°C for 24 hours. The in-situ water content of base clays are

shown in Table 4.6. The water contcnt of treated and untreated clays were measured during

unconfined compression and triaxial tcsts. The natural water content of base clays were 70%,

62% and 53% for CI clay, C2 clay and C3 clay respectively. A't time of treatment, the initial

mixing water content of base clays were changed by chemical reaction with cement. The final

water contents (wr) of treated clays have bccn found to depend on applied initial water (Wi),

clay-water/cement ratio (wc/c ratio) i.e. ccment content (c) and curing time. The water content

of treated clays are shown in Tables 4.7, 4.8 and 4.9 for CI (PI = 47%) clay, C2 (PI = 22%)

clay and C3 (PI = 13%) clay, respectively.

The effect of clay-water/cement ratio and curing time on water content is shown in Figs.

4.22(a) and 4.22(b) for C I clay and C2 clay, rcspectively. From Fig. 4.22, it can be seen that

water content increases with increasing clay-water/cement ratio (i.e., decreasing cement

content) and incrcasing curing timc at particular curing time for all clays.

The effect of cemcnt content, type of clay and curing timc on final water contcnt of treated

clays arc shown in Fig. 4.23. In this figurc, the immediatc rcduction of thc water content from

that of thc slurry clay is due to the addition of dry cement, so it should therefore be regarded

as the initial watcr content. As the cement content increases, the water content of the

improved soil decreases but the relative differences in the changes in the water content are not

proportional to the differcnccs in the amount of cemcnt additive used. Fig. 4.23 shows the

relations bctween water content and cement content of the sample before treatment, water

content of samplc aftcr treatment. Ccment contcnt up to 16% refcrs to Part A (Fig. 4.23a)

which corresponds to sharp rcduction of water contcnt (17%, 26% and 37% for CI clay, C2

clay and C3 clay respectivcly), whereas Part B (from 16% up to 60% cement) experiences

reduction of only 16%, 13% and 24% for C I clay, C2 clay and C3 clay rcspectivcly.

Moreover, it can be seen that this reduction process of water content continues until it reaches

a higher mixing ratio of cement, whcre it rcaches an asymptotic value of water content. It is

also evidcnt that the rcduction process ceascs bcyond 30% to 35% of cement content leaving

the water content ofthc trcatcd clay almost constant therealler. The immediate dccrease in the

water content after mixing was recorded from 80/0 to 600/0 cement for various clays (Fig.

4.23). Chcw et al. (2004) rcportcd that thc similar behaviour for reduction of water at 28 days,

7 days and immediate after mixing of initial water, 120% with different cement content.

Bergado et al. (2003), Miura ct al. (2001) and Kamaluddin (1995) found that the same
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consistcnt of results for the effect of cement and curing time on water content of treated clays.

According to the relationship suggested by Broms et al. (1980), for limc trcated clay, thc

rcduction in watcr content (t.wc) is as follows:

L1W ,
(w" + 32).X
(100 + X)

Whcrc X is the lime added as a percentage of the weight of the base clay, and We is the

original natural watcr content, in percentage.

The above expression leads to an underestimation for the cement treated clay at low water

content. The alternate relationship at low water content (1% decrease in water content per 1%

of hardening agent) proposed by Broms et aI., (1980) gave reasonable value for cement

content up to 7.5%, and beyond 7.5%, it overestimatcs thc percentage of the water content

that is reduced. All the 4-week watcr contcnts show a vcry rapid decrease at eemcnt content

of less than 16%, which then moderated substantially at higher cement contents (Fig. 4.23).

Furthermore, the vertical offset betwecn the three curves increases at low cement content, but

stabilizes to a roughly constant vertical offset at higher cement content. Both these

observations are consistent with the earlier-proposed notion that, the extent of hydration and

pozzolanic reaction still increases with the cement content, and water is utilized in both

reactions. At higher cement content, the exhaustion of the kaolinite further inhibits pozzolanic

reaction, leaving only the hydration reaction. Thus, the increase in water usage moderated at

higher cement contents. Moreover, since the their individual reaction activities.

The variation of final watcr with mixing water content relationships in Fig. 4.24 arc

approximately linear at clay-water/cement ratio, 7.5 for all treated clays.

The comparison of the variation for water content with clay-water/cement ratio and curing

time are shown in Figs. 4.25 and 4.26 respectively for all clays. From these figures, the effect

for plasticity of clay, curing time and clay-water/cement ratio on final water content of treated

clays are clearly observed. The slope of curve for increase of water content with increasing

clay-water/cement ratio and curing time for C3 clay is greater than that of C2 and Cl clays.

During soil stabilization at clay-water/cement ratio and curing time, the loss of watc'r for C2

clay is more than that of C I clay but thc loss of water for C3 clay is morc than that of C2 clay

i.e. the more water holding capacity, the more plasticity of soil. The curing time effect on the

treated samples is illustrated in Fig. 4.26. It can be seen that the water content of cement

treated clay decreases with curing time up to 12 weeks curing time for Part A (e.g., 24%, 29%

and 44% for CI clay, C2 clay and C3 clay respectively). Lower reduction of water content (c.

g., 4%, 3% and 6% for CI clay, C2 clay and C3 clay rcspectivcly) occurs in Part B (from 12

wecks up to 24 weeks), thcreafter the rcduction process slows down. Fig. 4.26 shows that

much of the decrease in watcr content takes place within the first one week of curing. This is

not surprising since water is absorbcd and transformed into hydrated CSH, CAB and CASH
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during the hydration and pozzolanic reactions, and will not be expelled by reheating the

eementitious products to 105°C. This notion has been readily verified by conducting simple

experiment with an amount of cement. Since both the hydration and pozzolanic reactions

involve cement, the total amount of immediate water loss is proportional to the relative

amount of cement as shown in Fig. 4.23. Water content continues to decrease for longer

curing time, which can be attributed to the fact that the formation of the primary and

secondary cementitious materials proceeds slowly and continuously, which are confirmed by

X-ray diffraction analysis and SEM development images in this study. Similar results were

reported by Kamruzzaman et al. (2004) and Chew et al. (2004). The formation of hydrated gel

and pozzolanic reaction continue last for months, even years and the water loss also continue.

4.5.4 Unit Weight

The basic physical properties of the clays can be also explained by the wet unit weight and

dry unit weight. The unit weights of treated and untreated clays are measured during

unconfined compression and triaxial compression tests. The values of wet unit weight and dry

unit weight of base clays have already been presented in Table 4.6. The dry unit weight of

base clays are 8.85 kN/m', 9.05 kN/m' and 9.44 kN/m' for C! (PI = 47%) clay, C2 (PI =
22%) clay and C3 (PI = 13%) clay, respectively. From this analysis, it can be remarked that

the dry unit weight increases with decreasing plasticity of soil.

The dry unit weight of treated clays arc shown in Tables 4.7, 4.8 and 4.9 for Cl clay, C2 clay

and C3 clay, respectively. It can be seen that dry unit weight for treated samples are lower

than that of untreated samples. It is also evident from the data presented in Tables 4.7, 4.8 and

4.9 that dry unit weight decreases with increasing mixing water content of soil during

chemical stabilization at same clay-water/cement ratio and curing time. The rate of decrease

for dry unit weight for C3 clay is lower than that ofC2 clay. The rate of decrease for dry unit

weight for C2 clay is lower than that ofC! clay.

Effect of dry unit weight on clay-water/cement ratio at different curing time are shown in Fig.

4.27(a) and 4.27(b) for CI clay and C3 clay, respectively. From the figures, it has been found

that dry unit weight increases with decreasing c1ay-water/ cement ratios (i.e. increasing

cement content) at a particular curing time. The innucncc of curing time is also illustrated in

the Fig. 4.27 which shows that at a particular wc/c ration, the longer curing time produces

treated clay of higher unit weight. Bergado et al. (2003), Miura et al. (2001) and Kamaluddin

(1995) also found similar results for the effect of cement and curing time on unit weight of

cement treated clays.

The variation of dry unit weight with initial mlxmg water content at different elay-

water/cement ratio are shown in Figs. 4.28(a) and 4.28(b) for C2 clay and C3 clay

respectively. From the figures, it can be seen that dry unit weight decreases with increasing
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mixing water content at particular clay-water/cement ratio for all clay because more mixing

water contont occupied more pore voluille.

4.5.5 Specific Gravity

The basic physical properties of the clays can also be explained by specific gravity. The

specific gravity values of base clays are shown in Table 4.6 which shows that the values of

specific gravity are 2.680, 2.673 and 2.668 for C I (PI = 47%) clay, C2 (PI = 22%) clay and

C3 (PI = 13%) clay, respcctivcly. It can be sccn that the specific gravity decreases with

decreasing plasticity of soil for untreated clays.

Tables 4.7, 4.8 and 4.9 summarizc the changes incurred in the values of specific gravity due

to cement stabilization for C I clay, C2 clay and C3 clay respectively. Cement causes

significant reduction in specific gravity and this change is dependent 011 cement content and

curing time. From Tables, comparing the specific gravity for treated and untreated samples of

each clays, the specific gravity for treated samples are lower than that of untreated samples.

The rate of decrease for specific gravity of treated clays at high water content, for C3 clay is

higher than that of C2 clay. The rate of dccrease for specific gravity for C2 clay is higher than

that of C I clay. It is clear that the rate of decrease for specific gravity decreases with

increasing initial mixing water content of soil during soil stabilization at same clay-

water/cement ratio and curing time because at high water content, treated clays hold a large

fabric that is an arrangement of particles, particle group and pore spaces in the soil as well as

cementation. A cluster is a grouping of particles or aggregates into large fabric units and a

fabric composed of grouping of clusters (M itchell, 1993).

Effect of clay-water/cement ratio and curing time on specific gravity is shown in Figs. 4.29(a)

and 4.29(b) for CI clay and C3 clay, respectively. From the figures, it is observed that

spccific gravity increases with increasing clay-water/cement ratios (i.e. decreasing cement

content) at paJ1icuiar curing time. Fig. 4.29 also shows that specific gravity decreases with

increasing curing times at particular clay-water/cement ratio.

The variation of spccific gravity with initial mixing water content at different c1ay-

water/cement ratio arc shown in Figs. 4.30(a) and 4.30(b) for C2 clay and C3 clay,

respectively. It can bc observed from Fig. 4.30 that specific gravity increases with increasing

initial mixing water content at particular clay-water/cement ratio. Cementation causes

significant reduction in specific gravity and this change is dependent on type of clay, cement

content and curing time. It has been found from present study that the influence of the curing

time on the specific gravity is not significant. At the early period of curing, significant

influence of cement content on specific gravity has been observed. Longer curing period has

got in significant effect on specific gravity. Bergado et al. (2003), Miura et al. (2001) and
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Kamaluddin (1995) found that the same consistent of results for thc effect of cement and

curing time on specific gravity of treated clays.

4.5.6 Atterberg Limits

The basic physical properties of the clays can easily be explained by Atterberg limits. The

Atterberg limits of base clays are shown in Table 4.6. In this table, plasticity indices are 47%,

22% and 13% for C 1 clay, C2 clay and C3 clay respectively. Activity of clays depend on

plasticity index and clay content, which is defined as the ratio of plasticity index and clay

content. The activity of clays are 0.64, 0.35 and 0.23 for C1 clay, C2 clay and C3 clay

respectively. It can be seen that the activity of clays decreases with decreasing plasticity of

soil.

The effect of cemcnt content and curing time on Atterberg limits are shown in Figs. 4.31 (a)

and 4.31(b) for C2 clay and C3 clay, respectively. From the Figs. 4.31, comparing the

Atterberg limits for treated and untreated samples of each clays, the Atterberg limits for

treated samples at high water content are higher than that of untrcated samples. But at higher

cement content for treated samples, the plastic limit are higher than that of untreated samples

but the plasticity index are lower than that of untreated samples. The plastic limit increases

with increasing cement content and the plasticity index decreases with increasing cement

content.

From Fig. 4.31, it has been observed that liquid limit and plasticity index decrease with

increasing curing time and increasing coment content (i.e. decreasing clay-water/cement ratio)

but plastic limits increase with increasing curing timo and increasing cement content (i.e.

decreasing clay-water/cement ratio). Thc samples with curing time, 4 weeks and 12 weeks,

showed a minor decreased of liquid limit, while the sample after 4 weeks rendered the value

of liquid limit almost unchanged or higher than that of the base clay. The plastic limit was

significantly incrcased with cement content and curing time and thus, .reduction in the

plasticity index was due to increase in the plastic limit. The increase in the plastic limits was

such that the plasticity index of the trcated soil reduced significantly. Higher cement content

and longer curing timc dominate the reduction process of the plasticity index of the treated

clays.

The liquid limit increase significantly at low cement content (,,12%) before dropping slightly

at higher cement contents. As the Fig. 4.31 shows the rates of increase in the liquid and

plastic limits with respcct to the cement conlent are almost equal at low cement content. This

is consistent with the notion of water trapped with intra-aggregate pores. However, the rates

of change of thesc two Atterberg limits at higher cement content arc not the same. This

suggests that the entrapped water hypothesis explains much, but not all, of the observed

changes in the plastic and liquid limits. One possible reason for this is the deposition of

cementitious products on the surfaces of the flocculated clay clusters, which would lower the

.(': .
.~'
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surface activity of these clusters. This has been explained the decrease in liquid limit between

4-week curing and 12-week curing periods. The rapid hydration reaction is accompanied by

the much slower pozzolanic reaction over time. The findings of mineralogy study indicate that

kaolinite is prefercntially attacked in comparison to illite and montmorillonite. The secondary

cementitious products appear to be deposited on or near the surfaces of the clay clusters. This

gives rise to a reduction in entrance pore diameter but an increase in particle size. The

continued increase in particle size leads to an increase in the plastic limit over time with

increase in cement content. The deposition of secondary ccmcntitious products on the clay

cluster, on thc other hand, leads to a decrease in surface activity of the illite clusters. As a

result the liquid limit decreases over time and at higher cement content. Similar effects were

reported by Kamruzzaman et al. (2004) and Chew et al. (2004).

A particle with a large specific surface is attributed as having a higher liquid limit because of

a largcr double layer. Hence, this contributes to an additional explanation for the increase of

the liquid limit at low cement contcnt. Chew et al. (2004) reportcd that the similar trcnd of

Atterberg limits for cement treated Singapore marine clay at 7 days and 28 days of curing

timc. Bergado ct al. (2003) and Kamaluddin (1995) found that the same consistent of results

for thc effect of ccment and curing time on Atterberg limits of treated clays. A number of

research works on regional treated samples of Bangladesh repOlted similar effect for such

physical properties (Ahmed, 1984; Serajuddin and Azmal, 1991; Serajuddin, 1992; Rajbongshi

1997; Malia, 1997; Shahjahan, 2001; Hasan, 2002; Siddique and Rajbongshi, 2001, 2002;

Siddiquc and Hossain, 2003; Ansary et aI., 2003; Toyeb, 2006).

Effect of mixing water content and clay type on Atterbeg's limits is shown Fig. 4.32. It has

bcen observed that LL, PL and PI increase with increasing mixing water content. In should be

noted that the trend of change in thc liquid limit with cement content and curing timc seems to

depend heavily on the soil type. Sivapullaiah et al. (2000) reported a similar increasing trend

on lime-treated black cotton soil after 7 days of curing. Kinuthia et al. (1999) also reported a

similar trend for lime-treated kaolinitic, measured a few hours after mixing. On the other

hand, Loeat et al.'s (1996) data on lime-treated Louiseville clay after 100 days of curing

suggest a general increase in liquid limit with the lime content, Brandl (1981) reported

divergent trends for two soils with the more plastic soil (containing montmorillonite) showing

a significant decrease in liquid limit after 7-day and nO-day curing and a less plastic soil

showing a corresponding increase. The general trend appears to be one of decreased liquid

limit if the untreated soil is highly plastic and increased liquid limit in soil of low plasticity.

Taken in light of thc mechanisms postulated above, this suggests that, in soils of high

plasticity, the encapsulation of the clay clusters by deposited cementitious products has a

dominant effect, leading to lowering rate of the liquid limit. On the other hand, in soils of low

plasticity, the presence of entrapped water has a dominant effect, leading to a higher rate in

the liquid limit.
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Figure 4.33 shows the normalized plasticity index of cement treated clays (CI, C2 and C3) at

initial mixing water content; 120%. The plasticity index (PI) of treated clays is normalized

with their respective final water content. As can be seen, the normalized plasticity index

reduces with the increase of cement content. The normalized behaviour pattern is

approximately independent of curing time and unique relationships for the particular

cemented clay. Based on the experimental result of this study, the following empirical

equations arc thus proposed as:

I'll w,= - 0.166In(c) + 0.99 for CI clay (4.1)

I'll Wr= - 0.160In(e) + 0.85 for C2 clay (4.2)

I'll Wr= - 0.156In(e) + 0.79 for C3 clay (4.3)

Where, w, = Final water content of the hardened cemented clay

e = Amount of cement in percentage of dry weight of soil solid

Using above equations, plasticity index of cement treated clays can be estimated if the final

water content and amount of cement arc known. Similar analysis was also performed by

Kamruzzaman (2002), where PlIwr = - 0.12In(e) + 0.73 has been found for Singapore marine

clay.

4.5.7 Void Ratio

The basic physical properties of the clays can be defined by void ratio. The void ratio of

treated and untreated clays were estimated from consolidation tests. The void ratio of base

clays arc shown in Table 4.6. In this table, the void ratios arc 1.81, 1.96 and 2.10 for C I (PI =

47%) clay, C2 (PI = 22%) clay and C3 (PI = 13%) clay respectively at effective vertical

pressure, 12.5 kPa. From this analysis, it can be remarked that the void ratio decreases with

increasing plasticity of soil. The void ratio of cement treated clays are shown in Table 4.7, 4.8

and 4.9 for Cl clay, C2 clay and C3 clay respectively at effective vertical pressure, 12.5 kPa.

Tables show that the void ratio for treated samples arc higher than that of untreated samples.

It has also been found that the void ratio for all clays decreased with increasing cement

content (decreasing wc/e ratio) and curing time. Bergado et al. (2003), Miura et al. (2001) and

Kamaluddin (1995) also found similar results for the erfeet of cement and curing time on void

ratio of treated clays.

It has been also observed that the rate of void ratio or cement treated clays increases with

increasing the initial mixing water content of soil during soil stabilization at same elay-

water/cement ratio and curing time and that void ratio decreases with increasing plasticity

index of the clays. A comparative study with the base clay revealed that at high water content,

the cement treated samples have higher void ratio. Cement treatment caused a notable change

in the values of void ratio.
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4.5.8 Degree of Saturation

The degree of saturation of treated and untreated clays have been estimated using water

contcnt, spccific gravity and consolidation test data. Thc dcgree of saturation of soil is varied

from location to location, depth to depth and soil io soil. The degree of saturation of base

clays are shown in Table 4.6. The degrees of saturation are 89%, 84% and 78% for C I (PI",

47%) clay, C2 (PI = 22%) clay and C3 (PI = 13%) clay respectively. It can be seen that the

degree of saturation dccreases with decreasing plasticity of soil. The dcgree of saturation of

treated clays are shown in Tables 4.7, 4.8 and 4.9 for CI clay, C2 clay and C3 clay

respectivcly. It has been found that thc values of degree of saturation for treatcd samples are

highcr than that of untrcated samples and that the degree of saturation decreases with

increasing curing time.

It has also been found that degree of saturation increases with increasing initial water content

of soil during soil stabilization at same clay-water/cement ratio and curing time. It has been

also been observed that degree of saturation increases with increasing plasticity index of clay.

When compared with the base clay, the cement treated samples were found to have

comparatively lower degrees of saturation for curing periods up to twelve weeks; while lower

curing periods resulted in higher degree of saturation. Similarly, low cement content produced

a higher value of degree of saturation. In gcneral, higher saturation is obtained with more

mixing clay-water/cement ratio. Ultimatcly, it has been found that the degree of saturation for

all clays decreased with increasing cement content and curing time. Bergado et al. (2003),

Miura et al. (2001) and Kamaluddin (1995) found that the same consistent of results for the

effect of curing time but different effect of cement on degree of saturation of treated clays.

4.5.9 Summary for the Effect of Cement Tre"tment on B"sic Pl'Operties

Concluding remarks on the effect of cement treatmcnt on basic engineering properties are

summarized in Table 4.10. The effect for variables on basic properties are provided in a

tabular form. From this table, the effects of physical properties for each variable during

cement stabilization of soft clays at high water content can be observed.
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Fig. 4.3 Effect of mixing Watcr Content, Curing Time and Clay Type on
pH value for Cemcnt Treated Clays (wc/c ratio = 15)
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Table 4.1 Effect for Cement COlltellt, Cllrillg Time amI Clay Type 011

Exchangeable Catiolls for Treated Clays

Curi Ce- Exchangeable Cations (meg/I 00 gm)
-ng me- (Initial Mixing Water= 120%)
(w) nt

(%) CI clay C2 clay C3 clay
C;;:'+ Mg'+ Na+ K+ Ca'+ MgH Na+ K+ Ca'+ MgH Na+ K+

Base 0 16.7 5.8 0.21 0.27 10.7 4.5 0.26 0.33 12.1 3.3 0.35 0.45

8 22.3 4.0 0.34 0.51 17.6 3.1 0.42 0.53 19.8 2.7 0.48 0.59

4w 16 26.4 3.2 0.53 0.74 20.5 2.3 0.60 0.68 23.6 2.3 0.57 0.76

30 30.2 1.9 0.64 0.84 24.7 2.1 0.72 0.78 28.1 1.8 0.72 0.86

8 27.2 4.8 0.41 0.57 23.2 3.8 0.46 0.61 24.8 3.0 0.57 0.69

12w 16 32.0 3.6 0.62 0.85 24.6 2.9 0.66 0.76 26.6 2.7 0.67 0.88

30 34.4 2.3 0.70 0.96 27.2 2.4 0.79 0.87 30.5 2.0 0.81 0.99

Table 4.2 Effect for Cement Content, Curing Time alld Clay Type 011 Nitrogen and
Phosphorlls for Treated clays

Nitrogen (%) Phosphorus (micro gm/gm)
Curing Cement wc/c Ratio (w;= 120%) (w;= 120%)
Time Content
(week) (%) CI C2 C3 clay C1 clay C2 clay C3 clay

clay clay
0 base clay 0.037 0.027 0.024 4.62 6.23 7.74

8 IS 0.072 0.068 0.041 9.68 11.56 13.23
4w

16 7.5 0.102 0.097 0.093 12.28 14.13 18.82

30 4 0.141 0.130 0.110 20.43 24.61 29.20

8 IS 0.076 0.071 0.053 8.66 10.06 12.15

12 w 16 7.5 0.123 0.106 0.098 10.38 12.16 16.72

30 4 0.163 0.142 0.128 18.24 20.55 26.23
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Chemical Gcneral effect in Effect of Effect of Effect of Effect of
properties comparison

. .
increasing increasing increasing1I1creasIIlg

to untreated clay cement curing time initial water plasticity of
content content clay

pH value Increases Increases Decreases Increases at Increases with
significantly significantly with time higher water . .

Illcreasing
(52 to 82%) incrcasinQ. content plasticity

Loss on Immediate Reduces Reduces Decreases at Decreases
Ignition decrease significantly substantially higher water with

(27 to 52%) content decreasing
plasticitv

Organic Decreases Decreases Decreases at - Decreases at Increases with
Matter and (41 to 68%) at higher longer time higher water . .IIlcrcas1I1g
Carbon cement content plasticitv
Electrical Increases Increases Increascs with Decreases at Decreases
Conduct i- (80 to 139%) at higher time higher water with
vity cement increasing content decreasing

plasticity
Cation Increases Increases Reduces Decreases at Increases with
Exchange (I 06to 154%) significantly with time higher water

. .II1creasll1g
Capacity illcrcasinQ content plasticity
Ca"+ Increases Increases Decreases at Reduces at Decreases
Cations significantly at higher longer time higher water with

(122 to 159%) cel110nt content decrcasing
plasticitv

Nitrogen Increases Increases Increases Decreases at Increases with
(3.8 to 4.6 at higher with time higher water increasing
times) cement increasinQ content plasticity

Phosphor- Increases Increases Decreases Reduces at Decreases
us (3.7 to 4.4 at higher with time higher water with

times) cement increasing content
. .
II1creasll1g
plasticitv

(* Indicated results up to 4 weeks curing, 30% cemcnt and 120% mixing water for range
of clays)
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Table 4.4 Effect of Cement and Clay Type on Semi-Quantitative }>roportions
Clay Minerals Cementitious Compounds (Wi =120'Yo, Particle Size <63 I'm)

Cur- Cement Clay- Normalized mass of mineral (% by Weight)
II1g content type Total Illite Montmori- Quartz Kaolinite CSH+

time (%) mass 1I0nite CASH
C3 100 21 9 64 6 0

Untr- - C2 100 63
eated

18 15 4 0

CI \00 19 12 61 8 0

C3 116 15 7 59 0 35
16 C2 116 16 10 60 0 30

Cl 116 14 8 53 0 41
4

weeks C3 130 1\ 6 63 0 50
30 C2 130 9 7 71 0 43

CI 130 10 8 60 0 52

C3 160 10 5 70 0 75
60 CI 160 8 6 64 0 82

Table 4.5 Effect of Curing on Semi-Quantitative Proportions of Clay Minerals
Cementitious Compounds (Wi=120%, Particle Size <63 I'm)

Normalized mass of Untreated Cl elav 30% cement Treated C1 clav
mineral (% by WI.) - 4 weeks Curing 12 weeks Curing

Total mass (% by WI.) 100 130 130

Illite (% by wI.) 19 II 7

Montmorillonite (%) 12 9 4

Quartz (% by wI.) 61 58 59

Kaolinite (gm) 8 0 0

CSH+CASH (% by wI.) 0 52 60

...
~,
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Fig. 4.15 SEM Image of Untreated (Remoulded) Clays (a) C I clay and
(b) C3 clay

Dispersed
Open
Structure

Platy
Structure

Dispersed
Open
Structure

Platy
Structure



I

I

(a)

(b)

164

Flocculated
clay-cement
clustcr

Largc
opcning .

Finc
rcticulated
c1ay-c1ustcr
structure
with opeiling

Flocculated
clay-cement
cluster

Platy c1ay-
cluster
structure
with opening

Largc
0pcl11ng

I

Fig.4.16 SEM Image of 16% Cement Treated Clays (a) C I clay and
(b) C3 clay (4 weeks curing time and 120% mixing water)
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Fig. 4.17 SEM Image of 30% Cement Treated Clays (a) C I clay and
(b) C3 clay (4 wecks curing time and 120% mixing watcr)
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Table 4.6 Characteristics Values (Physical Properties) of Untreated Base Clays
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Properties' Characteristics Values

Type of Soil CI clay C2 clay C3 clay

Liquid Limit, LL, ('Yo) 78 47 33

Plastic Limit, PL, ('Yo) 31 25 20

f-Plasticity Index, PI, ('Yo) 47 22 13

Natural Water Content, w" ('Yo) 43 36 27

Liquidity Index, LI 0.83 1.68 2.54

'Clay ('Yo) 73 41 32

'Silt ('Yo) 23 51 58

'Sand ('Yo) 4 8 10

Bulk Unit Weight, y, (kN/mJ
) 15.05 14.67 14.45

Dry Unit Weight, Yd (kN!l113) 8.85 9.05 9.44

Specific Gravity, G, 2.680 2.673 2.668

Initial Void Ratio, Co 1.81 1.96 2.10

Activity of clays, A, 0.64 0.35 0.23

Unified Soil Classification CH CL CL
Svstem



Table 4.7 Physical Properties of Cement Treated Cl WI = 47%) Clay
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Curing Wi wele Yo e at
(weeks) (%) ratio e (%) wr(%) (kN/m') G, 12.5 S,kPa

7.5 16 96.7 6.37 2.661 2.32 97.8

120 10 12 103.4 5.94 2.667 2.41 98.1

15 8 108.9 5.47 2.670 2.53 98.6

7.5 20 111.5 6.05 2.663 2.77 98.3

150 10 15 117.3 5.84 2.668 2.85 98.4

4 15 10 124.9 5.41 2.672 2.97 99.8

I 7.5 26.67 129.6 5.98 2.665 3.10 98.1

200 10 20 142.8 5.73 2.670 3.30 98.7

15 13.33 155.7 5.27 2.673 3.63 99.0

7.5 33.33 160.2 5.68 2.668 3.75 98.7

250 10 25 169.4 5.42 2.673 3.98 98.9

15 16.67 189.8 5.19 2.676 4.31 99.2

7.5 16 87.3 6.45 2.658 1.79 96.7

120 10 12 96.1 6.07 2.664 1.99 96.9

15 8 103.6 5.62 2.668 2.27 97.3

7.5 20 106.4 6.15 2.660 2.39 97.2

150 10 15 112.6 5.96 2.663 2.63 97.4

12 15 10 119.8 5.53 2.667 2.33 98.0

7.5 26.67 125.1 6.05 2.662 2.87 97.6

200 10 20 133.6 5.84 2.665 3.12 97.8

15 13.33 145.8 5.46 2.669 3.42 98.2

7.5 33.33 151.7 5.88 2.664 3.35 98.0

250 10 25 161.7 5.55 2.671 3.67 .98.2

15 16.67 177.4 5.34 2.674 4.10 98.4



Table 4.8 Physical Properties of Cement Treated C2 (PI ~ 22%) Clay
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Curing w; wele Yd e at
(weeks) (%) ratio e (%) wr(%) (kN/m3) G, 12.5 S,kPa

7.5 16 87.4 6.98 2.634 2.47 96.7

120 10 12 95.4 6.72 2.653 2.61 96.9

15 8 103.6 6.43 2.660 2.83 97.3

7.5 20 108.4 6.81 2.641 2.94 97.4

150 10 15 113.8 6.62 2.654 3.09 97.7

4 15 10 119.9 6.31 2.662 3.26 97.9

7.5 26.67 123.1 6.70 2.647 3.34 97.6

200 10 20 131.9 6.52 2.657 3.58 97.8

15 13.33 145.4 6.17 2.665 3.95 98.0

7.5 33.33 150.4 6.38 2.649 4.07 97.9

250 10 25 163.6 6.02 2.660 4.43 98.2

15 16.67 175.4 5.87 2.668 4.75 98.5

7.5 16 80.8 7.04 2.614 2.21 95.2

120 10 12 86.6 6.87 2.637 2.39 95.5

15 8 98.3 6.56 2.651 2.73 96.8

7.5 20 105.2 6.93 2.612 2.85 96.2

150 10 15 108.6 6.74 2.639 2.97 96.5

12 15 10 113.8 6.49 2.660 3.13 96.7

7.5 26.67 118.8 6.82 2.611 3.21 96.6

200 10 20 135.8 6.66 2.641 3.67 97.0

15 13.33 139.4 6.34 2.661 3.82 97.2

7.5 33.33 145.0 646 2.662 3.91 97.2

250 10 25 154.9 6.18 2.644 4.19 97.7

15 16.67 165.1 5.98 2.663 4.49 97.9



Table 4.9 Physical Properties of Cement Treated C3 (PI = 13%) Clay
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Curing w; wc/c y" e at
(weeks) (%) ratio c (%) w,(%) (kN/m3) G, 12.5 S,kPa

7.5 16 74.8 7.52 2.617 2.63 95.3

120 10 12 79.3 7.31 2.631 2.81 95.5

15 8 92.7 6.83 2.644 2.95 96.1

7.5 20 95.5 7.44 2.626 3.01 95.9

150 10 15 103.1 7.22 2.640 3.18 96.3

4 15 10 109.4 6.76 2.654 3.38 96.6

7.5 26.67 115.1 7.28 2.631 3.52 96.3

200 10 20 122.1 7.12 2.650 3.86 96.5

15 13.33 133.6 6.67 2.661 4.21 96.7

7.5 33.33 139.5 7.18 2.640 4.33 96.6

250 10 25 147.5 6.88 2.657 4.58 96.8

15 16.67 158.8 6.59 2.665 5.12 96.9

7.5 16 64.5 7.64 2.611 2.40 92.1

120 10 12 72.1 7.43 2.619 2.64 93.5

15 8 82.2 6.94 2.631 2.84 94.1

7.5 20 88.4 7.55 2.621 2.91 94.6

150 10 15 96.3 7.34 2.633 3.08 94.9

12 15 10 103.6 6.84 2.641 3.26 95.2

7.5 26.67 106.6 7.42 2.625 3.41 95.1

200 10 20 115.2 7.22 2.642 3.64 95.6

15 13.33 126.0 6.71 2.648 3.96 95.8

7.5 33.33 125.1 7.32 2.630 4.12 95.8

250 10 25 135.3 6.96 2.647 4.40 96.0

15 16.67 151.4 6.73 2.660 4.82 . 96.3

,

R
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Table 4.10 Effect of Cement Treatment on Physical Properties
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General cffect in Effect of Effect of Effect of Effect of
Physical comparison

. . increasing increasing
. .

Il1creasmg Il1creasmg

propertics to untrcated clay cement curing time initial water plasticity of
content content clay

Specific Dccreases about Reduces Decreases Incrcases at Increases with
gravity 1% to 4% significantly with time higher water . .

IIlcreasmg
increasing content plasticity

Water Immediate Reduces Reduces Increases at Increases with
content decrease about significantly substantially higher water . .

Il1creaslng
5%to 11% content plasticity

Unit Decreases about Increases Increases at Decreases at Reduces with
weight 20% to 35% at higher longer time higher water . .

Illcreasmg
cement content plasticity

Plastic Increases Increases Increases Increases at Increases with
limit significantly at higher with lime higher watcr increasing

(50% to 170%) cement increasing content plasticity

Liquid Immediatc Insignificant Reduces Increases at Decreases
Iil11it increases about change with time higher water with

52% to 142% . . content decreasingII1creasll1g
plasticity

Plasticity Rcduces about Rcduees Decreases at Increascs at lncreascs with
indcx 47% to 65% at higher longer timc highcr water

. .
lIlcrcasmg

cement content plasticity

Void ratio Increases about Reduccs Reduces Increascs at Incrcases with
25% to 108% at higher with time higher watcr

. .II1creaSll1g

cement increasing content plasticity

Degrce of Dccreases Decreases Decreases at Increases at Decreases
saturation significantly at higher longer time higher water with

(10% to 24%) cement content decreasing
plasticity

(* Indicated results up to 4 weeks curing, 16% cement and 120% mixing water for range
of clays)
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CHAPTERS

STRENGTH, STIFFNESS AND DEFORMATION CHARACTERISTICS
OF TREATED CLAYS

5.1 General

This chapter deals with the experimental results and discussions for basic stress-strain-

strength characteristics based on consolidation, unconfined compression, triaxial (drained and

undrained) compression and direct shear tests for treated and untreated Cl (PI = 47%) clay,

C2 (PI = 22%) clay and C3 (PI = 13%) clay. These are also presented in order to establish

relevant referencc behaviour for the counterpart of cement treated Bangladesh clays. In

parallel these, presents the results and discussion on the basic enginccring properties of the

treated and untreated clays from the series of relevant tests conducted. For this, a large

number of tests on various treated clays were conducted with different values of initial mixing

water content, clay-water/cement ratio, curing period, confining stress and drainage condition.

The experimental programme of untreated clays was set in accordance with that for treated

clays so that a datum profile can bc cstablishcd for thc basc clays and parametric relevance

rclation can be drawn between treated and untreated clays. In the chapter, the results of tests

conducted on treated samples for C I, C2 and C3 clays are presented with special emphasis on

the behaviour of the trcated samplcs with respect to the untreated samples. In order to assess

the degree of improvemcnt of the clay after treatment, invcstigation of the initial properties of

the base clay is important. In this chaptcr, references and comparisons of the untreated

characteristics have been made from previous studies to show the effects of cement and lime

treatment on the strength and deformation behaviour of the soft clay.

The experimental observations on compressibility and permeability characteristics of treated

and unt,eated CI, C2 and C3 clays from one-dimensional consolidation tests. Important

aspects of deformation characteristics of the treated clay were analyzed with reference to

untreated clay. The effects of cement and lime treatment on one-dimensional consolidation

bchaviour are presented.

Important aspects of the basic soil propertics of the treated and untreated Bangladesh clays

from unconfined compression tests are presented, in which the influences of type of clay,

water content, cement content and curing time are explained. The results of the

comprehensive series of unconfined compression tests are then discussed, specifically to

illustrate the significant effccts of ccmcnt treatment on the strength and deformation

charactcristics of the C 1, C2 and C3 clays. Thc optimum range of cement content and the

effcctive curing period are established based on the results of unconfincd compression tests.

The strength development and its normalized behaviour were studied. From the unconfined
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compression tests, a comprehensive sct of values pertaining to strength, strain at peak q",

stiffcncss and physical propertics were obtained.

The experimental investigations on shearing stress and resistance characteristics of treated

clays from direct shear tests are also presented and discussed in this chapter. Important

aspects of effective cohesion and friction characteristics of the treated clays were analyzed.

The effects of cement treatment on cohesion and friction behaviours are observed from

consolidated drained direct shear tests. From the direct shear tests, a comprehensive set of

values pertaining to strength, normal strain and friction angles were obtained for a wide range

of cement content and curing time. The variables, which were considered, include the type of

clay, water content, cement content, the curing time and the applied normal stress range.

The results of the drained and undrained stress-strain behaviour from triaxial tests are

critically discussed, specifically to illustrate the important effects of cement treatment on the

strength and deformation characteristics of the clays. Sets of parametric variation employed in

the tests were the type of clay, water content, cement content, curing period, pre-sheared

consolidation pressure and loading conditions. Important aspects of strength and deformation

characteristics of treated C 1, C2 and C3 clays are pointed ou( using the Critical State Concept

(CSC) to include the characteristics seen in stress-strain relationship, stress paths, pore

pressure development and observations made concerning strength envelopes, failure state and

residual conditions, among others. Comparisons are made between the initial behaviour of the

untreated clays with treated clays, whenever necessary.

5.2 Compressibility Characteristics of Cement Treated and Lime Treated Clays

One-dimensional consolidation tcsts were carried out to study the compressibility

characteristics of cemcnt and lime treated clay samples and their relative improvement over

that of the untreated clay. The influcnces of mixing ratio (wc/c, clay-water/cement ratio and

wcll, c1ay-watcr/lime ratio) [i.e., 7.5,10 and 15], curing time (i.e., 1,2,4,12 weeks), types of

clay (depending on plasticity index) and mixing water content (i.e., 120%, 150%, 200% and

250%) have been investigated on different compressibility parameters including change in

void ratio (e), volumetric strain (e,), yield stress (0,') or Pre-consolidation pressure (01")'

compression index (C,) and swell index (C,), coefficient of consolidation (c,) and coefficient

of volume compressibility (m,). These results of the tests have been used to discuss the effects

of stucturation i.e. the formation of cementation bond strength and destucturation i.e. the

breakdown of cementation bond strength.

Summary of the compressibility properties for untreated base clays, cement treated clays and

lime treated clays arc shown in Tables 5.1, 5.2 and 5.3 respectively. The (e-logo,') typical

relationship for untreated clays show that up to the maximum past pressure (0,' = 70 kPa, 65

kPa and 61 kPa for Cl, C2 and C3 clays respectively), the compressibility characteristics

virtually do not change much. Beyond 0,,' value, it is shown a very significant drop in the void
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ratio indicating that thc clays are highly compressiblc. The compression index (C,) of

untrcated clays was found to bc 0.737, 0.781 and 0.863 for C I, C2 and C3 clays respectively

at thc maximum strcss Icvel 1600 kPa. The swelling curve is similar and parallel 10 the initial

part of the curve. The swell index (C,) of untreated clays was found to be 0.124, 0.127 and

0.\31 for C I, C2 and C3 clays respectively at the minimum stress level 25 kPa. The clays

have an overconslidation ratio of 1.33, 1.26 and 1.18 for C1, C2 and C3 clays respectively;

which was p'reviously attributcd to secondary consolidation processes (Sridaran et ai, 1991,

Nagaraj et ai, 1991). The values of the coefficient of consolidation (c") have been calculated

by logarithm of time methods and taken as (3.37 to 0.90) m'lyear, (4.00 to 1.05) m'lyear and

(5.20 to lAO) m'lyear for CI (PI = 47%) clay, C2 (PI = 22%) clay and C3 (PI = 13%) clay

respcctively at a"' = 12.5 kPa to a"",' = 1600 kPa, while the coefficient of volume of

compressibility (m") have been found, (6.24 to 1.50) x 10 - 4 m2/kN, (6.74 to 1.62) x 10 -:

m'/kN and (7.12 to 1.71) x 10.4 m'/kN.

5.2.1 Effect of Clay-Water I Admixture Ratio on Compressibility Characteristics

A summary of the compressibility parameters of ccment treated and lime treated clay is

shown in Table 5.2 and 5.3, respectively. The effcets of elay-'waterl admixture ratio (wc/c and

wc/l) and also curing time, types of clay and mixing water content on different

compressibility characteristics such as (e-Ioga"') relationships, (E"-Ioga:) relationships,

compression index (C,) and swell index (C,), (c"-Ioga"') relationships and (m",loga"')

relationships are discussed individually for cement and lime treated clays in the following

sections.

5.2.1.1 Void Ratio Versus Effective Vertical Pressure Curve

The e-Ioga"' relations of clay mixtures with 150% water at mixing ratios of 7.5, 10 and 15

after 4 weeks of curing havc been presented in Figs. 5.I(a) and 5.1(b) for cement-treated and

lime-treated clays, respectively. The e-Ioga"' relationships are plotted so as to take care of the

effcct of the diffcrencc in void ratio for the vertical stresses less than the yield stress. In this

range the cementation component is the dominant factor to resist compression. It has been

found that the yield stress and the deformation behaviour at pre-yield stress of all,samples

having identical mixing ratio are practically the same. But samplcs provide higher

compression indices beyond yield stress (a;). This is due to the break up of cementation

bond, which is similar to the behaviour of naturally cemented clay. The compression indices

at post yield state of clay-cement mixtures having an identical initial water content are in

almost thc same ordcr, evcn if thcy arc madc up from diffcrcnt cemcnt content. It has been

found that the lowcr thc valuc of clay-waterl admixture ratio (wc/c, wc/l), the greater the

cnhanccmcnt of the yield strcss. The lime-treated clays arc gained comparatively more higher

void ratio and lower yield strcss than those of ccment-trcatcd clays. Thc mixing ratio affects

not only the deformation characteristic, but also the rate of hardening related to mineralogy,
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hydration and pozzolanic reactions. Miura et al. (2001) and Bergado et al. (2003) found that

the same consistent of results for compressibility charactcristics of treated clays.

5.2.1.2 Volumetric Strain Versus Effective Vertical Pressure Curve

Typical £,-Iogcr: rclations of clay mixtures with 150% water at c1ay-water/ admixture ratios

of 7.5, 10 and 15 after 4 weeks of curing have been presented in Figs. 5.2(a) and 5.2(b) for
\

cement-treated and lime-treatcd clays rcspectively. Thc £,-Iogcr: relationships have been

plotted so as to take care of the effect of thc diffcrencc in void ratio for the vertical stresses

less than the yield stress. In this range the cementation component is the dominant factor to

resist compression. The lime-treated clays ~re gained comparatively higher volumetric strains

than those of cement-treated clays. Although the curves cxhibit some similarity to that 'of

conventional normally consolidated untreated clay, it still possesses many fundamental

diffcrcnces due to the cffect of the trcatment. This type of parallcl behaviour among the

natural samplcs is implied in a uniquc statc Boundary Surfacc. The parallel characteristics of

trcated cach clays at higher values of consolidation pressurc bcyond cry'value signify that at

thc timc of consolidation, which is a shcaring proccss, thc bonded particles or c1ustcrs

generally become dissociated, releasing the locked-in energy. This cffect of dissociation of

bonded particles accompanicd by thc release of locked-in energy transforms the soil mass

more close to the untreated one and hence it's comprcssibility behaviour acts accordingly.

Miura et al. (2001) and Kamaluddin (1995) also reported that the same types behaviour of the

cemcntation effcct for treated clays.

5.2.1.3 Compression Index and Swell Index

Figs. 5.3 and 5.4 illustrate the cffect of clay-water/admixture ratio on C and C, values

respcctivcly. Figs. 5.3 and 5.4 show that C, and C, values results due to the hardening effect

imposed on the treated soil mass, increasc with the increase of clay-water/admixture ratio

(decrcase of cement / lime content). Howevcr, at lower ratio, almost reduction ofC, is noticed

and the reduction of C, values is very marginal and approaching almost zero. Test results

show that the swelling index reduces significantly due to the effect of cementation in soft

clay. This observation implies that thc treated clay sample is consistent with the heavily over-

consolidatcd soil bchaviour. For treatmcnt, considering admixture content, Co and C, fo(Jime

treated clays are greater than those of cement trcated clays. Balasubramaniam et al. (1999)

also reported that the similar type comparison between lime and cement treated clays. It can

be inferred that physicochemical changes in the clay-cement structure which leads the

reduction in C values (including other changes in the compressibility characteristics). This

observation is consistent with the findings of Liu and Carter (1999) and Chew et al. (2001),

who showed that during virgin yielding, the structurcd soil is more compressible than the

reconstituted soil. This suggests that at higher stresses (beyond the apparent pre-consolidation

pressure), the treated samples cxhibit normally consolidated bchaviour with larger C.
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5.2.1.4 Coefficient of Consolidation

One important effects of cementation on the consolidation characteristics of soft clay arc to

increase the values of the coefficient of consolidation (c,). Figs. 5.5(a) and 5.5(b) illustrate the

characteristics of the variation in Cv values with increasing effective pressures for cemcllt-

treated and lime-treated clays respectively at 4 weeks curing and c1ay-water/ admixture ratio

= 7.5, 10 and 15. It is found that the variations of e, for mixing ratio arc nearly parallel. Fig.

5.5 shows that the lower clay-water/admixture ratio (higher the cement / lime content), the

lower is the value of e,. For cement content, the reduction of e, arc more pronounced than

those lime content at the same condition. For treated clays, c, generally decrease with

increasing consolidation pressure similar to those of natural soft untreated clays. It is also

noted that the coefficient of consolidation of untreated clays, which arc much smaller than

treated clay samples. It also appears that at a particular clay-water admixture ratio and

effective vertical prcssure, c, values for lime trcated clay are higher than those of cement

treated clay. It is inferred that physicochemical changes in the clay-cement structure which

leads the increase in c, values. Similar types of behaviour for the treated Bangkok clay

samples were noticed by Kamaluddin et al. (1997).

5.2.1.5 Coefficient of Volume Compressibility

Figs. 5.6(a) and 5.6(b) illustrate the variation of coefficient of volume compressibility (m,)

with effective pressures for cement treated and lime treated clays respectively at 4 weeks

curing and clay-water/ admixture ratio = 7.5, 10 and 15. It has been found that the non-linear

variation ofm, is nearly parallel. The coefficicnt of volume comprcssibility decreases with an

increase in the effective stress. One important effect of ccmentation on the compressibility

characteristics of soft clay is to increasc the values of the coefficient of volume

compressibility. For treated clays, m, generally decreases with increasing consolidation

pressure similar to those of natural soft untreated clays. Fig. 5.6 also shows that the lower

clay-water/admixturc ratio (higher the cement / lime conlent), the lower is the value ofm" For

cement content, the reduction of Illy are morc pronounced than those lime content at the same

condition. Miura et al. (2001); and j-Iorpibulsuk and Miura (2001) revealed that the

compressibility behaviour of treat cd clay arc influcnced by the ccmentation and fabric. Fabric

is the arrangement of the particles, particle group (cluster) and pre-space (spacing between

clusters) in soil (Mitchell 1993).

5.2.2 Effect of Curing Time Oil Compressibility Characteristics

5.2.2.1 Void Ratio Versus Effective Vertical!'ressure Curve

The effect of curing time on e-Ioga,.' relationships is presented in Figs. 5.7(a) and 5.7(b) for

cement treated and lime treated clays, respectively. The gradual reduction process of

compressibility of treated clay with time is quite obvious in these figures, indicating the
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incremental influence of thc curing time parameter. The increase of apparent pre-

consolidation pressure (a,; or ay') is due to thc cffcct of structuration (existing of cementation

bond) for incrcasing curing time of treated clay particles. The curves of treated clays in Fig.

5.7 shows approximate paralic I behaviour as implied by the natural untreated clay in a unique

Statc Boundary Surface. Apparently, the e- loga; relationships for 4 weeks curing time with

cement / lime content, are very similar to each othcr and they possess some analogical

characteristics of treated clays for 12 weeks curing time. For ccmcnt content, the reduction of

void ratio are more pronounced than those lime content at the same curing condition. The

treated clays exhibit similar type compressibility propertics and do not show large changes

due to curing time. The phenomenon suggests that with time in the clay matrix, calcium

hydroxide reacts with the silicates and aluminates (pozzolans) in the clay to form cementing

matcrials or binders, consisting of calcium silicates and/or aluminums hydrates (principally

dihydrates). The higher curing time, the larger is the degree of improvement of the

consolidation propertics. Miura et al. (2001) and Chcw et al. (2001) reported the same

consistent of results for compressibi Iity charactcristics of cement treated clays.

5.2.2.2 Volumetric Strain Versus Effective Vertical Pressure Curves

The effect of curing time on e,-loga; relationships is shown in Figs. 5.8(a) and 5.8(b) for

cement treated and lime treated clays respectively. The gradual reduction process of

compressibility of treated clay with time is quite obvious in Fig. 5.8, indicating the

incremental reduction of volumctric strain influence of the curing time parameter. This

pronouncement of the hardening effcct duc to curing time is further accelerated and governed

as the valuc of cement / lime content in thc clay matrix is enhanced. It can be noticed that as

curing time increases the volumetric strain gradually decreases. Gradual hardening of clays

accompanied by reduction of compressibility is quite remarkable and the hardening process is

active. Miura et al. (200 I) and Kamaluddin (1995) also reported that the same types

behaviour of the cementation effect for treated clays.

5.2.2.3 Compression Index and Swell Index

Figs. 5.9 and 5.10 illustrate typical variation of C, and C values with increasing curing time

for C3 clay, rcspcctivcly. For thc samc clay-watcr! admixturc ratio and mixing clay-water

contcnt, thc compressibility and swclling cxhibitcd by thc trcatcd clays slowly dccrease with

increasing higher curing time. Figs. 5.9 and 5.10 shows that the samples initially caused

substantial reduction of C, and C, value during the period of first month. Aftcr 4 weeks and

up to 12 weeks curing period, smaller changes in the C, values can be noticed. That means the

curing time has rendercd maximum effectivencss during the first month (4 weeks) and

thereafter, it has got little influcnce on thc comprcssion indiccs. Miura et al. (200 I) and Chew

el al. (2001) found that the samc consistent of results for comprcssion and swell indices of

treated clays. It can be sccn from Fig. 5.9 and 5.10 that at thc same curing time, Cc and C,
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values for lime treated clays are higher than thosc of cemcnt treated clays. Balasubramaniam

et al. (1999) also reported that the similar type comparison betwcen lime and cemcnt treated

clays.

5.2.2.4 Coefficient of Consolidation

The effect of curing time on coefficient of consolidation (c.) values is shown in Figs. 5.II(a)

and 5.ll(b) for cement treated and lime treated clays respectively. It can be seen that the

higher the curing time, the lower the value of c.. It also appears from Fig. 5.11 that at a

particular curing time and effective vertical pressure, c. values for lime treated clays are

highcr than those of ccment treated clays. It is inferred that physicochemical changes in the

clay-cement structure with time which leads the increase in c. values. Bergado et al. (2003)

also found that thc higher the curing timc, the lower the value of c,.

5.2.2.5 Coefficient of Volume Compressibility

The effcct of curing time on coefficient of volume compressibility (m,) values is shown from

Figs. 5. I2(a) and 5. I 2(b) for cement treated and lime treated clays respectively. It can be seen

that a particular effective vertical pressure, higher the curing time, the lower is the value of

m,. The non-linear variation of m, is ncarly parallel. It is splendid for curing time that

samples of same cement/ lime content also exhibit similar behaviour. Figs. 5.12 also show

that at the samc curing time and effectivc vertical pressure, m. values for lime treated clays

are higher than those of cement treated clays.

5.2.3 Effect of Clay Type on Compressibility Characteristics

5.2.3.1 Void Ratio Versus Effective Vertical Pressure CUI'Ves

Effect of clay type on e-logo: relationships for cement treated and lime treated clays at a

particular wc/c ratio, mixing water content and curing time is shown in Figs. 5.13(a) and

5.13(b) for cement treated and lime treated clays, respectively. It can be seen from Figs. 5.13

that at a particular 0,', there is a trend of increasing void ratio with the decrease in plasticity

indcx of the clays for both cemcnt and limc treated clays. Figs. 5.13 also show that yield

stress (prc-consolidation prcsslll'c) incrcascs with incrcasing plasticity of thc clays for both

cement and lime treated clays. It is also evident that for the same clay, pre-consolidation

pressure for cement treated clay is higher than that of lime treated clay.

5.2.3.2 Volumetric Strain Versus Effective Vertical Pressure Curve

Figs. 5.14( a) and 5. 14(b) present E,-logo,' rclationshi ps for cement-treated and lime-treated

clays rcspectivcly at a particular wc/c ratio and mixing water contcnt. It has becn found that

the deformation behaviour at pre-yield stress of all clay samplcs are identical but different E.

values after yiclding. The E, valucs for CI clay are lower than those ofC2 clay and E. values

ofC2 clay are lower than those ofC3 clay. This is due to the break up of cementation bonds
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have more resistant for more plastic clay. Therefore at a particular effective vertical pressure,

£v increases with the decrease in plasticity index. For the same clay at a particular wc/c ratio,

c, values for lime treated clays are higher than those of cement treated clays.

5.2.3.3 Compression Index and Swell Index

Figs. 5.15 and 5.16 illustrate the variation of C, and C, values respectively with elay-

water/admixture ratio for cement treated and lime treated clays. Figs. 5.15 and 5.16 show that

C, and C, values results due to the hardening effect imposed on the treated soil mass depend

on plasticity of soil (i.e., type of clay). For the same we/e ratio and curing time, the

compressibility and swelling exhibited by the treated mass for C3 clay are higher than that of

C 1 and C2 clays. Therefore, it appears that Co and C, increases with the decrease in plasticity

index of clays. For the same clay, C, and C, values for lime treated clays are higher than those

of cement treated clays. It can be inferred that physicochemical changes depend on

1110ntmorillanite mineral in the clay, which affects the C, and C, values (including other

changes in the compressibility and swelling characteristics). Kamaluddin (1995) also reported

that the similar behaviour for treated clays.

5.2.3.4 Coefficient of Consolidation

The effect of clay-type on coefficient of consolidation (e,) values is shown in Figs. 5.17(a)

and 5.17(b) for cement treated and lime treated clays, respectively. It can be seen that e, value

results due to the consolidation effect imposed on the treated soil mass depend on plasticity of

soil (type of clay). ror the same clay type, c, values for lime treated clays are higher than

those of cement treated clays. It can also be seen from Fig. 5.17 that the higher the plasticity

index, the lower is the value of e,. It can be inferred that physicochemical changes depend on

illite and kaolinite mineral in the clay which controls the c, values. The changing of these clay

minerals due to cementation have been confirmed from X-ray diffraction analysis in this

study.

5.2.3.5 Coefficient of Volume Compressibility

The effect of clay-type on coefficient of volume compressibility (m,.) values is shown. in Figs.

5.18(a) and 5.18(b) for cement treated and lime treated clays, respectively. The figure reveals

that m,. results due to the consolidation effect imposed on the treated soil mass depend on

plasticity of soil (type of clay). For the same clay, m, values for lime treated clays are higher

than those of cement treated clays. It appears from Fig. 5.18 that at a particular effective

vertical stress, m, decreases with increasing plasticity index of clay. It can be inferred that

physicochemical changes depend on illite and kaolinite mineral in the clay which leads the m,

values.
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5.2.4 Effect of Mixing Clay-Water Content on Compressibility Characteristics

5.2.4.1 Void Ratio Versns Effective Vertical Pressnre Cnrve

Figs. 5.19(a) and 5.19(b) present the effect of mixing water content on e-Iog"; relations for

cement treated and lime treated clays respectively. The clay-cement mixture wcre made up

from four conditions of clay water content (120%,150%,200% and 250% for cement-treated

clays) but the clay-lime mixture were made up from two conditions of clay water content

(120% and 150% for lime-treated clays). This is why for practical problems, lime is failed as

a non-effective binding material at very high mixing water content i.e., 200% and 250%. Fig.

5.19 shows that at the same mixing water content, void ratio for lime treated clays are higher

than those of cement treated clays. It is found that the deformation behaviour at pre-yield

stress of all samples having identical wc/c are practically the same but different after the yield

stress. The samples with a higher clay-water contents arc stable at higher void ratios. It

appears from Fig. 5.19 that a particular effective vertical pressure the void ratio decreases

with decreasing' mixing water content. Fig. 5.19 also shows that yield stress (pre-

consolidation pressure) increases with the decrease of initial mixing water content. Similar

effects are reported by Locat et al. (1996), Chew et al. (2004)and Miura et al. (200 I).

5.2.4.2 Volnmetric Strain Versus Effective Vertical Pressure Curve

Effect of mixing water content effect on e,-Iog"; relations is shown 111 Figs. 5.20(a) and

5.20(b) for cement treated and lime treated clays respectively. The e,-Iog"; relationships are

plotted so as to take care of the effect of the difference in void ratio for the vertical stresses

less than the yield stress. In this range the cementation component is the dominant factor to

resist compression. The samplcs with a higher clay-water contents arc stable at higher

volumetric strain beyond yield stress, especially for samples made up at a high water content

of250%. It is found that as water content decreases, the volumetric strain gradually decreases.

It also appears that at the same mixing water content, e, values for lime treated clays are

higher than those of cement treated clays. This is due to the break up of cementation bond,

which is similar to the behaviour of naturally cemcnted clay. The rate of volumetric strain

increases for hardening related depends on physicochemical changes for hydration and

pozzolallic reactions. These physicochemical changes due to cementation have "been

confirmed in the prcvious chapter orthis study.

5.2.4.3 Compression Index and Swell Index

Figs. 5.21 to 5.22 illustrate the charactcristics of the variation ofC, and C, values respectively

with clay-water/cement ratio at curing time 4 wecks and different water content for cement-

treatcd and lime-treated clays. Figs. 5.21 and 5.22 show that a particular wc/c ratio, C, and C,

valucs resulting due (0 the hardening effect imposcd on thc treated soil mass, increase

significantly with the increase of mixing clay-water content. At the same mixing water
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content, C, and C, values for lime treated clays are higher than those of cement treated clays.

11can be inferred that physicochemical changes in thc clay-cement structure that leads the

reduction in Cc values due to lowering of mixing water content (including other changes in

the compressibility characteristics). This observation is consistent with the findings ofLiu and

Carter (1999) and Chew et al. (2001), who showed that during virgin yielding, the structured

soil is more compressible than the reconstituted soil. This suggests that at higher stresses

(beyond thc apparcnt prc-consolidation pressurc), thc treated samples exhibit normally

consolidated bchaviour with larger C.

5.2.4.4 Coefficient of Consolidation

Figs. 5.23(a) and 5.23(b) present the variation in c, values with increasing mixing high water

content at 4 weeks curing and mixing ratio of 10 for cement treated and lime treated clays

respectively. It can be seen from Fig. 5.23 that at the same mixing water content, c, values for

lime trcated clays are higher than those of cement treated clays. A substantial increase in c,

values was found to have occulTcd within higher mixing water contcnt. It is postulated that

the highest enhancement of Cv value with same mix ratio is deemed to occur in the vicinity of

higher water contcnt i.e., 250%.

5.2.4.5 Coefficient ofVolnme Compressibility

The effect of mixing water content on coefficient of volume comprcssibility (m,) is shown in

Figs. 5.24(a) and 5.24(b) for ccment treatcd and lime treated clays, respectively. Fig. 5.24

shows that at the same mixing water content, m, values for lime trcated clays are higher than

those of cement treated clays. It has bcen found that for mixing water contents of 120%,

150%, 200% and 250%, the non-linear variation of m, is nearly parallel. A substantial

decrcase in m, values was found to have occurred within lowering the mixing water content.

Miura et al. (2001) revealed that the compression behaviour of cement admixed clays were

influenced by amount of mixing water content, degree of cementation and type of fabric.

5.2.5 Compressibility Effects on SEM Images

To verify the effect of apparent destructuration, two treated soil samples with 16% cement

content were stressed up to a consolidation pressure of 400 and 1600 kPa, and SEM analysis

was carried out. Fig. 5.25 shows SEM images at zero pressures for untreated and 16% ccment

treated CI clay, while Fig. 5.26 shows SEM images for 16% cement treated C1 clay at 400

kPa and 1600 kPa pressure. In these two tests, SEM samples were obtained in the vertical

plane after consolidation to the desired stresses. As can be seen from Fig 5.25(b) that the

treated clay matrix appears in the form of large clay-cement cluster associated with large

inter-cluster void space when it is not compressed. When the sample is stressed up to the

consolidation pressure of 400 I<Pa, thc large clay-cement clusters collapse and inter-cluster

void spaces reduce, but small intra-cluster pores still remain as it was, as shown in Fig
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5.26(a). At very high consolidation pressure (i.e., 1600 kPa), as can be scen from Fig. 5.26(b),

both inter and intra-aggregate pore spaces reduce significantly, and thereby reduce the

resulting void ratio. Results for void ratio as shown in Tables 4.7, 4.8 and 4.9, suggest that the

treated clay particles have more inter and intra-aggregate pore spaces with larger pore

volume. Thus, the SEM images in Figs 5.25 and Fig. 5.26, suggest that only the clay-cement

cluster collapses at high strcsses and the collapsing is progrcssive. The small intra-cluster

pores are not compressed until the pressure far beyond the pre-consolidation pressure. And at

that time all inter-cluster voids would have been collapsed. Kamruzzaman (2002) found the

same loading effects for compressibility characteristics in SEM images of treated Singapore

clay. This is because the treated clay has a larger pore volume than the untreated clay as can

be seen from the SEM images of Figs. 5.25(a) and 5.25(b).

5.2.6 Intrinsic Comprcssion Linc and Gcncralizcd Comprcssion Linc

The cement treatcd (ccment = 8%, 12% and 16%) and lime treated (lime = 8%, 12% and

16%) clays have been plotted along with untreated clays in the !,-Iog"; plane as shown in

Figs. 5.27(a) and 5.27(b), respectively. The Intrinsic Compression Lines (ICL) have been

found by plotting void indcx, I, ~ (c - cl{)o)/C,against log,,;. Hcrc void indcx arc considered

as a parameter for measuring the intrinsic hardening potential ofthc trcatcd clays. The figures

rendcr confirmation of the over-consolidation effect of the treated clays brought about by

cement and lime treatmcnt. The untreated clays lies along with ICL. The figures show that

cement and lime treatmcnt displaces the relationship with an increasing value of ,,;

comparing untreated state of clays. The cement and lime treated clay plots shift rightward to

the untreated clay plot of ICL. As the ccment content or lime content increases, the curves are

shiftcd with an increasing value of ,,; as shown by thc bands of cement or lime content.

Kamaluddin et a!. (1995) found that the same results for the cement treated Bangkok clay

samples. The ICL of the clays studied can be expressed ~y the following equations.

I, = 1.26 - 0.015 log"; + I x I0" (log,,;)' - 4. 76x 10.9 (Ioga;)3 for untreated clays

I, = 0.89 - 0.007 loga; - 1.12 (Ioga;)' + 7.05x I0.3 (loga;)3 for cement treated

!,= 1.09 - 0.009 log,,; - 1.16 (loga;)' + 6.35x 10.4 (Ioga;)3 for lime treated

(5.1 a)

(5.1 b)

(5.lc)

From the test results, it is of interest to note that for a particular clay admixed with cement or

lime, the compression behaviour at post-yield state is only dependent upon cement content or

lime content, irrespectively of clay water content. The Intrinsic Compression Line (ICL) is

taken the effect of cement content and lime content into account. Comparing cement and lime

treatment from Fig. 5.27, it has been found that lCL for cement clays are sifted more

rightward than those of lime treated clays.

There are two unknown paramcters required to obtain ICL, which are compression index and

elOO.Since thc CJOOcan be written in terms ofC" thc modification of the Intrinsic Compression
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Linc has becn obtained by plotting normalized void ratio, e/eloo versus vertical pressure, cr: as

shown in fig. 5.28. This linc is designated as Generalizcd Comprcssion Line (GCL). The

GCL for cement treated and limc treated clays havc becn plottcd along with untrcatcd clays in

the c/cloo-Iogcr: planc as shown in Figs. 5.28(a) and 5.28(b), respectively. The GCL of the

clays studied can be expressed by the following equations.

e/elO0= 1.17 - 0.006 logcr:

C/CI00= 1.09 - 0.0024 logcr:

c/elO0= 1.12 - 0.0032 logcr:

for untreated clays

for cement treated clays

for lime treatcd clays

(5.2a)

(5.2b)

(5.2c)

The Generalized Compression Line (GCL) considers the effect of cement content and lime

content into account. Comparing cement and lime treatment from fig. 5.28, it has been found

that GCL for cement clays are also shifted more rightward than those of lime treated clays.

from ICL and GCL for treated clays, it can be concluded that cement is more effective and

active binding material than those of lime, because in both cases, it has been confirmed that

cement treated clays cxpericnced more yield strength and over-consolidated behaviour than

those of lime trcatcd clays.

Horpibulsuk (2002) also reported that the same type relation between I, and e/elO0with logcr:

for cement treated Bangkok clays, such as I, = 2.45 - 1.285 logcr: + 0.015 (logcr:)3 and e/elO0

= 2.025 - 0.504 logcr: respectively. Thc advantage of these lincs are that it can take the effect

of cement / lime content into account with only one unknown parameter, e100.In the absence

of laboratory compression test data on ccment admixed clay, the elOOcan still be predicted if a

vertical pressure and its corresponding void ratio are known. Since the magnitudes of the

yield stress, cry'and unconfined comprcssive strength, qo depend on the degrce of ccmentation

(bond strength), it appears logical to relate these two parameters as reported by Horpibulsuk

(2002). As a result, the Generalized Compression Line (GCL) can be simply obtained by

conducting the unconfined compression test to indirectly obtain the yield stress. Miura et al.

(2001) have recommended that the yield stress is prefcrable to be determined by the method

proposed by Sridraran et al. (1991). The yield stress is obtained as the point of two straight

lines extended from the linear portions on either end ofthc compression curve plotted asvoid

ration against logarithm of cffective vertical pressurc.

It has been known from chemical properties test for cement treated clays in this research that

the compression behaviours are also affected by the clay composition such as clay minerals,

salt conccntration, organic matter, sulfatc content, etc. since it infiuences the bond strength

development (Chew et aI., 2001). Even if the Generalized Compression Line (GCL) is

generated from only a ccrtaintypes of clay uscd in this research mixed with cement due to the

limited test results, thcrc is a possibility of applicability of the Generalized Compression line

to different clays at any curing time.
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5.3 Permeability Characteristics of Cement Treated and Lime Treated Clays

Co-efficient of permeability of untreated and cement and lime treated samples were

determined from one-dimensional consolidation test data. The coefficient of permeability is

the direct function of coefficient of consolidation, coefficient of volume compressibility and

wet lInit weight, and numerical value of k is the product of these three parameters. A

comparison of coefficient permcability of untreatcd and treated clays at effectivc vertical

prcssurc of 18.75 kPa is shown in Table 5.4. Thc permcability characteristics values for

untreated base clays, cement treated clays and lime treated clays are shown in Table 5.4. The

values of the coefficient of permeability (k) have been found, (4.28 to 0.27) x 10 -9 m/see,

(4.94 to 0.32) x 10 - 9 m/see and (6.16 to 0.53) x 10 - 9 m/see at average a: = 18.75 kPa to

1200 kPa for untreated Cl (PI = 47%), C2 (PI = 22%) and C3 (PI = 13%) clays, respectively.

5.3.1 Effect of Clay-Water/ Admixture Ratio on Permeability Characteristics

The coefficient of permeability and effective vertical stress, k-Ioga,' relationships of cement

treated and lime treated clays arc shown in Figs. 5.29(a) and 5.29(b) respectively at 150%

mixing water content, 4 weeks curing and c1ay-water/ admixture (wc/e, we/I) ratio = 7.5, 10

and 15. Test results reveal that at the same effective vertical stress, the treated clay has higher

permeability than that of the untreated clay. This implies that at the same depth below the

ground surface, the treated clay contain a higher void ratio than the untreated clay. This has

been verified from the e-Ioga: relation of treated and untreated clays in previous section. It

can be seen from Fig. 5.29 that k value increases with increasing clay-water/admixture ratio

(decreasing admixture content). It has been found that the variation of k with loga,' is nearly

parallel and non-linear. It is evident that higher the mixing ratio (lower the cement / lime

content), the higher is the value of k. The figures reveal that k results due to the drainage

effect imposed on the treated soil mass, decrease significantly with the increase of admixture

content. For cement content, the reduction of k are more pronounced than lime content at the

same condition. However, for both admixtures reduction of k has been noticed due to increase

vertical effective pressure. It is inferred that physicochemical changes in the clay-cement

structure orientation which leads the increase in k values. Kamruzzaman (2002) reported the

same type results.

5.3.2 Effect of Cnring Time on Permeability Characteristics

Figures 5.30(a) and 5.30(b) illustrate the typical variation of k values with curing time for

cement treated and lime treated clays respectively. It can be seen from Fig. 5.30 that at

particular vertical effective stress coefficient of permeability decreases with increasing curing

time. Fig. 5.30 also shows that at the same vertical effective stress and curing time coefficient

of permeability for lime treated clay is higher than that of cement treated clay. Kauschinger et

al. (1992) and Chew et al. (2004) reported that the same consistent of results for the effect of

cement and curing time on permeability of treated clays. This is most probably due to
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impervious hardened cement hydrates with time, which prevent the movement of the pore

water in the enclosed matrix.

5.3.3 Effect of Clay Type on Permeability Characteristics

The coefficient of permeability of treated clay is also affected by the soil-type. Effect of elay-

type effect on coefficient of permeability (k) values is shown in Figs. 5.31(a) and 5.31(b) for

cement treated and lime treated clays respectively. Fig. 5.31 shows that k values result due to

the consolidation effect imposed on the treated soil mass depend on plasticity of soil (type of

clay). It can also be seen from Fig. 5.31, higher the plasticity index, the lower is the value of

k. The non-linear variation of k is nearly parallel for each type of clay. The permeability is the

function of void ratio and greatly influenced nearly against consolidation pressure, 100 kPa. It

can also be seen that for all the clay at a particular vertical effective pressure k is higher for

the lime treated clay than for cement treated clay. Due to treatment considering clay-type, k

increased for lime content are more than that of cement content. It is also noted that the

coefficient of permeability for untrcated clays, which is much smallcr than that of treated clay

samples. It can be inferred that physicochemical changes depend on illite and kaolinite

mineral in the clays which leads the k values (including other changes in the coefficient of

permeability characteristics). The physiochemical changes have been confirmed in the

previous chapter of this study.

5.3.4 Effect of Mixing Clay-Water Content on Permeability Characteristics

The effect of mixing water content on k-Iogcr,' relationship is shown in Figs. 5.32(a) and

5.32(b) for cement treated and lime treated clays respectively. At the same mixing water

content, k for lime treated clay is higher that for cement treated clay. It is evident from Fig.

5.32 that the higher mixing clay-water content, the higher the values of void ratio (pore size)

and permeability. The short-term rise in permeability can be explained by double layer

analysis. Because of the addition of Ca2+ ions from the cement, there is an increase in the

concentration of cations and an increase in the valence within the soil matrix, which are

confirmed from chcmical properties test for cement treated clays in this research. An increase

in the concentration and valence decreases the double layer, resulting in a decrease in

repulsion and causing flocculation of the clay particles. The flocculated particles with large

pore size resulted in an increase of permeability. The longer-term drop in permeability is

consistent with the decrease in pore size as CASH and CSH are deposited onto clustered clay

particles. This phenomenon would be consistent with treated clay that has rather large inter-

cluster voids (S 3 ,un), which arc enclosed by layers of cementations products (CASH and

CSI-l) with much smaller entrance pore diameters by intra-cluster voids (S 2 >,m). In such

instances, the permeability would be controlled by the pore diameter rather than the intra-

cluster void diameter. This is consistent with the notion of void infilling postulated above, but

it would also require the infilling be limited to surfaces of the clusters, with the interior of the

('
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clustcrs remaining largely unfilled. As a pozzolanic reaction occurs with timc, cementitious

products gradually in fill the intra-c1ustcr void and strcngthen the contacts between soil

particles, thereby rendering the soil less permeable. The production of eementitious products

for treated clays is confirmed from mineralogy and SEM images test in this research.

Kamruzzaman (2002) and Chew et al. (2004) reported that the same consistent of results.

5.3.5 i'e,'meability and Void Ratio Relations of Cement Treated and Lime Treated Clays

Figs. 5.33(a) and 5.33(b) show that reasonable relationships between void ratio and

permeability for cement treated and lime treated clays respectively at different elay-water/

admixture ratio and mixing water content.

As shown in Fig. 5.28(a), the effect of clay-water/cement (wc/c) ratio of 7.5 at different water

content, coefficient of permeability (k) can be correlated with void ratio (e) for the cement

treated clays (PI = 13 to 47%) studied in this research by the following relations:

e = a In (k) + b (5.3)

where, a = 0.4 to 0.5 and b = 2 to 3 for mixing water contents varying from 120% to 250% at

wc/c ratio of 7.5 for cement treated clays.

Similarly, for lime treated clay the effect of clay-water/lime (we/I) ratio of 7.5 and 15 at

different water content (120% and 150%), eoefficicnt of permeability (k) can be correlated

with void ratio (e) for the lime treated clays (PI = 13 to 47%) studied in this research by the

equation 5.3, where a = 0.5 to 0.6 and b = 2 to 2.25 for mixing water contents varying from

120% to 150% and at well ratio varying from 7.5 to 15. The regression equations for treated

clay appear to be independent of the curing time and cement content, being almost entirely

dependcnt on the void ratio and permeability. Chew et al. (2004) reported that the relationship

(loge -Iogk) as e = 0.26 In(k) + 6.86 for cement treated Singapore clay with mixing water

content 120% at wc/e ratio varying from 4 to 6.

5.4 Stress-Strain, Strength and Stiffness Characteristics from DC Test

The stress-strain, strength and stiffness characteristics have been studied from unconfined

compression (UC) test of cement and lime treated clay samples containing different plasticity.

5.4.1 Stress-Strain Behaviour for Cement Treated and Lime Treated Clays

Typical stress-strain behaviour of cement and lime treated samples at curing time 4 and 12

weeks have been obtained from unconfined compression tests as shown in Figs. 5.34 and 5.35

respectively for C 1 clay.

Shear types of failures were observed. The stress-strain curves shown that the samples exhibit

a strength that reaches a peak and then reduces gradually as straining continues. In general,
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stress-strain curves of the treated samples were found to increase abruptly to peak values, then

suddenly. decreased to low residual values at low clay-water/cement ratio and long curing

time. From the aspect of stress-strain relationships, the overall behaviour was categorized into

brittle, quasi-brittle and ductile. Comparatively, brittle, quasi-brittle and ductile types for the

cement treated clays, while quasi-brittle and ductile types for the lime treated clays have been

found. The similar stress-strain behaviour of all stabilized clays having the same clay-

water/admixture ratio have been observed. The unconfined compressive strength of cement

and lime treated clays are listed in Table 5.5. Higher strain, low strength and mild peak were

found to be associated with ductile behaviour for samples of higher clay-water/admixture

ratio, whereas, lower strain, higher strength and sharp peak exhibited brittle behaviour for

samples of lower clay-water/admixture ratio. Chew et al. (2004), Miura et al. (2001) and

Balasubramaniam et al (1999) also reported similar stress-strain behaviour for treated clays.

5.4.2 Strength Characteristics fol' Cement Treated and Lime Treated Clays

The strength is defined as the peak stress gained at which the sample failed, known as

unconfined compressive strength and simply abbreviated as quo The strength has been studied

in light of some previous techniques.

5.4.2.1 Strength Activeness

Fig. 5.36 illustrates the effect of admixture content and curing age on unconfined compressive

strength of cement and lime treated C3 clay. As can be seen, unconfined compressive strength

increases with the increase in admixture content (i.e. decrease in water/admixture ratio) and

increasing curing time. Based on the observation in Fig. 5.36, the unconfined compressive

strength and admixture content relationship can be divided into 3 zones: Inactive Zone, Active

Zone and Inert Zone. The cement content up to 4% shows only very low marginal

improvement of unconfined compressive strength even at 2 years of curing, and is termed as

inactive zone. It seems to suggest that a certain percentage of cement (say more than 4%) is

required to complete the hydration as well as pozzolanic reaction between cement particles

'\nd clay particles. The end result of the complete cementatioil is to increase the shear strength

and this zone is termed as active zone. The upper limit of this zone varies from about 34% to

38% of admixture content. In this zone, significant improvement of strength is observed with

increasing admixture content and longer curing time. The rapid gain in strength is attributable

to the fact that the pozzolanic reactions permit the efficient diffusion of available Ca'+ ions

within the treated clay matrix. At this zone, the rate of hydration reaction is very high and

thus, the bridging (cementation) effect is very significant and efficient. Hence, the increased

amount of eementitious reaction products CSH (calcium silicate hydrate) and CASH (calcium

aluminum silicate hydrate) caused a sharp increase in shear strength. It has been confirmed in

X-ray diffraction test in this study.
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Beyond the admixture content of 38%, i.e. beyond the active zone, the rate of increase of

strength reduces and seems to be asymptotic. Such region is referred here as inert zone. The

possible reason for such zone lies on that, the reactions are still going on but greater difficulty

for ealeium ions to diffuse within the treated clay matrix such that no further improvement of

strength is observed. The greater difficulty arises due to the exhaustion of admixture content,

which leads to the imbalance proportion of calcium ions and soil silica/alumina. This is

because of the completion of eementitius reaction (pozzlolanie reaction) due to the exhaustion

of cement. It is possible that the reactions are going on but the calcium ion solutes diffuse

very slowly within the treated clay matrix such that no further improvement of strength is

observed. The conclusion has also becn supported by Locat et al. (1990) and Kamruzzaman et

al. (2004) for lime treated and cement treated clays, respectively.

Similarly, the effccts of curing time on unconfined compression strength have been in Fig.

5.37 of cement and lime treated CI clay. The unconfined compression strengths of cement

and lime treated clays are listed in Table 5.5. Comparatively, cement treated clays are gained

higher strength than that of lime treated clays, For a ccrtain clay-water/ admixture (we/c and

wc/l) ratio, the development of strength with curing time can bc sub-divided into active,

quasi-active and inert zones (Fig. 5.37). Fig. 5.37 shows that earlier periods of curing are

more active than that of the later. During the first to fourth weeks of curing, the development

of strength is very rapid and dominant. Thus, for the parameter of curing time, one to twenty

four weeks can be considered as the most effective and active zone in terms of hardening

effect. Beyond the twenty four weeks, though the hardening potential does not enhance much,

moderatc improvement can still be noticed generally. The improvement becomes almost

stagnant and latent after about fifty two weeks, termed as quasi-active zone. Beyond this

range, the hardening influcnce decrcascs and does not producc great potentiality for

improvement and can be termcd as inert zone. The zone of 24 to 52 weeks curing period can

be set as a boundary zone that makes a demarcation betwecn the active zone and the inert

zone for types of clays. Kamaluddin (1995) reported such a demarcation boundary zone for

Bangkok clay.

5.4.2.2 Strength Development Index (SOl)

The strength development indices for cement and lime treated C2 clay arc presented in Figs.

5.38 and 5.39 with respect to admixture content and curing time respectively. These indices

render a clear understanding about the degree of relative strength improvement that resulted

due to cement /lime treatment with variables such as cement content/lime content and curing

time. The strcngth increase of specimens with 4% admixture content is insignificant. The

degrce of relative strength gained for Cl clay has been found to be higher than those of C2

and C3 clay. The degree of relative strength gained for ccmelit treated clays are higher than

those of lime treated clays. Kamaluddin (1995), Rajbongshi (1997) and Hasan (2002) also
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reported significant increase in strength development index with admixture content and curing

time.

5.4.2.3 Normalized Strength

Normalization techniques have been attempted for cement and lime treated C3 clays. A

typical normalize behaviours arc shown in Figs. 5.40 and 5.41 with respect to admixture

content and curing time respectively. The reason for choosing the strengths for highest

admixturc content (60%) and highest curing timc (104 weeks) lies on the fact that all samples

were found to attain an ultimate and stcady state at this stage, which produced a unique and

stable q" value for each clay samples. These parameters arc independent of clay-water/

admixture (wc/c and wc/I) ratios and curing times in the sense that it produces similar effect

for all values. The normalized behaviour of the samples exhibits to overall narrow band with

more closed values ranging from low and high levels bounded by two polynomial curves of

third order. Such normalization can be useful for finding the strength for a range of the treated

clay once the ultimate strength acquired at longer curing periods. Thc narrowness for band

curves of lime treated clays are higher than those of cement treated clays. The nature of

normalizcd curvcs for Fig. 5.40 is totally diffcrcnt than those of Fig. 5.41. Kamaluddin (1995)

also found similar normalized behaviour for Bangkok clay.

5.4.2.4 Effect of Plasticity of Clay on Unconfined Compressive Strength

A summary of the unconfined compressive strength of the three clays has already been

presented in Table 5.5. The effects of plasticity index on unconfined compression strength are

presented in Fig. 5.42 at different clay-water/admixture ratio for cement and lime treated

clays. At a particular clay-water/admixture ratio, unconfined comprcssivc strength, in general,

is increased with increasing plasticity. The effect of plasticity index on unconfined

compression strength for diffcrcnt curing time is prcscnted in Fig. 5.43. It can bc seen from

Fig. 5.43 that at a particular curing time unconfined comprcssive strength, in general, is

increascd with increasing plasticity. At a particular curing time, strength is increased with

increasing plasticity. The effect of plasticity index on unconfined compression strcngth for

different mixing water content is presented in Fig. 5.44 and found that at a particular mixing

water content, unconfined comprcssive strcngth is also increased with increasing plasticity. It

has bcen found that ccment trcated clays gained higher strength than those of lime treated

clays. In all cases, C1 clay of highest plasticity achieved highest strength. High plastic clay

has high sensitivity, high watcr holding capacity and more clay c1ustcr hardness capacity than

those of othcr clays. For this, the high plastic clay has been achieved more strength than other

clays for cemcnt and limc trcatment at high water contcnt. Ahnberg, ct al. (1995) and Taki

and Yang (1991) also found that the similar difference in strength for different types of soil

with different plasticity index due to cement and lime stabilization. For the improvement of

soft clay at a high water content by cement and lime admixtures, it is concluded that high
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plastic (C I) clay undergoes better improvement than low plastic (C3) clay but low plastic clay

undergoes better improvement than medium plastic (C2) clay. This is becausc as possibly, the

chemical properties response such as pH value, electrical conductivity, exchangeable cations

and finally cementitious products for C2 clay (PI = 22%) have lowest values than those ofCI

clay (PI = 47%) and C3 clay (PI = 13%), which have been found in this study. Another

possible cause, according to the criteria of pH value determination for the base soil, Cl 'clay

and C3 clay are alkaline in nature and C2 clay is acidic in nature, which have exchangeable

H+ ion. Thus, it may be called that C2 clays have a large reserve of potential acidity or

buffering capacity. As buffering capacity was defined as the capacity of the soil to release

exchangeable ]-t ion into the soil solution to restore the equilibrium pH and due to which

there is no soil reaction with cement until the reserve H+ ion is exhausted. And it is also added

other causes.

It has been found that the amount of mixing water and type of clay have great role on the

devclopment of strength. The strength is increased with increasing curing time and admixture

content (lowering welc and wcll ratio). The test results show that the engineering behaviour of

stabilized clays are dependent upon the clay-water/admixtureratio (wc/c and wc/l) and fabric

(the structure of clays). Thc role of wclc and wcll arc that the lower the wclc and wcll, the

greater the yield stress, resulting in enhancemcnt of the yield surface, which means that the

failure strain gets decreased; hence, the strength increases (Figs. 5.34 and 5.35). However, the

fabric and clay-water content govern the stress-strain behaviour. The higher water content, the

greater spacing between clusters; this leads to a decrease in ultimate strength (sec Fig. 5.44).

The comparative study between cement and lime stabilization, it has been found that cement

stabilization are more effective than that of lime stabilization. The lime stabilization is not

effective at very high water contents (i.e., binding properties of lime arc failed at mixing

water 200% and 250%). Ahmed (1984), Serajuddin and Azmal (1991), Serajuddin (1992),

Siddique and Rajbongshi (2002), Hasan (2002), Siddique and Hossain (2003), Ansary et al.

(2003) and Toyeb (2006) reported that the similar effects of cement and lime content and its

curing time on strength characteristics for different regional and coastal soils of Bangladesh.

5.4.2.5 Strength Relationship Based on Yield and Ultimate Conditions

The magnitudes of the yield strength, 0y' (found from consolidation test at confined condition)

and unconfined compressive strength, q" (found from compression test at unconfined

condition) depend on the degree of cementation (bond strength), it appears logical to relate

these two parameters, it was reported by I-1orpibulsuk (2002). Depending on this logic, Figure

5.45 represents the relationship between 0; and q", which is generated based on test results of

cement admixed clays studied (Cl, C2 and C3 clays). In this figure, the test results arc

gcneralized on four way depending on initial mixing water (Wi) contents (120%, 150%, 200%

and 250%) with mixed tests data for three types of clay at wele ratio of 7.5, 10 and 15 and

curing time of 4 weeks. The equations for the relationship between cr; and q,,, are as follows:
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G' 2.56 g" for wc/c = 7.5 (5.4a)y

G' = 2.07 g" for wc/c = 10 and (5.4b)y

(J"= 1.34 g" for wc/c = 15 (5.4c)y

with coefficient ofcorre1ations of 0.97, 0.99 and 0.94 rcspectively.

Horpibulsuk (2002) found that the relationship between Gy' and g,,, which was Gy' = 2.20 g,,,

for cement admixed e1ays, while Takahashi and Kitazume (2004) also found that the same

relation, which was Gy' = (1.27 to 2.55) g . Miura et al. (2001) have recommended that this
"

relationship is preferable to be determined generalized compression line (GCL) by the method

proposed by Sridraran et al. (1991).

5.4.2.6 Strength Prediction Based on Clay-water/Cement Ratio's Concept for Cement
Treated Clays

Strength prediction of cement stabilized clays have been discussed based on the test results of

C 1, C2 and C3 e1ays studied. The predication referred to the clay-water content/cement ratio's

concept was proposed by Horpibulsuk et aI., (2000) as follows; " for given clay-cement

mixtures, the strength at any curing time depends on only one factor e1ay-water

content/cement ratio, we/e". The observed relationship between unconfined compressive

strength after a certain period of curing has been expressed by a formula having the following

equation;

A
gIl = S(lVC/C)

(5.5)

where, g" is the unconfined compressive strength of cement stabilized e1ay at a stated age,

we/e is the e1ay-water content/cement ratio, A and B arc constant depending on the

characteristic of clay, type of cement and curing time.

Fig. 5.46 shows a lypieal strength prediction of cement stabilized Cl clay, which agrees well

with this proposed method. The coefficients of correlation were found to be higher than 0.97

for all e1ays. The B-value is 1.24 for all e1ays at all curing time. But the A-values are different

for curing time, which arc found as follows;

A- value

Curing Time (week)

4

12

52

Cl clay

124\

1562

1771

2952

C2 e1ay

943

1211

1395

2211

C3 e1ay

1.054

1354

1557

2492
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Whilc, Horpibulsuk et aI., (2000) rcviewed the results for cemcnt trcated Bangkok clay that

thc A-valucs were 969, 1130 and 1739 kPa for 7, 14 and 28 day-curing timc, respectively and

the B-valuc was 1.24 (R' = 0.99). From above prediction, thc B-value can be taken as 1.24 for

the all cases of(CI, C2 and C3) clays studied but the A-values are different. For every curing

time, the A-values of stabilized clays for CI clay are highest. Among the clays presented here,

such the C I clay provide the highest strength at the same conditions of curing time, c1ay-

water content and cement content. Since B-value is identical for all clays, the same strength

ratio equation of cemcnt stabilized clays at a particular curing time have becn obtained in

terms of clay water content/cement ratio as follows:

(5.6)

where q(wd'i' is the strength to be estimated at clay water content/cement ratio of (wc/c), and

q(w"'i2is the strength value at clay water content/cement ratio of (we/c),. From this prediction,

it reveals that the wc/e docs not play any role on the strength development with time. As a

result, the strength normalization of stabilizcd clays as shown in Fig. 5.47 by the 28 day-

strength, (i,e., 4 week-strength) can be performed by the liner regression analysis in terms of

curing time only as follows:

q" =a+blnD
q"

where, qo is the strength after D days of curing, q28 is the 28 day-strength, D is the curing

(5.7)

time, a and b arc constant depending upon the type of clay. It is found here that a = - 0.51 and

b = 1.07 for thc clays studied. While, the a and b for inland clays have investigated by

Nagaraj et al. (1996) as -0.18 and 0.46, respectively.

The interrelationship among strength, curing time and clay water content/cement ratio, wc/c

for predicting strcngth devclopment of generalized cement stabilizcd clays studied can be

exprcssed by combination of equation nos. (5.6) and (5.7) as follows:

(
q (we /e )l,DJ = 1.24 «we !c)28-(IVe /e),Dt l(_ 0.513 + 1.07 In D)
q (IVe /e ),28

(5.8)

where q(w"'iI.Dis the strength of cement admixed clay to be estimatcd at clay-water /cement

ratio of (we/c), after D days of curing and q(wd'i.28is the strength of cement admixed clay at

clay-water/cement ratio of (wc/c) after 28 days of curing. While, I-lorpibulsuk et al. (2000)

found that following relationship for Ariake clay:
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(
q(WC/C)I.D J = 1.24 {(wc/c)28-(wc/c)I.D l(0.116 + 0.2471n D)

q(wc/c).28

5.4.3 Failure Strain Behaviour for Cement Treated and Lime Treated Clays

The failure strain in nneonfined compression test has been defined as the strain at peak axial

stress and abbreviated as cr. The treated samples with ductile behaviour have higher failure

strain and with brittle behavionr have lower failnre strain.

5.4.3.1 Effect of Mixing Ratio, Curing and Clay Type on Axial Strain at Failure

Axial strain at failure reduces significantly as the admixture (cement and lime) content

increases. Within 4 weeks of the curing period, the failure strains reduce and lie between

2.68% to 1.52%,3.42% to 2.30% and 3.26% to 2.12% for samples ofCI, C2 and C3 clays

clay respectively having cement contents for 4% to 60% (average cr for base clays = 3.67%,

3.65% and 3.83% for CI clay, C2 clay and C3 clay respectively). For longer periods beyond 4

weeks, the failure strains of treated samples reduce further, lie between 2.91% to 1.10% for

all values of cement content. Figs. 5.48(a) and 5.48(b) show the typical relationship between

failure strain and elay-water/ admixture ratio for cement and lime treated CI clays

respectively with mixing water content of 120%. Failure strain increases with increasing

admixture ratio (or decrease in admixture content). Fig. 5.48 also shows that failure strain for

lime treated clays are higher that those of cement treated clays at same mixing ratio.

The effect of curing time on failnre strain for cement and lime treated clays have been

presented in Fig. 5.49 for both cement and lime treated clays. It can be seen from Fig. 5.49

that failure strain reduces considerably with curing time. It has been also been found that at a

parlieular curing time failnre strain increases with decreasing plasticity index of clays. Effect

of clay type on axial strain at failure is shown in Fig. 5.50. It can be seen from Fig. 5.50 that

at a particular clay water admixture ratio failure strain increases with the decreasing plasticity

index of clays.

5.4.3,2 Failure Strain Prediction for Cement Treated Clays

Figs. 5.51 and 5.52 present the relation of cr and q" in an arithmetic plot in terms of we/e ratio

and curing time for cement treated C2 (PI = 22%) and C3 (PI = 13%) clay, respectively at

mixing water content of 120%. Such plots arc meaningful to delineate the ductile and brittle

behaviour of the samples. The relationship has produced a definite trend of reduction of

failure strain with incremental values of cement content and curing time. At higher values of

curing time, the failure strains arc smaller and are with more scatters, whereas samples with

low strength produce higher values of or with constraint in a narrow band. Ductile behaviour

is associated with low strength and higher failure strain. On the contrary, higher strength and

low failure strain correspond to brittle behaviour. Generally, higher cement content (lower
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wc/c ratio) and curing time are the main parameters to cause thc trcated mass brittle. In Figs.

5.51 and 5.52, the brittle characteristics have been seen at relativcly higher values of q,,,

where samples cluster along the best-fit line. On the other hand, ductile behaviour ean be

observed at the region of relatively lower values of q" where samples show comparatively less

wider scatter. The best-fit line shows a coefficient of correlation greater than 0.90. The

relations Br(in mm/mm) and q" (in kPa) of the plot in terms of curing time of cement treated

clays studied are linear equations which can be expressed as follow:

Er~ 2.34 -7.01 x q" /10' for CI clay (5.9a)

Ef~ 2.83 -7.60 x q" /10' for C2 clay (5.9b)

Er~ 3.00 - 8.04 x q" /I 0' for C3 clay (5.9c)

The mathematical relations show that CI clay has achieved lower failure strain than that of

C2 clay and C3 clay. While, Kamaluddin (1995) reported the relationship (Er, q,,) for

cemented Bangkok clay at low mixing water contcnt as Er~ 3.3-19xq" II 04

5.4.4 Stiffness Characteristics for Cement Treated and Lime Treated Clays

The stress-strain behaviour of unconfincd comprcssion test for soils is gencrally non-linear.

For this, modulus of elasticity (stiffness) is classified two types, namely initial (stiffness)

tangent modulus and secant (stiffness) modulus. Initial stiffness is defined as the slope of

tangent at initial starting point of non-linear stress-strain curve and simply abbreviated as E,.
Secant stiffness is defined as the slope of straight line passing through the cut point of half of

the peak stress strength and the origin of non-linear stress-strain curve and simply abbreviated

as E'Q.

5.4.4.1 Effect of Mixing Ratio, Curing Time and Clay Type on Initial Stiffness

The modulus of elasticity (stiffness) was found to be a function of cement content (c) and

curing time. Generally, lower cement content (higher wc/c ratio) and lower curing time

generate correspond to the smaller values of the modulus (stiffness). Figs. 5.53(a) and 5.53(b)

show the relationship between initial stiffness and clay-water/ admixture ratio for cement and

lime treated C I clays respectively at mixing water content of 120% used for clay slurries. It

can be seen from Fig. 5.53 that initial stiffness increases with decreasing admixture ratio or

increasing admixture content. Fig. 5.53 also shows that initial stiffness for cement treated

clays are higher that those of lime treated clays at same mixing water ratio.

The effect of curing time on initial stiffness for cement and lime treated clays is presented in

Fig. 5.54. A sharp increase of the initial modulus has been observed with increasing curing

time for cement and lime treated clays. Fig. 5.54 also shows the effect of clay type on initial

stiffness. It can be seen that, at a particular curing time, E" in general, increases with

increasing plasticity. Fig. 5.55 shows the effect of initial stiffness on we/admixture ratio. It
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can bc scen from Fig. 5.55 that initial stiffness decreases with the increasing wc/admixture

ratio (i.e. decreasing admixture content). Fig. 5.55 also shows the effect of clay type on initial

stiffncss. It can be seen that, at a particular wc/admixture ratio, E; in general, increases with

increasing plasticity. The relative initial stiffness gained for Cl clay is higher than those ofC2

and C3 clay. These samples with lower mixing ratio exhibit brittle behaviour during sliearing.

On the other hand, samples with higher mixing ratio (i.e., lower cement / lime content) are

associated with lower initial stiffness and lower q" value, exhibits ductile behaviour during

shearing. Bergado et al. (2003) and Porbaha et al. (2000) found that the similar behaviour for

stiffness of treated clays.

5.4.4.2 Initial Stiffness Prediction for Cement Treated Clays

Figs. 5.56 and 5.57 present the relationship between initial stiffness (E;) and q" in an

arithmetic plot in terms of wc/c ratio and curing time respectively for cement treated C2 (PI =

22%) and C3 (PI ~ 13%) clay at mixing water content of 120%. Data points ofthcse relations

lie closely on a straight narrow band in such a way that thc relationship betwecn E; and q" can

be approximated to linearity. The best-fit line shows a coefficient of correlation greater than

0.98. The predictcd relations in betwcen E; (in MPa) and q" (in kPa) in the arithmetic plot in

terms of curing time of cement treated clays studied can be expressed by the following

equations:

E;= 3.02 x (q,,15)110'

E; = 3.35 x (q,,15)110'

for Clclay

for C2 clay

for C3 clay

(5.10a)

(5.10b)

(5.10c)

Kamaluddin (1995) reported that the relation for cement treated Bangkok clay at low mixing

water content as E; = 6.2 x (q,,15)110'.

5.4.4.3 Effect of Mixing Ratio, Curing Time and Clay Type on Secant Stiffness

For the soil possessing elasto-plastic behaviour with a dominating plastic component, the

incremental modulus changes continuously with strain. In that case, the initial (stiffness)

tangcnt modulus docs not represent the clastic modulus of the curve and instead of that, the

secant (stiffness) modulus becomes more representative and useful than the initial tangent

modulus. Thus, it is convenient to use the secant stiffness (E50) in such cases. The effect of

clay-water/admixture ratio on secant modulus is illustrated in Figs. 5.58(a) and 5.58(b) for

cement and lime treated Cl clays respectively. Fig. 5.58 shows that secant stiffness increases

with decreasing admixture ratio. It is also evident from Fig. 5.58 that secant stiffness for

cement treated clays arc higher that those of lime treated.c1ays at same mixing ratio.

Thc effect of curing time on secant stiffness for cement and lime treated clays is presented in

Fig. 5.59. A sharp increase in secant stiffness has been observed with increasing curing time.
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Fig. 5.59 also shows the effect of clay type on secant stiffness. It can be seen at a particular

curing time there is a trend of increase in secant stiffness with increasing plasticity index. Fig.

5.60 shows the effect of we/admixture ratio on secant stiffness. It can be seen from Fig. 5.60

that secant stiffness decreases with the increasing we/admixture ratio (i.e. decreasing

admixture content). Fig. 5.60 also shows the effect of clay type on secant stiffness. It can be

seen that, at a particular we/admixture ratio, secant stiffness, in general, increases with

increasing plasticity.

High plastic clay has high sensitivity, high water holding capacity and more clay cluster

hardness capacity than those of other clays. For this, the high plastic clay has been achieved

more stiffness than other clays for cement and lime treatment at high water content. Ahnberg,

et al. (1995) and Taki and Yang (1991) also found that the similar different stiffness for

different types of soil with different plasticity index from cement and lime stabilization.

5.4.4.4 Secant Stiffness Prediction of Cement Treated Clays

Figs. 5.61 and 5.62 present typical relationships between secant clastic modulus, E50and q" in

an arithmetic plot in terms of wc/c ratio and curing time respectively of cement treated C2 (PI

= 22%) and C3 (PI = 13%) clay at mixing water content of 120%. Such a linear rclationship

can be useful for prediction of secant modulus. It is quite apparent that the data points lie

closely on a straight narrow band that can be approximated to linearity. The best fit line

shows a coefficient of correlation greater than 0.98. The predicted relations Eso (in MPa) and

q" (in kPa) in the arithmetic plot of cement treated clays studied arc expressed by the

following equations:

E50= 2.72 x (q,i5)/1 oj
E50= 2.91 x (q"I.5)/l oj

E,o = 2.78 X (q"I.5)/I0J

for CI clay

for C2 clay

for C3 clay

(5.lla)

(5.1Ib)

(5.llc)

Kamaluddin (1995) reported the relation (q". E50) for cement treated Bangkok clay at low

mixing water content as E50= 5.8 x (q"I.5)/l oj.

5.4.5 Failure Mode and Brittleness Characteristics for Cement Treated Clays

A shear type of failure was noticed generally in the case of treated samples. Angles offailure

plane were found generally between 35° and 50° with the horizontal by investigations during

tests. Cement treatment caused a transformation of the plastic clay into mainly brittle and

quasi-brittle characteristics. The development of the brittle behaviour of the cement treated

clay originates from the mixing period. It has been found that physicochemical, mineralogical

and micro-structural tests that the hydration of cement creates a rather strong bond between

various mineral substances and forms a matrix that efficiently encloses clay-clusters then on-

bonded particles. The matrix develops a cellular structurc by thc enclosed clay-clusters and
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the strength of the clay matrix depends entirely on the cellular structure. Since the matrix pins

the particles, cement reduces plasticity on the one hand, and increases shear strength on the

other. The brittleness on the ireated clay develops due to formation of the cellular structure.

Bergado et al. (2003), Porbaha et al. (2000) and Kamaluddin (1995) also observed that the

similar behaviour for treated clays.

The results show that brittleness is more pronounced with low failure strains. The strains at

peak failure strengths arc observed to be 1.1% to 3.42% for all samples covering all we/e ratio

and curing times as shown in Fig. 5.48. The degree of brittleness was found to be a function

of clay-water/cement (we/c) ratio, clay type, mixing water content and curing time. The

higher the value of cement content (lower we/e ratio), the greater the degree of stiffness and

brittleness of the treated clay. Low cemented samples such as up to 4% showed a ductile type

ofbchaviour and their failure strains are comparatively higher than other treated samples.

Though the effect of curing time is similar to that of cement content, the results reveal that

hardening effects rendered by curing have lesser influence than that of cement. Some samples

of longer curing periods (i.e., 24, 52 and 104 weeks) exhibited extreme brittle behaviour

bringing about sudden failure as shown in Fig. 5.36. The failure occurred of these samplcs by

breaking into small pieces. A large number of samples had to be discarded due to sudden

premature failure.

5.5 Stress-Str~in Behaviour aud Strength Parameters from Direct Shear Test

5.5.1 Shear Stress and Shear Displacement Relations for Cement Treated Clays

Figs. 5.63(a) "".1 5.63(b) show typical relationship between shearing stress and horizontal

displacement from consolidated drained direct shear test at we/e ratio of 7.5, mixing water

content 120% and curing time of 4 weeks. It has been found that cement treated clays have

gained more shear strength and shear straining than that of base clays. Relatively, cement

treated C1 clay has gained more shear strength and less shear straining than that of cement

treated C2 and C3 clays. It can be seen from Fig. 5.63 that there arc distinct peak points in

stress-displacement curves and the curves for low normal stress condition located well below

than those of high normal stress condition specimens. The shear stress-displaeemellt curves

show that the samples exhibit a shear strength that reaches a peak and then reduces gradually

as shear displacement continues. Taha et al. (1998) also reported that the similar results from

direct shear test.

5.5.2 Vertical and Horizontal Displacement Relations for Cement Treated Clays

Figs. 5.64(a) and 5.64(b) show typical relationship between vertical and horizontal

displacement for cement treated CI and C3 clays respectively. For cement treated clays,

vertical expansion (dilation) was observed at low normal stress and experienced vertical

contractions or settlement throughout the shearing stage at higher normal stress. Vertical
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settlements dominated for specimcns at highcst normal stress levels (200 kPa and 400 kPa).

Settlement initially took place upon shearing, and then vertical expansion (dilation)

dominated for treated specimens prevails at lowest normal stress level (100 kPa). It has been

found that cement treated clays have gained lower vertical settlements than that of base clays.

Relatively, cement treated CI clay has gained lower vertical settlements than that of cement

treated C2 and C3 clays at higher normal stress levels but cement treated CI clay has gained

higher vertical expansion (dilation) than that of ccmcnt treatcd C2 and C3 clays at same lower

normal stress levels. Thcse results are very important in gcotechnical problems involving

vcrtical shear such as in the case of pile foundations. Similar vertical and horizontal

displacement relationship were also reported by Taha et aJ. (1998).

5.5.3 Effect of Clay Type, Cement and Curing on Shear Streugth Parameters

Typical failure envelopes from direct shear tests are presented in Figs. 5.65(a) and 5.65(b) for

the cement treated C I and C3 clays rcspcctivcly. A summary of cffcctive shear strength

parameters, c' and ~' for ccment treated clays is listed in Table 5.6. It has bcen found that the

cffective cohesion and friction angle of samplcs having higher ccment (lower wclc ratio) are

greater than that of samples contained lower ccment (highcr wclc ratio). This is possibly due

to the effect of stiffness and morc lubricating effect in cement treated condition that prevents

soil slippage and frictional movement. The apparent cohesion of cement treated Cl clay was

highcr than those of cement treated C2 clay and C3 clay but the friction angle of cement

treated Cl clay were lower than those of cement treated C2 clay and C3 clay.

The effect of clay-type, ccment content and curing time on cohcsion for treated clays is shown

in Fig. 5.66. The cohesion of treated clays has been found to increase with increasing curing

time because the stiffness and lubrication are increased due to hydration of cementation with

time. Fig. 5.66 also shows that cohesion of treated clays increased with increasing cement

content (or decreasing wclc ratio) due to more cementation. Fig. 5.66 also shows that at

particular cement content and curing time effective cohesion, in general, increases with

increasing plasticity index.

The effect of clay-type, cemcnt content and curing time on friction angle for treated ,clays is

shown in Fig. 5.67. The figure shows that at a particular curing time friction angle of treated

clays increased with increasing cement content (or decreasing wclc ratio) due to more

cementation. Fig. 5.67 also shows that friction angle of treated clays decreased with

increasing curing time because the soil slippage and frictional movement are less prevented

due'to hydration of cementation with time. Fig. 5.67 also shows that at a particular cement

content and curing time effective friction angle, in general, decreases with increasing

plasticity index. Kamruzzaman et aJ. (2004) also reported similar effects of cement content

and curing time on effective shear strength parameters (c' and ~') for cement treated clays.
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Similar behaviour for cohesion and friction of improved soil werc investigated by Shibuya

and Ozawa, (1992).

5.5.4 Effect of Clay-water Content on Strength Parameters

The effect of clay-water content and curing time on cohesion for treated clays arc shown in

Fig. 5.68. It can be seen from Fig. 5.68 that at a particular curing time, the cohesion of treated

clays is decreased with increasing clay-water content because the stiffness and 11011-

lubrication arc decreased due to hydration of cementation at high water content. The effect of

clay-water content and curing time on friction angle for treated clays is shown in Fig. 5.69,

which shows that at a particular curing time, the friction angle of treated clays is decreased

with increasing clay-water content because the soil slippage and frictional movement are less

prevented due to hydration of cementation at high water content. Similar result were reported

by Radwan (J 988).

5.5.5 Relationship between Strength from Direct Shear and Unconfined
Compression Tests for Cement Treated Clays

The relationship between Ihe direcl shear (OS) and unconfined compression (Ue) test results

for C I, C2 and C3 clays Irealed with 8% 10 48% cement content and cured for 4 weeks is

shown in Fig. 5.70. Although, there are some data points scatlered, the plot demonstrates a

general validity. From the regression analysis, the following relationships have been obtained:

c' = 99.86 - 0.1 03q" + 0.003q.,' , (c' and q" in kPa)

or c' = 0.103 - 0.1 13q" + 2.976q.,' , (c' and q" in kg/cm')

(5.12a)

(5.12b)

where ct is the effective cohesion, i.e., shear strength from a direct shear test for zero normal

stress ('10) and q" is the unconfined compressive strength for all specimens cured up to 4

weeks. It should be pointed out that the loading condition applied in these direct shear tests

represents shallow soil-cement stabilization. In addition, the mode of simple shear is perhaps

difficult to achieve in shear box .tests on stiff soils. Similar relationship was proposed by

Porbaha et al. (2000) as c' ('10) = 0.53 + 0.37q" - 0.0014q.,', where, c' and q" in kg/cm' for all

specimens cured up to 4 weeks.

5.6 Stress-Strain Characteristics for Ccment Treated Clays from Unconsolidated
Undrained Triaxial Compression Test

The stress-strain behaviour of cement treated samples cured for 4 weeks from unconsolidated

undrained (UU) triaxial compression tests with confining pressure, (J3 = 200 kPa is shown in

Figs. 5.71(a) and 5.71(b) for CI and C3 clays respectively. While Figs. 5.72(a) and 5.72(b)

show the stress-strain behaviour of cement treated samples cured for 12 weeks for C 1 and C3

clays respectively.
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From Figs. 5.71 and 5.72, it can bc seen that, in general, the stress-strain curves of the treated

samples werc found to increasc abruptly up to thc pcak dcviator stress, then suddenly

decrcased to low residual values upon further straining. Thc ovcrall bchaviour of the treated

samples can be categorizcd into brittle, quasi-brittle and ductilc types. Brittlc characteristics

were observed for higher cement content (such as wclc ratio 7.5 and 10), rendering a

comparatively lower value of E at QI11<1X where as ductile characteristics were observed for

lower cement content (wc/c ratio of 15 and 30). Ductile samples were observed to be

associated with a mild peak whereas brittle samples were observed to be associated with a

sharp peak. The samples with higher cement content and curing time were observed to

possess brittle behaviour accompanied with low values of strains at q"'e<'The brittle samples

always exhibited sharp peaks associated with abrupt falling characteristics. The residual strain

of the brittle sample is much lower than that of the ductile sample. It reveals that the lower the

wclc, the greater the enhancement of the cementation bond strength inducing higher

undrained shear strength.

A comparison of undrained shear strength and strain at failure obtained from UU triaxial

compression and unconfined compression tests is shown in Table 5.7. It has been found that

undrained shear strengths obtained from UU triaxial compression test are average about 1.2

times higher than those obtained in UC test but failure strains for UU triaxial compression test

are average increased to about 2 times than those obtained from unconfined compression

tcsts.

5.7 Stress Path, Stress-Strain, Pore Pressure and Failure Envelopes Characteristics
for Cement Treated Clays from CIU Triaxial Compression Tests

The stress path, stress-strain and pore pressure charactcristics have been studied from

isotropically consolidated undrained (CIU) triaxial compression tests of cement treated clay

samples. Failure envelopes of the cement treated clays havc also been examined.

5.7.1 Effective Stress Paths for Untreated Base and Cement Treated Clays

5.7.1.1 Effective Stress Paths for Untreated Samples

The conventional undrained and drained tests with constant cell pressure were carried out on

isotropically consolidated samples. Typical stress paths are shown in Fig. 5.73(a) and 5.73(b)

for untreated C1 and C3 clays, respectively. The stress paths are straight line for drained tests

and curve line for undrained tests and rise at a slope of 1:3 from the initial value of Po' for
each sample in the deviator stress (q) versus mean effective pressure (p') plot. The failure

envelop in the q-p' plots, derived from maximum deviator stresses, is a straight line passing

through the origin, with a slope M = 0.98, 0.91 and 0.94 for C1, C2 and C3 clays,

respectively. The undrained stress paths for the untreated clay samples (Fig. 5.73) are typical

of normally consolidated clays and demonstrate a high degree of consistency indicating the
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normalizable behaviour. The relcvant stress points fall approximately on the same straight

line passing through the origin. The maximum deviator stress condition is being referred to

here as critical state line at which unlimited shear distortions occur without an increase in the

shear stress or without changc in the volumctric strains. Kamaluddin (1995) also found that

the samc natured stress paths for untreated Bangkok clay.

5.7.1.2 Effects of Clay-water/Cement Ratio on Effective Stress Paths

Figures 5.74(a) and 5.74(b) prescnt typical undrained effective stress paths for cement treated

CI and C3 clays, respectively at a different wc/c ratio and cured for 4 weeks. Fig. 5.74

consists of strcss paths of treated clays for Po' = 200 kPa. The clay-water/cement ratio used

was 7.5, 10, 15 and 30 with mixing water content 120% for each clay. Fig. 5.74 shows that

the stress paths evidently, belong to different category of states such as normally

consolidated, lightly, moderatcly and heavily over-consolidated state. Effective stress paths

for treated clays is similar to that of normally consolidated statc for high wc/c ratio of 30 (i.e,

low cement content of 4%), lightly over-consolidated state for wclc ratio of 15 (i.e, cement

content of 8%), moderately over-consolidated state for wclc ratio of 10 (i.e, cement content of

12%) and heavily over-consolidated state for for wclc ratio of 7.5 (i.e, high ccment content of

16%). The stress paths for heavily over-consolidated clays in which very small pore pressures

were developed, propagate approximatcly at constant p', i.e., parallel to q-axis. Such a

behaviour is gencrally found from natural over-consolidated clays and this aspect strongly

supports the elastic wall concept of the Cambridge strcss-strain theories; the specimens

remaining on elastic wall exhibits constant plastic volumetric strain. Kamaluddin (1995) also

found similar stress paths for cement trcated Bangkok clay.

Thc samples for wclc = 10 and 7.5 (cement = 12% and 16%) behave to bc on the dry side of

thc critical state and the strcss paths are thc constant-po' at the onset of the test, then start to

curve in a manner that indicatcs phase transformation into dilative nature. After approaching

the Hvorslev strength envelope, they tend to seek the failure state, either moving on the

Hvorslcv envelope or failing with strain softening.

The stress path for untrcated clay is also shown in Fig. 5.74. Now comparing thc treated clays

with untreated clay, evidently, coment treatment has caused severo alterat'ions in the

. characteristics of the base clay. The degree of alteration is different for different samples

depending on the amount of cement (wc/c ratio). The varicties of the stress paths of samples

with cemcnt = 4% to 16% (i.e., wclc = 30 to 7.5) signify not only that the treatment renders

enormous potential for the alteration of parametcrs, rather cemcnt content is dominating

function for the changes. The Gradual improvement proccss is revealed from the

characteristic shapes ofthc stress paths. The stress path alter it's direction from decreasing po'-

value with smaller undrained strength magnitude to increasing pol-value with higher

undrained strength, i.c., thc sample transform from normally consolidated to lightly over-
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consolidated treated clays indicatc less pore pressure generation which results in less rounded

stress path with low plastic volumetric dcformation of compressive or dilative nature

depending on the value of the wclc ratio.

Three different failure criteria can be deemed for untreatcd clays. The relevant stress points

fall on the same straight line passing through the origin. In this study, the maximum deviator

stress line is considered as the failure line and will be rcfcrred to as the Critical State Line.

The failure condition of the treated clay with low cement content and CSL of untreated clay

have been found to be closely related. In gencral, the treated clays have been observed to fall

from peak deviator stress in a constant-po' route and finally lie close to the CSL of untreated

clay.

5.7.1.3 Effects of Curing Time and Clay Type on Effective Stress Paths

Fig. 5.75 shows the typical stress paths of the treated specimens cured for 4 weeks and 12

weeks for C I and C2 clays at wclc ratio of 10 and mixing water content of 120% .. It can be

seen from Fig. 5.75 that thc samples behavc like heavily over-consolidated clays; very small

pore prcssures are devcloped and the stress paths for the samples proceed along paths of

increasing pl. The shapes of the stress paths for same values cement are similar; revealing the

behaviour of over-consolidated characteristics; though they exhibit different undrained shear

strength depending on the plasticity of soil. A comparison of the stress paths reveals the

transformed behaviour quite clearly. Samples with 12% cement content (wc/c ratio of 10 and

mixing water content of 120%) have been metamorphosed from an over-consolidated state

into a comparativcly slight lower dcgree of over-consolidation.

Now the curing time effect for treated clays can be seen if we consider stress paths for 4

weeks curing compared with 12 weeks curing. This is due to the fact, as stated earlier, that

highcr curing time does improve the clay significantly; because sufficient hydration products

of cement (which are main cementitious compounds formed) arc needed to form the hardened

skeleton matrix. During cement-clay interaction, the main cementitious hydration products are

formed and the hydrated lime is deposited as a separate crystalline solid phase. These cement

particles bind the adjacent soil grains together during hardening and form a hardened ~keleton

matrix, which encloses unaltered clay particles. The effects of cementitious compounds

during curing time on treated clays have bcen confirmcd in the X-ray diffraction analysis in

this research.

The curing time 4 weeks, sample can be found to bc well rounded which reflccts the

behaviour of low OCR sample (lightly over-consolidated clay), while the sample with 12

wecks shows the charactcristics of slight highcr over-consolidation. In the figures, for Cl

clay, the effect of curing timc is little marc than that of C2 clay for same ccment contcnt, the

incrcase in curing time has imparted an apparent incrcasc of over-consolidation in the samples

resulting in a less rounded stress path with low plastic volumetric change and less pore
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pressure development. The incrcase of curing timc IS also produced 111 the sample a

characteristic of higher ratio of over-consolidation, in which the stress paths rise almost

vertically and parallel to the q-axis for the full range of deviator stress up to the peak,

resulting in the generation of less pore pressure. It is noticeable, as reiterated earlier, that

curing time is a secondary dominating factor to create a hardening effect on the clay than that

of cement. Always a moderate or mild type of physicochemical changes has been noticed due

to the elapse oftime, which has also been confirmed from the results of chemical and physical

properties obtained in this research.

5.7.1.4 Effects of Mixing Water Content on Effective Stress Paths

The effect of mixing water content on effective stress paths can be seen for C 1 clay from Fig.

5.76, where the stress paths for wclc ratio = 10, mixing water contents of 120%, 150%,200%

and 250% and curing time of 4 weeks have been shown. The stress paths can be seen to be

well rounded which reflects the behaviour of medium OCR sample (moderately over-

consolidated clay). For samples of C I clay, the increase of water content up to 200% and

250% is also produced in the sample a characteristic of higher ratio of over-consolidation, in

which the stress paths rise almost vertically and parallel to'the q-axis for the full range of

deviator stress up to the peak, resulting in the generation of less pore pressure. It is noticeable,

that mixing water content is a secondary dominating factor to create a hardening effect on the

clay than that of cement. Always a moderate type of physicochemical changes has been

noticed due to the change in mixing water content.

5.7.1.5 Effects of Pre-Shear Consolidation Pressure on Effective Stress Paths

Fig. 5.77 shows the effective stress paths plotted in terms of mean effective stress, p' in order

to depict the effect of pre-shear effective consolidation pressure, Po' on the effective stress

paths or untreated and treated samples of CI clay. The salient effect of cement is to change

the stress-strain-strength characteristics of the soft clay from normally consolidated to over-

consolidated behaviour. The degree of over-consolidation has been influenced by pre-shear

consolidation pressure among other factors (such as cement content, curing time, clay type

and mixing water content). For a comparative study of stress paths of the treated clays,

reference can be drawn to the stress paths of the untreated clay, which belongs to the normally

consolidated state. In Fig. 5.77, the samples (12% cement and 4 weeks curing having Po'= 50,

100, 200 and 400 kPa) imply low OCR behaviour (normally consolidated to over-

consolidated), resulting in convex curves curving toward origin with decreasing po'-value and

behaves similar to the samples belonging to the wet side under State Boundary Surface. The

effect of Po' can be discerned from the characteristics' curves of each sample and their gradual

transformation behaviour from one extreme to other extreme of po'-value. The sample at Po'=

200 kPa shows well-rounded stress path with positive pore pressure generation that conforms

more to a moderate over-consolidated state, whereas 50 kPa sample shows behaviour
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indicating similarity to lightly ovcr-consolidated state with stress path nearly parallel to g_

axis. Stress path of the sample, having cement of 12%, mixing water content of 1200/0 and

cured for 4 weeks, showed higher over-consolidation bchaviour at Po' = 400 kPa and higher;

whereas the samples having Po' = 100 kPa show semi-rigid types of lightly over-

consolidation. The paths end up with residual states lying close to the failure envelope of the

untreated clays. Ghee et al. (2004) and Bergado ct al. (2003) also reported similar types of

stress paths evidently, belong to different category ranging from a low OCR value to a high

OCR value depending on amount of cement content, curing period and pre-shear

consolidation pressures.

In Figure 5.77, the samples with Po' = 200 and 400 kPa exhibit signs of transformation at the

point where the path deviates from the constant-p' line. At this point, the path encounters a

large curvature and has been defined as the Point of Phase Transformation, where upon

transformation begins to take place from one stage to another with further increase in shear

stress. Until this point is reached, the effective pressure being developed during the shear.

However, upon passage through the Point of Phase Transformation, the pore pressure begins

to build up. The axial strain is small and recoverable until this point is reached, and much

larger axial strain is produced for further increase in shear stress in excess of that at the said

transformation Points and by linking these points, a locus as illustrated in Fig. 5.77 can be

established. The transformation line thus developed is the demarcation that separates the

initial elastic phase from the remaining phase where plastic component dominates. It is

notable that for the sample with cement = 12% and curing = 4 weeks, the lower the over-

consolidation ratio, the larger the stress ratio value at which the samples begin to exhibit

phase transformation. A consistent picture of phase transformation emerges for these samples;

the corresponding transformation points (PI and 1'2) have been markcd on the stress paths. A

second order polynomial function was found to rcpresent this locus. The phase transformation

of treated clay occurred at lower levels than the critical statc line for untrcated clay.

Resulting from cement treatment, there are samples that correspond to the heavily over-

consolidated state. The stress paths of the samples with low Po' indicate that samples

remaining on the dry side, first move on a constant-p' line (corresponding to AS .of inset

diagram), then approach Hvorslev surface and tend to seek failure state either moving on the

Hvorslev surface or moving parallcl along tension failure linc at 3 : I slope (BC) until they

reach the failure envelope of the corresponding treated clay. After reaching the g",,, level (at

C), the stress path incurs strain softening process by falling in a line (CD) sub-parallel to g-

axis. At this stage, the sample comes down with destructured state then end up at residual

state after reaching close to the critical state line of the untreated clay.
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5.7.1.6 Pertinent Features of Undrained Stress Path for Treated Clays

An clastic structural response gives rise to eonstant,p' effective stress paths for a saturated

specimen. The degree of curvature of the stress paths is dictated by the generation of pore

pressure. Therefore, the degree of curvature of the effective stress path is a measure of the

phase transformation of a specimen. In general, the treated samples sheared from the very low

stress levels fails without significant transformation, and the tendency to dilate at stresses

close to failure is manifested in the decrease in pore pressure. These samples behaviour in

such a way that as if they belong to dry side. They initially mobilize stresses in a eonstant-p'

route and then keep on increasing p'-value and finally tend to transform with dilation at values

of q close to the Hvorslev strength envelope. The increase of p' from this low stage develops

and expands the initial elastic phase.

Fig. 5.78 shows that it is possible to convert the untreated clay like to normally consolidated

behaviour (U) and treated clay like to over-consolidated behaviour (ABCDE). For treated

clays, part of stress path (AB), initial small strain phase which is parallel to the q-axis with

constant-p' line then starts to curve in such a way that indicates abrupt change in pore pressure

dissipation and parts of stress path (BC and CD) arc large strain phase, which are changed

curve pattern at point of contraflexture / transformation point due to pore pressure dissipation.

It is important to emphasize that the concept of transformation behaviour has been used in a

wider sense; the initial transformation point (B) refers to the stress point where the generation

of pore pressure starts to be significant. An investigation in this study showed that the angle

of contraflexture for transformation line of the treated clays varies slope between 1.80 to 1.07

: 1 and generally gets reduced when Po' goes higher. The part (DE) represented strain

softening, which is the extension after failure strength.

5.7.2 Stress-Strain Behaviaur for Untreated and Cement Treated Clays

5.7.2.1 Deviator Stress-Axial Strain Relationships for Untreated Samples

A series of undrained triaxial compression tests was run on isotropically consolidated

specimens of untreated clay. Each specimen of this series (three samples) was consolidated

isotropically to different initial effective pre-shear consolidation pressures (Po') of 50,100,

200 and 400 kPa. Typical deviator stress versus axial strain curves for samples of C 1 and C3

clays are shown in Figs. 5.79(a) and 5.79(b), respectively. The deviator stress increases

sharply with increasing strain with a mild peak or without well-defined peaks as observed at

failure. Generally, a slight strain softening beyond the peak was noticed. After a axial strain of

about 8%, the q-c, relationships appear to be such that the deviator stress at any particular

strain level is approximately proportional to pre-shear consolidation pressure. The overall

nature of the curves seems to indicate that the samples are behaving as if they are normally

consolidated to lightly overconsolidated. Such an over-consolidation can only arise from the

secondary consolidation effect prior to undrained shear. It seems that in a laboratory study of
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the undrained behaviour of soft clays, the pre-shear consolidation strcss has a pronounced

elfect. The specimcns which werc consolidated to higher valucs of Po' sustain higher values of

peak deviator stress but the shapes of the g-E. curves are similar.

5.7.2.2 Effects of we Ie Ratio on Deviator Stress-Axial strain Relationships

The effect of clay waterlcement (wc/c) ratio on g-E, relationship for treated samples of CI

clay is shown in Fig. 5.80 at wclc ratio of 7.5, 10, 15 and 30. In these plots, the improvement

of the sample of high wclc ratio of 30 (i.c., low cement content of 4%) has been found to be

much smaller peak deviator stress than for the samples of low wclc ratio (i.e., high cement

contcnt) of 30 highcr cement content and lie closc to the untreated clay (Fig. 5.79). It can be

seen from Fig. 5.80 that g-E, relationships are largely dependent on wclc ratio. After reaching

the peak deviator stress, all the g-E, relationships have been found to fall under varying rates

depending on the parameter, wclc, revealing that cement is the paramount factor that controls

the post-treatment relationships of g-E, relationships. A general trend exists in Fig. 5.80 that

the maximum deviator stress increases with decreasing clay-water/cement ratio (i.e.,

increasing valuc of cemcnt contcnt). It has also bccn found that gcnerally thc axial strain at

the maximum deviator stress is reduced when wc/e ratio has been decreased (i.e., cement

content has been increased). This is because these samples of low cement content acquire low

hardening potcntial and their behaviolll' is more similar to untreated clay than to treated clay

possessing higher content of hardening agcnt. On thc other hand, the g-E, relationships for

higher cement content, such as 12% and 16% (wc/c ratio = 10 and 7.5), are different than

those of samples having low ccment content and rendcr greater strength and stiffness to the

clays. From such response, a conclusion can thus be drawn pertaining to the definition of low

and high ccment content in terms of stiffness devclopmcnt benefits. All these behaviolll' of

CIU tests support the UC and UU tests rcsults, where a boundary was sought to define active

and inert zone. From the above test results, it is revealed that the wclc is the prime parameter

influencing the engineering behaviour for cement-stabilized clay. Nagaraj et al. (1996),

Horpibulsuk et al. (2000) and Miura et al. (2001) also reported similar behaviolll' for stress-

strain of cement treated clays.

5.7.2.3 Effects of Curing Time and Clay-type on Stress-Stain Relationships

The effects of curing time and clay type on g-E, relationships can be seen from Fig. 5.81. It

can be seen from Fig. 5.81 that the deviator stresses of 12 weeks samples increase sharply

towards well-defined higher peak values followed by a large amount of strain softening,

especially for the typical cases of wclc ratio of 10 (cement content of 20% and mixing water

of 200%). Similar behaviour was observed for wclc ratio, 7.5 and 15 samples at 4 weeks and

12 weeks curing time. Another aspect pertains to the strain softening that incurs during

shearing. The peak deviator stresses for samples of C I are higher than those of C2 and C3
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clays for both 4 and 12 weeks curing timc. So, at a particular curing time, peak deviator stress

increases with increasing plasticity index of the clays.

5.7.2.4 Effects of Mixing Water Content on Stress-Strain Relationships

Typical effect of mixing water contcnt on g,-t, rclationships for treated samples of C2 clay is

shown in Fig. 5.82 at clay-water/cement (wc/c) ratio of 10 and curing time of 4 weeks. Fig.

5.82 shows that at particular wc/c ratio hcre is a trcnd of incrcasing peak deviator stresses

with the increase in mixing water content. This is because at a fixed wc/c ratio, increase in

mixing water content leads to increase in the cement content. As a consequence, all samples

having the same wc/c both made up at low and high clay-water contents exhibit identical

deviator stress versus axial strain response. Miura et al. (2001) also found similar behaviour

for stress-strain of treated clays.

5.7.2.5 Effects of Pre-Shear Pressure on Stress-Strain Relationships

Typical cffect of pre-shear cffective consolidation pressure (Po') on g-c, relationships for

sample of C 1 clay cured for 4 and 12 wecks with clay-water/cement ratio of 10 and mixing

watcr content of 250%, is shown in Fig. 5.83. It can be seen from Fig. 5.83 that the deviator

stresses of samples increase sharply towards well-defined peak values followed by a large

amount of strain softening, especially for the cases of high pre-shear effective consolidation

pressures of 400 kPa. The effects of pre-shear consolidation pressure on g-t, relationships for

samples of C2 and C3 clay at 4 weeks curing time with clay-water/cement ratio, 10 and 15

with mixing water contents, 120%, 150%, 200% and 250% were also investigated. In general,

it has been found that the samples consolidated to higher pre-shear consolidation pressure

attain higher values of maximum deviator stress.

Typical effects of Po' on g-E, relationships at large wc/c ratio have been presented in Figs.

5.84(a) and 5.84(b) for samples ofC2 clay cured for 4 and 12 weeks, respectively. It can also

be seen that similar to samples of low wc/c ratio (Fig. 5.83) the deviator stresses of salnples

increase sharply towards well-defined peak values followed by a large amount of strain

softening, especially for the cases of high Po' of 400 kPa. The characteristic shape of the g-E,
curves is for the deviator stress to increase to a peak value, then strain-softens to a lower value

of g. Thus pre-shear consolidated volumes are affected largely by the Po', with in turn affects

the relationship of g-E,. On the other hand, the samples with lower Po' of 50 to 100 kPa have

very similar g-E, rclationships. This is because the volume changes during consolidation to

this range of stresses were very small, and therefore, the pre-shear void ratios are very close

for these samples. It can also be seen from Fig. 5.84 that at a particular Po', peak deviator

stress increases with the increase in curing time.

I-Iere i( may be mentioned that one-dimensional consolidation test results gave the apparent

pre-consolidation pressure (0,,') for samples cured for 4 weeks of about 350 to 500 kPa. Thus
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for the case of Po'<crp', large change in void ratios occur, resulting into large deformation in

the consolidated sample. Sincc the consolidated volumes are different, the q-E, relationships

for the case of Po'<cr,,'will be very different from thc q-E, rclationships for the case Po'>cr,' and

hence will be largcly cffected by thc pre-shear consolidation pressure.

5.7.2.6 Normalized Deviator Stress-Axial Strain Relationships

The specimens which were consolidated to higher values of Po' sustain higher values of qr but

the shapes of the q-E, curves are similar. It is therefore possible to normalize the curves by

plotting q/po' against E,,,where Po'~ Po' for undrained case. Fig. 5.85 illustrates the normalized

behaviour in the q/po'-E, plots for typical untreated base CI clay. A unique normalized

behaviour is cvidcnt from the plot in Fig. 5.85.

Fig. 5.86 shows the normalizcd stress and strain relationships for C1 clay samples treated

with 12% cemcnt at mixing water contcnt of 120% and curcd for 4 weeks with various pre-

shear consolidation pressurcs. The overall trend of increasing normalized value of the

deviator stress with increasing cement content can be seen from the Fig. 5.86. It is also

evident that generally the lower the value of po', the greater is the normalized value of the

deviator stress. lt deserves mentioning that the untreated clay produces unique normalized

bchaviour in thc q/Po'-E, relationships (Fig. 5.85).

Thc normalized q/po'-c, relationships for CI clay with clay-water/cement ratio of 30 and

mixing water content of 120% and cured for 4 and 12 weeks are presented in Figs. 5.87(a)

and 5.87(b) respectively for different pre-shcar consolidation pressures Po'of 50, 100,200 and

400 kPa. The effects of normalization are c1carly observed from the plots in Fig. 5.87. For

samples having low cement content (i.e. 4%), it can be seen from Fig. 5.87 that the

normalized ratios of samples increase sharply towards well-defined peak values followed by a

large amount of strain softening, especially for the case of effective pre-shear consolidation

pressure of 50 kPa.

It is interesting to note that the residual part of the curves of the samples having low cement

content such as 4% and consolidated at Po'= 50 to 400 kPa, shows merging behaviour (Fig.

5.87). This can be explained from the fundamcntalundcrstanding. Physicochemical reactions'

involving clay-water content and cement contcnt result in grouping or cementation of

particles into larger clusters. At the time of shearing process, these bonded particles or

clusters gradually become dissociated releasing the locked-in energy. This .way,

destucturation (breaking of cementing bond) occurs in the cemented soil in a manner such that

it transforms into destructured soil having a common destructured nature. When a sample of

low cement content is consolidatcd isotropically to a comparatively higher stress, such

dissociation of the particles is deemed to be happencd during the process of shearing,

resulting in a structure at the residual state with characteristic very similar to each other

irrespective of cement content. Such behaviour of samples with low cement content subjected
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to higher po' is supposed to produce normalized behaviour at the residual states. Kamaluddin

(1995) also reported similar CI,U strength normalization results.

5.7.3 Pore Pressure Characteristics for Untreated and Cement Treated Clays

5.7.3.1 Pore Pressure-Axial strain Relationships for Untreated Samples

Figs. 5.85(a) and 5.85(b) present typical pore pressure-axial strain responses at different Po'

for untreated samplcs of C I and C3 clays, respcctively. It is gcnerally known that the pore

prcssure gcneratcd during undrained shear is not a unique property of the soil but it depends

on the applied Po' as can be seen from Fig. 5.85. It can be seen that maximum pore pressure

developcd incrcased with the increase in Po'. Pore pressure-axial strain responses for the

untreated typical samples that can be observed for normally consolidated clays.

5.7.3.2 Effects of we Ie Ratio on Pore Pressure Change-Axial Strain Relationships

Fig. 5.86 prescnts typical innuence of welc ratio on 6u-e, relationships for specimen of 4

weeks curing time and sheared from Po' of 200 kPa for samples of CI clay. It can be seen

from Fig. 5.86 that at a particular Po', peak 6u increases with decreasing wele ratio (increasing

cement content). From Fig. 5.86, the effect of cement content can be generalized by grouping

the cement contents into three groups: low cement content (high wclc ratio 15 and 30),

medium cement content (medium welc ratio 10) and high cement content (low welc ratio 7.5)

with having mixing water content of 120%. At medium consolidation stress, Po' of 200 kPa,

the 6lH" relationships rise to peak 6U values arc obtained 234 kPa at e,~4.13%, 179 kPa at e,
~4.31 %, 132 kPa at e, ~4.50%, and 89 kPa at e, _5.28%, for wele ratio 7.5, 10, 15 and 30,

respectively thereafter, the pore pressures decrease to lower values. It is seen that the after

reaching the peak 6u, pore pressures fall under varying rates with an increase in axial strain.

The falling characteristics after peak depend very much on the welc ratio. The rate of increase

is greater for lower wele ratio.

5.7.3.3 Effects of Curing Time and Clay Type on Pore Pressure Change-Axial Strain

Relationships

Fig. 5.87 shows the innuence of curing time and clay type on 6u-e" relationships for sample

ofCI, C2 and C3 clays. It can be seen from Fig. 5.87 that samples cured for 12 weeks attain

low peak pore pressures at lower strains than those of samples cured for 4 weeks. A

comparative study also shows that 12 weeks samples attain peak pore pressures at lower

strains than those of 4 weeks samples. Similar results were obtained for wele ratios of7.5 and

15. The peak pore pressure change for both 4 and 12 weeks curing for CI are higher than

those of C2 and C3 clays. So, at particular curing time, there is a trend of increase in peak 6u

with the increase in plasticity index of soils. The 4 weeks' samples show that the curves rise to

a distinct and well-defined peak accompanied by a significant amount of pore pressure

dissipation after the peak, which refers to the increased value of OCR. But the effect of curing



221

time for lower cement content and rcscmble to thc behaviour of normally consolidated or

lightly over-consolidated state. Normally, the pore pressure is decreased with increasing

curing limc. Chcw cl al. (2001) also reporlcd similar rcsults.

5.7.3.4 Effects of Mixing Water on Pore Pressure Change-Axial Strain
Relationships

Fig. 5.88 shows typical influencc of mixing water content on Ll.U-E,relationships for samples

of C2 clay cured for 4 weeks curing timc and at a wclc ratio of 10. It can be seen from Fig.

5.88 that there is a trend of increasc in peak Ll.uwith incrcasing mixing water content.

Samplcs with high clay water contcnt of 250% exhibit lower axial strain at higher peak pore

pressures and shear modulus. However, the peak pore prcssures of the samples made up both

at low and high clay water contents are almost of the same order.

5.7.3.5 Effects of Pre-shear Effective Consolidation Stress on Pore Pressure
Change-Axial Strain Relationships

The development of pore pressure with axial strain for samples of C 1 clay cured for 4 weeks

at 250% mixing water content and wclc of lOis shown in Fig. 5.89 for various values of pre-

shear effective consolidation pressure (pd). It can be seen from Fig. 5.89 that the higher the

value of Po', the greater is thc porc pressure generation. At low values of Po' (e.g., 50 kPa and

100 kPa), large amount negative pore pressure has been generated. An overall characteristic

of the trealed clay is noticeable that the peak pore pressure has been mobilized always at

much lower value of axial strains than those of untreated clay. For natural base clay, Ll.Ukeeps

on increasing with E" without showing any maximum value, i.e., lImax is located at the end-of-

lest condition, which reflects one of the characteristics of the normally consolidated clay (Fig.

5.85).

Typical effecls of Po' on Ll.U-E,relationships at largc wclc ratio 30 (i.e., low cement content of

only 4%) are presented in Figs. 5.90(a) and 5.90(b) for samples ofC2 clay cured for 4 and 12

weeks, respectively. The relationships are significantly influenced by pre-shear effective

consolidation pressurc at low cement content; the samples for high pressure possess extra

added characteristics in the Ll.U-E"relationships. A comparative study shows that .samples

consolidated at pressures (200 kPa and 400 kPa) attain high peak pore pressures at higher

strains than those of low pressure consolidated samples (50 kPa and 100 kPa). The

relationships are significantly influenced by curing time at low cement content. It can be seen

from Fig. 5.90 that peak Ll.Ufor gencrated for samples cured for 12 weeks is lower than that of

samples cured for 4 weeks. Low pre-shea;' effeclive consolidation pressure, generated large

amountnegalive pore pressure and errecls of curing time on ncgative pore prcssure have also

.been observcd. On the other hand, shorlcr curing timc propagates smaller values of negative

pore pressure. The increase of effcctive consolidation pressure tends to diminish the negative

effect of cementtreatmcnl.
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The untreated clays develop maximum pore pressure at the residual state. This can be found

for Po' of 200 kPa and 400 kPa, where it can be seen that low cement contents tend to

resemble to the untreated clay. Samples treated with higher cement contents have also been

found to be in the process of transformation towards lower OCR state, revealing the fact the

much higher pressure is required to convert these samples into untreated behaviour. Thus, it is

evident that increase of consolidation stress increases the positive effects of cement treatment.

The result shows that at low Po', unique relationship (different from untreated curves) exists

from initial starting point up to the peak positive value of pore pressure for all the cement

contcnt. This aspect of unique relationship covering all cement COil tent diminishes with

increase of po' and tends to merge with untreated clay. This therefore supports the postulation

that the increase of consolidation stress tends to diminish the negative effect of cement

treatment. Similar behaviours of pore pressure for cement treated clays were also observed by

Kamaluddin (1995), Chew et al. (2001) and Kamruzzaman (2002).

5.7.3.6 Normalized Pore Pressure Change-Axial Strain Relationships

Fig. 5.94 shows the normalized pore pressure change-axial strain curves for typical untreated

base CI clay while Fig. 5.95 shows the different behaviour of normalized pore pressure and

axial strain relationships t.u/po'-c" for cement treated C I clay samples at mixing water content

of 120% and cured for 4 weeks with various pre-shear consolidation pressures. The overall

trend of increasing normalized value of the pore pressure with cementing can be found in Fig.

5.95. It is also evident from Fig. 5.95 that generally the lower the values of Po' (50 and 100

kPa), the greater is the normalized value of the pore pressure but generated small amount

negative normalized pore pressure at higher axial strain.

The influence of curing time on normalized behaviour of t.U/po'-E" relationships for cement

treated clays can also be observed in Figs. 5.96(a) and 5.96(b) for samples cured for 4 weeks

and 12 weeks respectively with the same w; = 120%, wc/e ratio = 30 and cement = 4%. The

rclationships are significantly intluenced by curing time at low cement content; the cured

samples for a longer time possess extra added characteristics in the t.U/po'-E" relationships. A

comparative study shows that 12 weeks samples attain high normalized values at lower strains

than those of 4 weeks samples. At low pre-shear consolidation pl'essure, samples generated

large amount of negative normalized values and effects of curing time on negative normalized

values are also observed (Fig. 5.96). The overall trend of decreasing normalized values of the

pore pressure with increasing curing time has been found. Similar normalized behaviours of

pore pressure for cement treated Bangkok clay were also reported by Kamaluddin (1995).

5.7.4 Peak and Destructured Envelopes of Cement Treated Clays

The failure envelopes are derived from the points of peak deviator stress (q",,,J and

destructured envelopes arc derived from the points of end-of-test deviator stress (q",d), both

obtained from CIU tests are studied in this research.
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5.7.4.1 Peak Deviator Stress Conditions and Undrained Failure Envelopes

The failure envelopes derived from the points of peak deviator stress (q",,,) obtained from

CIU tests for eement treated clays are shown in Figs. 5.91(a) and 5.91(b) for samples ofCl

and C3 elays, respeetively. For cement treated clays, the maximum deviator stress criterion of

failure envelopes can be used. The treated clays possess various degrees of ovcr-consolidation

depending mainly on cement, curing time and pre-shear consolidation pressure (Po'). The

occurrence of q",,,, dcpends upon the degree of over-consolidation. For treated soil with high

over-consolidation, the peak dcviator stress (q",,,) occurs at much lower strain than

eorresponding failure strain and thus the criterion of peak deviator stress (qm,,) becomes in

consistcnt and valid to refine thc residual states of the treated soil mass. Thus in this study, the

maximum deviator stress criterion has bcen considercd to define the failure condition.

Bergado et al. (2003), Porbaha et al. (2000) and Kamaluddin (1995) also reported similar

behaviour for failure envclopes with mcan effective pressure of treated clays.

In Fig. 5.91, the envelopes drawn through the points of peak deviator stress are much higher

than that of untreated clays. Fig. 5.91 shows that the strength tends to increase linearly with

the magnitude of the effective consolidation stresses. In geileral, the failure envelopes are

found to be curve. The lowest cnvclope of the treated clays is for wclc ratio of 30 cured for 4

weeks and the envelope adjacent to it belongs to the samples cured for 12 weeks having the

same c1ay-water/cement (wc/c) ratio. These two curves can fallon a unique failure envelope.

Thus the finding shows that wclc ratio of 30 does not render sufficient effect even at higher

curing time. The envelopes for wc/c ratio of 30 show a smaller improvement over wc/c ratio

of 15 samples. On thc other hand, for the higher wclc ratio (10 and 7.5), the envelopcs have

bcen found to shift upwards significantly, suggesting that these higher percentages of cement

content (lower wclc ratio) are most effective for cement stabilization. For these two cement

contents, the curing time effect is also pronounced when comparcd with respect to low range

cement content. One noticeable aspect is that the parameter of wclc ratio renders greater

impact on hardening potential than the curing time. The curing time factor is observed as

quite effcctive. And the rate of strength incrcmcnt is found to decreasc at higher consolidation

strcsses. Now, the failure envelopcs appear to bc more curved for all type treated clays.

Failure envelopes of samples ofCl clay have greater strength than that of samples ofC2 and

C3 clays. Thus it is evident that the degrcc of overall curvature of the failure envelope for

each type of clay depends on the range of consolidation stresses and hence increases with

increasing cement content and curing time.

5.7.4.2 Residual State and End-of-Test Destructured Envelope Behaviour

The conditions at residual states or end-of-test conditions of cement treated clays are plotted.

in Figs. 5.92(a) and 5.92(b) for samples ofCl and C3 clays, respectively. Observation can be

made that the residual strengths of the treated samples approach are cnd-of-test destructured
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envelope (referred to as the critical state li'1e) of the untreated clay. From the figure, in spite

of some scaltering of the data, it is quite clear and can be suggested that these residual points

will ultimately plot near to the end-of-test destructured envelope of the untreated clay. The

physical and chemical reactions resulting after addition of cement bring about changes in the

soil structure, which have been already investigated. A transformation in the soil structure

occurs, resulting into flocculation and coagulation of the soil particles into large size

aggregate or clusters. When the soil shears under load, the cemented particles dissociate.

Dismembering of the cluster particles brings about drastic changes of the structure of the

treated clay and transforms it to a new structure close to that of untreated clay. Thus at the last

stage of shearing, which refcrs to a very large level of strain, all the treated clays are deemed

to behave similarly to the failure condition of the untreated base clay. The behaviour after the

maximum deviator stress condition can be regarded as unstable; this unstable phase IS

manifested by the strain-softening characteristics of cement treated clays (the reduction III

deviator stress in constant-p' path after q",,,, is reached).

The undrained stress paths fall along approximately vertical or eonstant- p' paths until the

residual or end-of-test states. This residual state is referred to as the states defining the end-of-

test destructured condition for cement treated clay. It has further been suggested that if

complete destructuration of the treated clays would be achieved and neglecting any permanent

changes in soil structure due to cement treatment, a end-of-test destructured envelope would

be obtained. A details examination of these residual points shows that these do not exactly fall

on the critical state line of the untreated clay, but rather plot above the line in such a way that

they constitute an envelope, which has referred in this study as destructured envelope. SEM

results of CIU triaxial sheared sample suggest in the next section that complete

destructuration only take place on the shear plane at which the clay-cement cluster crushes.

End~of-test destructured envelopes of samples of C 1 clay have greater strength than that of

samples of C2 and C3 clays. The destructured envelope is still somewhat different from that

of the untreated clay in as much as some permanent changes in the soil may have taken place

during the chemical reactions between the cement and the clay, which could not completely

be reversed or destroyed during the tests for all type treated clays. It seems that cementation

bond controls the initial stage of the shearing; thereafter fabric of the clay dominates the

behaviour. The behaviour of these samples can be considered as lightly over-consolidated

behaviour, resulting in a manner similar to the sample belonging to the wet side of the State

Boundary Surface. On the other hand, the treated sample with low confining pressure (i.e. 50

kPa), which is far lower than the yield stress, shows semi-rigid type of behaviour. Hence, the

development of positive pore pressure is very small. For this type of sample, the stress path is

almost parallel to q axis. The cementation bond dominates the behaviour of this type of

trcated clay and the role of fabric is minimum during shearing.
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5.7.5 SEM Images at Shear Stage for Cement Treated Clays from CIU Test

Thc cffcct of cemcntation as wcll as fabric aftcr the shearing can bc scen from the SEM

images of treatcd clay at which the confining pressure was 400 kPa as shown in Fig. 5.93.

This sample was chosen as it has gone through more destructuration at the consolidation

stagc. As can be seen from Fig. 5.93(b) that both inter and intra-cluster voids are found to be

negligible in the shear plane as compared to the intact sample as shown in Fig. 5.93(a).

However, the SEM image of sheared sample out side the shear plane as shown in Fig. 5.93(c)

has been found to be different from the shear plane image. Results from particle size analysis

reveal that some breakage of the treated clay particles also occurs in addition to the crushing

of c1ay-cemcnt cluster. Both intcr and intra cluster voids arc found to be vcry negligible in the

shear plane as compared to the intact sample. However, the image of the sample outside of the

shcar plane is found to be quite differcnt from that within the shear plane. For sample outside

the shear plane, the breaking of large clay-cement clusters is apparent but still contain small

clusters in the form of reticulation. At this stage, no breakage of treated clay particles is

observed. More inter-cluster voids are visible as compared to the image of sample within the

shear plane. It is concluded that during thc isotropic consolidation, the ccmentation bond in

the rorm or c1ay-cemcnt clustcr did nol completcly brcak down, and may afrcct the

subsequent shearing stage.

5.8 Stress-Strain and Volumetric Strain Characteristics from CID Triaxial
Compression Tests

The stress-strain and volumetric strain characteristics have been studied from isotropically

consolidated drained (ClD) triaxial compression tests for cement treated samples Cl, C2 and

C3 clays. Failure envelopes of the treated samples have also been investigated.

5.8.1 Stress-Strain Behaviour of Un1o'eated and Cement T,"eated Clays

5.8.1.1 Deviator Stress- Axial Stain Relationships ofUlltreated Clays

The deviator stress-axial strain, q-o, relationships for untreated samples of clays Cl and C3

clays are shown in Figs. 5.94(a) and 5.94(b), respectively. These curves are of the same shape

for all clays. Fig. 5.94 show that samples which have becn consolidated to higher Po' exhibit
higher values of deviator stress. Comparcd with the results of CIU tests, the stress-strain

curves from ClO tests increase less sharply with increasing strain, suggesting that the drained

stiffness is less than the undrained stiffness. Furthermore, the stress-strain curves show that

the axial strains of ClD tests are greater than those of CIU tests. A unique type of relationship

is evidcnt among thc untreatcd samples. Thesc curvcs possess cerlain definite patterns. The

usual trend exists, the highcr thc p,:, grcatcr is thc valuc or deviator stress. The overall nature

of thc curvcs sccms to indicatc that the samples arc behaving as if thcy are normally

consolidatcd to lightly overconsolidated.
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5.8.1.2 Effect of welc Ratio on Deviator Stress-Axial strain Relationships

Typical effect of wclc ratio on q-E, rclationships for treated samples of C 1 clay is shown in

Fig. 5.95. It can be seen from Fig. 5.95 that at a particular mixing water content and curing

time, peak deviator stress increases with decreasing wclc ratio (i.e., increasing cement

content). It has been observed that after attaining the peak deviator stress, all the q-E,

relationships have been found to fall under varying rates depending on the value ofwelc ratio,

revealing that cement is the paramount factor that controls the post- treatment relationships of

q-E". It has also been found that generally the axial strain at the maximum deviator stress is

reduced when wele ratio has been decreased (i.e., cement content is increased). This is

because these samples of high wclc ratio acquire low hardening potential and their behaviour

is more similar to untreated clay than to a treated clay possessing higher content of hardening

agent. On the other hand, the q-E, relationships for higher cement content, such as 12% and

16% (we/e ratio = 10 and 7.5), arc different than those of samples having low cement content

and render greater strength and stiffness to the clays.

A comparison of shear strength and strain at failure obtained from CIU and CID triaxial

compression tests is shown in Table 5.8 for different wcle ratio. It has been found that shear

strengths obtained from cm triaxial compression test arc average about 1.15 times higher

than those obtained in CIU test but failure strains for CID triaxial compression test are

increased to average about 1.10 times than those obtained from CIU tests.

The experimental observations in this investigation indicate that it would be advantageous to

include the cement content in the same parameter since it would take care of the bonding

component of the state represented by water content. Hence, clay-water I cement ratio, wek,

is a convenient parameter to adjust cement content in water to get the same level of strength

with the same curing time. From the above test results, it is revealed that the wcle is the prime

parameter influencing the engineering behaviour of cement-stabilized clay. Horpibulsuk et al.

(2000, 200 I) also supported that the same clay-water content/cement (wc/c) ratio's concept.

Miura et al. (2001) also reported similar stress-strain behaviour for Ariake clay.

5.8.1.3 Effects of Curing Time and Clay Type on Deviator Stress-Axial Strain

The effects of curing time and clay type on q-c" rclationships can be seen from Fig. 5.96 for

samples for C 1, C2 and C3 clays cured for 4 weeks and 12 weeks. Comparing samples cured

for 4 weeks with those samples cured for 12 weeks, it can be seen that the deviator stresses of

samples cured for 12 weeks increase sharply towards well-defined higher peak values

followed by a large amount of strain softening, especially for the typical cases of cement

content of 20% (we/e ratio = 10 and mixing water = 200%). Similar behaviour was observed

for other welc ratios of 7.5 and 15. Fig. 5.96 also shows that at a particular curing time, the

peak deviator stresses samples of C I are higher than those of samples of C2 and C3 clays. So,

there has been a trend of increase in peak deviator stresses with the increase in plasticity index

{",,
. ( .
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of soils. A comparison of shear strength and strain at failurc obtained from CIU and CID

triaxial compression tcsts is shown in Table 5.8 for different curing time and clay type.

5.8.1.4 Effect of Mixing Water on Deviator Stress - Axial strain Relationships

The effect of mixing water content on q-£, relationship for samples of treated C2 clay has'

been presented in Fig. 5.97 at wclc ratio of 10 for mixing watcr contents of 120%, 150%,

200% and 250% and curing time of 4 wecks. The q-£, relations of samples having the same

wclc arc identical at the initial state up to a certain levcl, and samples with high clay water

contents of 200% to 250% exhibit higher deviator strcsses. This can bc explained by the fact

that the cementation bond initially governs the engineering behaviour, and then the stress

paths proceed up to a certain level where the cementation bond is broken down. At this level,

the samples at high initial clay water contents of 200% to 250% exhibit higher shear modulus

and higher axial strain because of the large spacing bctween clusters. As a consequence, all

samples having the same wele both made up at low and high clay-water contents exhibit

identical deviator stress versus axial strain response. However, the peak deviator stresses of

the samples made up both at low and high clay-water contents arc almost of the same order.

It, therefore, can be concluded that at a particular wc/c ratio, mixing water content has got

insignificant effect on peak deviator strcss. Miura et al. (2001) found similar results for

samples having the same wclc with different mixing water contents.

5.8.1.5 Effect of Pre-Pressure Effective Cousolidation l'ressure on Deviator
Stress-Axial strain Relationships

Typical effects of pre-shear effective consolidation pressure on q-£, relationships for samples

ofCl clay cured for 4 weeks with clay-water/cement ratio of 10 and mixing water content of

250% is shown in Fig. 5.98. It can be seen that the deviator stresses of samples increase

sharply towards well-defined peak values followed by a large amount of strain softening,

especially for the cases of high effective consolidation pressure of 400 kPa. In general, Fig.

5.98 shows that samples consolidated to higher Po' attains higher values of maximum deviator

stress. Miura et al. (200 I) also found similar results.

Thc effects of po' on q-£, relationships were also assessed for high wclc ratio of 30 (i.e., low

cemcnt content of only 4%) for curing timc of 4 and 12 wceks. Typical cffccts of po' on q-£,

relationships arc shown in Figs. 5.99(a) and 5.99(b) for samples of C2 clay. It can be seen

from Fig. 5.99 that similar to samples for low wclc ratio (Fig. 5.98), the deviator stresses of

samples having high wcle ratio incrcase sharply towards well-defined peak values followed

by a large amount of strain softening, cspecially for the cases of effective consolidation

pressure of 400 kPa. Thus pre-shear consolidated volumes are affected largely by the po', with

in turn affects the relationship of q-£,. On thc other hand, the samples with lower po'= 50 to

100 kPa have vcry similar q-£, relationships. This is because the volume changes during

consolidation to this range of stresses were very small, and therefore, the pre-shear void ratios



228

are very close for these samples. Higher volumetric deformation was noticed with higher level

of axial strains in these samples. It can also be seen from Fig. 5. 99 that at a particular Po',

peak deviator stress of samples cured for 12 weeks are higher than that of samples cured for 4

wceks.

5.8.1.6 Normalized Deviator Stress-Axial Strain Relationships

The normalizcd deviator stress-axial strain relationships (g/po'-E,,)are shown in Fig. 5.106 for

typical untreated base C I clay. A unigue normalized behaviour of lower normalized values

have been found for each clay at higher values of Po'.

Fig. 5.107 illustrates the normalized stress and axial strain rclationships (g/po'-e,) for typical

cement treated C I clay samples at mixing water content of 120% and cured for 4 weeks with

various pre-shear consolidation pressures. The overall trend of increasing normalized value of

the deviator stress with increasing cement content has been found. It is also observed from

Fig. 5.107 that the lower the value of Po', the greater is the normalized value of the deviator

stress.

The effect of curing time on normalized deviator stress-axial strain relationships (g/po'-e,) for

CI clay with clay-water/cement ratio of 30 and mixing water content of 120% and cement

content of 4% and cured for 4 and 12 weeks are shown in Figs. 5,108(a) and 5.108(b)

respectively for different pre-shear effective consolidation pressures (Po') of 50, 100,200 and

400 kPa. The effects of normalization are clearly observed for the plots in Fig. 5.108. For

samples containing low guantity of cement (i.e. 4%), it can be seen that the normalized values

of samples increase sharply towards well-dcfined peak values followed by a large amount of

strain softening due to curing time, especially for the cases of effective pressure of 50 kPa.

This can be explained from the fundamental understanding. Physicochemical reactions

involving clay-water content and cement contcnt result in grouping or cementation of

particles into larger clusters. At the time of shearing process, these bonded particles or

clusters gradually become dissociated, releasing the locked-in energy, which is understood

from micro-graph of microscopic analysis in this study. Kamaluddin (1995) also found similar

normalization results for cm triaxial compression tests.

5.8.2 Volumetric Strain Characteristic of Untreated Base and Cement Treated Clays

5.8.2.1 Volnmetrie Strain-Shear Strain relationships of Untreated Samples

Figs. 5.100(a) and 5.1OO(b) show the typical volumetric strain-axial strain response at

different confining pressure for samples of untreated C I and C3 clays, respectively. It is

generally known that the volumetric strain generated during drained shear is not a unigue

property of the soil, but it depends on thc applied stress incrcment. It can be seen from Fig.

5.100 that volumetric strain generated during drained shear depend considerably on Po'.

,
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Values of volumetric strain (c,) increase with increasing po'. It can be seen from Fig. 5.100

that 8,-C, relationships for the untreated samples typically resemble those of normally

consolidated clays.

5.8.2.2 Effect of we Ie Ratio on Volumetric Strain-Axial Strain Relationships

Fig. 5.10 I shows typical influence of wclc ratio on c,-c, relationships for samples of C 1 clay

cured for 4 weeks at mixing water contcnt of 120%. From Fig. 5.101, the effect of cement

content can be generalized by grouping the cement contents into three groups: low cement

content (high wclc ratio 15 and 30), medium cement content (medium wcle ratio 10) and high

cement content (low wclc ratio 7.5). At each value of po' the c,-c, relationships rise to peak c,

values and thereafter, the volumetric strains decrease to lower wcle values. It has been seen

that after attaining the peak value, the volumetric strains fall under varying rates with an

increase in strain. The falling characteristics after peak depend very much on the wele ratio.

The rate of increase is smaller for lower wclc ratio. Fig. 5.101 also shows that at a particular

mixing water content and curing time, peak volumetric strains increase with increasing wc/c

ratio.

5.8.2.3 Effect of Curing and Clay Type on Volumetric Strain-Axial Strain

The curing time has got significant effect on c,-c, relationships. The influence of curing time

and clay type on volumetric strains is shown in Fig. 5.102 for samples of CI, C2 and C3

clays. A comparison of the plots shown in Fig. 5.102 shows that samples cured for 12 we.eks

samples attain low peak volumetric strains at lower strains than those of samples cured for 4

weeks. Fig. 5.102 also shows that at a particular curing time peak volumetric strains for

samples of C1 clay are higher than those of C2 and C3 clays. So, at a particular curing time

there is a trend of increasing peak volumetric strains with increasing plasticity index of soils.

5.8.2.4 Effect of Mixing Water on Volumetric Strain-Axial Strain Relationships

Fig. 5.103 shows typical influence of mixing water content on c,-c, relationships for samples

of C2 clay cured for 4 weeks and sheared from Po' of 200 kPa. Fig. 5.103 shows that at a

particular wcle ratio, there is a trend of increase in peak c, with increasing mixillg water

content. It can also be seen from Fig. 5.103 that after reaching the peak, volumetric strains fall

under varying rates with an increase in axial strains. The falling characteristics after peak

depend very much on the cement content and water content. The c,-c, relations of samples

having the same wele are identical at the initial state up to a certain strain level, and samples

with high clay water content of 200% to 250% exhibit higher volumetric strains. This can be

explained by the fact that the cementation bond initially governs the engineering behaviour,

and then the stress paths proceed up to a certain level where the cementation bond is broken

down. At this level, the samples at high initial clay water content of 200% to 250% exhibit

lower shear modulus and higher volumetric strain because of the large spacing between

f{
"
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clusters. The higher the water content, the greater is the spacing between clusters; this leads to

a decrease in shear modulus and an increase in volumetric strain. Howcver, the peak

volumetric strains of the samples made up both at low and high clay water contents are almost

ofthe same order. The samples subjccted to same effcctive cell pressures of 200 kPa exhibit

similar characteristics up to a certain level. As a consequence, all samples having the same

wclc both made up at low and high clay-water contents exhibit identical volumetric strain

versus axial strain response. So, the wclc is a prime parameter governing the engineering

behaviour of cemcnt treated samples having different mixing water content. Miura et al.

(200 I) also reportcd similar results.

5.8.2.5 Effect of Pre-shear Effective Consolidation Pressnre on Volnmetrie
Strain-Axial Strain Relationships

The influence of pre-shear effective consolidation pressure on 8,-8, relationships for samples

of C I clay cured for 4 weeks at 250% mixing water content and wclc ratio of lOis shown in

Fig. 5.104. The influcnce of Po' is very clear. As can be scen from Fig. 5.104 that the higher

the valuc of Po', the greater is thc generatcd volumetric strains. Low Po' generated large

amount negative volumetric strains at higher axial strains. An overall characteristic of the

treatcd clay that the pcak volumetric strains is mobilized always at much lowcr valuc of axial

strains than those of untreated clay. For natural base clay, 8, keeps on increasing with 8,

without showing any maximum value, i.e., peak 8, is located at the end-of-test condition,

which reflects one of the characteristics of the normally consolidated clay (Fig. 5.100).

The influence of pre-shear effective consolidation pressure on 8,-8, relationships was also

investigated for high wclc ratio of 30 (i.e., low cement content of only 4%) for curing time of

4 and 12 weeks. Typical effects of Po' on 8,-8, relationships are shown in Figs. 5.105(a) and

5.\ 05(b) for samples ofC2 clay. It can bc secn from Fig. 5.105 that similarto samples for low

wclc ratio (Fig. 5.104), peak 8, of samples having high wclc ratio increases with increasing

Po'. At low Po', samples having higher wclc ratio gencrated higher amount of negative

volumctric strains at large axial strains than sample having low wclc ratio. The relationships

are significantly influenced by curing time at low cement content. It can also be seen that at a

particular Po', peak 8" for samples cured for 4 wecks are higher than those of samples cured

for 12 weeks. Similar behaviour of volumetric strain for cement treatcd clays was also

reported by Kamaluddin (1995) and Miura et al. (2001).

5.8.2.6 Normalized Volnmetrie Strain-Axial Strain Relationships

Fig. 5.115 shows the normalized volumetric strain vcrsus thc axial strain relationship for

typical untreatcd base Cl clay. A unique rclationship bctwecn thc normalized volumetric

strain and thc axial strain is evident. Higher normalized volumetric strain due to lower value

of Po' has been obtained. 11is generally known that the volumetric change generated during

draincd shear is not a unique property of the soil, but it depends on the applied stress

\'~.
i
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increment. Fig. 5.116 presents the normalized volumetric strain-axial strain (e,lpo'-e,)
relationships for typical cement treated CI clay samples at mixing watcr content of 120% and

cured for 4 weeks at various pre-shear consolidation pressures. The influence of curing time

on normalized relationships for cement treated clays can be observed for the plots in Figs.

5.l17(a) and 5.117(b) for samples cured for 4 weeks and 12 weeks respectively with the same

w; = 120%, wclc ratio = 30 and cement = 4%. The relationships are significantly influenced

by curing time at low cement content; the cured samples for a longer time possess extra added

characteristics in the e,lpo'-e" relationships. A comparativc study shows that 12 weeks samples

altain high normalized ratios at lower strains than those of 4 wceks samples. At low prc-shear

consolidation pressurc, generated large amount negative obliquity ratios and effects of curing

time on negative normalized ratios have been clearly observed (Fig. 5.117). It is also evident

from Fig. 5.117 that for treated clays the lower the Po' (50 kPa), the greater is the normalized

volumetric strain which is positive at lower axial strain and also generated small amount

negative normalized volumetric strain at higher axial strain. It can be mentioned that untreated

clay produces similar uniquc normalized behaviour in the e,lpo'-e" relationships (Fig. 5.115).

Similar normalized behaviours of volumetric strain for cement treated clays were also

rcportcd by Kamaluddin (1995).

5.8.3 Stress Ratio Versus Volumetric Stmin, ('I-e,) Relationships

For samples subjected to high effective cell pressures, their q-e" and e,-e, relationships are the

same at the initial state up to a certain stress ratio, '1 (q/p') and samples with higher clay-water

content exhibit higher volumetric and shear strains at the same stress ratio, ,]. Such behaviour

can bc explained by the fact that, while the initial states of stress of all samples arc inside the

statc boundary surfaces, they havc the same mean effective yield stress in the Ko-line. This is

attributed to the yicld stress being the same (Mirua et aI., 2001). Thus, the elastic behaviour is

recognized for these samples. Samples with higher clay-water content undergo higher

volumetric deformation when the states of stress arc on thc state boundary surfaces due to the

break up of the cementation bond. The transformation of the small strain zone into the large

strain zone occurs at a smaller stress ratio, '1 for samples with a higher clay water content, as

illustrated in Figs. 5.106(a) and 5.106(b) for samples of CI and C3 clays, respectively.

Examination of thc q-e" relationship show that these figures (cspecially for the samples of

highcr Po' or 0",') contain an initial lincar rclationship where the stress states possess low

strains followed by a break point and thereafter, the samples has been subjected to higher

strain. This type of behaviour was found in undrained tests, which were referred to as small

strain phase. Additional evidence of this type of phase will be sought in the stress ratio and

volumetric strain '1-e, relationships. The large strain phase for samples of CI clay is greater r:~~:.
(:'fili

than that of samples of C2 and C3 clays. Similar stress ratio and volumetric strain \!:"
relationships for cement treated clays wcre reported by Kamaluddin (1995) and Miura et al.

(200 I).
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5.8.4 Peak and Destruetured Envelopes Characteristics of Treated Clays

The failure envelopes derived from the points of peak deviator stress (q",,,) and destructured

envelopes derived from the points of end-of-test dcviator strcss (q",,) obtained from CID tests

are studied in this research.

5.8.4.1 Peak Deviator Stress Conditions and Drained Failure Envelopes

The peak deviator stress (q""J for the cement treated clays achieves greater values with in

increasc of Po' for both 4 and 12 weeks curing time as shown in Fig.S.1 07. For low cement

content, the q",,,-p' relationships arc almost linear but become curved at higher cement

content. The untreated clay possesses linear relationships as well and plots at the lowest level.

For low cement content (wc/c = 15 and 30), the relationships are roughly similar irrespective

of thc curing time. On the other hand, higher valucs of cement content (wc/c = 7.5 and 10)

render grcater potentiality in thc increase of qm" with curing time and consolidation stress.

Further, the rate of increase of q"", is greater at the region of higher Po'. The variation of peak

dcviator stress with cemcnt contcnt is also shown in Fig. 5.107. It has been seen that the

points of peak deviator strcss for ccment treated clays lie oncnvelopes higher than those for

untreated clays, and these cnvelopes arc curved and thc inl1ucnced by cement content and

curing time. In order to examine the effects of cement content, the failure envelopes were re-

plotted in Figs. 5.107(a) and 5.107(b) for samples of C 1 and C3 clays, respectively. Failure

envelopes of samples of C 1 clay havc greater strength than that of samples of C2 clay and C3

clay. Thus it is evident that the degree of overall curvature of the failure envelope for each

type of clay depends on the range of consolidation stresscs and hencc failure envelope

increascs with incrcasing Po'. Bergado et al. (2003), Porbaha et al. (2000) and Kamaluddin

(1995) also reported that the similar behaviour for failurc envclopes with mean effective

pressurc of treated clays.

5.8.4.2 Residual Stress States and End-of- Test Destrnetnred Envelope

The end-of-test points arc plotted in Figs. 5.108(a) and 5.1 08(b) for samples of C 1 and C3

clay, respectively. As has been found earlier from the results ofCIU tests, the end-of-test data

points of drained tests arc seen to lie close to the failure envclope for untreated soils. Beyond

the peak deviator stress, the stress condition can be termed as unstable phase, which is

manifested from the strain-softening behaviour and failing characteristics of the stress path in

a constant-I" route. These residual states can be regarded as a destructured condition.

It can be visualized clearly that if complete destructuration of the treated clay could be

achieved and any permanent change in the soil structure could be neglected, then it is possible

to obtain a unique destruetured failure envelope irrespective of clay-type, cement content and :II
curing time. The end-of-test destructured envelope is somcwhat different from the failure

cnvelope of untreated clay. This is because of thc possiblc reason as the permanent change

•
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occurred due to physicochemical reactions between the clay and cementations materials of the

hardening agent, which could not be fully destroyed during the shearing process. For this

reason a majority of the end-of-test stress states did not reach the failure envelope of the

untreated clay even at much larger strains. However, the stresses which can be expected to

actually be imposed on cement treated clays in the field arc much lower than the maximum

pre-shear consolidation pressure of 100 kPa used in the tests; the testing at much higher

strains will have very little practical significance.

•



Table 5.1 Characteristics Values of the Strength and Deformation Properties for
Untreated Base Clays
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Properties Characteristics Values

Type of Soil depending on CI Clay C2 Clay C3 Clay
Plasticity (PI = 47%) (PI = 22%) (PI=13%)

In-situ Void Ratio. eo 1.81 1.96 2.10

Coefficient of Consolidation, 0.90 - 3.37 1.06 - 4.00 1.71-5.20
c,lm'/vear)

Coefficient of Volume 1.50 - 6.24 1.62 - 6.74 1.71 -7.12
Comoressibility. m, Ix 10" m'/kN)
Coefficient of Permeability, 0.28 - 4.28 0.32 - 4.94 0.53 - 6.16

klx 10"m/see)
Compression Index, C, 0.737 0.781 0.863

Swell Index, C, . 0.124 0.127 0.131

Preconsolidation Pressure, Pc' (kPa) 70 65 61

Overconsolidation Ratio (OCR) 1.33 1.26 1.18

Unconfined Compressive Strength, SO 41 58.5
0" IkPa)

Strain at Peak Stress, Er(%) 3.67 3.65 4.00

Undrained Shear Strength, s" (kPa) 49 46 44.5

Axial Strain at so.E"(%) II 10.7 10.2

Effective Cohesion, e' (kPa) 15.2 13.5 10.8

Effective Angle of Internal Friction, 9.8 10.4 11.6
<1>'(decree)



Table 5.2 Compressibility Properties for Cement Treated Clays
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Curing Wi wc/c CI clay (PI = 47%) C2 clay (PI = 22%) C3 clay (PI = 13%)
(weeks) (%) Ratio

Pc' C, C. pc' C. C, pc' C, C.
(kPa) (kPa) (kPa)

7.5 540 0.822 0.004 505 0.855 0.007 525 0.882 0.009

120 10 510 0.856 0.005 417 0.886 0.008 457 0.916 0.010

15 445 0.933 0.006 395 0.963 0.009 418 0.982 0.012

7.5 592 0.893 0.008 451 0.912 0.009 475 0.991 0.011

150 10 470 0.906 0.009 429 0.943 0.011 447 1.082 0.013

4 15 350 0.968 0.01 I 358 0.995 0.013 380 1. I 15 0.015

7.5 440 0.992 0.010 410 1.065 0.014 422 1. I 54 0.016

200 10 408 1. II I 0.012 375 1.121 0.016 390 1.203 0.019

15 387 1.126 0.014 318 1.148 0.018 331 1.228 0.021

7.5 398 1.155 0.014 376 1.88 0.018 387 1.213 0.021

250 10 378 1.188 0.015 354 1.20 I 0.020 365 1.261 0.024

15 351 1. I94 0.017 297 1.2 I 3 0.022 306 1.3 I I 0.026

7.5 680 0.806 0.003 634 0.822 0.005 650 0.849 0.007

120 10 638 0.823 0.004 601 0.856 0.006 631 0.877 0.008

15 560 0.848 0.005 502 0.933 0.008 536 0.961 0.010

7.5 638 0.857 0.007 605 0.893 0.008 620 0.945 0.009

ISO 10 609 0.875 0.008 556 0.906 0.009 576 0.966 0.01 I

12 15 534 0.946 0.009 491 0.968 0.011 501 1.003 0.013

7.5 602 0.915 0.009 561 0.992 0.012 582 1. 142 0.014

200 10 558 0.928 0.011 502 1. I I I 0.014 526 I. I 82 0.016

15 509 0.998 0.013 440 1.126 0.016 471 1.204 0.019

7.5 580 1.101 0.012 538 1.155 0.016 567 1.181 0.019

250 10 531 1. I 31 0.013 449 1.188 0.Ql8 476 1.225 0.021

15 473 1.154 0.015 412 1.194 0.019 438 1.287 0.024

Untreated base clays 70 0.737 0.024 65 0.781 0.027 61 0.863 0.031

•
'ii:\
~'.



Table 5.3 Compressibility Properties for Lime Treated Clays
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Curing Wi wclc CI clay (PI = 47%) C2 clay (PI = 22%) C3 clay (PI ~ 13%)
(weeks) (%) Ratio

pc' C, C, Pc' C, C, pc' C, C,
(kPa) (kPa) (kPa)

7.5 497 0.871 0.006 403 0.897 0.010 456 0.920 0.014

120 10 461 0.902 0.007 359 0.930 0.011 400 0.970 0.017

15 396 0.988 0.009 326 1.011 0.013 356 1.060 0.020

4 7.5 476 0.930 0.010 406 1.030 0.013 436 1.063 0.016

150 10 341 1.010 0.013 301 1.112 0.016 331 1.162 0.019

15 301 1.220 0.017 256 1.42 0.020 274 1.62 0.023

7.5 577 0.780 0.005 523 0.820 0.010 547 0.870 0.012

120 10 561 0.813 0.006 501 0.883 0.012 531 0.913 0.015

12 15 466 0.873 0.008 402 0.933 0.015 436 0.973 0.018

7.5 536 0.907 0.008 472 0.977 0.011 506 0.997 0.014
.

150 10 449 1.000 0.011 371 1.050 0.014 402 1.100 0.016

15 401 1.113 0.014 306 1.213 0.017 352 1.413 0.019

Untreated base clays 70 0.737 0.024 65 0.781 0.027 61 0.863 0.031
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Table 5.4 Permeability Properties (4 weeks Curing) for Cement Treated and Lime
Treated Clays
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Admix- w; wc/c CI clay C2 clay C3 clay

ture (%) Ratio (PI = 47%) (PI = 22%) (PI=13%)

k (x 10.9 m/sec) k (x 10.9 m/sec) k (x 10.9 m/sec)

at at at
cr"' = 18.75 kPa cr,' = 18.75 kPa cr,' = 18.75 kPa

-

7.5 10.9 13.6 17.5

120% 10 12.8 15.6 19.0

Cement --
15 16.2 20.1 23.1

7.5 12.9 14.1 16.7

150% 10 150 19.6 23.6

15 21.0 24.1 26.6

7.5 13.5 16.7 19.6

120% 10 16.1 20.1 25.6

Lime
15 21.0 23.6 27.9

7.5 16.5 18.8 22.1

150% 10 22.8 25.3 28.1

15 30.0 32.1 34.4

Untreated base clays 4.28 4.94 6.16
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Fig.5.35 Stress-Strain Behavior from UC Test at 12 weeks Curing ofCI clay
(a) Cement Treated and (b) Lime Treated
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Table 5.5 Unconfined Compressive Strength (q,) in kPa for Cement Treated and
Lime Treated Clays

269

Cl Clay C2 Clay C3 Clay
Admix- Wi wc/c Curing Time Curing Time Curing Time

ture ('Yo) Ratio 4w 12w 4w 12 w 4w 12w

7.5 399 533 291 405 339 438
120 10 251 335 179 267 213 284

15 149 226 106 172 126 180

7.5 383 528 277 395 318 429
Cement 150 10 241 338 175 260 200 266

15 143 217 124 169 138 185

7.5 381 520 272 390 314 421
200 10 238 330 170 249 195 257

15 134 207 95 155 112 165

7.5 379 511 268 401 311 409
250 10 235 321 172 258 189 265

15 124 187 88 160 108 166

7.5 343 458 266 302 281 390
120

.

10 215 302 158 . 201 192 257
Lime

15 128 194 115 I" 144 172"
7.5 302 425 23:' 278 272 312

150 ..

10 189 277 150 185 211 167

15 112 169 103 123 124 154

Untreatedbase clays 50 41 58.5
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Table 5.6 Shear Strength Parameters e' and <1>' for Cement Treated Clays
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CI Clay C2 Clay C3 Clay

Para- Wi wele Curing Time Curing Time Curing Time

meters (%) Ratio
4w 12w 4w 12w 4w 12w

7.5 131 141 82 87 104 115

120 10 116 134 77 82 91 101

15 112 129 73 77 87 96

7.5 114 128 74 80 86 99

c' 150 10 101 117 69 75 75 83

in 15 97 112 64 69 70 78

kPa 7.5 109 118 69 76 82 89

200 10 96 112 65 70 71 79

15 91 105 61 65 67 74

7.5 101 110 64 71 75 80

250 10 88 103 60 65 66 73

15 83 97 55 59 63 69

7.5 13.6 13.0 17.5 16.4 16.0 14.2

120 10 12.9 12.2 15.4 14.6 14.1 13.0

15 11.8 II 13.1 12.8 12.5 11.3

7.5 12.2 12.0 13.5 13.1 15.4 15.2

<1>' 150 10 11.6 10.9 12.0 11.3 13.5 12.6

1Jl 15 10.5 9.8 10.1 9.8 12.0 10.8

degree 7.5 11.4 I I. I 14.7 14.0 13.0 12.5

200 10 10.8. 10.1 12.9 12.3 11.4 10.6

15 9.9 9.2 11.0 10.7 10.2 9.4

7.5 10.6 10.4 13.3 12.9 11.8 11.0

250 10 10.0 9.5 11.7 I I. I 10.5 9.6

15 9.2 8.6 9.9 9.5 9.1 7.9

c' Untreated Clay 15.2 13.5 11.6
.

<1>' Untreated Clay 6.4 8.0 7.1
.-

,
.'
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Table 5.7 Comparison ofVndrained Shear Strength and Axial Strain at Failure of
Cement Treated Clays from VC and UV Tesls (Q"J = 200 kPa)

297

Curing Clay wele Undrained Shear Axial Slrain at Failure (%)
Time Type Ratio Strength (kPa)
(week)

UC test UU test UC test UU test

7.5 200 240 1.94 183

CI 10 . 126 151 2.16 2.00

15 75 93 2.33 2.17

30 34 56 2.69 2.46

7.5 146 174 2.67 2.50

4w C2 10 92 108 2.85 2.67

15 53 64 3.00 2.83

30 27 45 3.23 3.01
--

7.5 170 . 219 2.40 2.33

C3 10 107 142 2.50 2.50

15 63 91 2.83 2.67

30 '0 48 3.15 2.93~J.

7.5 267 299 4.19 3.76

CI 10 168 111 4.68 4.11
------

15 113 143 5.04 4.45

30 38 89 5.76 4.92

7.5 203 237 5.26 5.00

C2 10 134 160 5.64 5.14

]2 w 15 86 103 6.01 536

30 30 69 5.64 6.43

7.5 219 254 5.54 4.67
-----~-

C3 10 142 194 5.61 5.10

15 90 119 5.94 5.41

30 35 82 6.7 6.02

(

,.,
.~
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Table 5.8 Comparison of Shear Strength and Axial Strain at Failure of
Cement Treated Clays (Po' = 200 kPa) from cm and CIO Tests

323

Curing Clay wele Shear Strength (kPa) Axial Strain at Failure (%)
Time Type Ratio
(week)

CIU test CID test CIU test cm test

7.5 643 706 4.07 4.60

C1 10 485 521 5.12 5.56

15 372 456 5.50 6.00

30 276 335 5.68 6.54

7.5 474 561 4.71 4.95

4w C2 10 350 413 5.88 5.93

15 271 365 6.31 6.73

30 201 268 6.53 7.21

7.5 547 646 4.51 4.89

C3 10 402 474 5.74 5.83

15 318 419 6.19 6.31

30 228 317 6.41 6.92
--

7.5 811 958 3.59 4.11

CI 10 606 715 4.38 4.87

15 461 620 4.76 5.26

30 340 445 4.93 5.64

7.5 564 645 3.88 4.34

12 \V C2 10 498 545 4.48 5.05

15 389 426 4.88 5.73

30 271 311 5.23 6.14

7.5 736 842 3.70 4.21

C3 10 541 638 4.56 4.92

15 428 561 4.93 5.43

30 306 404 5.09 5.86

t
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Fig.5.109 Volumetric Strain Versus Axial strain Response at Different Pre-Shear
Effective Pressure ofUntrcalcd Base Clays (a) CI and (b) C3 Clays
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CHAPTER 6

NUMERICAL ANALYSIS OF TREATED CLAYS
USING DIFFERENT MODELS

6.1 General

The stress-strain response of cement treated and untreated clays have been numerically

simulated' using the finite element models and the predictions have been compared with the

experimental data obtained in this study. The soil constants, critical state parameters and state

boundary surface for untreated and treated clays were also analyzed, compared and discussed

in this chapter.

The three finite clement constitutive models, namely, Modified Cam Clay (MCC) model

(which is defined as modification of cam clay model incorporating volumetric strain

hardening parameter), Modified Modified Cam Clay (MMCC) model (which is defined as

MCC model incorporating cementation tensile strength parameters) and Extended Modified

Modified Cam Clay (EMMCC) model (which is defined as MMCC model incorporating

cementation break down parameters) have been used to predict deviator stress, volumetric

strain, pore pressure and stress path characteristics. The Cap models (plane and elliptic cap

model) have also been applied for prediction soil behaviour. The predictions were compared

with experimental data.

For this purpose of using MCC, MMCC and EMMCC models, the finite clement program

AFENA have been used. Carter and Salaam (1995) developed AFENA, which is a finite

element package program for the numerical analysis of problems in geotechnical engineering.

An 8-noded axisymmetric, quadrilateral and isoparametric clements with reduced Gaussian

integration have been used in AFENA. The Cap model developed by Chen and Mizuno

(1990) was used in this study.

6.2 Soil Constants and Critical State Parameters Analysis of Untreated and Treated
Clays

Figs. 6.1 to 6.3 show the typical results of isotropic compression and swelling tests in triaxial

cell of the untreated and treated samples in In p-v space. In these figures the up sloping line,

AS is the isotropic virgin/compression line (often called the isotropic normal consolidation

line) and the down sloping line, SC is the average line of swelling and recompression lines. It

is evident from Figs. 6.1 to 6.3 that if the soil sample is loaded isotropically from A, the

normal consolidation line (NCL) always will follow the path AB and its state may be moved

to the left of AS by unloading along a swelling line such as BC, but it is not possible to move

the state of the soil to the right of AB. The line AB represents a boundary between possible

states to the left and impossible states to the right as indicated in the Figs. 6.1 to 6.3. The
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values of soil constants A, Nand K have been determined from the slopes of isotropic normal

consolidation and swelling lines. The values of soil constants A, Nand K of the untreated and

treated clays are presented in Table 6.1. It can be seen from Table 6.1 that the values of soil

constants A and K for the treated clays are less than thosc for thc untreated clays whilc the

values ofthc constant N are grcatcr for thc ccmcnt trcatcd clays than thosc of untrcated clays.

It is evidcnt from the data prcsented in Table 6.1 that at a particular curing time, thc soil

constants A and K increased, while the constant N decrcascd with incrcasing wclc ratio (i.e.,

decreasing cement contcnt). Table 6.1 also shows that at a particular wclc ratio, thc values of

soil constants A and K are greater but the constant N is lower for the curing time of 4 week

than those for the samples cured for 12 weeks, i.e. the soil constants A and K decreased, while

the constant N increased with incrcasing curing time for thc trcated clays. It can also be seen

from the data presented in Table 6.1 that the values of the soil constants A, K and N increased

with the increase of plasticity index of the clays. Similar behaviours were obscrved by Parry

et al. (1973), Bashar (2002) and Khalilullah (2007).

6.3 Critical State Lines of the Untreated and TI'eated Clays

Figs. 6.4 to 6.6 prcscnt thc critical statc line (CSL) inp', q' plot for thrcc untrcated and trcated

clay samplcs. Though the critical state line is a curvcd line in three- dimensional (p',v, q')

space. The projection of the CSL onto the q': p' planc is a straight line and can be represented

by thc following equation.

q'= Mp' (6.la)

where M is the gradient of the CSL, q'and p' are the values of deviator stress and mean

effectivc stress, respectively at the failure point.

In the Fig. 6.4, the lincs joining AB], AB, and AB, are called the CSL of untreated CI, C2

and C3 clays, respectively: The values of M thus obtained are 0.98, 0.91 and 0.94 for

untreated CI, C2 and C3 clays respectively. Figs. 6.5 and 6.6 present the effect of ccment

content on the stress paths and CSL of treated clays cured for 4 weeks. The values ofM at 8%

cement thus obtained are 1.85, 1.81 and 1.68, while the valucs ofM at 16% cement have been

found to be 2.34, 2.19 and 2.22 for samplcs of trcatcd C I, C2 and C3 clays, respectively. It

has been found that thc values of M for trcated clays are greater than those of untreated clays

for all soils. It has also been found that at a particular curing time, the values of M for treated

clays increased with increasing cement contcnt as shown in Fig. 6.7.

Figs. 6.8 and 6.9 present the effect of curing time on stress paths and CSL of the samplers of

treated clays having 12% cement content. The values of M at 4 week curing thus obtained are

2.13,2.03 and 2.09, while the values of Mat 12 week curing have been found to be 2.18, 2.08

and 2.14 for samples of treated C I, C2 and C3 clays, respectively. It has been found that at
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particular cement content, the values of M for treated clays have becn found to increase with

increasing curing time.

6.4 Statc Boundary Surfaces of the Untreated and Treated Clays

It has been established the samples of untreated clay arc normally consolidated in nature and

the samples of treated clay arc lightly overconsolidated to heavily overconsolidated in nature

dcpend on the amount of cement content. The overconsolidation ratios of treated clay arc

increased with increasing the amount of cement content. The typical effective undrained

stress paths in p' - q' space of untreated and treated samples of C I clay arc shown in Fig. 6.10.

The behaviour of the heavily overconsolidated samples shown in Fig. 6.10 has been seen to

be strongly dilatant because of treating with high percentage of cement with the undrained

effectivc stress paths traveling a long way up to the right before rupture. Since these

undraincd stress paths are sections of the state boundary surfacc by constant void ratio planes,

it is possible to transform the 3-dimensional state boundary surface (p': v : q' space) to a 2--

dimensional curve by a suitable selection of stress parameters. The parameters selected were

q'/p', and p'/p', wherc the paramcter p', is similar to that suggested by J-lvorslev (1949).

p', = p' exp[(eo - e)fA] (6.2)

where, p'and eo correspond to the isotropic stress and void ratio respectively on the isotropic

consolidation line in an (e - log p') plot. For undrained test, void ratio is constant throughout

the shear test, i.e., Co = e, then p'C = p'.

The normalized typical stress paths obtaincd from the undrained test on samples of untreated

and treated samples of C I clay are shown in Fig. 6.11. together with points representing the

isotropic normal consolidation lines and the critical state lines for compression. Together

these define a smooth state boundary surfacc for treated and untreated clay. The line DE

defines the Roscoe surface for the untreated clay while the line BC defines the Hvorslev

surface for the treated clay. Since, the natures of the effective stress paths of the treated clay

are similar to those of lightly ovcrconsolidated to heavily overconsolidated clays, no definite

Roscoe surface could be established for the treatcd clay. Similar state boundary surface has

also been obtained for samples of cement treated C2 and C3 clays.

6.5 Correlation of Soil Constants with Plasticity Index

To specify the some constitutive models such as Cam clay model (Schofield and Wroth,

1968), the following three basic soil parameters are required: A, K and N. In order to specify

the behaviour of the models, three other values are also required to describe the current

condition of the soils, namely, initial void ratio (or specific volume), pre-shear consolidation

state and current stress state of the soils. The Soil constants, A, K and N of untreated and

treated samples have been used to study whether it is possible to determine parameters
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specifying a constitutive soil model simply by using the plasticity index. In this section, the

correlation of the three basic parameters with plasticity index has been established.

Figs. 6.12 and 6.13 show the compre'ssibility index, A. data plotted against the plasticity index

(PI) to assess the effect of cement and curing time, respectively. As shown in the figures, the

nature of correlation for untreated and treated clay samples is same but the values of A. for

treated clays are lower than those of untreated clays. Figs. 6.12 and 6.13 also show that for

treated clays, the values of A. decreased with increasing cement content and with increasing

curing time. As shown in the figures, the compressibility of soils increases with increasing

plasticity index. Various researchers have reported this trend. In their experiments, Nakase, et

al. (1988) and Bashar (2002) reported the existence of a linear relationship between PI and

compressibility. Critical state soil mechanics theory (Schofield' and Wroth, 1968) also

predicted the following relationship for isotropic stress condition:

A. = 0.00585 PI (6.4a)

Bashar (2002) predicted the following rclationship between PI and compressibility for

untreated coastal soils:

A. = 0.09405 + 0.0021 PI (6.4b)

Regression lines (Fig. 6.12) for these rclationships obtained from the present data for

untreated and treated clays, incorporating the effect of cement content, can be given as for

isotropic stress condition.

A. = 0.2294 + 0.003 PI

A. = 0.126 + 0.0025 PI

A. = 0.091 + 0.001 PI

for untreated clays

for 8% cement content (curing = 4w)

for 16% cement content (curing = 4w)

(6.5a)

(6.5b)

(6.5c)

The values of the correlation coefficient (R) are high. R = 0.994, 0.996 and 0.998 for the

equations respectively.

Regression lines (Fig. 6.13) for these relationships obtained from the present data

incorporating the effect of curing time for treated (cement = 12%) clays can be given as for

isotropic stress condition.

A. = 0.1 15 + 0.002 PI

A. = 0.105 + 0.0015 PI

for 4 weeks curing

for 12 weeks curing

(6.5d)

(6.5e)

The values of the correlation coefficient (R) arc 0.999 and 0.999 for the equations

respectively.
(
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Figs. 6.14 and 6. I 5 show the swelling index, K data plotted against PI to investigate the effect

of cement content and curing time, respectively. As shown in the figures, the natures of

correlation for untreated and treated clay samples are same but the values of K for treated

clays are lower than those of untreated clays. It can also be seen from Figs. 6.14 and 6. I 5 that

for treatcd clays, the values of K are decreased with increasing cement content and with

increasing curing time. The swelling of soils increases with increasing plasticity index. A

similar relationship was found between the swelling index and thc plasticity indcx. Similar

behaviour was also observed by Schofield and Wroth, (1968), Nakase et a!. (1988) and

Bashar, (2002). Bashar (2002). predicted the following relationship between K and PI for

untreated coastal soils:

K = 0.00766 + 0.0011 PI

Regression lines (Fig. 6.14) for these relationships obtained from the present data for

untrcated and treated clays can be given as for isotropic stress condition.

(6.6)

K = 0.0062 + 0.0006 PI

K = 0.0112 + 0.0003 PI

K = 0.0016 + 0.0002 PI

for untreated clays

for 8% cement content (curing = 4w)

for 16% cement content (curing = 4w)

(6.7a)

(6.7b)

(6.7c)

The valucs of the correlation coefficient (R) are high. R = 0.999, 0.998 and 1.00 for the

equations respectively.

Regression lines (Fig. 6. I 5) for these relationships obtained from the present data

incorporating the effect of curing of treated (cement = 12%) clays can be given as for

isotropic stress condition.

K = 0.0031 + 0.0003 PI

K = 0.0025 + 0.0002 PI

for 4 weeks curing

for 12 weeks curing

(6.7d)

(6.7e)

The values of the correlation coefficient (R) are high. R = 1.00 and 0.995 for the equations

respectively.

Figs. 6.16 and 6.17 show the specific volume, N data plotted against PI. As shown in the

figures, the nature of correlation for untreated and treated clay samples is same but the values

of N for treated clays are grcater than those of untreated clays. Figs. 6.16 and 6. I 7 also show

that for treated clays, thc values ofN arc increased with increasing cement content and with

increasing curing time. The valucs of N increase with increasing plasticity index. Similar

behaviour was reported by Schofield and Wroth (1968) and Bashar (2002) for isotropic stress

condition. Bashar (2002) reported the following relationships between N and PI for untreated

coastal soils:
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(6.8)

The resulting constitutive equations (Fig. 6.16) for the present study for untreated and treated

clays are as follows:

N = 1.5986 + 0.0065 PI

N = 1.7931 + 0.0074 PI

N = 2.052 I + 0.0093 PI

for untreated clays

for 8% cemcnt content (curing = 4w)

for 16% cemcnt content (curing = 4w)

(6.9a)

(6.9b)

(6.9c)

The values of the correlation coefficient (R) are 0.980, 0.985 and 0.999 for the equations

rcspectively.

The resulting constitutive equations (Fig. 6.17) for the present study, incorporating the effect

of curing, for treated clay (ccment ~ 12%) clays are as follows:

N = 1.949 + 0.0076 PI

N = 2.176 + 0.0075 PI

for 4 weeks curing

for 12 weeks curing

(6.9d)

(6.ge)

The values ofthc correlation coemcient (R) arc 1.00 and 0.998 for the equations rcspectively.

It thercfore appears from the above correlations that, the soil constants can be well correlated

with plasticity index for the untreated and cemcnt treated clays incorporating both the effects

of cement content and curing age.

6.6 Prediction of Drained Response Using MCC, MMCC and EMMCC Models

The prediction of triaxial drained responsc using MCC, MMCC and EMMCC for typical

untreatcd and treated samples ofCI clays are discussed in thc following sections:

6.6.1 Model Parameters

The paramcters used in drained tests for MCC, MMCC and EMMCC models of cement

treated and untreated clays are given in Table 6.2. The parameter f..l is the elastic shear

modulus of the soil (G), which is defined as Poisson's ratio of the soil. The parameter, B

(BWRAT) is defined as the ratio ofthc bulk modulus of the pore water to thc bulk modulus of

the soil. For drained test, the valucs of B has becn considercd as zero. The parameter, P'"

(PCO) is defined as the preconsolidation prcssure for ccment treated and untreated clays. The

PI" (PTa) includes the tensile strength parameter computed using the value of unconfined

compression strength g", preconsolidation effective ccll pressure P;, and critical state

strength parameter, M. The Pm (RHO) is known as ccmcntation breakdown parameter, as the

dcgradation parameter for incremcnt of consolidation strength of soil due to cementation. For

cemented soil, Pm is generally a large positive number grcater than 1.0 and Pm is considered
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as 60 to 90. The values of Pm is considered zero for unccmented soils. In the undrained test,

the parameters, J.I, B and Pm are used in the MCC, MMCC and EMMCC models. The

parametcrs, Pm" and P", are used only in the MMCC and EMMCC models and the

parameters, Pm are used only in the EMMCC model.

The significance of application for K (RKAP), A (RLAM), M (RMU) and N (ECS) in the

MCC, MMCC and EMMCC models can easily be explained. If the values K and A are

increased in these models, the predicted strength is decreased and predicted volumetric strain

is increased. If the values M and N are incrcased in these models, the predicted strength is

inereased but predicted volumetric strain is decreased. The drained analysis using these model

parameters have been applied in the MCC, MMCC and EMMCC models to eompute the

stress-strain and volume strain change characteristies of the e1ays studied in this research with

and without cementation.

6.6.2 Drained Stress-Strain Behaviour

Fig. 6.18 shows the typieal drained stress-strain response of samples of untreated CI clay,

using the MCC model for different pre-eonsolidation effective eell pressures. For the

untreated elay, it has been observed that stress at initial axial strain levels (up to 4.5%)

stresses predicted using the MCC model appears to be significantly close to experimental

values. At large strains, however, the MCC model over estimates the experimentalstresses. It

therefore can be eoncluded that MCC model can be used to predict the drained stress-strain

response up to eertain initial strain level.

Figs. 6.19 to 6.21 show the typical drained stress-strain response of samples of cement treated

CI clay (4% and 12% cement content, 4 weeks and 12 weeks euring time), using the MCC

model, MMCC model and EMMCC model for different pre-consolidation effeetive cell

pressures i.e., 100, 200 and 400 kPa. It has been observed that, in general, initial stiffness

predicted by the MMCC model and EMMCC model are significantly higher than that of

experimental results while the MCC model underestimates the experimental values. The

predicted deviator stress ultimately attains a constant value with continuous shearing. This

implies that critical state has been reached. Other important observations from Figs. 6.19 to

6.21 are as follows:

(i)

(ii)

(iii)

(iv)

MCC model underestimates post-peak stresses at high cement eontent (12%).

MMCC model overestimates post-peak stresses at high cement content (12%).

Peak deviator stress predieted using EMMCC agrees well with the experimental value

at high eement eontent (12%).

For low euring age (4 weeks) and high cement content (12%), initial stiffness predicted,
using MCC model compares well with experimental values (Fig. 6.19a).
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(v) For long cUring age (12 weekS) a;ld high cement content (12%), initial stiffness

predicted using EMMCC model compares very well with experimental values (fig.

6.19b).

(vi) For low curing age (4 weeks), low cement content (4%) and low pre-shear effective

consolidation pressure, initial stiffness predicted using MCC model compares well with

experimental values (Fig. 6.20a).

(vii) For low curing age (4 weeks), low cement content (4%) and high pre-shear effective

consolidation pressure, initial stiffness predicted using EMMCC model eompares very

well with experimental values (Fig. 6.20b).

(viii) At low cement content (4%), peak deviator stress predicted using EMMCC agrees well

with the experimental value (Fig. 6.21).

From the above observations, it appears that MCC, MMCC and EMMCC models are not so

effective to predict the drained stress-strain response and therefore may not be applicable to

predict drained stress-strain behaviour of cemented clays. Nevertheless, the EMMCC model

predictions compares well in some respects with the observed experimental behaviour.

Youwai and Bergado (2003) found satisfactory applicability of constitutive models for

stabilized soil while, Islam et al. (2007) and Khalilullah (2007) found that the unsatisfactory

applicability of the constitutive models for cement treated clays. There had been a breakdown

of stress-strain curves from the prediction of Bergado (2003), while there was a no breakdown

of stress-strain curves from the prediction of Khalilullah (2007) where stress became constant

with continuous shearing deformation. The predictions obtained ;n this study agreed

reasonably with those reported by Khalilullah (2007) for cement treated clays of Bangladesh.

6.6.3 Volume Change Responses

Fig. 6.22 shows the typical volume changes response of samples of untreated C I clay, using

the MCC model for different pre-shear effective consolidation pressure. It has been observed

from Fig. 6.22 that volumetric strains at initial axial strain level (up to only 2%) predicted

using the MCC model are significantly close to or slightly higher than that of experimental

values. Volumetric strains predicted by the MCC model at large axial strains, however, are

higher for higher cell pressures and lower for lower cell pressures than that of experimental

results. Islam et al. (2007) and Khalilullah (2007) also found that similar predictions of

volume change responses for untreated clays of Bangladesh.

Figs. 6.23 to 6.25 show the typical volumetric change responses of samples of cement treated

CI clay (4% and 12% cement content; 4 weeks and 12 weeks curing age), using the MCC

model, MMCC model and EMMCC model for different pre-shear effective consolidation

pressure i.e., 100,200 and 400 kPa. Figs. 6.23 to 6.25, in general, shows the following salient

features:
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(i) MMCC model and EMMCC model over predicts the initial volumetric strain for large

cement content (12%).

(ii) Initial volumetric strain predicted using MCC model agrees reasonably well with the

experimental values.

(iii) Volumetric strain-axial strain responses predicted by the MMCC model for high

cement content, large pre-shear effective consolidation pressure compares reasonably

well with the experimental curve.

(iv) Volumetric strain-axial strain responses (up to peak value) predicted using MMCC

model for low cement content and high pre-shear effective consolidation pressure

agrees reasonably well with the experimental curve.

(v) The predicted volumetric strain predicted using all the models ultimately attains a

constant value with continuous shearing. This implies that the critical state has been

reached.

From the above findings, it can be concluded that the predictions for volumetric changes

behaviour using MCC, MMCC and EMMCC model are not effectively applicable for such

cement treated clays at high water content, although MCC and MMCC predictions agrees

well with the experimental behaviour in some respects. Youwai and Bergado (2003) reported

constitutive models can be satisfactorily used for of stabilized soil while, Islam et al. (1007)

and Khalilullah (2007) reported that constitutive models may not be applicable for of cement

treated clays to predict volumetric strain responses. The prediction in this study agrecs well

with those reported by Khalilullah (2007) for cement treated clays Bangladesh.

6.7 Prediction of Undrained Response Using MCC, MMCC and EMMCC

The predicted undrained response using MCC, MMCC and EMMCC for untreated and treated

clays are discussed in the following sections:

6.7.1 ModclParameters

The parameters used in undrained tests for MCC, MMCC and EMMCC models of cement

trented and untreated clays arc given in Table 6.3. The parameters, Jl ' B, Pm , Pia and Pili

have been defined earlier in section 6.6.1. For undrained tcst, the range of Jl has been taken

as 0.40 to 0.50. For undraincd test, the values of 13 (BWRAT) is generally a large positive

numbcr greater than 1.0 and considered as I to 40. The values of 13 has been increased with

increasing strength of soil. For cemented soil, Pili is generally a large positive number greater

than 1.0, Pm has been considered as 55 to 85. The values of Pm is considered zero for

un cemented soils. In the undrained test, the paramcters, Jl, 13 and Pm are used in the MCC,

MMCC and EMMCC models. The parameters, P"m and P,,, are used only in the MMCC and
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EMMCC models and the parameters, Pm are used only in the EMMCC modcl.

The significance of application for K (RKAP), A (RLAM), M (RMU) and N (ECS) in the

MCC, MMCC and EMMCC models can easily be explained. If the values K and A are

increased in these models, the predicted strength is decreased and predicted excess pore

pressure is increased. If the values M and N are increased in these models, the predicted

strength is increased and predicted excess pore pressure is decreascd. The undrained analysis

using these model parameters have been used in the MCC, MMCC and EMMCC models to

compute the stress-strain, pore pressure response and stress path characteristics of the clays,

with and without cementation.

6.7.2 Undrained Stress-Strain Behaviour

Fig. 6.26 shows the typical undrained deviator stress-axial strain response of samples of

untreated C I clay using the MCC model for different pre-shear effective consolidation

pressures. For untreated clay, it has been observed that the MCC model overestimates the

experimental values at both the pre-shear effective consolidation pressures. Siddiquee (2006), .

Siddique et al. (2003) and Bashar (2002) also reported similar observations.

Figs. 6.27 to 6.29 show typical undrained deviator stress-axial strain response of samples of

cement treated C I clay (4 and 12% cement content; 4 weeks and 12 weeks curing time). using

the MCC model. model and EMMCC model for different pre-shear effective consolidation

pressures i.e .• 100. 200 and 400 kPa. Figs. 6.27 to 6.29. in general, show the following major

observations:

(i) MMCC model and EMMCC model overestimates the initial stiffness at low and high

cement contents.

(ii) Peak deviator stresscs predicted using MMCC model compares wcll with thc

experimental values at high cement content and moderately high pre-shear effective

consolidation pressures (200 kPa and 400 kPa). At low pre-shcar effective

consolidation pressures (100 kPa). peak deviator stresses predictcd usmg EMMCC

model agrccs well with the experimcntal value.

(iii) At low cement content (4%), pcak deviator stresscs predicted uSing EMMCC modcl

compares reasonably good with the cxperimental values (Fig. 6.29) at pre-shcar

effective consolidation pressures of 100 kPa and 400 kPa.

(iv) MCC model highly underestimates the peak deviator stresscs irrespective of ccmcnt

content, curing age and pre-shear effective consolidation pressures.

(v) Using all the models, the predicted deviator stress ultimately attains a constant value

with continuous shearing. This implies that the critical state is rcached.
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From the above findings, it can be concluded that for the prediction for undrained stress-strain

behaviour, MCC, MMCC and EMMCC models are not so effective for cemented clays at

high water content, although MMCC and EMMCC predictions compares reasonably well

with the experimental values in some respects. Siddiquee (2006) and Khalilullah (2007) also

reported that predictions of undrained stress-strain responses using MCC, MMCC and

EMMCC models are not satisfactory. The predictions obtained in this study are more or Icss

similar to those reported by Khalilullah (2007) for cement treated clays of Bangladesh.

6.7.3 Pore Pressure Change Responses

Fig. 6.30 presents typical excess pore pressure response of samples of untreated C I clay,

using the MCC model for different pre-shear effective consolidation effective pressures. For

the untreated clay, it has been observed that although the initial excess pore pressure values

compares very well with the experimental values up an axial strain level of only about I%, at

larger axial strains, MCC model significantly overestimates the excess pore pressure values at

both the pre-shear effective consolidation effective pressures. Islam et al. (2007) and

Khalilullah (2007) also found similar predictions for pore pressure response of untreated clays

of Bangladesh.

Figs. 6.31 to 6.33 show typical the pore pressure change rcsponses of samplcs of cement

treated C1 clay (4 and 12% cement contcnt; 4 weeks and 12 weeks curing time), using the

MCC model, MMCC model and EMMCC model for different pre-shear effective

consolidation effective pressures i.e., 100,200 and 400 kPa. Figs. 6.31 to 6.33. in gcneral.

show the following salient features:

(i) MCC, MMCC and EMMCC models over prcdicts the initial pore pressure changes at

low and high cement contcnts.

(ii) Peak pore pressure change predicted using MMCC model compares well with the

experimental values at high cement content and modcrately high pre-shcar effective

consolidation pressures (200 kPa) while EMMCC overestimates peak pore pressure

change at high cement content and moderately high pre-shear effective consolidation

pressures (200 kPa). At low pre-shear effective consolidation pressures (100 kPa).

however. exccss pore pressure predicted using EMMCC have been found to be negative

at high and low cement content.

(iii) Peak pore pressure change predicted using EMMCC model compares very well with

the experimental value at high pre-shear effective consolidation pressures of 400 kPa

(Fig.6.32b).

(iv) MCC model highly underestimates the peak pore pressure change at all cement

contents, curing ages and moderate to high pre-shear effective consolidation pressures

(200 kPa and 400 kPa). At low pre-shear effective consolidation pressure (100 kPa),

"~..
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experimental peak pore pressure change agrees well with that predicted using MCC

model.

(v) Using all the models, the predicted pore pressure change ultimately attains a constant

value with continuous shearing. This implies that the critical state has been reached.

From the findings, it appears that the MCC, MMCC and EMMCC models may not be

appropriate for the prediction of pore pressure change responses for such cement treated clays

at high water content. Siddiquee (2006) and Khalilullah (2007) reported MCC, MMCC and

EMMCC models may not be applicable to predict pore pressure responses of untreated and

cement treated clays. There had been no breakdown of pore pressure-axial strain curves where

pore pressure became constant with continuous shearing deformation (Siddiquee, 2006;

Khalilullah, 2007). The predictions in this study are similar to those reported by Khalilullah

(2007) for cement treated clays of Bangladesh.

6.7.4 Undrained Stress Paths

Fig. 6.34 shows typical predicted undrained effective stress paths for samples of untreated C 1

clay using the MCC model at different pre-shear effective consolidation pressures. Fig. 6.34

shows that the predicted undrained effective stress paths of untreated clay agree reasonably

well with the observed stress paths at lower pre-shear effective consolidation pressures (100

kPa and 200 kPa).

Figs. 6.35 to 6.37 present the predicted undrained effective stress paths of samples of cement

treated CI clay using the MCC, MMCC and EMMCC models at pre-shear effective

consolidation pressures of 100 kPa, 200 kPa and 400 kPa, respectively. The predicted

undrained effective stress paths have been observed to be vertical in p' - q space. Increasing

deviator stresses at constant mean pressure have been predicted. It can be seen from Figs. 6.35

to 6.37 that. in general show the observed undrained effective stress paths compares

reasonably well with those predicted using EMMCC model. particularly at pre-shear effective

consolidation pressures of 100 kPa and 400 kPa. From the above observations. it can be

concluded that the EMMCC model may be used for the predictions of undraincd effective

stress paths of cemented clays at high water content. Siddiquee (2006) and Khalilullah (2007),

however. found unsatisfactory predictions uSlllg MCC, MMCC and EMMCC models for

untreated and cement treated clays.

6.8 Prediction of Drained and Undrained Responses using Cap Model

Cap Model has been used for prediction of draincd and undrained bchaviour. The calculation

stcps for the Coulomb and Drucker-prager models have becn explained in the Flow Chart of

Fig. 2.61. The model parameters, which have been used in drained tests for Plane Cap and

Elliptic Cap models of cement treated clays are listed in Tablc 6.4.

r
(

•...
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6.8.1 Drained Stress-Strain BehavioUr

Figs. 6.38 to 6.40 show typical deviator stress-axial.strain response of samples of cemented

Clclay using the Plane Cap and Elliptic Cap models for different cement content, curing time

and pre-shear effective consolidation pressures. It can be seen from these figures that neither

the Plane Cap nor the Elliptic Cap predictions agree with the experimentally observed stress-

strain curves irrespective of cement content, curing time and pre-shear effective consolidation

pressures. At pre-peak stress levels, Plane Cap and the Elliptic Cap underestimate the

observed stresses while at post-peak stress levels, Plane Cap and Elliptic Cap models over

predict the observed stresses. It appears from the findings that Cap models cannot be applied

for predictions of drained stress-strain behaviour of cemented clays at high water content.

6.8.2 Volume Change Response

Figs. 6.41 to 6.43 show typical volume changes response of samples of cemented C I clay

using the Plane Cap and Elliptic Cap models for different cement content, curing time and

pre-shear effective consolidation pressures. It can be observed from Figs. 6.41 to 6.43 that

both the Plane Cap and Elliptic Cap predictions do not compare at all with the experimentally

observed volumetric strain-axial strain curves irrespective of cement content, curing time and

pre-shear effective consolidation pressures. At pre-peak volumetric strain levels, Plane Cap

and the Elliptic Cap underestimate the observed stresses while at post-peak stress levels,

Plane Cap and Elliptic Cap models over predict the observed volumetric strains. It appears

from the findings that Cap models cannot be applied for predictions of volumetric strain-axial

strain behaviour of cemented clays at high water content.

6.9 Prediction of Undrained Response using Cap Model

Cap Model has been used for prediction of undrained behaviour. The model parameters,

which, have been used in undrained tests for Plane Cap and Elliptic Cap models of cement

treated clays as listed in Table 6.5.

6.9.1 Undrained Stress-Strain Behavionr

Figs. 6.44 to 6.46 show typical deviator stress-axial strain response of samples of cemented

Clclay using the Plane Cap and Elliptic Cap models for diffcrent cement content, curing time

and pre-shear effective consolidation pressures. It can be seen from these figures that neither

the Plane Cap nor the Elliptic Cap predictions compare well with the experimentally observed

stress-strain curves irrespective of cement content, curing time and pre-shcar effective

consolidation pressures. Similar to the predictions of drained stress-strain behaviour, at pre-

peak stress levels, both the Cap models underestimate the observed stresses while at post-peak

stress levels, Plane Cap and Elliptic Cap models overestimate the observed stresses. It appears

from the findings that Cap models cannot be applied for prcdictions of undraincd stress-strain

behaviour of cemented clays at high water content.

0. '
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6.9.2 Pore Pressure Chauge Response

Figs. 6.47 to 6.49 show typical pore pressure change-axial strain response of samples of

cemented Clclay using the Plane Cap and Elliptic Cap models for different cement content,

curing time and pre-shear effective consolidation pressures. It can be seen from these figures

that neither the Plane Cap nor the Elliptic Cap predictions compare well with the

experimentally observed pore pressure change versus axial strain curves. irrespective of

cement content, curing time and pre-shear effective consolidation pressures. It appears from

Figs. 6.47 to 6.49 that at pre-peak pore pressure change levels, both the Plane Cap and Elliptic

Cap models underestimate the observed excess pore pressure while at post-peak pore pressure

change levels, Plane Cap and Elliptic Cap models over predict the experimentally observed

pore pressure change. It, therefore, can be concluded that from the findings of the present

study that Cap models cannot be applied for predictions of pore pressure change responses of

cemented clays at high water content.

6.9.3 Stress Path in the I I - ..[i; Space

Similarly, the axial stress-strain curves for the strain - increasing and decreasing paths are

presented in Fig. 6.50 with the elliptic cap model. The stress path in the 1,- ..[i; space during

the strain- increasing path is seen to move first within the failure envelope and then later to

situate on the elliptic cap surface. A hardening surface coding is therefore employed herc. At

the axial compressive strain of elliptic cap model, which is smaller than that for the plane cap

model. On the other hand, the stress state during the strain-decreasing path moves with in the

current elastie region while the elliptic cap remains fixed in the stress space. Consequently,

the axial stress- strain curve is linearly elastic until the stress state touches the failure surface.

Once the stress state reaches the failure envelop, the yield surface coding is utilized to

determine the plastic volume expansion or dilatancy. As a result of this dilatancy, the cap

contracts toward the origin. The cap contraction stops at the current stress state, and this leads

to thc development of the corner point between the elliptic cap and failure surface at the

clItTent stress state. Consequently. the corner coding is triggered until the stress state reaches

the origin. The main difference between the predictions of the plane cap model and the elliptic

cap model is that they follow a different stress path during the strain - decreasing path.

. ,

••
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Table 6.1 Effect of Cement Content and Curing Time on Soil Constants (Ie, K and N) under
Isotropic Condition for Cement Treated Clays

Curing time Type of wc/c Plasticity index Soil constants
in weeks clays ratio

PI (%) Ie NK

CI - 47 0.370 0.033 1.90

untreated C2 - 22 0.295 0.030 1.76

C3 - 13 0.268 0.028 1.67

7.5 57 0.151 0.013 2.58

C1 10 63 0.181 0.017 2.48

15 65 0287 0.029 2.27
4 weeks 30 71 0.331 0.034 1.87

.

7.5 37 0.134 0.009 2.58

C2 10 43 0.170 0.015 2.28

15 46 0,240 0024 2.15

30 5 I 0.273 0.029 1.72

7.5 27 0.127 0.008 2.30

C3 10 33 0.164 0.011 2.20

15 36 0.215 0.021 2.05

30 41 0.227 0.025 1.64

CI 10 53 0.161 0,012 2.57

12 weeks C2 10 36 0.153 0,010 2.45

C3 10 25 0.148 0.009 2.36
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Table 6.2 MCC, MMCC and EMMCC Model Parameters of Cl Clay for Drained Test

Cement treated clays (Wi = 120%)
Parameters Untreated Curing - 4 W Curing - 12 W
for models clays

wc/c ratio wc/c ratio wc/c ratio
= 30 =10 =10

f.l 0.29 0.27 0.23 0.21

B 0 0 0 0

Pm 0 60 80 90

A. 0.370 0.331 0.181 0.161

K 0.033 0.034 0.017 0.012

M 0.98 1.35 2.13 2.18

N 1.90 1.87 2.48 2.57

pm 70 381 510 534

PIO 0 110 197 260

Note:

I. The same input values f.l. B, Ie, K. M. Nand p,,, for each MCC. MMCC and EMMCC
models are same for any cement treated clays.

2. The same input values and p", for each MMCC and EMMCC Illodels are same for any

cement treated clays but values p", for MCC model are considered zero.

3. The input values Pm for EMMCC model are used only but values Pm for MCC and

MMCC models are considered zero.

I
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Fig. 6.22 Comparison of MCC Prediction and Observed Volumetric Strain-Axial
Curves in cm Test for Untreated Base C I clay
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Table 6.3 MCC, MMCC and EMMCC Model Parameters ofC! Clay
for Undrained Test

Cement treated clays (Wi = 120%)
Parameters Untreated

Curing =4w Curing = 12 wfor models clays
wc/c ratio wc/c ratio wc/c ratio

=30 =10 =10
J1 0.50 0.48 0.44 0.42

B 1 10 30 40

Pm 0 55 75 85

A. 0.370 0.331 0.181 0.161

K 0.033 0.034 0.017 0.012

M 0.98 1.35 2.13 2.18

N 1.90 1.87 2.48 2.57

Pel) 70 381 510 534
_.

P'li 0 110 197 260

- ------~----~.

Note:

I. The same input values JI, B, A.. K, M, N and pm for each MCC. MMCC and EMMCC
models are same for any cement treated clays.

2. The same input values and p,,, for each MMCC and EMMCC models are same for any

cement treated clays but values p,,, for MCC model are considercd zcro.

3. The input values Pm for EMMCC model are used only but valucs Pm for MCC and

MMCC models are considered zero.

4. The input values J1, B and Pm are different for drained and undrained tests but all others

values are same for each MCC, MMCC and EMMCC models for any ccmcnt treatcd clays.

".
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Table 6.4 Cap Model Parameters of Cl Clay for Drained Test

Cement treated clays (w; = 120%)
Parameters

Curing =4w Curing = 12 wfor models
wclc ratio = 10 wclc ratio ~ 7.5 wclc ratio - 10

E (MPa) 29 34 33

fl 0.25 0.23 0.22

a (plane cap) 0.13 0.16 0.15

k (plane cap) 0.16 0.19 0.18

EL (plane cap) 0 0 0

a (elliptic cap) 0.17 0.22 0.20

k (elliptic cap) 0.18 0.24 0.22

EL (elliptic cap) 0.36 0.39 0.38

Note:

The input values for cement treated clays as follows:

I. Initial stress and strain conditions: all = <;)22 = IT.'3 = 0"12 = 0 and Ell = E::,::,= E.,., = £12 = o.
2. Cap materials constant: W = 0.0075 and D = 1.42.

3. Cap location = XL = O.

4. Tension cut-off limit = 3.

5. Material type = 3 for plane cap and = 4 for elliptic cap.

6. Shape ratio ~ 0 for plane cap and = 4.33 for elliptic cap.

7. Hardcning surface L-type = I for elastic soft soil and = 2 for non-elastic stiffsoil I soft rock

8. For the three-dimcnsionalmatching along the compressive meridian:
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2sin~
a= 13(3 - sin~) k 6ccos~and =~~~~-

13(3 - sin~)
9. for the pbne strain matching with the same limit land:

tan~a =~====~ and k
)9 + 12tan' ~

3c

)9 + 12tan' ~

v•
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Table 6.5 Cap Model Parameters of Cl Clay for Undrained Test

Cement treated clays (w; - 120%)
Parameters Curing = 4 w Curing = 12wfor models

wc/c ratio - 10 wc/c ratio - 7.5 wc/c ratio - 10

E (MPa) 27 32 30

!' 0.44 0.41 0.42

a (plane cap) 0.13 0.16 0.15

k (plane cap) 0.16 0.19 0.18

EL (plane cap) 0 0 0

a (elliptic cap) 0.17 0.22 0.20

k (elliptic cap) 0.18 0.24 0.22

EL (elliptic cap) 0.36 0.39 0.38

Note:

The input values for cement treated clays as follows:

J. 'nitial stress and strain conditions: Gil = 0"22 = 0"33 = 0"12 = 0 and Ell = E22 = £33 = EI2 = o.
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2. Cap materials constant: W = 0.0075 and D = 1.42.

3. Cap location = XL = O.

4. Tension cut-off limit = 3.

5. Material type = 3 for plane cap and = 4 for elliptic cap.

6. Shape ratio = 0 for plane cap and = 4.33 for elliptic cap.

7. Hardening surface L-type = I for elastic soft soil and = 2 for non-elastic stiffsoil / soft rock.

8. For the three-dimensional matching along the compressive meridian:

2 sin qla=-----J3 (3 - sin ql)
k 6ccosqland =-----J3(3 - sin rp)

9. For the plane strain matching with the same limit load:

tanrpa =-0======
~9 + 12 tan2 ql

3c
and k =-0======

~9 + 12 tan2 rp
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CHAPTER 7

CONCLUSIONS AND RECOMMENDA nONS

7.1 Conclusions

In thc prcscnt study, physicochemical as well as micro-structural behaviour of three untreated

and cement treated soft clays having plasticity index valucs of 47%, 22% mid 13%, have been

investigated. The micro-structural and pliysicochemical propertics wcre investigated by

conducting X-ray Diffraction, Scanning Electron Microscopy, particle size distribution, pH

measurement, organic content, electrical conductivity, cation exchange capacity,

exchangcable cation, watcr content, unit weight, specific gravity, and Atterbcrg limits tests.

Compressibility and pcrmcability of properties of untreated and, cement and lime treated

clays were investigated by performing one-dimensional consolidation tests. Stress-strain,

strength and stiffness behaviour of untreated and, cement and lime treated clays were

evaluated by performing unconfined compression (UC) tests. Consolidated drained direct

shear (OS), unconsolidated undrained (UU), isotropically consolidated undrained (CIU) and

isotropically consolidated drained (ClD) triaxial compression tests were also carried out to

assess the stress, deformation and strength properties of cement treated clays at high water

content. Sets of variables considered in the testing program include a wide range for type of

clay, typc of admixture, clay-water/cemcnt ratio, curing time, mixing water content of the

clay slurry and pre-shear consolidation effcctive pressure.

Finally, the values of soil constants A, K, Nand M for thc untreated clays and treated were

evaluatcd for different cement contents and curing ages. Deviator stress, volumetric strains,

pore pressures and stress paths of cementcd clays were predicted using three finite element

constitutive models, namely, Modified Cam Clay (MCC) model, Modified Modified Cam

Clay (MMCC) model and Extended Modified Modified Cam Clay (EMMCC) model while

MCC model has been used for predicting the behaviour of untreated clay. The Cap model has

also becn applied for prediction behaviour of treated soil. The predictions were compared

with cxperimental data.

The main findings and conclusions of the present study have been separated into four sections

relating to the following areas:

(i) Effects of cement trcatmcnt on chemical, mincralogical and physical properties.

(ii) Effccts of ccment and lime treatment on compressibility and permeability properties.

(iii) Effects of cement and lime treatment on stress-strain, strength and stiffness

characteristics.

);,



(iv)
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,
Effect of cement treatment on the values of soil constants and applicability of different

constitutive models and cap Model for the prediction of deviator stresses, volumetric

strains, pore pressures and stress paths of untreated and cemented clays at high water

content.

The major findings and conclusions relating to the above mentioned areas are presented in the

following sections.

7.1.1 Investigation of Physicochemical and Micro-Structural Behaviour of Cement
Treated Clays

The major findings and conclusions relating to the effect cement treatment on chemical,

mineralogical and physical properties arc summarized below:

(i) pH value increases with decreasing clay-water/cement ratio (i.e. increasing cement

content) but pH value decreases with increasing curing time. The pH value increases

with increasing initial mixing water content and also the pH value increases with

increasing plasticity of soil.

(ii) Loss on ignition of base clays decrcases duc to cement treatment and also loss on

ignition value decreascs with increasing curing time. But the loss on ignition value

increases with increasing plasticity of soil.

(iii) Organic content of base clays decreases due to cement treatment and the organic

content decreases with increasing curing time. But the organic content increases with

increasing plasticity of soil.

(iv) Electrical conductivity (EC) value Illcreases with decreasing clay-water/cement ratio

(i.e. increasing cement content) but EC value increases with increasing curing time. For

cemented clays, the EC value increases with increasing plasticity of soil.

(v) Cation exchange capacity increases with increasing cement content, increasing curing

time and increasing plasticity of soil. Exchangeable cations Mg'+ increases with

increasing plasticity index while Na+ and K+decreases with increasing plasticity index.

Ca'+, Na+ and K+ increascs with increasing ccment content while Mg'+ decreases with

increasing cement content. Nitrogen and phosphorus increase with decreasing clay-

water/ccment ratio (i.c. increasing ccmcnt content). Nitrogen incrcases with increasing

curing time and incrcasing plasticity of soil. Phosphorus, however, decreases with

increasing curing time and increasing plasticity of soil.
(\

(vi) XRD results show that the illite, montmorillonite and kaolinite clay minerals are

presented in three untreated base clays studied, of which illite is the dominant clay

mineral. X-Ray Diffraction (XRD) analysis of cement treated clay has been confirmed

the existence of several pozzolanic reactive products (secondary cementitious

products), and they have been identified as calcium silicate hydrate (CSH) and calcium
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aluminum silicate hydrate (CASH) and the non-existcnce of kaolinite mineral instead of

illite and monmorillonite. The amount of CSH and CASH products increases with

incrcasing ccment content and incrcasing in curing time. The amount of CSH and

CASH content increases with increase in plasticity of soil.

(vii) Dispersed nature of clay particles in untreated base clays has been seen from the

Scanning Electron Microscopic (SEM) images. However, the fabric of the treated clay

changes to flocculated typc, comprising of clay-cement clusters separated by large

inter-c1ustcr voids (~ 3 j.lm) with more smaller intra-cluster pores ('; 2 j.lm). The

flocculation of the clay particles also causes water to be trapped within the cluster. As

inter-cluster voids are increased with increasing initial mixing water content. The

increase in the effective size of the particles or/and cluster and the presence of

entrapped water leads to a rise in the plastic and liquid limits with respect to the

untreated clay. The presences of bolh inter and intra-cluster voids also leads to an,
increase in the permeability of the treated clays as compared to the untreated clays. The

flocculation of clay-cement cluster has been more pronounced with higher cement

content and longer curing time. At prolonged curing time; thc fabric of the treated clay

has been appeared to be platy in nature and at the same time the fabrics are interspersed

by large openings (i.e., inter-cluster void). The platy and reticular types of cementitious

products have been identified as CASH and CSH respectively (Locat et aI., 1990). The

continued increase in cluster size leads to an increase in plastic limit over time. Plastic

limit was also found to increase with cement contcnt (or decreasing clay-water/cement

ralio). The deposition of secondary cementitious products on thc clay clusters, on the

other hand, leads to a decrease in surface activity of the illite clustcrs. As a result, the

liquid limit decreases over time as well as decreases with increasing cement content (or

decreasing clay-water/cemcnt ratio).

(viii) Thc plasticity index has been normalizcd by the final water content of the hardened

cemented clays. This normalized plasticity index was found to have a strong correlation

with the cement content, and was independent of curing time. Hence, the unique

normalized plasticity behaviour can be used to quantify the engineering properties of

ccment trcatcd clays.

(ix) The specific gravity reduces while unit weight increascs with increasing cement content

and curing time. The specific gravity increases while unit weight reduces with

increasing mixing water contcnt and plasticity of soil.

(

\
~\

\. ,-,
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7.1.2 Investigation of Compressibility and Permeability Properties of Cement and
Lime Treated Clays

Thc major findings and conclusions rclating to thc cffcct ccmcnt and limc trcatmcnt on

comprcssibility and pcrmcability propcrtics of clays at high watcr contcnt can bc arc

summarizcd as follows:

(i) At highcr strcss bcyond the apparent pre-consolidation prcssure (yield stress), the e-

loga,' and E, - logo-', curves ofthc treatcd clays shift at higher void ratio and volumetric

strain respectively than those of the untreated clays with thc same consolidation

pressurc. This shifting is almost paralic I with the virgin consolidation line of the

untrcatcd clay and is more significant with highcr admixture contcnt and longer curing

pcriods.

(ii) The significant increase in apparent pre-consolidation prcssure, p, (yield stress, 0-',) and

rcduction in comprcssion indcx (C,) and swell index (C,) have been obscrved with

increasing admixture (cement/lime) content (or decreasing clay-water/admixture ratio)

and increasing curing time. This is due tothc structuration (existing of cementation

bond) oftrcated clay particlcs. Co and C, for limc trcatcd clays arc grcatcr than thosc of

ccment trcatcd clays. Thc swelling behaviour of trcatcd clays has bccn found to bc vcry

stiff rcsulting in very low C,. At a particular wc/c ratio, C, and C, values resulting due

to the hardeiling effect imposed on thc treated soil mass, increase significantly with the

increase of mixing clay-water contcnt. At the same mixing water content, C, and C,

values for lime treated clays are higher than those of cemcnt trcatcd clays. Thc lime-

treated clays are gained comparatively morc higher void ratio, higher volumetric strain

and lowcr yield strcss than thosc of ccment-trcatcd clays. C, and C, increases with the

dccrease in plasticity indcx of clays.

(iii) Thc cffcct of ccmcntation is to incrcasc the valucs of cocfficient of consolidation (c,)

and coefficient of volume compressibility (m,), which generally decrease, with

increasing effective consolidation pressure similar to those of natural soft untreated

clays. The higher the cement / limc contcnt (Iowcr clay-water/admixture ratio) and

curing timc, thc lower is the value of c, and m,. It also appears that at a particular c1ay-

watcr admixturc ratio and cffcctivc vcrtical prcssurc, c, and m, valucs for limc treated

clay are higher than those of cement treatcd clay. Yicld stress (preconsolidation

prcssure) increases with thc decreasc of initial mixing water content. A substantial

increase in the value of Cv and Illv was found to have occurred within higher mixing

water contcnt. Thc valucs of c, and m, dccreascs with increasing plasticity index of

clay.

(iv) At higher stress level, progressive destructuration (breaking down of cementation bond)

of the treated clay particles occurred. This has becn verified from the SEM images of

ccment treated clay compressed at different consolidation pressure. At this stage the

(
\
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fabric of the treated clay plays dominant role on the compressibility of the treated clay.

During one-dimensional consolidation, the largcst intcr-cluster voids arc collapsed at

thc early stage of consolidation pressure and small intra-cluster pores are not

compressed until the later stage at pressure exceeding the pre-consolidation pressure.

(v) The Intrinsic Compression Line (JCL) and Generalized Compression Line (GCL) have

been proposed for \he untreated and treated clays. The ICL and GCL have been shifted

due to ccmentation and confirmed thc overconsolidation effect of the treated clays. It

has been found that ICL and GCL for cement clays are also shifted more rightward than

those of lime treated clays. From ICL and GCL for treated clays, it can be concluded

that cement is more effective and active binding material than those of lime, because in

both cases, it has been confirmed that cement treated clays experienced more yield

strength and overconsolidated behaviour than those of lime treated clays.

(vi) An addition of admixture to the clay incrcases the permeability and void of the soils,

due to flocculation of the soil particles, which has been seen from SEM images. The

increase in permeability has been linearly correlated to the increase in void ratio.

Permeability and void ratio relationships have also been proposed for cement and lime

treated clays. The coefficient of permeability (k) of the cemented clays has been

reduced with increasing cement or lime content (lowering wc/c or wc/I ratio) and curing

period. At the same vertical effective stress and curing time, k values for lime treated

clays have been found to be higher than those of cement treated clays. It has been found

that the value of k decreases with increasing plasticity index of clays.

7.1.3 Investigation of Stress-Strain, Strength, Stiffness Characteristics of Cement and
Lime Treated Clays

The major findings and conclusions relating to the effect cement and lime treatment on stress-

strain, strcngth and stiffness characteristics are summarized as below:

(i) Shear types of failures were observed in the unconfined compression (Ue) tests and

unconsolidated undrained (UU) triaxial compression tests. The stress-strain curves

show that the samples exhibit strength that reaches a peak and then reduces gradually as

straining continues. In general, stress-strain curves of the treated samples were found to

increase abruptly to peak values, then suddenly decreased to low residual values at low

clay-water/cement ratio and long curing time. Comparing the undrained shear strength

and failure strain obtained from UU triaxial compression and unconfined compression

tests, it has been found that undrained shear strengths obtained from UU triaxial

compression test arc about 1.2 times higher than thosc obtained in UC test but failure

strains for UU triaxial compression test are incrcased to about 2 times than those

obtained from unconfined compression tests.
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From the aspect of stress-strain relationships, the overall behaviour has been

categorized into brittle, quasi-brittle and ductilc. Comparatively, brittle, quasi-brittle

and ductile types for the cemcnt treatcd clays, whilc quasi-brittle and ductile types for

the lime treated clays have been found. Based on the observations, unconfined

compressive strength (q,,) and admixture content relationships can be divided into 3

zones: Inactive Zone, Active Zone and Inert Zonc. The treated clay with cement content

up to 4% and at all ranges of curing periods, shows only a very marginal improvement

of strength and is termed as Inactive Zone. The end result of the complete cementation

is to increase the shear strength and this zone is termed as active zone. The upper limit

of this zone is about 34% to 38% of admixture content. Beyond the active zone, the rate

of increase of strength reduces and seems to be asymptotic. Such region is referred to as

inert zone. Significant increase in strength development index with admixture content

and curing time has also been found.

(ii) The correlation between yicld stress, (d,) and unconfined compressive strength (q,,) of

cement treated clays (where we/e arc varied from IS to 7.5) as cr' = (1.34 to 2.56) q for, "
the clays studied has been proposed.

(iii) The salient effect of clay-water content/cement ratio (we/c) on the stabilized clay has

been found to be an influential parameter governing the strength and deformation

characteristics. Since the behaviour of stabilized clays is remarkably governed by we/e,

the strength assessment in terms of we/c as well as the interrelationship involving

strength, wc/c and curing time have been proposed as follows:

(
:(wc/C)I J = 1.24[wc/ca-(wc/c)11 and

q(wc/c)2

( Q(wc /c)I,D J = 1.24 [wc/c)28-(wc/cl.D1l(_ 0.513 + 1.071n D)
lQ(wc/c128

(iv) The axial strain at failure (g,) of treated clay decreases with the increase of admixture

content (or decreasing clay-water/admixture ratio) and curing time. Values of gr for

lime treated clays are higher that those of cement treated clays at same mixing ratio. At

a particular clay water/admixture ratio, g,.increases with the decreasing plasticity index

of clays. The correlations between gf and q" of cement treated clays have also been

proposed.

(v) Due to the effect of cementation, the initial stiffness (E;) and secant stiffness (E,,) of

treated clay increases significantly with the increase of admixture content (or

decreasing clay-water/admixture ratio) and curing time. E; and E,o for cement treated

clays are higher than those of lime treated clays at same mixing water ratio. The

correlations between stiffness (E; and E,o) and q" of cement treated clays have also been

established.
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(vi) The shear stress-displacement curves in consolidated drained direct shear tests showed

that the samples exhibit a shear strength that reaches a peak and then reduces gradually

as shear displacement continues. The cement treated clays have gained more shear

strength and shear straining than that of untreated clays. For cement treated clays,

vertical expansion (dilation) was observed at low normal stress and experienced vertical

contractions or settlement throughout the shearing stage at higher normal stress.

Relatively, high plastic clay has gained more shear strength, less shear straining, lower

vertical settlements and higher dilation.

(vii) Effective shear strength parameters, (c', $') for cement treated clays were determined

from direct shear test. It has been found that the effective cohesion (c') and friction

angle ($') of samples increased with increasing cement content (or decreasing wc/c

ratio) but c' increases and $' decreases with increasing curing time. This may be due to

the effect of stiffness and more lubricating effect in cement treated condition that

prevents soil slippage and frictional movement. At particular cement content and curing

time, e' increases and $' decreases, in general, with increasing plasticity index. At a

particular curing time, c' and $' of treated clays has been found to decrease with

increasing clay-water content because the soil slippage and frictional movement are less

prevented due to hydration of cementation at high water content.

(viii) The shear stress ('I1l) at zero normal stress, i.e., cohesion of cement treated clay

increases with the increase of cement content (or decreasing clay-water/cement ratio)

and increasing curing time. The correlation between '10 and q" of treated clay as '11l =

99.86 - 0.1 03q" + 0.0003q.,' for the clays studied has been proposed.

(ix) The undrained effective stress paths of the cement treated clays have been obtained

from CIU triaxial compression tests indicate that the stress paths belong to different

category of states such as normally consolidated, lightly, moderately and heavily over-

consolidated state. The degree of alteration have been found different for different

samples depending on the amount of cement content (or wc/c ratio), curing time and

pre-shear effective consolidation pressure. The effect of structuration increases with the

increase of cement content (or decreasing clay-water/cement ratio) and curing'time

which have been observed from the outward shifting of undrained stress path. Upon

reaching the peak deviator stress for CIU triaxial test, the progressive destrueturation

takes place and thus the stress path tends to scck the faillll'e state moving either on the

Hvorslev envelope or envelope of strain softening behaviour.

(x) Deviator stress-axial strain (q-e,) relationships in CIU triaxial compression tests are

largely dependent on wc/c ratio. After reaching the peak deviator stress, all the q-e,

relationships have been found to fall under varying rates depending on the parameter,

wc/c, revealing that cement is the paramount factor that controls the post- treatment

relationships of q-e, relationships. A general trend is that the maximum deviator stress

(
\
\.
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mcrcases with decreasing clay-water/cement ratio (i.e., increasing value of cement

content). It has also been found that generally the axial strain at the maximum deviator

stress is reduced when we/c ratio has been decreased (i.e., cement content has been

increased).

(xi) At a particular Po', peak pore pressure change (Llu) increases with decreasing we/cratio

(increasing cement content). It has been found that the after reaching the peak Llu, pore

pressures fall under varying rates with an increase in axial strain. The falling

characteristics after peak depend very much on the we/e ratio. The rate of increase is

greater for lower we/c ratio. A comparative study also shows that 12 weeks samples

attain peak pore pressures at lower strains than those of 4 weeks samples. Higher the

value of Po', the greater is the pore pressure generation. At low values of Po' (e.g., 50

kPa and 100 kPa), large amount negative pore pressure has been generated. An overall

characteristic of the treated clay is noticeable that the peak pore pressure has been

mobilized always at much lower value of axial strains than those of untreated clay. For

natural base clay, Llu keeps on increasing with E, without showing any maximum value,

i.e., um" is located at the end-of-test condition, which reflects one of the characteristics

of the normally consolidated clay

(xii) SEM results of CIU triaxial sheared samples suggest that complete destructuration only

take place on the shear plane at which the clay-cement cluster crushes. Both inter and

intra cluster voids have been found to be very negligible in the shear plane as compared

to the intact sample. However, the image of the sample outside of the shear plane has

been found to be quite different from that within the shear plane. For sample outside the

shear plane, the breaking of large clay-cement clusters is apparent but still contain small

clusters in the form of reticulation. At this stage, no breakage of treated clay particles

has been observed. More inter-cluster voids are visible as compared to the image of

sample within the shear plane. It has been concluded that during the isotropic

consolidation, the cementation bond in the form of clay-cement cluster did not

completely break down, and may affect the subsequent shearing stage. This observation

affects the shape of the undrained stress path.

(xiii) Compared with the results ofCIU tests, the stress-strain curves from CID tests increase

less sharply with increasing strain, suggesting that the drained stiffness is less than the

undrained stiffness. Furthermore, the stress-strain curves show that the axial strains of

cm tests are greater than those of CIU tests. A unique type of relationship is evident

among the untreated samples. These curves possess certain definite patterns. The usual

trend exists, the higher the Po', greater is the value of deviator stress. The overall nature

of the curves seems to indicate that the samples are behaving as if they arc normally

consolidated to lightly overconsolidated.
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(xiv) Similar nature of stress-strain relationships has been rcalized for all samplcs having the

idcntical wc/c in CID triaxial compression tcsts. At a particular mixing water content

and curing time, peak volumetric strains incrcasc with increasing wc/c ratio (decreasing

cement content). All samples having the same wc/c both made up at low and high clay-

watcr contents exhibit identical volumetric strain versus axial strain response. The

engineering behaviour is identical as long as thc wc/c is the about same, which have

been strengthened by test results of samples with water contents varying from 120% to

250% in CID triaxial compression tests. So, the wc/c is a prime parameter governing

thc engineering behaviour of cement treated samples having different mixing water

content.

(xv) The fabric has a great influcnce on thc strcss-strain behaviour for samples made up at a

low wc/c and subjected to high cffective ccll prcssurcs in CID triaxial tests. Their states

of stress lie on the statc boundary surfacc whcrc thc samplcs exhibit clasto-plastic

bchaviour. It is rcvcaled that samples having thc same wc/c dcvelop practically the

same peak deviator strcss. However, samples with a high clay watcr contcnt (thc initial

watcr contcnt is 200% to 250%) undcrgo low stiffncss and high volumetric strain. The

cffect of fabric has also been clearly elaboratcd by the consolidation test results

showing that samples having higher clay water contents sustain higher volume change

after the yield state.

(xvi) For cement trcated clays, thc pcak dcviator stress (q",,,) criterion of failure envelopes

can bc used as obtained from CIU and CID triaxial comprcssion tcsts. Thc treated clays

possess various degrees of over-consolidation depending mainly on cement, curing time

and prc-shcar consolidation pressurc (po'). Thc occurrence of q",,, depends upon the

dcgree of over-consolidation. For treated soil with high over-consolidation, the pcak

deviator stress (q",,,) occurs at much lower strain than corresponding failure strain and

thus the criterion of peak dcviator stress (q""J becomes in consistent and valid to refine

the residual states of the treated soil mass. Thus in this study, the maximum deviator

stress criterion has been considered to define the failurc condition. One noticeable

aspect is that thc parameter of wc/c ratio rendcrs greater impact on hardening potential

than thc curing time. The degree of overall curvaturc of thc failurc envelope for each

type of clay depends on the range of consolidation stresses and hence increases with

increasing cement content and curing time.

7.1.4 Evaluation of Soil Constants and Applicability of Constitutive Models and Cap
Models for the Prediction of Drained and Undrained Behaviour of Untreated
and Cement Treated Clays

The major findings and conclusions regarding thc cffcct of cement treatmcnt on soil

constants and the applicability of differcnt constitutive models and cap Model for the
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prediction of deviator stresses, volumetric strains, pore pressures and stress paths of untrcatc.d

and cemented clays at high water content arc summarized as below:

(i) The values of soil constants A and K for the treated clays have' been found to be less

than those for the untreated clays while the values of the constant M and N are greater

for the cement treated clays than those of untreated clays. At a particular curing time,

the soil constants A and K decreased, while the constant M and N increased with

increasing cement content (i.e., decreasing wele ratio). The values of the soil constants

A, K and N have also been found to increase with the increase of plasticity index of the

clays. Correlations between the soil constants 'A., K and N with plasticity index have

been proposed.

(ii) The shape of normalized effective stress paths of samples of untreated base clays are

normally consolidated in nature. These have been seen be non-dilatant, traveling a way

up to the left before rupture and thereby generated Roscoe surface. The shape of the

normalized undrained effective stress paths for cement treated clays has been seen to be

lightly overeonsolidated to heavily overeonsolidated in nature. These have been seen

strongly dilatant, traveling a long way up to the right before rupture and thereby

Hvorslev surface can be established for the cemented clays. No definite Roscoe surface

could be established for cemented clays.

(iii) For the untreated clay, it has been observed that at small strain levels deviator stresses

and volumetric strains predicted using the MCC model appears to be significantly close

to experimental values obtained in CID triaxial compression tests. It has been observed

that the MCC model overestimates the experimental values of deviator stresses

obtained in the CIU triaxial compression tests although the initial excess pore pressure

values compares very well with the experimental values at very low strain levels. The

predicted undrained effective stress paths of untreated clay agree reasonably well with

the observed stress paths at lower pre-shear effective consolidation pressures (100 and

200 kPa).

(iv) It appears from the present study that MCC, MMCC and EMMCC models are not so

effective to predict the drained stress-strain response and volumetric changes, and,

therefore may not be applicable to predict drained behaviour of cemented clays. It has

also been observed that for the prediction for undrained stress-strain behaviour and pore

pressure change responses, MCC, MMCC and EMMCC models may not be applicable

for cemented clays at high water content. Nevertheless, the MMCC and EMMCC

model predictions compares reasonably well in some respects with the observed

experimental drained and undrained behaviours. Particularly, EMMCC model may be

used for the predictions of undrained effective stress paths of cemented clays at high

water content. (
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(v) It appears from the present investigalion that Cap models (Plane Cap and Elliptic Cap)

cannot be applied for predictions of drained and undraincd behaviour of cemented clays

at high waler contcnt.

7.2 Rccommcndations for Futurc Study

(i) In the present research study, physicochemical as well as micro-structural behaviour of

cement treated clay has been investigated at different cement content and curing periods

with different initial high water content without compaction blows. Thus, further study

can be performed on the micro-structural behaviour of cement/lime treated clay at

various low watcr conlcnt with compaction blows and relate them with the observed

cngineering behaviour in both short term as well as prolonged curing condition.

(ii) The strength. stiffness and compressibility of cement treated expansive and organic

soils improved significantly if the Ireated samples are cured under pre loading. Thus,

further research can be conducted to assess the physicochemical as well as micro-

structural behaviour with swelling measurement of cement treated expansive and

organic clay incorporating the effect of curing under preloading and integrate these

results with the observed engineering behaviour.

(iii) Consoli et at. (2000) reported that the strength and stiffness of cement treated sandy soil

improved significantly if the treated samples are cured under stress rather than cured in

humid chambcr/watcr. Thus, further rcsearch can be carried out on micro-structural

behaviour of cement treated clay incorporating the effect of curing under stress and

integrate the results with the observed engineering behaviour at high water content.

(iv) In the present study, due to the bedding error in conventional method of strain

measurement, the stiffness measured from local strain measurement is much larger. It is

found that performing proper unloading-reloading cycle at the initial clastic zone of the

slress-strain curve ean eliminate the bedding error. The effect of destrueturation on the

sliffness of treated clay suggests that the stiffness at destruetured state reduces

significantly. It may be recommended that loeal small strain measurements enables the

aceurate determination of the true stiffness of the cemented clay, especially at small

slrain Icvcl.

(v) There arc so many test variables used in the present study on which the evaluation of

strength and deformation characteristics of cemenl treated clay has been done. There is

no software known available, which uses tesl variables for calculating engineering

parameters. Thus, further research can be done on software development where solution

can be given of the geotechnical problems by using test variables of this study for

determining engineering parameters (especially, strength and deformation).
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