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Abstract

This thesisprovides a detailed study on optimisation of cementitous treated soft clay soils

in the South East Queenslaradjion. A comparative study has been performed comparing

the behaviour of cement and lime treated compressible clays frtmBamgkok and

South East Queensland. The purpose of the comparative study was to evaluate change in
strength properties of treated soft clay soil as well as providing parameters for case studies

using different analysis methods.

The physical propertiesf soil from each location were determined. Furitsmength and
compressibility characteristics were determined bygconfined compression and
oedometer testing. Due to a lack of laboratory facilities, the triaxial compressive behaviour
comparison was oplcompleted on testing performed at the Asian Institute of Technology
under the supervision of Professar BalasubramanianBased on the testing results a set

of parameters were identifiédr varying additive contents and curing times.

The parametershus established, ave then employed to perform a comparative finite
element study on a typical South East Queendarigrofile under embankment loading.

The soil profile was adopted from the Port of Brisbane Motorway as a case Sihdy
performance of the embankment, supported on soil columns of varying spacings,
diameters and stiffness, was evaluated with particular regard to settlement. Based on the
results obtained, a chart was propoaidwing estimation of the reduction in settlement
ratio from the area replacement ratio and column moduli. This chart can be a useful

resource in deep mixing design.



A further case study was performed on shallow mixing to improve soft estuarine clay
deposits under flexible pavement loadings. An assessment methodewal®ped to
analyse the performance of the improved subgrade under axle loads employing the linear
elastic analysis methods of Poulos and Davis (1974). The study was performed by
applying the stiffness parameters established in the laboratory testilmg séd¢his thesis

and establishing the allowable axle repetitions for the varying properties. A chart was
established to allow approximation of permissilolading under these varying conditions.

This chart can be used as a reference tool in shallow gnid@sign.

This thesiscompares the behaviour of soft clay treated with cementitous matirials
South East Queenslaadd BangkokOverall it was concluded that the addition of cement
and lime has favourable effects on the strength characteristics ¢f EasitQueensland

soft clays.

Based on the laboratory test results, a set of strength parameters was determined. Using
these parameters, case studies were performed on deep and shallow mixing. Key findings
are presented in the charts showing reduction in settlement ratio for deep mixing, and

allowable repetition loading for shallow mixing.

Keywords: Embankments, soft clay, settlement, soil columns, flexible pavement

subgrade improvemendeep mixing, shallow mixing
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Chapter 1 Introduction

1.1General

This dissetation was completed ahe¢ Griffith School of Engineering, Gold Coast
Campus. The dissertation deals with a comparative study between cement and lime
stabilised compressible clay soils. Compressible clay soils are prevalent in the South East
Queenslan@nd Northern New South Wales regions particularly in regions adjacent to the
coastal strip. It is in these regions that substantial infrastructure is required to be
constructed, given the population growth, and construction of projects including road

embanknents on these soils are common.

The most common form of construction method employed in this region involves the
installation of pore pressure release mechanisms such as prefabricated vertical drains and
stone columns to accelerate consolidation. Th@gae of this study is to investigate the
suitability of the use of soil columns stabilised with both cement and lime beneath

embankment structures in this region..

1.2 Background

It was decided to conduct the study on a typical Holocenic estuarine deposit in the region.
Site investigation and laboratory results were made available from a trial embankment
constructed for the Port of Brisbane Motorway at the mouth of the Brisbane River.

The Port of Brisbane Motorway was constructed to provide improved vehaadass to

the Port of Brisbane Facility on the southern side of the mouth of Brisbane River. The

motorway traverses several geological profiles, however of particular interest was the deep

compressible clay profile in the region of the trial embankmérg.tfial embankment was
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constructed to evaluate the performance of prefabricated drains, the chosen construction
method, and as such a comparative study of the use of soil columns was not possible,

however it did provide a considerable amount of information on the untreated profile.

1.3 Objectives and Scope of Study

The objectives of this study are to:

I. Examine and ampare the behaviour of cement and lime treated

compressible clay soil.

il. Evaluate the performance of cement and lime trezté&dnns in reducing
settlement below the test embankment. By use b PLAXIS finite

element program.

iii.  Assessthe performance of lime and cement stabdiscompressible clay
subgradeimproved by shallow treatment techniques usawventional

linear elastic analysis methods.

The scope of the study is in line with the objectives and initially, the laboratory test data
performed on both the South East Queensland and Bangkok samgpéesalysed in detail.

From the available borehole data, initially the soil profile below theet@bankment will

be delineated. Then a detailed analysis is made on the consolidation and triaxial tests data.
The PLAXIS finite element program was thesed to assesthe performance of the
embankment under a range of column sizes, column spacingsibndlsmn properties
(stiffness) A further analysis was then performed on subgrade improvement employing

shallow mixing techniques.
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1.4 Organisation of the Thesis

A brief introduction is provided in Chapter 1 while in Chapter 2, a comprehensive
Literature Review covering the history of embankment in the South East Queensland
region, Laboratory Testing methods and aresyshe behaviour of chemically stabdds

clay soils and other matter directly relating to this stodtyined in this Chapter

Chapter 3provides a brief outline of the methodology employed in this study. The
following three chapters detail the laboratory testing and analysis employed in this thesis
with Chapter 4 covering Unconfined Compressive Strength testing, Chapter 5 covering
Oedometr Testing and Chapter 6 covering Triaxial Testi@hapters 4, 5 and 6 are
employed to conduct a comparative study of lime and cement treatment. They will also

provide the parameters for the deep and shallow mixing analytical chapters of this thesis.

Chater 7 covers the numerical modellinging Plaxis and Chapter 8 covers the shallow
mixing subgrade improvement analysis. Finally Chapter 9 presents the concklusibns
recommendations for further study. dditionaly Appendix A presents the graphical

resuts of the finite element modelling
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Chapter 2 Literature Review

2.1 Southeast Queensland Soft Clays

2.1.1 Geological Description and Origins

Many areas of estuarine deposited are present throughout the Southeast Queensland area.
These soils occur on the lower lying coastal plains and are often encountered to varying
depths of up to 30 metres. These estuarine deposits are of recent Holocenic origins having
been deposited since the end of the last ice age and as such have not been subjected to high

pre conslidation pressures.

The types of estuarine deposits that fall within the scope of this doctoral thesis are the soft
compressible clays deposited in a sedimentary form, interspersed with sand and silt layers.
These soils are generally dark brown or dark grey in colour with a varying degree of

organic content which has been shown to depend on the geography of the area of

deposition which influences both current flow and the formation of eddies.

In many areas, the compressible clay soils are overlaintbgrea layer of alluvial or

aeolian sand or a layer of placed fill material.

2.1.2 Typical Geotechnical Characteristics

Southeast Queensland Clays have widely varying engineering properties, depending
largely on the deposit's depth below the ground serfaed the proximity to the water

table. For this reason, only approximate ranges of its physical properties and strength
characteristics and other properties can be provided. Studies on the general characteristics

of soft clays found in the Southeast Qu&land have been carried out by various authors.
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The compressibility characteristics of the soft clays in Southeast Queenstred
compiled by Pyke (2003) and the ground improvement techniques adopted in these area by
Baker (2003). These works were prahary in nature and were mainly intended as the
data compilation from various Queensland Department of Main Roads (QDMR) reports.
Subsequently, Braund (2004) concentrated on the trial embankment study made at the
Gold Coast Highway near the Coombabah Crge#ige in a marine environment. Scott
(2004) had concentrated on piled foundations as used in the various structures of the Port

of Brisbane Motorway.

Following the work on soft clays in Southeast Queensl&udarak (2005) concentrated

fully on the avdable data in various QDMR reports as related to the soft clay behaviour at
the Sunshine Coast. All the laboratory and field test data wexealgsed and assembled

in a suitable form. Thus, in the study of Surarak (2005), well known and classical
formulaions on interpreting the field data from Sunshine Coast were first made.
Additional works on soft clays and ground improvement techniques in Southeast
Queensland were also undertaken by Shuttlewood (2003), Baker (2005), Eke (2005), Scarr

(2005), Botha (2005) and Sathawara (2006).

Based on the field shear vane, the undrained shear strength of soft/very soft clays is around
10-15 kPa. Natural moisture contents commonly vary between 60 and 120%. The
liquidity indices are generally in the range of 1.2.5, displaying high sensitivity.
Compressibilities as high as/(1 + &) = 0.4 -0.5 have been observed in the laboratory.

At these high compressibilities, strain rate effects can be significant (Wijeyakulasuriya et

al., 1999).
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Macro fabric features (sdrienses, etc) have been variable and in the worst case$.QCv

- 0.3 nflyr and CYC, = 1.0 have been typical based on laboratory testing. Organic
contents up to 10% have been observed, with high creep rates ©6). Given the
sensitivity of soft ciys, the compressibility parameters are likely to be underestimated in
the normally consolidated range. Piezocone dissipation tests are also masked by the

remoulding of the clay caused by insertion of the cone (Wijeyakulasuriyal€xo#l).

2.1.3 Geotehnical Properties

The physical properties of the compressible clay soils vary greatly due to location. Many
geotechnical investigations have been performed in the region and typical shear strength
values (measured by field hand vane) indiidag an insitl strength of the order of 1020

kPa.

Structures within the clay deposits providing drainage layers (sand lenses etc) are
generally difficult to establish due to the drilling techniques available but considerable
variability has been encountered. In the worst casesf O\ to 0.3 fyr and CVC;, of 1

have been found in laboratory investigations (Oh, 2006).

Typically properties of the material from the test site forming the basis of this

investigation are presented in the preliminary results seatitins report.

Table 2.1 presents a summary of work conducted in relation to South East Queensland

clay.
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Table 2.1 Summary of Research into South East Queensland Clays

Topic Research

Pyke (2003), Baker (2B), Braund (2004),
Scott (2004), Shuttlewood (2003), Scarr
(2005), Botha (2005)Sathawara (2006)
Interpretation oSouth East Queenslang Surarak (2005), Wijeyakulasuriy al

field data (1999), Oh2006)

Properties of South East Queensland
Clays

2.2 Modelling of Cement Treated Soft Clay Behawur

2.2.1 Chemically Treated Soft Clay Behaviour

Cement and or lime stabilisation improves the soil matrix structure by a reaction between
the cementitous material, soil water content and soil particle interaction. The methodology
of soil improvement by chemical treatment involves modification of the soil particle
surface interaction through the modification of particle polarity as well as water absorption
and surface assimilation of materials on the staailisoil matrix (Bergado et ,al996).

The methodology of the soil improvement and the chemical process involved is discussed

further in the following sections of this report.

At present, most research into the str&tssin behaviourof chemically treated marine
clays has been conducted using unconfioeapressive strength testing. This method of
testing is also used exclusively by industry to specify material properties for construction
projects. The principle shortcomings of this type of researclaakeof consideration of

initial stress during cunig and the drainedehaviourof the matrix of the stabile soil.

This second section of this chapter provides a comprehensive literature review of the
fundamental concepts, chemistry and physical characteristics of cement atabjlis
improvement of soil properties through treatment and the sttesn behaviourof the

chemically treated clay.
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The process of soil mixing has been used for many years asan improvement of soft

soils, depending on the application required; a number of techniques can be feasible.
Mixing equipment can be used to inject cement, lime, bentonite or other reagents that will
enhance the engineering properties of a soft soil. One of the main advantages of this
method is the ability to treat soils at a depth of up to 4@mmevithout excavation, shoring

or dewatering (Bruce and Bruc)03). Day and Ryan (1995bate that “Other advantages

of soil mixing are lower cost, less exposure of wastes to the surface environment and
eliminating off-site disposal, these advantagesvé made soil mixing the technique of
choice on many projects”. At present there are three common methods of soil mixing
being utilised around the world. Firstly, layer stabilisation or-lsage stabilisation.
Secondly, shallow soil mixing, and finally, €@ mixing. These three methods are
categorised into two categories, shallow stabilisation and deep stabilisation. Each method
has the same principle outcome, to improve the performance of the ground in terms of

increasing strength, decreasing permeability or controlling deformation.

2.2.2 Fundamental Concepts of Cement Stabiasion

Ordinary GP (General Purpose) Portland cement is most widely employed atiakbilis
material currently employed in Australia. The principle advantage of this type of additive
is it's ready availability and it's ability to satisfy the requirements of soil statidis such

as set times and suitability to tolerate blending with admixtures such as fly ash and blast
furnace slag complying with AS 3582 (1998) as well as its compatibility with admixtures
complying with AS 1478 (2000). The constituents of GP cement varies slightly from
supplier to supplier however four major minerals are formed during manufacture of the

cement powder. These are tricalcium silicateS)C dicalcium silicate (£5), tricalcium
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aluminate (GA) and a compound close in composition to tetracalcium aluminoferrite
(C4,AF). Additional minor constituents are present such as gypsum, alkali oxides and

magnesia.

2.2.3 Mechanism of SoilCement Stabilisation

The proces®f soil stabili@tion involves the hydration of the cement powder with soil
pore water during the insitu mixing process. A chemical reaction (hydration) occurs
forming the four previously mentioned cementitous mineral compounds. The primary
reaction invobes the formation of the two silicate compoundsS(@nd GS)and hydrated

lime is deposited as separate crystalline solid phase as shown in the following two
equations. The cementitous particles, thus formed, bond together and surround the soil
particles brming a solid hardened skeleton. The chemical reactions involved in the

hydration of GP cement are as follows (Brunauer and Copeland, 1964)

23Ca0Si0, 6H,0 0 3Ca02Si0,.3H,0 3CaOH , (2.1)

tricalcium silicate+ water tobermite gel + calcium hydroxide

22Ca0Si0, 4H,0 0 3Ca02Si0,.3H,0 CaOH , (2.2)

bicalcium silicate + watetobermite gel +calcium hydroxide

4Ca0Al,0,Fe,0, 10H,0 2CaOH , o 6CaQAl,0,Fe,0,.12H,0  (2.3)

Tetra calcium alumino ferrite Calcium alumino ferrite hydrate
3Ca0OAlL,O, 12H,0 CaOH , o 3CaOAl0,CaOH ,.12H,0 (2.4)
Tricalcium aluminate tetra calcium aluminate hydrate
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3Ca0OALO, 10H,0 CaSQ.2H,0 o 3CaOAl,0,CaOH ,.12H,0  (2.5)

Tricalcium aluminate  Gypsum calcium monosulfoaluminate

Equations 2.1 and 2.2 above show that the reactions of the two calcium silicate compounds
form new compounds (tobermite gel and lime). These materials are mainly responsible for
the final cementitous bonding in the final stalitismatrix. The hydration of the cement

also induces a rise in the pH of the mixture by dissociation of the hydrated lime. This
strong alkaline dissolves the acidic silica and alumina present in teeresilting in a
secondary reaction with the calcium ions present in the matrix to form solid secondary

cementitous compounds as shown (Brunauer and Copeland, 1964)

The reactions that take place in smiment stabilisation are shown qualitatively below :

C,S H,O o C,S,H, (Hydrated_Gel) Ca(OH), (2.6)
Ca(OH), o Ca  2(OH) (2.7)
Ca 2(0OH) SiO(Soil_Silica) o CSH(Secondary Cementitos_ produch

(2.8)

Ca 2(0OH) AlLO,(Soil_Alumiinng o CAH(Secondary Cementitos_ produc)

(2.9)

In cases where pH<12.6 then the following reaction occurs:

C,S,H, o C,S,H (Hydrated _Gel) Ca(OH), (2.10)
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In order for the above reans to occur, the aluminates and silicates in the soil must be in

a soluble form. Solubility of the minerals contained within the clay structure is dependent
on the impurities present, the crystalline degree of the minerals involved and the grain
size. The cementation strength of the primary cementitous compounds is much stronger

than the secondary ones.

A pH drop is experienced in a pozzolanic reaction and this drop tends to promote the
hydrolysis of GS;Hyx to form CSH. The formation of CSH is only bénml to the
ultimate strength of the soil cement mixture if it is formed by the pozzolanic reaction of
lime and soil particles. The formation can be detrimental to the strength of the soil cement
matrix if it is formation is at the expense of the formation of tk®Hd; that is much more
beneficial in the development of strength. The hydration of the cement soil mixture can
continue for a considerable period of time after mixing, even up to years, thus the strength

gain in the cementitous matrix is coresied to continue to increase with time.

There is therefore a formation of primary and secondary substances responsible for the
development of strength in the soément mixture. The primary products form hardened
high strength additives unique to fineagl and cement mixture and different to a
conventional cemerdggregate matrix. Once the initial hardening has occurred, a
secondary process begins which continues to improve the strength and durability attributes

of the hardened mixture by increasing the bond strength between the soil particles.

2.2.4 Clay — Cement / Lime Skeleton Structure

Typically the cement particles are much larger than the fine clay platelets. Thus the
expected structure of a clay cement mix can best be visualised ascardenyt skeleton

and clay matrix. The clagement skeleton can best be visualised as a central element of

46



hydrated cement gel surrounded by layers of modified clay particles in a structure similar
to an onion skin effect. The external modified clay particles areeidroy the secondary
hardening process in the mixture. The silicates and aluminates originating from the soil
particles, after dissolution, and in conjunction with the amorphous compounds in the high
pH environment, are formed caused by the highly reactive Ca(OHie dissolved
material undergoes a chemical association with the calcium ions, producing additional
cementitous material which undergoes a progressive build up. At this stage of
cementation, the structure is analogous to an aggregate cementenastun typical
concrete with voids being filled by the modified clay particles. A unique case exists for

Montmorillonites which lose their volume change capabilities in this form.

2.2.5 Cement / Clay Interaction

Kezdi (1979) presents a relation chart (FFey2.1) identifying the chemical reactions in a

mixture of ordinary Portland cement and a cohesive soil.

Figure 2.1 Factors affecting properties of cement treated soils (Kezdi, 1979)

The following reactions were identified during Kezdisearch:
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a) Hydration of ordinary Portland cement producing Ca(£Hhis calcium hydroxide
generated during the hydration generally equals up to 2% of the cement weight)

b) The Adsorption of the Ca(Oky the clay, and;

c) If and when the clay is saturated with calcium loyxile a pozzolanic reaction

between these two materials occurs.

The end result is matrix of cement hardened particles and clay particles with their structure

modified by this secondary pozzolanic hardening process.

Thus the success of cement soil mixtiselependent on the type and constituents of the

soil involved, particularly the calcium hydroxide adsorption capacity of the soil and the
resultant pozzolanic activity. Variation of the ability of the soil has been shown to vary
dependent on the chemiadtucture of the soil, however the inclusion of materials such as
blast furnace slag or fly ash, advantageous to the secondary pozzolanic reaction can result
in a higher overall strength gain in soils with an inhibited ability to undergo these

reactions.

A schematic representation was presented by Saitoh et al. (1985) to illustrate the
conditions of hardening of a cement soil mixture. This figure presents the conditions
immediately after mixing a cohesive clay soil and a hardening agent such as cement or

lime.

It is known that mechanical mixing is not 100% efficient and even after thorough mixing,

the clay particles will clump together to form agglomerations surrounded by the

cementitous slurry. In this state, the cementitous slurry has produced hychiboiedn
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silicates, calcium aluminates and calcium hydroxides as discussed previously. These
materials have hydrated into a hardened cement structure with voids filled by modified
soil element produced by the reaction with the calcium hydroxide. The chéstics of

the total mass will be dependent on the properties of each these individual elements.

The effect of soil mineralogy on strength development was studied by Hilt and Davidson
(1965) and Wissa et .a(1965). It appears that the montmorillonitaycimineral reacts
more easily than the illite owing to poorly defined crystallinity. Hilt and Davidson (1965)
reported that clays containing montmorillonite and kaolinite were found to be effective

pozzolanic agents, compared with clays which containigel ill

2.2.6 Concluding Remarks

The chemical process involved in the cermsoit stabilisation process has been widely
researched. Of particular interest to this study is additional pozzolanic reactions possible
which result in an increase in strength over the intial cement hydration, depending on the

mineral structure of the clay soil being staletiqKezdi 1979).

Table 2.2 is presented below, showing a summary of research in relation to modelling of
cement treated clay.

Table 2.2 Summary of Modelling ofCement Treated Soft Clay

Topic Research

Methodology of soil improvement through Bergado et al (1996)

chemical treatment
Brucce and Bruce (2003), Day and Ryan

Advantages of Deep Soil Mixing (1995)

Chemical process of cement soil mixtureg Brunauer andCopeland (1964)

Chemical reactions in a cement soil mixty Kezdl (1979), Saitoh (1985)

Effect of soil mineral composition on Hilt and Davidson (1965), Wissa et al
hardening (1965)
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Table 2.2(Cont) Summary of Modelling of Cement Treated Soft Clay

Mitchell (1976), Kawasaki et al (1981),
Emagpirical strength of cement treated clays Cement Deep Mixing Association of Japan
(1994)

Mechanics of an increase in shear streng| Broms (1986), Herzog (1967),

Sugyama (1984), Endo (18); Cement
Compressibility Modification Deep Mixing Association of Japan (1994),
Porbaha et al (2000), Uddin (1995)

Kumo etal (1988), Kawasaki et al (1981)
Permeability Modification Hiroso et al (1982), Broms and Bowman
(1977) Bellezza and Fratalocchi (2006)

2.3 Engineering Benefits and Empirical Strength of Cement Treated
Clays

Improvement of the properties of cohesive clay soils by mixing with cementitous materials
provides engineering benefits in mainly 3 ways:

a) Increased strength and stiffness

b) Improved volumetric stability, and

c) Improved durability

The ultimate degree of improvement is however dependent on the efficiency and amount
of mixing and the degree of compaction of the final product. The efficiency of the field

mixing technique can easily legaluated by the followinggquation and procedure:

E. — (2.11)

where$ is the strength of a soil cement mixture that is mixed and prepared in the field and
compacted and tested in the laboratory whils the strength of a soil cement mixture that

is mixed and prepared in the laboratory and compacted and tested in the laboratory.
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It has been presented by many researchers that the unconfined compressive gtjaigth (

a cement clay soil mixture can be expressed as linear function with respect to cement
content A,). Te gradient of the relationship has been shown to be considerably shallower
for fine grained soils when compared to coarse grained granular soils. Several models have
been presented in the literature to determine the unconfined compressivgthstof

cement clay soil mixtures. Mitchell (1976) proposed that when considering

0 qt, Klog:- (2.12)

where qy(t)= unconfined compressive strength at t days (kPa)
Ju(to)= unconfined compressive strengthaddys (kPa)
K =480 A, for granular soils and 70,Afor fine grained soils

Ay = cement content (% by mass)

The strength of a soil cement mixture with respect to age was also researched by Kawasaki

et al.(1981). The results presented showed that :

0.26 G26<0us<0.63 Gs (2.13)
0.49 Qog-64<(u<0.71 Gogt57 (2.14)
Quec=1.17 Qs (2.15)

where g, = unconfined compressive strength in kPa after n days.

The correlation recommended by the Cement Deep Mixing Association of J2PEA(

Japan, 1994are as follows :
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Quzs=(1.491.56) g7 (2.16)
Quoi=(1.8541.97) g (2.17)

Quor=(1.2-1.33) Qs (2.18)

It was suggested by Mitchell (1976) that the flexural strength of a cement treated soil is of

the order of 20% to 33% of the unco@d compressive strength.

It has been shown recently by Wang andlAbba (2014) that correlations exist between
UCS and ¢ in cement stabilised Singapore Clay with the results being of the same

magnitude at a Pre Shear Confining Stress of 100 kPa.

2.3.1 Modification of Physical properties of Clays Due to Cement Treatment

One of the most advantageous modifications of the property of a clay soil when stabilised
with a cementitous material is the increase in strength. The increase in shear strength is
caused by several factors including:

a) A dehydration process

b) Anion exchange, and;

c) A pozzolanic reaction
In the dehydration process, the free water in the soil structure is absorbed by the
cementitous material in the hydration process and as a result calcium hydroxide is
produced. It was shown by Broms (1986) that part of the initial increase in shear strength

is caused by the decrease in moisture content and part by flocculation of the clay patrticles.

In the ionic reaction, the shear strength of the soil iseased when non valent ions (eg

Na" and K') are replaced by multivalent ions (eg*QaThe positively charged cations
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(Ca™) are attracted to the negatively charged anions in the soil structure resulting in

flocculation.

Herzog (1967) presented a cement clay skeleton matrix showing an increase in frictional
resistance and cohesion of the treated clay by two processes. The first of these processes
involves the aggregation of the cement cores and the surrounding modified clay particles.
The resulting skelen structure provides the major increase in strength due to the
enhanced interlocking forces with an increase in the frictional compoheot the shear
strength. The secondary process involves the reduction of the double layered water content
caused by the ion exchange and the flocculation of the clay particles reducing the voids
between the particles with a resulting increase in -pdeticle strength. This secondary

process causes the increase in the cohesjari the soil.

As stated previously, éhformation of the primary and secondary materials can continue

for a considerable period of time with a resulting continuation in the increase of strength.

2.3.2 Compressibility Modification

It was shown by Sugiyama et al. (1984) thatedl-definedpre-consolidation pressure of a
cement treated soil is similar to that of a natural soil, demonstrating a similarity to

overconsolidated clay with a definite consolidation yield point.

A relationship between the consolidation yield str&}&nd the unconfined compressive

strength (g) was identified as follows:

P, A, (2.19)

y
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where [is correlation coefficient.

Sugiyamaet al. (1984) reported this correlation coefficient existed in the range of 1.2 —
1.7. Research reported by End®76) reported the correlation coefficient for marine clay

is 1.37. The CDM Association of Japan (Cement Deep Mixing Association of Japan,
1994) recommends the adoption of a value of 1.27 for this coefficient. This value indicates
that the consolidation yield stress is 27% higher than the unconfined compressive strength.
Porbahaet al. (2000) note that in normal working conditions, the consolidation pressure is

generally less thanyRhus the amount of consolidation settlement should be low.

An extensivestudy conducted at the Asian Institute of Technology (Uddin, 1995) on
cementstabilisation of Bangkok clay reported an improvement of 12%ctimes in the
coefficientof consolidation(C,) with the addition of 15% cement to Bangkok clay, cured

for one month.

2.3.3 Permeability Modification

The permeability (or hydraulic conductivity) has been found to increase with the addition
of cement when compared with the clays natural state. This is due to flocculation of the
clay particles and an effective increase in the effective pore size. It has further been shown
by Kunio et al. (1988) that the distribution of pore sizes within the soil cement mixture
influences the permeability of the mass. This research showed that the coefficient of
permeability and the peentage of fine pores in the mixture decrease with a decrease in

sand and water content.
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It was further shown by Kawasaki et al. (1981) that as the cement content of a cement
stabilised clay soil increased from 10 to 20%, a significant reduction in the coefficient of

permeability was experienced. Similar results were reported by Hiroso(£982)

The type of stabiliser employed has also been shown to have a considerable effect on the
permeability of a soil cement mixture. It was reported by BromdsBowman (1977) that
the installation of unslaked lime columns increased the permeability of the clay soil by 100

to 1000 times.

Considerable investigation was reported by Bellezza and Fratalocchi (2006) through an
experimental and statistical analysiscement treated specimens . Prediction models for
all soil types and for fingrained soils wergiven. In particular, for fingrained soils a
regression equatiomas proposed that can be used to reliably predict the hydraulic
conductivity of compactedofi-cement mixture as a function of clay fraction, fine fraction

and liquid limit.

2.3.4 Plasticity Modification

It has been shown that the addition of cement to a clay soil will have little effect on the
liquid limit of the soil however an increase iretiplastic limit can be expected with a
related decrease in plasticity index. As a result the shear strength is increased and the

compressibility reduced (Broms 1986)

2.4Hardening Characteristics of Cement Treated Clay Soil

There are a myriad of factorsvilved in the hardening of soil cement mixtures. The lack

of homogeneity in a soil mass as well as virtually unpredictable behaviour insitu
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necessitates the evaluation of the characteristics of soil cement mixtures by experimental

methods. There are seakoverriding factors.

2.4.1 Type Of Cement

A considerable amount of research has been performed into the effects of the different
types of cement on the ultimate sgénof clay cement mixtures¢€lt, 1955). It has been
noted that high early strengtiipe cement (Type Ill) can be advantageous in chemical
stabilisation situation, Type | ordinary Portland cement has become the standard for use

throughout the world due to its ready availability and low cost.

Kawasaki et al. (1981) reported on research done using blast furnace slag cement
stabilisation of marine clay in Tokyo Bay and on Kyushu Island. In a comparison between
the two soil types it was noted that a much varied effect was noted. This was
predominantly due to differing mineralogical composition of the soils tested in the study

and variation in the chemistry of the slag cement.

The effect of ordinary Portland cement and blast furnace cement on a soil with 5% fines
was reported by Saitadt al.(1990). This study revealed that the blast furnace slag cement
was advantageous when compared to ordinary Portland cement with regard to strength in
these soils. These results indicate that the chemical composition of the soils on which this

test was performed were conducive to the use of this type of cement.

A comparison has also been performed by Ahnberg et al. (1995) into the effects of
ordinary Portland cement, and a cerd@ne mixture on varying Swedish soils. The
results obtained generally showed little variation between the pure cement additikie and

cement lime combination.
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2.4.2 Cement Content

The general understanding of cement content is that as the percentage by mass of cement
added to the soil is increased, the strength of the mixture is similarly increased (eg Broms

1986).

Considerable iestigation was undertaken in this field by Uddin et (4B97). This
research confirmed previous work but presented the work in the form a Strength
Development Index (SDI) which related the state of the untreated clay to unconfined

compressive strength$ the treated samples.

A research study was undertaken by Pakbaz and Alipour (2012) examining the effect of
cement content on stabilised soil cement mixtures. It was reportedh¢hanit weight of
treated soil increased with cement content. The spaypidicity of treated soil solids first
increased and then decreased with cement content. The liquid limit of treated soil

increased with cement content.

2.4.3 Curing Temperature

It has been shown by Abublagaetal (2006) that, separate to the effectehperature on
cement stablised material, an increase in temperature results irregsem an increase
in normalied deviator stresgifp.ongd. An example of the effect of temperature is shown in

Figure 2.2.
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Figure 2.2 Effect of temperature and temprature History on Triaxial Compression
Test results of Normally Consolidated Clay (AbdulNaga et al, 2006)

It is known that an increase in temperature will accelerate the chemical reactions occurring
in the hydration process. This is primarily due taéase in the solubility of the silicates

and aluminates with a resultant increase in the rate of strength gain.

This has been confirmed by several researchers. Kawasak{E2&l) performed a series
of laboratory experiments on clay cement mixturesnftYokohama Port at temperatures
ranging from 10 to 50 degrees centigrade. The results confirm the increase in strength gain

with temperature.

A similar result was reported by Enami et al. (1985) at temperatures ranging from 0 to 30

degrees centigrade.
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2.4.4 Soil Type

The type of soil being stabilised has a major effect on the strength development in a soil
cement mixture. The physical and chemical factors affecting strength include grain size
distribution, Atterberg limits, moisture content, type ofyclainerals, cation capacity,

amount of soluble aluminium and silica, pH of pore water and organic content.

Research into the effect of particle size on a soil cement mixture has been presented by
Taki and Yang (1991). The general results presented showed that the highest strength gain
was achieved by sands followed by gravels with silt and clay soils achieving the lowest

degree of strength gain.

It was shown by Bell (1993) that as the clay content of a soil increases so does the
percentage of cement reqed. Generally the effects of cement decreases with an

increasing clay content and increasing plasticity index.

Soils having a high organic content require special consideration during design of the
cement content as do soils having a high salt content. It was shown by Smith (1962) that
soils with a high saline content can still be effectively stabilised, however a higher cement
content may be required. This increase is required for marine clays in salt water as these

clays are already in a flocculatedtst (Broms, 1986).

It has also been noted in the literature that an increase in soil moisture content results in a
lower shear strength in a sag#ment mixture. It was shown by Endo (1976) that an
increase in moisture content atspecific cement conterwill result in a decrease in

unconfined compressive strength.
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The effect of the addition of bentonite to the clay and cement mixture was investigated by
Teerawattanasuk, C. and Vootipruex, P014). It was noted that thfeld strength of
prepared specimens increased with silt content while there was a corresponding decrease

in compression index.

2.4.5 Soil pH

The secondary pozzolanic reactions that modify the clay platelet structure are favoured by
a higher pH. At this higher pH, the silicates andrahates in the clay soil are more easily
render soluble assisting in the pozzolanic reaction. At a pH of less than 12.6 in a cement
treated clay, by chemical reaction, thgSgHy is used to produce the CSH and calcium
hydroxide. As stated previously, theSB is a fair less strong cementitous material
compared to the §S,Hy thus a loss in strength of the stalatismatrix can be expected

(Uddin, 1995).

The effect of environmental acidic sub soil and water conditions on cement treated subsoil
structureswas reported by Yang et al. (2013)he results show that, the appearance of

cemented soil is seriously eroded under acid conditions; while in alkaline conditions it is
affected slightly. However, the increase is much slower than that of regular cemented soil.

In strong acid and strong alkaline environments, the strength loss can reach 30%.

2.4.6 Concluding Remarks

The principle objective of cement treating a clay soil is the increase in strength caused by
the hydration process and the structure of-smmentmatrix. The hydration process is
caused by a combination of cement powder with the water added to the cement slurry

during the mixing process and the pore water present in the soil.
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The hydration process involved in a soil cement mixture is a two stage process. The first
being a formation of cementitous gel particles undergo the common hydration process and
the second the formation of additional cementitous substances instigated by the
composition mineral within the soil. These substances are solublematemand silicates.
These minerals generally become more soluble in pHs of higher than 12.6. The soluble
aluminates and silicates react with the Ca(©fdyming the secondary particles which

agglomerate to the existing cementitous gel particles forrnm@rnal cemensoil matrix.

It was shown by Herzog (1967) that the strength gain is due to an increase in the frictional
interaction of the particles in the mixture. This increase in frictional interaction results in
the increase in cohesion c)(of the hardened mixturdt has been shown that the
unconfined compressive strength)(qcreases with the cement content,And further

the strength gain increases with the particle size of the soil being mixed.

The increase of the shear strength of a soft clay is partially caused by ionic exchanges
when nonvalent ions (eg. NaK") are replaced by multivalent ions (Ca The growth of

the multivalent ions on the clay platelets results in flocculation of the clay and the
resulting structure of the hardenedxture. This flocculation results in an increase in

permeability when compared to the soil in its natural state.

It follows from this summary that the mineral structure of the clay being stabilised is
highly significant to the overall strength gain. kdomes obvious that if the mineral
structure of the clay is known and is found to be deficient in the required soluble minerals,
dosage of the clay with Ca(OHjusually in the form of Gypsum) can greatly increase

strength gain.
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A summary of the hardeningharacteristics of cement treated soil is presented in Table 2.3
below.

Table 2.3 Summary of Hardening Characterisics of Cement Treated Soft Clay

Topic Research

Effect of varying cement types Felt (1955) Ahnberg (1995)

Effect of cement / slag combinafis on |\ o caki (1081), Saitoh et al (1990)
various soils

Uddin et al (197), Pakbaz and Alipour

Effect of Cement Content (2012)

Abdul-Naga et al (2006), Kawasaki et al

Effect of Curing Temperature (1981), Enami et al (1985)

Taki andYang (981), Bell (1983), Smith

Effect of Soil Type (1962), Broms (1966), Endo (1876)

Effeect of Soil pH Uddin (1995) Yang et al. (2013)

. . Teerawattanasuk, @ndVoottipruex,
Effect of Bentonite Addition P.(2014)

2.5 Modelling of Lime Treated Soft Clay Behaviour

2.5.1 Fundamental Concepts of Lime Stabilation

Lime as a stabiling agent has used in many countries and its effect on soft soil is well
known. When used in cohesive soils, the principal stadmliagent is calcium hydroxide,
hydrated lime of slaked lime. Irtsi original form, calcium hydroxide is not a binder
material, but an effective binder is formed, consisting of calcium silicate hydrates, when
mixed with clay soils whereby the silicates within the soil slowly react with the lime

forming effective chemicabinders (Assorson et al., 1974).

2.5.2 Mechanism of SoiLime Stabilisation

In purely chemical terms, lime refers to calcium oxide (CaO); however the term is used in
more general terms in industry to include a range of calcination products of calcinitic and

dolomitic limestones. In general terms therefore, stalbidia lime can be grouped into
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two groups; calcitic lime and dolomitic lime. The following reversible equation describes

the formation of calcitic lime :

CaCQ, heatl CaO CO (2.20)
2

Since heat is required for the dissolution of CaC@he above reaction is termed
endothermc in nature. The oxide of ‘Cébivalent calcium) is quicklime (burnt lime).
Dolomite or calcium magnesium carbonate (CaMg{g)@lso produce oxides in the form

of dolomitic lime (CaO + MgO).

Calcitic quicklime is easily hydrated according to the following equation :
CaO H,O o Ca(OH), heat (2.21)

As heat is generated by the production of calcium hydroxide in this reaction, it is termed

an exothermic reaction.

Hydration of dolomitic lime follows the following equation under normal circumstances :

CaO MgO H,O o Ca(OH), MgO (2.22)

The resultant of equation 2.22 (Ca(QHMgO) is termed monohydrated dolomitic lime.
Dihydrated dolomitic lime (Ca(OH)+Mg(OH),) can also be produced but only under

pressure.

Commercially produced limes vary in nature and have slightly different properties from
pure lime. Quicklime is cheaper than hydrated lime, however, hydrated lime has the
advantages of safety and handling convenie@fecritical importance when handling

quicklime is the avoidance of exposure of the quicklime to moist air. This results in
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slaking of the quicklime and a reaction with the carbon dioxide in the air. The resultant of

this reaction is termed ‘air slaked krand is non reactive.

Thus there are principally two types of limes used in the soil sttimis process.
Quicklime is usually used for clays of moderate to high moisture contents. Sometimes, if
the moisture content of the clay soil is excessivelyhagn additional additive is employed

to reduce the moisture content. In clays with lower moisture contents, hydrated lime is

normally employed as stabilisng agent.

2.5.3 SoitlLime Skeleton Structure

It was shown by Kezdi (1979) that the dissociatiomydrated lime (Ca(OH) into Ca”

and OHresults in the loss of the limes crystalline structure and a transformation into an
amorphorous form takes place. This transition results in the lime transforming into a gel
phase. A flocculation of the finer sqgilarticles results in a change in the particle size
distribution of the soil. The degree of the flocculation is dependent on the soil type as well

as the amount and curing time of the lime stahtjsgent.

The gel phase in the lime hydration processvadl a more efficient ingress of the gel into
the soil particles, cementing mineral structures, resulting in a considerable variation in the

pore structure of the skeleton structure of the soil / lime mixture.

The resulting change in particle size disttibo is not however reflected by conventional
hydrometer settlement analysis techniques and is difficult to measure. It was shown by
Lundy and Greenfield (1968) through particle size distribution tests that no change in
particle size distribution occurs wh treated with high pressure injected lime slurry. They

concluded that the reactions that results from the treatment were insufficient to resist the
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laboratory procedures in the hydrometer analysis methods used to determine fine particle
size distribution(such as mechanical agitation). It was further suggested by Kezdi (1979)
that particle size distribution be interpreted from the change in physical behaviour of the
treated samples, such as plasticity and permeability which would allow a numerical

approxmation of the distribution.

2.5.4 Lime / Clay Interaction

The first result of the mixture of a lime stahiiig agent with a clay soil is a reduction in
moisture content. The reduction in moisture content is a result of the commencement of
the hydration of the lime by reaction with free water in the cohesive soil. It was reported
by Assarson et al. (1974) that this initial slakiofgthe lime results in the approximately

0.3 kg/kg CaO of free water in the cohesive soil being bound to the stapdpent.

As discussed previously, the exothermic reaction of the hydration of the quicklime
produces considerable amount of heat which also results in a loss of moisture due to
evaporation. This process provides an advantage in the use of quicklime as opposed to
calcium hydroxide if the clay soil being stalelés has a high moisture content and a
reduction in moisture is advantageous. It must however be ensured that enough moisture
exists in the cohesive soil being stalaitisto allow full hydration after the Issdue to

evaporation by the slakeing of the quicklime.

It was suggested by Broms (1980) that the loss in moisture in a lime sthlmbkesive
soil could be calculated from:

W, 32 F
Wa (%) 100 F (2.23)
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where Fis the percentage lime added exprdsséh respect ot the weight of the clay and

W, is the original moisture content of the clay soil expressed as a percentage.

An empirical rule often used is that a lpercent reduction in moisture content can be

anticipated for every 1 percent lime added.

It was shown by Kezdi (1979) that within a a time period from a couple of minutes up to
several hours after mixing, that a transformation occurs in the calcium hydroxide due to
the presence of carbonic acid,@0;) in the soil. The carbonic acid in thellsexists as a

result of a reaction between the carbon dioxide present in the air in the soil and the free

water.

The reaction with the carbonic acid results in a disassociation of the lime ihtqo€Ca
Mg*™) and (OH) with a resulting modification in the electrical surface forces of the clay
minerals. This results in a flocculation (or aggregation) of soil particles into larger particle
sizes with an associated increase in the plastic limit of the soil. This structural change in
the soil resuls from a cation exchange cause by disassociated bivalent calcium ions in
suspension in the free pore water replacing univalent alkali ions that are normally attracted

to the negatively charged clay particles (Assarson et al. 1974).

The order ofreplaceabilityof the common cations associated with soils follows the
lyotropic (or Hofmeister ) series - Na' < K* < Ca™ < Mg"™* (Assarson et al. 1974)his
series shows that the highly metallic lons (MgCa™) replacing the weaker ions (Na
K™) on the surface of the glgarticles. Thus flocculation of the clay particles results from

the crowding of CH ions onto the surface of the platelets (Herrin and Mitchell, 1961).
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The clay mineral composition and pH of the soil controls the cation exchange capacity
during this pocess. Montmorillonites have the highest exchange capabilities and

Kaolinites have the lowest capabilities (Assarson et al. 1974).

The flocculation of the clay minerals from lime stalatisn is a much studied
phenomenon but it has also been shown tleacdilation is not a main mechanism by
which lime stabilies some soils. It was discussed by Diamond and Kinter (1965) that
while calcium saturation is required for stalatisn, some montmorillonitic clay soils,
which are calcium saturated, in the southern United States still display deficiencies when

employed as subgrade for roadwork and still require statidis

It was also discussed by Brandl (1981) that cation exchange capacity of a soil is not a
criterion for its reactivity with lime. Instead h&uggested that the amount of semi

removable silica is a useful criterion of lime reactivity for practical purposes.

A reaction occurs between the CaOH and the silicates and aluminates (pozzolans) within
the clay soil to form cementitous materials suchcalsium silicates and/or aluminate
hydrates (pring@ally dehydrates) (Diamond andriter, 1966). Similar to the pozzolanic
reactions as discussed in the cement section of this report, the calcium silicates and/or
aluminate hydrates cement to the soil ijphe$ but the process is much slower that that for
portland cement requiring considerably more time. The main reaction does not start for
several days after the introduction of the lime stahiisagent (Assarson et al., 1974) and

can take up to one tové years to fully occur (Diamond and Kinter, 1966). The pH of the
soil water controls the solubility of the pozzolans and thus their ability to react with the

lime. Broms (1984) also showed that the rate of reaction of the lime increases with an
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increase n soil temperature. The ongoing pozzolanic reaction gradually increases the

shear strength of the soil / lime mixture.

Lime stabilisng agents also react withrb@n dioxide to form weaker cementing agents
such as calcium carbonates or magnesium carb®r{atgles and Metcalf 1972). It was
shown by Broms (1984) that the effects of the calcium carbonates formed by this process

can largely be dismissed.

2.5.5 Concluding Remarks

The chemical process involved in the lis@l stabilisation process has beendely
researched. Of particular interest to this study is the lack of the contribution of the
ongoing pozzolanic reactions to the ultimate effect of the stalgiliagent. The use of
quicklime shows definite advantages where the moisture content of the cohesive soil is
required to be lowered, however consideration much be given to the total water available
to the lime to allow full hydration. For clays of lower moisture contents, the use of calcium

hydroxide is advantageous.

A summary of the research infee modelling of lime treated soil is presented in Table 2.4

below.
Table 2.4 Summary of Modelling of Lime Treated Soft Clay
Topic Research
Mechanism of Lime Hardening Assorson et al (1974)
Soil / Lime Skeleton Structure Kezdi (1979), Lindy and Greewlid (1968)

Assorson et al (1974), Kezdi (1979),
Diamond and Kramer (1965), Brandl
(1981), Diamond and Kinter (1966). Broms
(1984), Ingles and Metcalf (1972)

Lime / Clay Interaction
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2.6 Engineering Benefits and Empirical Strength of Lime Treated Clays

Lime stabilisations results in physical and chemical reactions wich cause a corresponding
increase in shear strength of cohesive soils. The increase in shear strength begins just after
mixing and will generally be found to exceed the natural soil approXynate or two

hours after mixing (Broms, 1984). The initial increase in shear strength is caused by the
formation of crystalline calcium hydroxide or gel phase which possesses cementing

properties due to super saturation of the soil solution (Yu, 1975).

The flocculation of the clay particles due to cation exchange also resuls in an increase in
shear strength, a reduction in moisture content and plasticity index (Broms, 1984). After
this intial improvement, the shear strength of the soil gradually incredtbeme due to

pozzolanic reactions with take place over many months and years (Davidson et al. 1965;

McDowell, 1966;Brandl, 1981; Broms 1984).

Carbonation resulting from the reaction of the lime with carbon dioxide in the soil and air
also contributs minor increases in shear strength. Calcium carbonate has however been

found to hinder pozzolanic reactions (Diamond and Kinter, 1966; Broms, 1984).

Underfavourableconditions an increase in shear strength of up to 10 to 50 times the intial
shear strength can be achieved from lime stalitis (Assarson, 1974). A increase in
shear strength of approximately one third of the total increase can be expected after one

month and approximately 50% after 2 months (Broms and Bowman, 1977).

Considerable work has also been done recently by Liu et al. (2012) on the strength

development in lime treated clay specimens, including the generation of a general equation
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for strength development when considering lime content, curing time and curing

temperature.

2.6.1 Compressibility Modification

Due to the flocculation of particles during th&bilisation process, the treated soil has
been described as firm to hard with a texture described as ‘grainy’ (Broms, 1984). The
flocculation and cementation of the soil structuesults in it low compressibility and
higher permeability. The deformation and strength properties of thestabéised soil are

found to be similar to those of a stiff fissured clay in the desiccated dry zone (Broms and

Bowman, 1977)

It has been showthat the yield loci from one dimensional consolidation tests have been
shown to increase after treatmenttwlime (Yang, 1988). The loadsettlement curves for
the treated clay specimens were found to be flatter indicating reduced compressibility

charateristics.

This reduction in compressibility was also identified by Okamura and Terashi (1975)
showing that e 4og P curves for both treated and untreated samples suggested that the
compressibility of treated clays after 3 weeks curing time is consigidesis that that of
untreated samples. They also showed that the consolidation yield stress was proportional
to the unconfined compressive strength of treated samples. This would indicate that the

tolerable load against settlement increases with curing time after siidnilis
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2.6.2 Permeability Modification

The flocculation of the clay platelets resulting from lime stadtili;y has been shown to
increase permeability of soil / lime mixture (Broms and Bowman, 1977; Brandl, 1981;
Evans and Bell, 1981). The flocculation of the clay particles and the resulting increase in
particle size is the principle cause of the increase of permeability. It was shown by Broms
and Bowman (1977) that the increase in permeability can be expected to be of the order of
100 to 1000 times greater than the base clay. This led to their suggestion for the use of
lime columns as a pore pressure release mechanism as vertical drains to accelerate
consolidation settlementt was shown by Brandl (1981) that the more expansive and
reactve the base clay, the more the increase in permeability can be expected resulting

from particle aggregation.

The results of field tests were presented by Broms (1984) from the use of lime columns as
vertical drains in Scandinavia. The results showed arease in the rate of settlement
when the load in the lime columns was below the apparertgm®olidation pressure of

the treated soil.

2.6.3 Plasticity Modification

The effect of lime stabiletion has been shown to effect both the liquid limit aractyd

limit of the treated clay soil. Flocculation of the clay platelets has been shown to increase
the plastic limit of a treated soil up to a critical limiting point (Hilt and Davidson, 1960;
Mateos, 1964). This critical limiting point was termed thmdifixation point’ by Pietsch

and Davidson (1965). Past the lime fixation there is no evident increase in the plastic limit

of treated samples.
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It has also been shown that by the addition of lime as a siadpifigent, the liquid limit of

highly plastic clay soils decreases while the liquid limit of low plasticity clay soils
increases (Herrin and Mitchell, 1961; Brandl, 1981). The change in liquid limit has
however been shown to be minimal when compared to the variation in plastic limit (Broms
and Bowman,21977; Kezdi, 1979). Following on this, regardless of the degree of the
change in the liquid limit, the plasticity index of a treated sample will decrease
significantly due to the increase in the plastic limit. The decrease in plasticity index is time
depardant similar to the rate of strength development due to the rate of chemical reactions

within the lime stabilied soil (Lundy and Greenfield, 1968; Kezdi, 1979).

Table 2.5 gives a summary of the research conducted into theengineering benefits and

empirica strength of lime treated soft clay.

Table 2.5 Summary of Engineering Benefits and Empirical Strength Lime Treated
Soft Clay

Topic Research

Broms (1984), Yu (1975), Davidson et al
(1965), McDowell (1966), Brandl (1981),
Increase in Shear Strength Dimaond and Kinter (1966), Assarson
(1974), Broms and Bowman (197T)u et
al. (2012) Wand and AlTabba (2014)

Broms (1984), Broms and Bowman (197

Compressibility Modification Yang (1988), Okamura and Terashi (197

Broms aad Bowman (1977), Brandl (1981

Permeability Modification Evans aand Bell (1981)

Hilt and Davidson (1960), Marcos (1964)
Pietssch and Davidson (1965), Herrin and
Plasticity Modification Mitchell (1961), Brandl (1981), Broms nd
Bowman (1977), Kezdl (1979), Lundy an(
Greenfield (D68)

S
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2.7 Hardening Characteristics of Lime Treated Clay Soll

There are several factors effecting the strength development in lime sthlsitigs. Each

of these are discussed in the following sections.

2.7.1 Lime Content

It has been shown that the sigéh of suitably cured lime stabiid soils increases as the
lime content increases. It has been shown there is moofoptimum lime content with
which a maximum strength of lime stabaé soils can be expected under all conditions. It
was shown by HErrin and Mitchell (1961) that for a specific condition of curing time and

soil type an optimum lime content which caused a maximum strength exists.

Different methods for the determination of optimum lime content have been proposed.
Eades and Grim (1966) showed that the amount of lime absorbed by a soil after one hour
curing gives a quick method of determining the quantity of lime required for sasibitis

They also suggested that the minimum amount of lime required to maintain a pH of 12.4
was the percentage of lime required to provide effective stalis of the soil. Strength

tests were however still required to determine the percentage of strength increase.
McDowell (1966) showed that quick tests were not suitable for the identification of lime
contents; however they are suitable for identifying non reactive soils unsuitable for lime

stabilisation.

A better method of identifying optimum lime contents would be long term testing however
these tests have the drawback of being impractical due to @steints. The ideal
conditions that long term tests are conducted under may also underestimate the lime

contents required.
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Diamond and Kinter (1966) conducted an extensive experimental program to establish
what they term the ‘lime fixation point’. Thegrmed the lime fixation point as the lime
content after which the addition of more lime does not result in an appreciable increase in
plastic limit. Lime contents equal to the fixation point will result in an improvement in

workability but will not resulin sufficient strength increase (Hilt and Davidson, 1960).

2.7.2 Curing Temperature

A major effect on the long term strength of lime staédiglays is curing temperature. An
increase in temperature has been shown to result in an increase in strength of lime
stabilieed clay soil mixtures of the same age (Anday, 1961; RuffHmd 966). It was
further shown by Broms (1984) that elevated curing temperatures result in increased
solubility of silicates and aluminates in clay soils. This increase in solubdgylts

favourableto strength development conditions.

It was found by Metcalf (1964) that when unconfined compressive strength is plotted
against curing temperature that was variations between different clay materials. He also
noted an abrupt change sfope in the area of 45 qC but did not offer an explanation for

this phenomenon.

It was further suggested by Ruff and Ho (1966) that different curing temperatures result in
the formation of different reaction products in lime staédislays. They also showed that
a cutoff temperature exist for different clay soils betweerg€3and 40 qC .An increase in
curing time however resulted in an increase in strength at all temperatures however the

rate of increase was found to be higher at higher temperatures. This phenomenon was also
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reported by Chaudry (1966) that compacted lime stakilBangkok clays cured at 100 gF

produced higher strength values than those cured at 70 gF.

The increase in ground temperatures due to the exothermic reaction of lime was studied by
Kitsugi and Azakami (1982). They measured ground temperatures of lime treated clay
columns with results ranging from 60 qC between columns in the untreated clay soils and
up to 400 qC in the centre of the lime column. It was also shown by Broms (19&4) tha

ground temperature increase of 20 qC from&€@ 70 qC was found in Scandinavia.

2.7.3 Soil Type

It was shown by Eades and Grim (1966) that the amount of lime required to treat a clay
soil is dependent on the mineralogy of the clay soil. Clay soil naméall into one of

three groups, namely the kaolinitic, monmorillonitic and Illitic minerals (Knight, 1948).

It was shown by Eades and Grim (1966) that any clay soil with a combination of minerals
from the three main groups will increase in strength with the addition of a lime stgpilis
agent. It was noted that amount of lime required to achieve a target strength varied
depending on the mineralogy of the base clay. For a kaolinite the increase ins strength
begins almost instantly with introduction of lime as the calcium attacks the edges of the
kaolinite particles with a new phase of calcium silicate hydrates being formed.
Montmorillinites and illites however required up to 4% to 6% lime to be added before the
strength development begins. It was suggested by Hilt and Davidson (1960) that kaolinites
and montmorillinites can be stabés by the addition of lime alone while the stakhilisn

of illites requires the addition of flyash as well as lime to obtain significant strength gain.
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It was reported by Lee et al. (1982) that a greater effect was found in strength increase in
montmorillinites than in kaolinites due to the observation that the reaction of the lime
with the kaolinite particles begins by replacement of the existing cations of theesilicat
sheets with calcium ions. After saturation of the interlayer positions with Cthe
complete clay mineral structure deteriorates without the formation of substantial new

crystalline phase with a result low strength development.

2.7.4 Soil pH

Clay sois with a high pH (>12) are moreavourablefor lime stabiligtion due to the
solubility of the silicate and aluminate pozzolans resulting ina faster strength development
(Broms, 1984) A minimum pH of 10.5 is necessary for pozzolanic reactions to occur
(Dawvidson et al., 1965). It was also suggested by Eades and Grim (1966) that the amount
of lime required to maintain a pH of 12.4 is the lime percentage required for effective

stabilisation.

It was also shown that a small amount of added lime will result in a soil pH exceeding 12
(Broms 1984). It was also suggested by Broms (1984) that a decrease in strength in lime
columns can be expected with time if water leeching occurs with water flow through the

more permeably lime columns.

2.7.5 Concluding Remarks

From the above literature it can be shown that lime stalibis results in a long term
strength increase in clay soils. Some types of clays are more suited for the use of lime
stabilisation, namely montmorillinites than kaolinites and illites. Optimum lgoetents

varies as a product of the structure and moisture content of the clay soils and elevated

temperatures while curing can be expected to increase the rate of strength development.
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Generally lime treated clay soils show a increase in shear strength and a substantial
decrease in compressibility. Permeability can be expected to increase, allowing if
necessary the use of lime columns as pore pressure release structures in consolidative

settlements situations.

A summary of the research into the hardgniharacteristics of lime treated soft clay is
presented inTable 2.6

Table 2.6 Summary Hardening Characteristics of Lime Treated Soft Clay

Topic Research

Herrin and Mitchell (1961), Eades and
Grim (1966), McDowell (1966), Diamond
and Kinter(1966), Hilt and Davidson
(1966)

Lime Content

Anday (1961), Ruff and Ho (1966), Brom
Curing Temperature (1984), Metclaf (1964), Chaudry (1966),
Kitsugi nd Azakami (1982), Brom$484)

Eades and Grim (1966), Knight (1948), H

Soil Type and Davidson (1960), Lee &k (1982)

Broms (984), Davidson (1965), Eades ar

Soil pH Grim (1966),

2.8 StabilisationApplications and Technique

Chemical admixture processes are used in two main methods of shallow stabilisation, a

technigue known as layer stabilisation and shaowmixing.

2.8.1 Layer Stabilisation

Layer stabilisation is generally used for construction projects that won’t be applying large
amounts of pressure onto soil, usually pavement subgrades and base coarse materials are
improved using layer stabilisationSubsequently, this stabilising technique requires the

mixing of a binder material into the soil, this mixture then needs to be compacted at the
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optimum moisture content. Chemical binder materials such as cement and lime are usually
used for layer stabgation, these binding agents bond with the soil by cementations

reactions and ion exchanges (Shuttlewood, 2003)

This method of stabilisation is usually carried out usingiin stabilisation equipment.

The main machine used is known as a stabilisingemor reclaimer/stabiliser. This
machine’s chief role is to mix the stabilising agent into the soil that is being improved.
Standard reclaimer/stabilisers can penetrate and improve depths of up to 300mm for
widths of 1.8 -2.4m. Many machines have been produced for the function of layer mixing;
they usually consist of an attachment that is fitted onto the front of a wheel loader. The
most capable of these machines can carry out this operation in one pass, allowing the layer
to be compacted quickly and minimising the loss of density and strength caused by any
delay in compaction. Other machines that cannot complete the task in one pass are still
acceptable, provided the area being developed is not too great and each section can be

processed in an acceptable time (J2G03).

Before the job is mixed the stabilising agent needs to be spread evenly over the surface,
this can be accomplished by ‘spotting’ bags of stabiliser over the prearranged area at
regular intervals. These bags are then opened and thenbagknt is spread evenly over

the surface where it is mixed in with the mixing machine. Another more common method
of spreading the stabiliser is by use of a truck that mixes the admixture. The admixture is
mixed with enough water to produce the soilsroptn moisture content when mixed in.

This truck leads the reclaimer/stabiliser and spreads the binder over the affected area,
where it is processed into the soil. Once the chemical admixture is mixed in, a roller is

used to compact the soil then it is leftcure (IFG, 2003)
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2.8.2 Shallow Soil Mixing

Shallow soil mixing (SSM) techniques are effectively used in a number of applications
that range from conventional construction developments to hazardous waste site
remediation projects. For constructiorojgicts SSM is able to improve soil properties so
that they can be used structurally as foundations or walls. For hazardous waste site
remediation, stabilisers or fixation reagents can be mixed into contaminated soils or
sludges permitting the soil to beséted without having to be removed (Aldridge and

Naguib, 1992)

Shallow soil mixing is generally used for stabilisation projects that are no greater than 10
meters in depth; this is done by use of a large, one to four meter diameter single auger or
tool to add and mix stabilising agent into the soil. This auger is attached to a kelly bar and
usually suspended by a crane, the auger tool is turned by a drill platform that is capable of
applying a high rate of torque. The auger is specifically designdthsd breaks up the

soil and or sludge and mixes it in with the stabilising agent. Thus, giving a homogenous
mixture without removing any of the material from the @dlay and Ryan, 1995)

To perform SSM a materials handling unit is required, this @niised to store bulk
quantities of the chemical stabilising admixture as either powder or a liquid. This
equipment is usually located away from the actual site that is being improved and the
admixture is pumped either as a grout or dry powder to thendrilig where it is
introduced into the soil through the drill tool. An environmental control unit (ECU) can
also be used in SSM, this machine is employed to control dust and potential airborne
contaminants that can be created from mixing the stabilisethet soil. This function is
achieved by use of a large hood that covers the auger tool as it is mixing the soil and

pumps out particles in the gikldridge and Naguib, 1992)
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The use of cement as a stabilising agent in shallow stabilisation techniques has two
important effects on soil behaviour. It greatly reduces the moisture susceptibility of some
soils, giving enhanced volume and strength stability under variable moisture conditions. It
also causes the development of irgarticle bonds in granulasoil, endowing the

stabilised material with improved tensile strength and high elastic modulus.

2.8.3 Deep Mixing
With a growing populatiorocally and around the worldi has become necessary to

undertake a wide variety of construction projects in poor soil condifeobaha 1998)
The ever growing need to build on poor quality ground, such as soft bkysuelled a
search for economical and reliable ground improvement solutidhen compared to
other soil improvement method3eep Mixingis one alternative that offers a wide variety
benefitsand possibilities (Holm 2000)it improves the engineering propertiet the
treated soil(Porbahaet al. 1998a, Holm 2005, Bruce 200ahd isa very cost effective
foundation solutionForbala 1998, Holm 2000), especially when compared with solutions

such as piled foundatiorfBorbaha 1998).

Deep Mixing is a term used to describe the ground improvement technique in which a
cementing agent, typically cement and/or lime, are mixesltinwith the soil to form a
continuous columnRorbala 1998, Bruce 2001, FHWA 2000). Today, combinations of
binders such as cement, quicklime, fly ash, blastaceslag, etc.(Porbaha 1998yan

Impe and Verastegui Flores 2Q0@re frequently usedo improve the mechanical,
engneering andlr environmentalcharacteristicsof the natural soil(Van Impe and
Verastegui Flores 20Q07Porbahaet al. 1998a, Holm 2005) Deep Mixing could be
classified as a permanent soil improvement technique (Van Impe and Verastegui Flores

2007).
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Yang (1997)states “The development and research on deep mixing started from laboratory
model tests in 1967 by the Port and Harbour Research Institute of the Japanese Ministry of
Transportation(Yang, 1997)In recent times DM has become a very popular sulgject
research in numerous countries around the world. The process of deep mixing is very
similar to shallow mixing in that it is an -gitu soil mixing technology that mixes
admixtures into existing soil. Deep mixing techniques however are able to improve soil at
depths of nearly 40 meters (Bruce and Bruce, 20D8gp mixing can be categorised into
many different methods, although each known method have different installation
techniques they all have the same basic principles and can be classed as d&ep mix
Deep mixing can be performed by use of a basic auger (Mechanical Mixing), a jet tool (Jet

Mixing) or a combination of the two (Combined Jet and Deep Mixing).

The cementing agents can be injectewl mixed in place in either slurry or dry form
(Bruce 2001, Holm 2000, Larson 2005)n Nordic countries, the binder is almost
exclusively transported by compressed air from the tank to the soil (Holm 2000, Larson
2005). This is known as “dry deep mixing”. However in Japan, an alternative method is
predominantly used in which the binder is premixed with water to form a slurry and then
pumped into the solil in liquid form. This is known as “wet deep mixing” (Holm 2000,

Larson 2005).

Deep mixing technology has beengaged in construction projects for the tresatimof
poor soil conditions for a number of different reasons (Porbaha 1P8&)ahaet al.
(1998a) and Holm (200®&uggests some of these include:

- Reduction of settlements

- Increase in bearing capacity

81



- Ground anchorage

- Increase in drivability for tunnetig in soft ground
- Increase irstability

- Prevention of sliding failure

- Protection of structures close to excavation sites
- Reduction of vibration

- Liquefaction mitigation

- Remediation of contaminated ground

Whatever the case, the role of Deep Mixing ismpriove the poor soil conditions safely,
cost effectively and as quickly as possible. Deep Mixing is able to achieve this in many
situations as it is possible to tailor the treatment to site specific conditions (Holm 2005). It
is therefore not surprising dh this ground improvement technique is being employed
throughout the world (Larson 200BPorbaha 1998). As a result, a myriad of research
including laboratory and field experiments has been conducted (Brucel804|.Larson
2005). This has lead Deep Atig technology down many paths (Bruce et dl999),
producing many techniques for a variety of applications (Larson 2005, Bruce 2001,

Porbaha 1998, Porbaha et H998a).

2.8.4 Historical Overview

According to Bruce (1996) the original concept comes from the US, where in 1954, a
single auger was used to mix binders with the soil. Early in 1960, a US patent on a mixing
process that uses rotating blades to mix cement slurry into the soil was established
(Jasperse and Ryan 1992, U.S Patent No. 3023585.). HoWwevkala (1998) states
“Actual research work on deep mixing was initiated about three decades ago, in Japan by
the work of the Port and Harbour Research Institute (PHRI), and in Sweden by the

Swedish Geotechnical Institute.”
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Precedingobservationdy Kjeld Paus orffluid lime column installations in the United
States, development of the lime column method in Sweden began in 1967 (Bruce et al.
1999). This research took place under Paus leadeBtomé and Bomata975b, Bruce et

al. 1999, FHWA 2000) andn collaboration withthe Swedish Geotechnical Institute
(Bruceet al. 1999, FHWA 2000). It was based on thesitu mixing of quicklime to form

hardened cohesive material in the shape of coluBwwm(s and Boman 1975b)

Concurrently with research and development in Sweden, 1967 also saw the origin of
research and development on deep mixing in Japan (Btugke1999, FHWA 2000). It
began with laboratory and scale model testing (Okumura and Terashi 1975) on treating
soft marineclays with granular orgvdered limeg(Bruceet al. 1999, FHWA 2000)This

was run by e Port and Harbour Researthstitute of the Japanese Ministry of
Transportation (Bruce et d1999, FHWA 2000)Bruceet al.(1999) states “Okumura and

Terashicontinual researchhroughto the ealy 1970's".

The first Japanese fudicale Deep Mixing project was conducted in 1974. The project
involved treating reclaimed soft clay with lime (Bruce et1899). Simultaneously the
Swedish were conducting extensive field trials on embankmentscd®t al 1999,
Rathermayer and Leminen 1980). These field trials were aimed at studying the effects on
drainage action (Brucet al. 1999) and bearing capacity of lime columns in soft clays

(Rathermayer and Leminen 1980).

Deep mixings first appearanca an international forum was 19%#hen in Bangalore,

India, a Swedish paper on Lime ColumnsBrpms and Boman (1975b) aadlapanese

paper on Deep Lime Mixing (DLM) by Okumura and Terashi (1975) were presented to the
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same conference (Brue¢al.1999).

It was also in the same year that the Japanese used a technique they had been developing
knows as the “wet methodKawasakiet al. 1981, Larson 2005, Porbaha 1998). This
technigue was developed to improve soft marine clays on the sea bed (Kawasaki et al
1981, Larson 2005). This was the first time the Port and Harbour Redeatithte

initiated and completed large scale projects using this technique (Kawasakil@8Hhl|.

Bruce et al1999).

Similarly, the Swedish commenced their first commercial use of the lime column method
that they had been developi(Bruceet al. 1999). It was put into practice for “excavation

support, embankment stabilisation and shallow foundatidrsicgé et al. 1999).

Deep mixing became successful in both Japan and Swedeso 2005, Porbaha 1998).
From the 1980’s, extensive laboratory and field research occurred in both countries (Bruce
et al. 1999,Porbaha 1998). As a result Deep Mixing Methods underwent rapid evolution
(Bruce et al. 1999, Porbaha 1998). Many companiesdaorganisations developed their

own techniques involving different mixing processes (Larson 2005, Porbaha 1998).

By 1985 the commercial use of deep mixing Bpdead to other parts of the globe (Bruce

et al. 1999). Finland and Norway reported their ficetmmercial use of the lime column
method (FWHA 2000). One year later, deep mixing was reintroduced into the United
States under Japanese licensiftgwas used for liquefaction mitigation and seepage
control at the Jackson Lake Dam, Wiag, in a projectasting from 1987 to 1989 (Bruce

1996, Bruce et all999, Jasperse and Ryan 1987, 1992).
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It is without question that before the mid 1980’s deep mixing owes its origins to the
Swedish and the Japane$bey were responsible for the early development dfriegies

and initialresearch (Larson 200Bprbaha 1998, Bruce 1996, 2001, Bruce €1299, Van

Impe andVerastegui Flore2007). However since then, deep mixing development has
taken place in other countries around the world including Italy (PaviarRagolto 1991),
France (Harnan and lagolnitzer 1994), England (Harnan 1993), Germany (Maiakch
1997) and in a number of Asian countries e.g. China, India, Singapore, Taiwan and

Thailand (Porbahat al. 1998Db).

From the mid 1980’s to around the year 20®0ariety ofnumerical modelling work has
been performed on the interaction of soil cement columns in soft clays, for example Kerin
and Karstunen (2009), Chai et €2010) and Abusharaat al. (2009) These studies have
focusedon settlement reductofrom “T” shaped columns, “cross” shaped columns and

“multi column” supported embankment loading.

2.8.5 Mechanical Mixing

Mechanical mixing is widely known as Deep Mixing Method (DMM) or Deep Soll
Mixing (DSM). This method is the most common around the world at this point in time,
however, additional research other methods is currently being conducted. DMM uses
multiple augers to process the soil. Admixture grouts or powders are pumped or blown
through the kelly bar and into the soil at points designedeftectively give a

homogeneous mixture, usually at the tips of the augers (Nicholson, 1998)

DMM uses multiple augers that can range from one to eight on each drilling assembly but
usually two to four augers per rig. These augers have a smaller diameter than what is used

in SSM typically 0.6 to 1.5m to process the solil; this smaller diameter is required due to
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greater depths that need to be reached. Mixing paddles are connected to the shaft above the
auger to mix and blend the admixture into the soillsd treatment gives a uniformly
treated product with no lumps of soil or binder with a uniform moisture content and a

uniform distribution of binder through the mixture (Bruce and Bruce, 2003).

2.8.6 Jet Mixing

Jet mixing uses higphressure cement slurryd-f000 psi) that is pumped through
horizontal ports in a drill monitor 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 shrouaf compressed air (105-bar pressure) is pumped to
surround the slurry jet thus enhancing the penetrating ability of the jet. In triple fluid jet
grouting, the cement is pumped at low pressure at the bottom of the hole while high-
pressure water, surrourttldy a shroud of compressed air, cuts and removes the soil

during the withdrawal of the tools (Nicholson, 1998)

Jet mixing may be further subdivided into dry and wet jet mixing. Chida (1982) proposed
a method that uses cement powder or quick lime instéasdurry called the “Dry jet

mixing method” (DJM). In this method the cement or quick lime is injected into the deep
ground through a nozzle pipe with the aid of compressed air and then the powder is
mechanically mixed by rotating wings. In the DJM method no water is added to the
ground and, hence much higher improvements is expected than the use of the slurry. When
quick lime is used, the hydration process generates some amount of heat resulting in
additional drying effects to the surrounding clay and the improvement is expected to be

more effective.
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In the wet jet mixing method (WJM), in which lime/cement slurry is jetted into the clay by
a pressure of 20 MPa from a rotating nozzle. The machine used here is relatively light and
easy to carry to the site. The diameter of the improved column can vary with depth

depending on the shear strength of the subsoil.

2.8.7 Concluding Remarks

The application and methodology of cement treated soil improvement is a widely
researched and long practiced process. A cehgirsive set of review papers was
presented by Porbaha (1998), Porbaha ef18P8), Porbaha et af2000), and, Porbaha

(2000) covering most of the applications and methodology of deep mixing.

It has been noticed however that a discrepancy exists between the research and the
application in the field. Generally in a research environment, testing is performed at a set
percentage by dry weight of the soil in the range of 5 to 20%. It was noted however by
Suzuki (1982) that field strengths of soil / cement columns is generally much higher than
the strengths of laboratory prepared samples. This is due to the dosage level of cement
stabilising agent being much higher in the field because of soil displacement caused by
penetration and withdrawal of the mixingaahine. It was however explained by Kamon

and Bergado (1992) that the mixing effort in the field is vastly different from the perfect
mixing achieved in the laboratory. It was reported in this paper that the field stregpth (q

is less than the laboratosyrength (g). This would indicate the need for investigation into

the field mixing effort as compared to the laboratory methods to make the two results
comparablelt has also been reported by Horpibulsuk et al. (2012)fthabw-strength
soil-cement columns (laboratory 28 day strength less than 1500 kPa), the field

strengthg ur, made up from both dry and wet mixing methods is higher than 0-6 times the
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laboratory strength, g. T was also shown biorpibulsuk et al. (200)2thatq /q u ratios

for the wet mixing columns are generally higher than those for the dry mixing columns.

The design considerations required for censatcolumns are well understood, however

little has been found with regard to design of columns in a tensile or flexuemltbta

reinforcing the validity of the proposed research in this document.

A summary of the literature into the mixing applications and techniques is presented in

Table 2.7.
Table 2.7 Mixing Applications and Techniques Summary
Topic Research
Layer Stabisation Shuttlewood (2003), IFG (2003),
Shallow Soil Mixing éng?)ge and Naguib (1992),Day and Ry

Porbaha (1998), Holm (2000), Porbaha ¢
al (1998a), Holm (2000), Holm (2005),
Deep Mixing Bruce (2001), FHWA (2000), Van Impe
and Vrastegui Fes ( 2007), Yang (1997)
Bruce and Broce (2003), Larson (2005)
Bruce (1996), Jasperse and Ryan (1992
Brucee et al (1999), Broms and Bowman
(1975b), Bruce et al (1999), Broms and
Broms (1975b), FHWA (2000),0Okumura
aand Terashi (1975Rathemayer and
Historical Overview Lemnen (1980), Kawasaki et al
(1981)Larson (2005), Porbaha (1988),
Jasperse and Ryan 1987), Van Impe and
Vrastegui Fores ( 2007),Pavani and
Pagotto (1991), Harman and lagolnitzer
(1994), Harmn (1995), Maisch et al (199})
Kerib and Karstunen (2009), Chai et al
(2010), Abusharar et al (2009)
Mechanical Mixing Nicholson (1998), Bruce and Bruce (200
Nicholson (1998),Chida (1982)
Horpibulsuk et al. (202)

Strength Comparisons Horpibulsuk et al. (202),

Historical Modeling

Jet Mixing
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2.9. Finite Element Modelling

2.9.1 General

The Finite Hement Method (FEM) is a numerical technique for finding approximate
solutions of partial differential equations and integral equatidne.FBM originated due
to the need to solve complex elasticayd plasticity problems in divand aeronautical

engineering $allam2009).

Finite Element AnalysisHEA) software packages allowetailed visualization of how
structures deformandcan calculatehe distribution of stresses. These programs praaide
wide range obptions for controlling the modellingnd analysi®f engineeringoroblems
This has made the FEM powerful design toglleadingto significantimprovement inthe

standard of engineering designs

FEA has been used in many fields of engimgefor a long time howeverit has only
recently begun to be widely used for analysgeptechnical problemsThis is mostly
because othe complex issues specific to geotechnical engineering, which have only

recently been resolvg@allam2009)

Geomechanics is a very complicated branch of technical mechanics (Gudehu®é7al
This is largely due to the fact that the properties of the materials involved have complex
structures and reactions (Gudeltigl 1977). In turn, these material behaviours are hard

to define with applied mathematics (Gudehus e18¥7).
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FEM is growing in the field of geotechnical engineerifdEA enabls the geotechnical
engineer to mininge the amount of assumptions/idealization in both soil
propertieddehaviour subsoil layering systems, and loading and boundary conditions

(Sallam2009)

FEA applicatiors exist in all areas ofjeotechnicakngineering.Sallam(2009) suggests

these include:

Initial, time dependent, consolidation, and secondary settlement predictions

Bearing capacity of shallow footings and mat foundations

- Analysis of axially and laterally loaded single vertical, battered pile, pile groups,
and drilled shafts

- Staged construction of embankments for highways and railroads

- Deep stagd excavations.

- Analysis and design of earth retaining structures such as one or more tier sheet pile
walls and retaining walls.

- Slope stability for complicated geometries.

- Tunnel and mine construction.

FEA software uses saihodels to simulate complex soil behavioukcross the available
FEA packages there is a small varietynoddelsavailable.Sallam(2009) suggests these
include:
- Linear Elastic model (LE): This model applies Hooke’s law of isotropic linear
elasticity. It requires two elastic parameterartd . It is a very crudsimulation of

soil behaviour.
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- Mohr-Coulomb model (MC): It is an elastpiastic model. Five input€(and for
elasticity,c and ¢ for plasticity, and%or dilatancy) are needed. It is a fumtder

approximation. The soil averagéffness is constant. Computation time is fast.

- Hardening Soil model (HS): It is an advanced model that is considered a second
order approximation. Limiting states of stress are defined,b@ and %Soill
stiffness is stress dependent. Stiffness isndefiby triaxial loading stiffnesisp,
triaxial unloading stiffness  and oedometer stiffnessek It can model sand,
gravels and softer soils like silt and clay.

- Modified Cam Clay model (MCC): It is a simple critical state model that can be
used to mdel the behaviour of neaprmal consolidated soft sails

- Soft Soil model (SS): It is a Caflay type model that can be used to model the
behaviour of soft soils like normally consolidatgdys and peat.

- Soft Soil Creep model (SSC): It is a second oroerdel formulated in the
framework of viscoplasticity that can be used to model the-dependent
behaviour of soft soils like normally consolidateldys and peat. It performs best
in situations of primary and secondary consolidation.

- Userdefined modelsit is possible for the user of most FEA software packages to

defineand modify the models provided.

2.9.2 PLAXIS

PLAXIS is a finite element package that has been specifically designdte analysis of

deformation and stability in geotechnical engineg projects

PLAXIS was developed out of a necessity to create anteasse2D finite element code
for the analysis of river embankments tbe soft soilsn the lowlands of Holland.This

was an initiative of the Dutch Department of Public Works &Wdter Managementts
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development began at the Technical University of Delft987. Eventually, the code was
upgraded to incorporateost other areas of geotechnical engineeringl998, the first
PLAXIS version for Windows was releaseDevelopment ofa 3D version was also

underway and in 2001, the PLAX3D Tunnel program was released

Nondinear finite elementomputations are time consuming, and for people who are not
numerical specialists, they are extremely difficult. The original purpose oK. #as to
provide a analyticaltool for practicing geotechnical engineers who are not confident with
numerical analysis. Asimple graphical input procedure enablguick generation of
complex finite element modelsThis coupled withrobust and theoretitg sound

computational procedures allowed the designers to achieve their intentions.

The PLAXIS code and its soil models have been developed to perform calculations of
realistic geotechnical problems. However, using the finite element method to simulate
geotechnical problems involves some expected numerical and modelling errors. Care and
expertise should be should be exercised when simulating geotechnical problems.
Understanding the soil models and their limitations is of great importance when assessing

the accuracynd reliability of the simulation.

PLAXIS version 8 has a variety of soil models available to simulate soil behaVioair.
Mohr-Coulomb model is considered a “first order” approximation for soil or rock
behaviour.The MohrCoulomb model is a relatively quick and simple first analyEigs

model is recommended for use when soil parameters are not known with great certainty or

when there is limited soil data available.
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2.10 Concluding Remarks
As shown, considerablesearch has been done on soil improvement of soft compressible

clay using both cement and lime additidesth in regard to material properties and
practical application. This thesis intends to fill a research gap by comparing improvement
with both cement and lime additives withgeed to improvement in the soil strength
properties, the effect of curing time and additive content in both Bangkok clays as well as

clays from the South East Queensland region.

Further, this research will have an emphasis on chemical treated soft itlay South
East Queenslandsing numerical approaches which has not been examined by others to

date.

This thesis also undertakes a Finite Element Analysis parametric study of the behaviour of
improved soil columns stabilised with cement and lime beneath embankment loads on a

typical South East Queensland subsurface profile.

A further analytical parametric study is also undertaken of shallow stabilisation of typical

subgrade improvement of Holocenic estuarine deposits in the South East Queensland

region.
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Chapter 3 Methodology

3.1 Introduction

To achieve the objective of evaluation the suitability of use of soil cement and soil lime
columns and shallow mixed clay soils in the South East Queenggimh, it is intended

to undertake a systematic proceduseng the following steps:

x Evaluation of properties of stabilised compressible clay soils from the South East

Queenslandegion through a laboratory testing program

x Comparison of cement and lime stabilised soils based on a triaxial testing program

undert&en at the Asian Institute of Technology

x Determination of the properties of stabilised compressible clay soils based on both

of the above activities

X Numerical modelling of a typical soil profile using soil columns with both

stabilising agents under embardm load

x Analysis of stabilised subgrade using cement and lime as the stabilising agent.

Software will be developed for this analysis procedure
3.2 Laboratory Testing Program

3.2.1 South East Queensland Material Testing

Bulk samples of typicabouth EasQueenslanatlay obtained from a site adjacent to the
Gold Coast Highway at Helensvale form the basis of the local laboratory testing program
A unconfined compressive strength and oedometer testing program has been undertaken to

compare the behaviour of local stabilised soils to those from the Bangkok region. Testing
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was undertaken over a range of additive contents and curing Tilmesesting program is
presented in Tableés1and 3.2below. It was decided that testing would not performed on
samples with a 2 week curing period, in some cases as this curing period was not

indicative a practical application.

Table 3.1 — South East QueenslandCS Testing Program

Cement Curing Time
Content 1 Week | 2Weeks| 4 Weeks | 8 Weeks
5% X X X
10% X X X
15% X X X
Lime Curing Time
Content 1 Week | 2Weeks| 4 Weeks | 8 Weeks
5% X X X X
10% X X X X
15% X X X X
Curing
Cement Bentonite Time
Content Content | 1 Week | 4 Weeks | 8 Weeks
5% 2.50% X X X
5% X X X
7.50% X X X
10% 2.50% X X X
5% X X X
7.50% X X X
15% 2.50% X X X
5% X X X
7.50% X X X
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Table 3.2 — South East Queenslan@ED Testing Program

Cement Curing Time
4
Content| 1 Week | 2 Weeks | Weeks
5% X X
10% X X
15% X X
Curing
Cement| Bentonite | Time
4
Content| Content | 1 Week | Weeks
5% 2.50% X X
5% X X
7.50% X X
10% 2.50% X X
5% X X
7.50% X X
15% 2.50% X X
5% X X
7.50% X X

3.2.2 Bangkok Material Testing

A comprehensive testing program has also been undertaken under the supervision of
Professor A.S. Blasubramaniam at thasian Institute of Technology (Uddin, 1995;
Buensuces01990).Both of these researchers completed similar testing programs in their
PhD research, with the principles difference being the study of cement treated clay by
Uddin and limetreated clay byBuensucesoTher testing programincluded Unconfined
Compressive Strength, Oedometer and both CIU and CID Triaxial testing. The results
have been provided by Professor Balasubramaniam for use in this thesis. Parametric data
will be obtaned from both of these sources where possible for the modelling and analysis
stages of this study. Where testing limitaqorohibit the use of laboratory results,
parameters will be established using published correlafidresfull testing programs are

presented in Tables 3.3 88 below Again, several curing periods and additive contents
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were omitted (See Tables 3.4m 3.6, 3.7 and 3.8) as the curing periods involved were not

indicative of practical industry application.

Table 3.3 — Bangkok Cement Treated Clay UCS Testing ProgramUddin (1995)

Cement Curing Time

Content 1 Week | 4 Weeks| 12 Weeks| 24 Weeks
5% X X X X
10% X X X X
15% X X X X
20% X X X X
25% X X X X
30% X X X X
35% X X X X
40% X X X X

Table 3.4 — Bangkok Lime Treated Clay UG Testing Program, Buensuces(990)

Lime Curing Time
Content 1 Week | 2Weeks| 4 Weeks | 8 Weeks| 12 Weeks| 24 Weeks

2.5% X X X X

5% X X X X X X
7.5% X X X X

10% X X X X X X
12.5% X X X X

15% X X X X X X

Table 3.5 — Bangkok Cement Treated Clay OED Testing Program, Uddin (1995)

Cement Curing Time

Content 4 Weeks | 8 Weeks
5% X X
10% X X
15% X X
20% X X
25% X X
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Lime Curing Time
Content 4 Weeks | 8 Weeks| 12 Weeks| 24 Weeks
2.5% X
5% X X X X
7.5% X X
10% X X X X
12.5% X

Table 3.7 — Bangkok Treated Clay CIU Testing Program,

Uddin (1995) Buensuces@1990)

Cement Po Curing Time Lime Curing Time
4 8 4 8
Content Weeks | Weelks | Content| Weeks | Weeks
5% 50 X X 5% X X
100 X
150
200 X X X X
400 X X X
600 X X X X
7.5% 50 X X 7.5% X X
100 X
150
200 X X X X
400 X X X
600 X X X
2000 X X
10% 50 X X 10% X X
100 X X
150
200 X X X X
400 X X X X
600 X X X X
2000 X X
15% 50 X X 15% X
100 X
150
200 X X X
400 X X
600 X X
2000 X X

Table 3.6 — Bangkok Lime Treated Clay OED Testing Program, Buensuce$t990)
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Table 3.8 — Bangkok Treated Clay CID Testing Program,
Uddin (1995) Buensuces§1990)

Cement Po Curing Time Lime Curing Time
4 8 4 8
Content Weeks | Weeks | Content| Weeks | Weeks
5% 50 X X 5% X X
100
150 X
200 X
400 X X
600 X X X X
7.5% 50 X X 7.5% X X
100
150 X
200 X
400 X X
600 X X X
10% 50 X X 10% X X
100 X X
150 X
200 X X X
400 X X X X
600 X X X X
15% 50 X X 15%
100 X X
150
200 X X
400 X X
600

Based on the above information, a set of soil strength parameters have been developed for

use in the analysis section of this thesis.

3.2.2 Material Properties

To provide a baseline of the properties of the materials from the two locations, a summary

of the particle size and index properties is presented in Table 3.9 below.
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Table 3.9 — Comparison of Particle Size and Index Properties

Bangkok S.E. Qld

Clay Clay
Sand Cotent 3% 57%
Clay Content 69% 35%
Silt Content 28% 8%
Liquid Limit 103% 100%
Plastic Limit 43% 35%
Plasticity Index 60% 65%
Moisture
Content 75.3% 98.0%
Liquidity Index 0.62 0.96
Activity 0.87 2.64

3.3 Numerical Modelling

A numerical study of thause of deep mixed soil columns on a typical South East
Queenslandsoil profile will be undertaken using Plaxis Versior?2 D. Plaxis is a
commercially available finite element package for use in the geotechnical field.
principally design for the ssessment of deformation and stability in soils. There are
several models available in the Plaxis package. The Mohr Coulomb model is
recommended for use where soil properties are not exactly known. The Mohr Coulomb
model is alsaconsidered to be a firstaer approximation for soil behaviour, hence it is
considered suitable for this proje&oil strength parameters will be varied in accordance
with the preceding sectiong/here possible the parameters will be derived from the test
results. If not possiblehey will be approximated from published relationships. A range of
models will be established with varying column diameters and centre to centre spacings to

evaluate settlement due to consolidation.

3.4 Shallow TreatmentAnalysis

To allow pavement analysi software will be developed using the linear elastic analysis

methods as set out in Poulos and Davis (1974). The software will be verified against the
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commercially availableelastic analysis package Circly 4.1. Circly is a widely used
mechanistic paveméranalysis tool which ties in to the Austroads Pavement Design
Manual 2004. The principle difference between the developed software and Circly has
been found to be the anisotropic ability of Circly. Suitability of the developed softarare

this thesis will be evaluated by comparison. The typical problematic subgrade soil profile
in the southern Gold Coast and Northern New South Wales region consists of a layer of
soft compressible clay of 0.5 metres in depth at or near to subgrade level. As such the
parametric study undertaken consists of stabilised clay subgrade at varying additive
contents and curing times overlain by unbound flexible pavement materials at depths
ranging from 250 mm to 550 mm. Vertical strain is established at subgrade level and then
allowable repetitions of Equivalent standard Axles is determined based on the calculated

strain. The suitability of the method will then be established.

3.5 Concluding Remarks

The methodology outlined above will allow the aim of this thesis to be achieves. Thi
includes comparison of the behaviour of both cement and lime treated clay soils with
regard to both settlement and strength characteristics. During the comparison process, a set
of parameters will be established, suitable for use the later analyseseatithe thesis

which will undertake case studies on typi@&buth East Queenslarglbsurface soil
profiles. The performance of the lime and cement treated soil will then be evaluated in
South East Queenslargdndition and recommendations will be madetlom suitability of

the processes in this area. The methodology to be adopted is shown in Figure 3.1 below:
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Figure 3.1 —Methodology Flow Chart
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Chapter 4 —Unconfined Compressive Strength Results

4.1 Experimental Program

4.1.1 Unconfined Compressivetg&ngth Tests

The Unconfined Compressive Strength (UCS) test is one of the most common of
laboratory tests employed to give an approximation of the shear strength ofesladiédis

soils. The test is relatively quick and can provide information regarding trends towards
ultimate strength with respect to stabilgg agent content and curing times as well as
optimum stabilisng agent contents. The UCS test is used to form the basis of the
experimental program of this study as well as a tool in planning the more extensive testing
to follow. All UCS testing within this study was performed within the guidelines

developed by Lambe (1951) and the subsequent test method ASTIGR166-

The use of the UCS test does however have severe limitations with respect tongnodell
the behaviour of stabiksl clay soils. The principal shortcoming of the use of the UCS test

is the lack of confining or lateral stress exerted on the soil element insitu. This confining
stress results from the weight of the surrounding soil beingeskéaterally on the soil
element. (ie. 3v= 0). The use of the UCS test also removes the ability to control the
internal structure of the soil specimen, such as the degree of saturation. It also does not
allow the monitoring of the internal stress within the soil mass, such as pore pressure, that

limit the test to the total stress condition only.
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4.1.2 Test Equipment

The UCS tests for this study were performed on a 10 ton load frame manufactured by
Associated Instrument Manufacturers (India) Pty Ltd. The load frame is atypical UCS
frame employed internationally with a rate of strain control to ensure correct uniform
strain speed. The rate of strain of the machine was calibrated both in the free condition as

well as under load to ensure compliance with the test method.

The machine uses an overhead proving ring (several rings of varying strength and
accuracy were employed depending on the anticipated soil strength in accordance with the
standard test method). The proving ring was mounted on the overheadbesra and

seated on the top platen of the sample by a ball and socket seating apparatus. The strain
was measured by a calibrated dial gauge (0.01 mm accuracy) attached to external frame to
ensure all measurement were as a result of sample strain and t@thponent of proving

ring deflection included.

All UCS tests were performed at a constant rate of strain of approximately 1% of the

sample length per minute (or 0.76 mm/min).

4.1.3 Sample Preparation and Setp

Sample preparation for the proposed itgstprogram involves a four step process
involving moisture conditioning, addition of cement and lime, specimen preparation and

curing.

The first step in preparation involves the obtaining of a suitable amount of sample to
perform the required tests atetharget moisture content and cement content. The bulk

sample is required to be thoroughly mixed to ensure a homogenous moisture condition and
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several moisture content samples are taken. The mean result of the moisture content tests
is taken to represente moisture condition of the entire sample. If required, the moisture
condition can be bought into line with the target moisture content by the addition of water.
The sample is then required to be thoroughly mixed using a mechanical mixer. Further
moisturecontent samples taken to ensure the target moisture content has been achieved
and the sample is sealed in multi layered plastic bags for a period of at least 48 hours for
curing. On completion of the curing period the sample can be considered as raady for

addition of the stabilising cement.

To ensure that limitation of the degree of hydration allowed to occur prior to casting of
specimens, it is required to prepare the cement stabilised samples on a sample by sample
basis. This requires the removalao$uitable amount of material from the bulk sample for

the purpose of casting a sample. The amount of cement required for the specimen is
calculated on a percentage by dry weight basis and is mixed with water to achieve a
WaterCement ration of 0.5. Theapte is then thoroughly mixed with the specimen
material to ensure a uniform homogenous mixture. It has been shown that thorough mixing
using gloved hands can produce a suitable result in one to two minutes of hand mixing

(Buensuceso, 1990).

Immediately #er mixing of the cement paste the proposed specimen is cast in a steel

mould to produce a sample 100 mm. in length and 50 mm. in diameter. The amount of soll
/ cement mixture required to produce a target bulk density is measured and split into three
sectons each layer is compacted to fill a measured volume. As each subsequent layer is

placed the interface is achieved by ramming with a 10 mm rod to inhibit delamination of
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the layers. On completion of the moulding operation, the specimen is weighed, recorded

and prepared for curing.

The sample prepared as in the previous paragraph is then wrapped in several layers of
plastic wrap and finally coated in mait@araffin wax to ensure that there is no moisture
ingress or egress during the curing process. &aked and identified sample is then stored

in a 100% humidity cupboard at 22 degrees centigrade for the target curing period.

By using a sample preparation mould of the correct size for triaxial testing, the necessity
for disturbance through tube sampliagd or sample extrusion are eliminated. Using this

method sample preparation, the membrane can be placed in the mould under a slight
vacuum, thus further reducing the potential disturbance of the sample. Sample face

parallelism can also be controlled ensg valid results in the triaxial frame.

Also, sample bulk density and moisture content can be accurately controlled to achieve

uniform test specimens allowing valid sample comparison.

The procedure involved in sample preparation is presented in Figure 4.1 below:
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Figure 4.1 —Sample Preparation Procedure

4.1.4 Testing Procedures

When ready for testing the relevant specimens were placed in the UCS load frame and the
bottom platen was adjusted so that the top platen was just in contact with the praying
Contact was confirmed by the initial deflection on the proving ring dial. Once the
specimen was positioned, the proving ring and strain measurement dial gauges were set to

zero and a controlled rate of strain 1% per minute was applied.

Under load,readings of the proving ring and strain measurement dial gauge were taken
and recorded at strains of 0.1 mm (10 divisions) up to 1 mm and then at 0.25 mm (25
divisions) after that. Loading was continued past the yield of the specimen, when the
specimen was unloaded. A sketch was made of the specimen with special regard to the

failure plane and its orientation to the horizontal.

The specimens were then weighed and placed in a drying oven 2LQ@bto be dried to

a constant mass. This allowed determarabf the moisture content at test conditions.



4.2 Mechanical Properties of Treated Clays

4.2.1 Unconfined Compression Tests — Base Clay

A series a unconfined compressive strength tests were performed on remoulded specimens
of the base clajrom both Bangkok Clays by Uddin (1995) and South East Queensland
soft clay soils as described in the literature reviewamples of the test results from

samples from both locations immediately after castingpegsented in Figure 4.2 below

UCS Tests- Untreaed

40 —

30 —

Axial Stress, q (kPa)
3
\

O Base Clay Bangkok Clay (1)
10 — £ O Base Clay Bangkok Clay (2)
A Base Clay - South East Qld. Clay

\ \ \ \
0 2 4 6 8
Strain, H(%)

Figure 4.2 —Untreated Clay Unconfined Compressive Strength Results
The Bangkok Claysamples displayed an unconfined compressive strengtlof(§3 kPa
and a failure strain of 4.4%. Additional tests were carried out on untreated samples at 1
and 3 months curing time. Resutib 33.7 and 34.2 kPa respectively were obtained on
these cured samples, showing that time plays an insignificant effect on, tfette

untreated sample$he unconfined compressive strength test performed on theSbate
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East Queenslanday revealed an unconfined compressive strength of 22 kPa at a failure

strain of 4%.

Failure planes of 4to 50 do the horizontal were noted from the test resintism both
locations The mode of failure was also noted being in shear. It was found that the applied
stress reached a peak then gradual decreasing residual stress was noted as straining

continued.

4.2.2 Unconfined Compression Tests —TreatdgBiangkok Specimens

Unconfined compressive strength tests were employed in this study to measure the effect
of additive content on the hardening effect and resulting increase in strength, strength
development, strain and modulus. The unconfined compressive strength test results forms

the basis of the laboratory testing program that this study is based upon.

For the cement additive, a series of specimens were prepared with cement contents ranging
from5% to as high as 40% with curing times ranging from 1 week to 6 months. Cement
contents of 5, 7.5, 10, 12.5, 15, 20, 25, 30, 35 and 40% were employed in this
investigation wih curing times of 1, 2, 3, 4, 6, 8, 12, 16 and 24 weeks forming the basis of

this section of the study.

The results of the unconfined compressive strength tests are presented below in Tables 4.1

and 4.2



The observed results show that the specimensasgecein strength with an increase in
bothlime content and curing time. The stress / strain curves generally increase to the peak
with the gradient of the increase in strength, increasing lime content. At the peak, the

curves then show a decrease in residtrength with further application of strain.

Generally the modes of failure may be characterized and belonging to one of three
characteristics, brittle, quabrittle and ductile types. Generally a ductile failure mode was
observed for low lime contents (eg 2.5%) and short curing times (eg 1 week). Samples
with higher lime contents and longer curing periods were found to displée failure

modes (characterised by higher sharper peaks at lower failure strains and abrupt decrease
past the peak strgs

Table 4.1 — Unconfined Compressive Strength Results — Treated Bangkok Clay
Cement Treated Bangkok Cla

5% 7.50% 10% 12% 15%
Curing Qu Qu Qu Qu Qu
Time (kPa) | & (kPa) & (kPa) | & (kPa) | & (kPa) &
1 Week 340 (19| 1112 | 3.8| 189.4 | 3.2| 2745 | 2.8| 316.2 3.0

4 Weeks 503 |4.0| 148.6 | 3.8| 303.8 | 2.6| 402.2 | 25| 518.0 2.0
12 Weeks 644 | 22| 1822 |2.0]| 4350 | 1.7| 593.3|1.7| 813.3 1.8
24 Weeks 769 | 20| 2028 | 1.8] 517.5| 1.7| 697.0] 1.2| 941.8 15

Lime Treated Bangkol

Clay
5% 7.50% 10% 12% 15%
Curing Qu Qu Qu Qu Qu
Time (kPa) | & (kPa) & (kPa) | & (kPa) | & (kPa) &
1 Week 709 | 3.1| 739 |35| 924 | 43| 983 |46 117.1 4.9

4 Weeks 1456 | 39| 1230 | 35| 1136 |39 1206 | 3.7| 1414 4.1
12 Weeks 2156 | 2.0| 5678 | 2.3|1021.6| 2.0
24 Weeks 2149 | 21| 817.3 | 2.0| 1422.2| 2.0
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Table 4.2 — Unconfined Compressive Strength Results — South East Queensland Clay
Cement Treate8outh East Queenslaiday

5% 10% 15%
Curing Time qu(kPa) | & qu(kPa) | & du (kPa) &
1 Week 132.4 0.8 169.7 1.2 215.5 1.2
4 Weeks 295.8 2 330.4 1.8 383.5 2
8 Weeks 372 1.2 404.2 1.2 445.9 1.2

Lime TreatedSouth East Queenslaiiay

5% 10% 15%
Curing Time du(kPa) | & du(kPa) | & du (kPa) &
1 Week 158.9 1.4 183.4 1.9 198.9 2.8
2 Weeks 140.4 0.8 220.9 2 367.3 2.6
4 Weeks 145.9 1.2 281.8 1.5 375.3 1.8
4 Weeks 157.9 1.6 270.3 1.4 400.2 1.2

4.2.2.1 Stress / Strain Relationships Eementand Lime Treated
Bangkok Clay Specinmens

Examples of the results of the unconfined compressive strength testing performed on the
cementand lime treated clays at 10% cement content are presented in Figure 4.3. The
observed results show that the specimens increased in strength with botre additent

and curing time. The stress / strain curves generally increase to the peak with the gradient
of the increase in strength, increasing cement content. At the peak, the curves then show

an abrupt decrease in residual strength with further application of strain.

For the lime additive, a series of specimens of Bangkok Clay were prepared with lime
contents ranging from 2.5% to as high as 15% with curing times ranging from 1 week to 6

months. Lime contents of 2.5, 5, 7.5, 10, 12.5 and 15 were emgloyeid investigation

111



with curing times of 1, 2, 4, 8, 12, 18 and 24 weeks forming the basis of this section of the
study. The results of the Bangkok cememnt and lime treated specimens is presented in

Figure 4.3 below:

Figure 4.3 —Treated Clay Uncorfined Compressive Strength Results 10% Additive

Generally the modes of failure may be characterized and belonging to one of three
characteristics, brittle, quabrittle and ductile types. Generally a ductile failure mode was
observed for low cement contents (5%) and short curing times (1 week). Samples with
higher cement contents and longer curing periods were found to display brittle failure
modes (characterized by higher sharper peaks at lower failure strains and abrupt decrease

past the peak stress).
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A further set of specimens were prepared of South East Queergdégnavith lime
contents from 5 to 15% and curing periods of 1, 2, 4 and 6 weeks. The results are

presented in Figure 4.4 below.

500 — A 5% Lime 1 Week

® 10% Lime 1 Weekg
| B 15% Lime 1 Weeks
4 5% Lime 2 Weeks
+ 10% Lime 2 Weeks
* 15% Lime 2 Weeks
A 5% Lime 4 Weeks
O 10% Lime 4 Weekg
0O 15% Lime 4 Weeks
<& 5% Lime 6 Weeks
% 10% Lime 6 Weeks

* 15% Lime 6 Weekg
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Figure 44 —Unconfined Compressive Strength Results EHm e Treated South East
QueenslandClay

4.2.2.2 Stress / Strain Relationships — Cement Treated South East Queensland Clay

Specimens

Examples of the results of the unconfined compressive strength testing performed on the
cement treated South East Queenslalags at 10% cement content are presented in
Figures 4.5 and 4.6below. For comparative purposes, theuhssof the UCS tests on the

Bargkok Clays are also included in these figures.
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Unconfined Compressive Strength, Q, (kPa)
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Figure 45 —Comparison of Unconfined Compressive Strength with respect to

Unconfined Compressive Strength, Q, (kPa)
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Figure 4.6 —Comparison of Unconfined Compressive Strength with respect to

Curing Time
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The observed results show that the specimens increased in strength with both cement
content and curing time. The stress / strain curves géneratease to the peak with the
gradient of the increase in strength, increasing cement content. At the peak, the curves

then show an abrupt decrease in residual strength with further application of strain.

The general trend in the failure mechanism rbaydescribed as a more ductile failure
mechanism at lower cement contents and curing time with a more brittle failure

mechanism being exhibited at both higher cement contents and longer curing durations

As identified in Figures 4.5 and 4.6etresults o the lime treated specimens also showed
thatthe specimens increased in strength with both lime content and curing time. The stress
/ strain curves generally increase to the peak with the gradient of the increase in strength,
increasing lime content. Ahé peak, the curves then show a decrease in residual strength

with further application of strain.

Generally the modes of failure may be characterized and belonging to one of three
characteristics, brittle, quabrittle and ductile types. Generally a tilecfailure mode was
observed for low lime contents2(5%) and short curing times (1 week). Samples with
higher lime contents and longer curing periods were found to display brittle failure modes
(characterized by higher sharper peaks at lower failuaenstand abrupt decrease past the

peak stress).
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4.2.2.3 Strength Development Index

The strength development index (SDI) is a measurement of the effect of theistabilis
agent and curing time. It is a measure of the increase in strength resultingdtfibivea
content and curing time. The SBIdefined by:

Stabilised), Initialq, (4.1)
Initialq,

SDI

Where
Stabilisedg = the unconfined compressive strength of the treated and cured specimen

Initialqu = the unconfined strength of the untreated specimen

The strendt development indices for cement treated samples are presented in Figure 4.
and 4.8below which display the indices with respect to both additeatent and curing

time.

50 —

A Cement Bamgkok Clay 1 Week
— A Lime Bangkok Clay 1 Week
Cement S. E. Qld. Clay 1 Wee
O Cement Bangkok Clay 4 Weeks
O Lime Bangkok Clay 4 Weeks
Cement S.E. QId Clat 4 Weeks
- 0O Cement Bangkok Clay 8 Weeks
O Lime Bangkok Clay 12 Weeks
Cement S. E. (gd. Clay 8 Wee|

40 —

wn

20 —

Strength Development Index, SDI

10 —

Additive Content (%)

Figure 4.7 —Comparison of Strength Development Index with respect to Additive
Content
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Figure 4.8 —Comparison of Strength Development Index with respect to Curing
Time
These data show that the effect of low cement contents and low curing times have minimal
effect on the development of strength in the cement treated samples wieliéettteof

curingincreases substantially with both cement content and time.

4.2.2.4 Effect of Cement Content and Curing Time on Hardening Potential

The effect of additiveontent and curin@€an be see in all stress / strain curves presented

in figures.. he development of strength is shown again to be minimal at lower cement
contents (5%) and shorter curing times (1 Week). The increase in strength can however be
noted to increase at an almost linear rate from 10 to 25% cement content where the rate of
increase (gradient) decreases substantially again at an almost linear rate to an
approximately steady state towards the maximum curing time and cement content of this

study.



This effect is summarized in Figuréddelowwhere the strength development regions are
broken up into three distinct zones, the inactive zone (up to 5% cement content), the active
zone (10 to 25% (cement content) and the Quasi Inert Zone (greater than 25% cement

content) The method of presentation is after Uddin (1995)
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Figure 49 —Comparison of Influence of Additives on Unconfined Compressive
Strength

The effect of curing time on unconfined compressive strength is summarized in Figure 4.9.
Generally in the Bangkok Clay specimerat, lower additive contents there is minimal
effecton curing time with ultimate strength (SectiogiA Figure 4.9 aboJehowever at
higher cement contents a two staged strength development can be seen with an active zone
up to 10 weeks (Section: Figure 4.9 aboe Beyond 30% cement contethe rate 6
strength development decreases to an almost steady state at the maximum curing time of

this study (Section {n Figure 4.9 above
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The effect of curing time on strength development on the South East Queersjsncan

be see to be relatively lineaver the curing period covered by this study. There appears to
be a faster intial strength development in the South East Queesglacichens with the
unconfined compressive strengths at 1 week curing being much higher than that obtained
in the Bangkok Clays. The rate of hardening however continues at a gradient similar to

that of the 5% treated Bangkok Clay Specimens.

4.2.2.5 Optimum Cement Content and Curing Time

It can be seen that the optimum cement content can be considered in the 15 to 20% range.
An industrial typical value of 10% is more common in general use however the result of
this study reveal that a cement content of 15 to 20% would be optimum for strength
development. Similarly the results of the laboratory testing of this study reveal that the
most effective curing time for strength development occurs in the region of 5 to 10 weeks.
The strength development rate (gradient) is highest in this region of the testing program at

cement contents typical of commercial applications.

4.2.2.6 Influence of Unconfined Compressive Strength on Failure Strain

The influence of unconfined compressive strength ¢ failure strain (Hfor cement
treated samples is presented in Fig@td®and 4.11. It can be clearly seen fromgufe
4.10that specimens with higher curing times display a considerably lower failure strain
than those with relatively shorter curing times (eg 1 week). This would indicate a far
brittle failure mechanism is introduced as curing time increases, and conversely a more

ductile failure nechanism is prevalent at shorter curing periods.



Figure 4.10- Influence of Curing Time of Cement Stabilied Specimens on Failure
Strain

Figure 4.11- Influence of Cement Content on Failure Strain

An obvious decreasing trend is represented by theepldinear relationship. lifrigure
4.10the mean failure strain at each curing period is plotted. The errors bars represent the
variation in cement content at each curing period. In summary the higher error bar

represents the lower cement content and dlaeedl bar, the higher cement content. This
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figure clearly shows the trend towards brittle failure with curing time. A similar

relationship exists with respect to cement content as shown in Figdrbeldlv:

5 —

Failure Strain, € (%)

0
\ \ \ \ \

0 5 10 15 20 25
Curing Time, t (Weeks)

Figure 4.12— Comparison of Relationship Betwese g, and Hfor Different Additives

The effect of curing time on failure strain is compared, in Figure férlRoth cement and
lime treated Bangkok clays specimensdn be seen that a more brittle failure mechanism
is found in cement treated specimens resgltn a lower failure strain at a given curing

time.

4.2.2.7 Effects on Secant Modulus

Cementstabilised soils display obvious elagptastic behaviour with a substantial elastic
component. By examination of primary stress strain curves it can be seen that modulus
changes incrementally with strain. Thus the secant modulus presents a better indication of
elastic modulus of the material. Thus the secant modulgs)Bas been employed in this

study.
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The relationship between gnd secant modulus is pested in Figure 4.13 below

Bangkok Clay

Cement Modulus Trend
Y =0.6887 * X - 49.104
R-squared = 0.926542

800 — | 4 Cement 1 Week
A Lime 1 Week
S. E. Qld. Clay 1 Week
O Cement 4 Weeks
O Lime 4 Weeks
S. E. Qld. Clay 4 Weeks
O Cement 12 Weeks
600 71 | 5 Lime 12 weeks ¢
S. E. Qld. Clay § Weeks

= s
g s
ur
g
3 400 —
8 .
g Bangkok Clay
(% - 4 Lime Modulus Trend

Y =0.5267 * X - 27.5248
R-squared = 0.996922

200 —

0 400 800 1200 1600

Unconfined Compressive Serngth, g, (kPa)
Figure 4.13— Comparison of Relationship Between gand Secant Modulus § for
Different Additives
The secant modulus at eaghthe additive contens are plotted against the unconfined
compressive strength at the reletvvaaring periodsThe results for the treated Bangkok
Clay specimens show a relatively good linear relationship betweandjksey For the

cement specimens, the linear relationship can be presenigdhry linear relationship:

E.so 0689%q, 491 (4.2)

The linear relationship displays a coefficient of correlatiénai0.93.

The Lime treated specimens can be presented the linear relationship
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E,o 052677q, 275428 (4.3)

The linear relationship displays a coefficient of correlationar0.99.

The results for the treated South East QueensTdag specimens show a more scattered

correlation, fitting to the linear relationship of :

E,o 0628%q, 36586 (4.4)

The linear relationship displays a coefficient of correlation ¢f 0.59 indicating a

reasonable relationship..

4.2.2.8 Effect of Bentonite Addition on South East Queensland Clays

It is common practice in South East Queensi@nddd small percentages of bentonite to
slurry mixes for both deep and shallow mixing purposes. The bentonite is added to
improve workability and pumping characteristics of the slurry. For this purpose, a series of
Unconfined Compressive Strength Tests were performed on specimens of South East
QueenslandClay to evaluate the effect of the additiorbehtonite on the shear strength of

the treated specimens.

The results of a series of Unconfined Compressive Strength tests with cement contents

ranging from 5 to 15% and bentonite contents from 2.5 to 7.5% are presented in Figures

4.13 to 4.21 inclusive.
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Figure 4.14— Stress / Strain Relationship for 2.5% Bentonite and 5% Cement
Treated Clay— South East Queensland Clays
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Figure 4.15— Stress / Strain Relationship for 5% Bentonite and 5% Cement Treated
Clay— South East Queensland Clays
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Figure 4.16— Stress / Strain Relationshidor 7.5% Bentonite and 5% Cement

Treated Clay— South East Queensland Clays
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Figure 4.17— Stress / Strain Relationship for 2.5% Bentonite and 10% Cement

Treated Clay— South East Queensland Clays
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Figure 4.18— Stress / Strain Relationship for 5% Bentonite and 10% Cement
Treated Clay— South East Queensland Clays
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Figure 4.19— Stress / Strain Relationship for 5% Bentonite and 18 Cement
Treated Clay— South East Queensland Clays
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Figure 4.20— Stress / Strain Relationship for 2.5% Bentonite and 15% Cement
Treated Clay— South East Queensland Clays
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Figure 421 — Stress / Strain Relationship for 5% Bentonite and 15% Cement
Treated Clay— South East Queensland Clays
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Figure 4.22— Stress / Strain Relationshidor 7.55% Bentonite and 15% Cement
Treated Clay— South East Queensland Clays
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Figure 4.23— Unconfined Compressive Strength / Curing Time Relationship for
Bentonite and Cement Treated Clay South East Queensland Clays
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In Figure 4.23the unconfinedcompressive strength is presented as a function of curing
time. By reference to this figure, it can been that at given cement contents there is a
decrease in unconfined compressive strength with an increase in bentonite content. This
reduction in strength ranges from 11% at the lower cement content of 5% up to 39% at

15% cement content.

Further the strain at failure was compared with curing time for 15% cement content and

the results are presented in Figureddb2low.

1.8 —

A 15% Cement 2.5% Bentonite
® 15% Cement 5% Bentonite
B 15% Cement 7.5% Bentonit]

1.6 —

1.4 —

1.2 —

Axial Strain at Failure, H(%)

0.8

Curing Time (Weels)
Figure 4.24— Axial Strain at Failure / Curing Time Relationship for Bentonite and
Cement Treated Clay- South East Queensland Clays
It was noted that as bentonite content increased, the strain at failure also increased with an
increase in unconfined compressive strength with cutimg. This in contrary to the
specimens treated with cement only, where it was found that the strain at failure decreased
with an increase in unconfined compressive strength and curing time. It can also be noted

by reference to Figures 4.18 4.24that ageneral decrease in the gradient of the stress /
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strain curve beyond failure occurs as bentonite content is increased. This would indicate
that the addition of bentonite to a soil / cement mixture will result in a more ductile failure
mechanism when compared to a specimen treated with cement Bheneesults of the

UCS tests on the bentonite treated clay are presented in Table 4.3 below

Table 4.3 — Unconfined Compressive Strength Results — Bentonite Treated Clay

Cement Content | Bentonite Content | CUring Time | Quwpa) | H(%)

5% 2.5% 1Week | 106.1| 137
4 Weeks 193.9 1.15
8 Weeks 213.9 1.35
5% 1 Week 104.8 0.98
4 Weeks 161.8 1.21
8 Weeks 196.2 1.40

7.5% 1 Week 100.8 1.01
4 Weeks 155.3 1.40
8 Weeks 190.0 1.01

10% 2.5% 1 Week 219.0 | 2098
4 Weeks 285.2 3.51

8 Weeks 343.5 3.00
5% 1 Week 186.6 3.98
4 Weeks 256.8 1.96
8 Weeks 350.1 353

7.5% 1 Week 188.0 3.99
4 Weeks 2155 1.97
8 Weeks 312.2 3.01

15% 2.5% 1Week | 3394| 0.8
4 Weeks 380.1 1.00
8 Weeks 424.9 1.17
5% 1 Week 258.9 1.38
4 Weeks 338.4 1.40
8 Weeks 389.7 1.59

7.5% 1 Week 205.8 1.20
4 Weeks 330.1 1.40
8 Weeks | 378.2| 1.59
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4.2.3 Comparisonof UCS Strength with Different Additives

4.2.3.1 Introduction

To investigatethe effects of the two principal additives that form the basis of this thesis,
each of the sections described above are dealt with comparatively in this section. The
physical properties of the treated base clay are investigated with special regards to the

comparative effects of the additives.

For the purpose of this comparison section of this report, the behaviour of cement treated
specimens is shown with full lines and filled symbols, while behaviour of lime treated

specimens is shown with unfilled symbols and dashed trend lines.

4.2.3.2 Effect of Additive Content and Curing Time on Unconfined Compressive

Strength —Bangkok Clay

The unconfined compressive strengibf both the cement and lime treated specimens is
presented in Figures 26 and 4.26, with espect to additive content and curing time

respectively.
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Figure 4.25— Comparison of Unconfined Compressive Strength with Respect to
Additive Content — Bangkok Clay

Figure 4.26— Comparison of Unconfined Compressive Strength with Respect to
Curing Tim e — Bangkok Clay

By reference to Figure 4.26can be seen that at shorter curing times (1 to 4 weeks), the
strength development of the lime treated specimens falls well below the strength

development of the cement treated samples. However between 4 and 12 weeks the strength
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development of the lime treated samples drastically overtakes the behaviour of the cement
treated specimens with markedly higher unconfined compressive strengthseifag

obtained for similar additive contents and curing times.

This behaviour is also reflected in Figure 4.26, where the results are presented in terms of
curing time. The cement treated samples behave in a regular pattern with an increase in
strength with curing time for each of the additive contents. The lime treatagles
however show a marked increase in the rate of development loétggeen 4 and 12

weeks.

The insert shown in Figure 4.26ows a close up of the behaviour of the specimens up to

4 weeks curing. This section of the figure shows the delayed stréeggfopment of the

lime treated specimens up to 4 weeks in curing. This behaviour is a reflection of the
delayed or slower chemical process discussed in the literature review of this document. It
also evident that the initial rate of strength development in the lime treated specimens is
independent of the lime content. The development lines for all lime contents virtually
overlay each other in this first 4 week period, while the cement strength development is
relatively even spaced and regular showingédfiects of an increase in cement content

with curing as would be expected.

This behaviour is also reflemd in terms of the Strength Development Index (SDI) with

respect to both curing time and additive content in Fig@re 4.
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4.2.3.3 Effect of Additive Wntent and Curing Time on Unconfined Compressive

Strength —South East QueenslandClay

A summary of the effect of both curing time and additive content is shown in Figures 4.27

and 4.28 with respect ®outh East Queenslaothys.

By reference to Figure 4.27 it can be seen that the total developed strength is substantially
lower for the lime treated specimens at similar curing periods for given additive contents.
In some cases lower unconfined compressive strengths of up to 50% of the values of the

cement treated specimens is obtained in specimens treated with lime.

500 —

A Cement 1 Week
® Cement 4 Week
B Cement 8 Week
A Lime 1 Week
400 — | © Lime 4 Weeks
O Lime 6 Weeks

300 —

200 —

Unconfined Compressve Strength, g, (kPa)
|

100 —

4 6 8 10 12 14 16
Additive Content (%)

Figure 4.27— Comparison of Unconfined Compressive Strength with Respect to
Additive Content — South East Queensland Clay
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200 —
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Figure 4.28— Comparison of Unconfined Compressive Strength with &pect to
Curing Time — South East Queensland Clay
Similar behaviour is noted in Figure 4.2&h overall lower qu values, however it should
be ntoed that the rate of strength gain in lime treated specimens is far greater than the
cement treated specimeathigher additive contents. This behaviour would indicate that
after a longer curing period of 6 to 8 weeks, specimens treated with lime contents of 15%

and above could be expected to achieve higher ultimate unconfined compressive strengths.

4.2.3.4 Effet of Additive Content on Hardening Potential — Bangkok Clay

As discussed previously, the effect of additive content appears to undergo a 3 phase
relationship in the development of hardening potential. The 3 zones described are
described as the Inacti&ections A and A), Active (Sections Band B)and Inert or

Quasi Inert ZonegSections @ and G). For comparison purposes, the three zones are
presented in Figure 4.29r curing perods of 1 and 24 weeks for both lime and cement

additives. This method gdresentation is after Uddin (1995).
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Figure 4.29— Comparison of Influence of Additives on Unconfined Compressive
Strength
By reference to Figure 4.28 can be seen that cement treated specimens undergo a
relatively inactive phase up to approximat@yweeks curing (interpolated), an active
phase from 7 to 30 weeks curing and perform in a relatively quasi inert or greatly

decreased manner past this point.

Similarly lime treated specimens display similar behaviour with an inactive zone up to 3
weeks(interpolated), active zone from 3 to 13 weeks (interpolated) and in aigedsi

manner past this point.

4.2.3.5 Optimum Additive Content and Curing Time — Bangkok Clay

Based on the results of the unconfined compressive strength tests discussed above, i
be seen that the optimum cement content can be considered in the 15 to 20% range.

Similarly the results of the laboratory testing of this study reveal that the most effective
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curing time for strength development occurs in the region of 5 to 10 wHe&strength
development rate (gradient) is highest in this region of the testing program at cement

contents typical of commercial applications.

It can also be seen that the optimum lime content can be considered to be of the order of
10%. Similarly the results of the laboratory testing of this study reveal that the most
effective curing time for strength development occurs in the region of 10 weeks. The
strength development rate (gradient) is highest in this region of the testing program at lime

contentgtypical of commercial applications.

4.2.3.6 Comparison of Influence of Unconfined Compressive Strength on Failure

Strain

For comparative purposes, the effect of the two additives on the failure strain as a

relationship of unconfined compressive strength is presented in Figure 4.11

In Figure 411, the mean failure strain is plotted linearly while the error bars present the
range of failure strains at additive contents ranging from the lowest (the higher error bar)
to highest (the lower error bar). By ee¢énce to Figure 4.1f.can be seen that the cement
treated specimens undergo a more brittle failure mechanism with lower strain values at

failure, while a more ductile failure mechanism is achieved by the lime treated specimens.

4.2.3.7 Comparison of tie Effects the Two Additives on Secarflodulus — Bangkok

Clay

The relationship between unconfined compressive strength and secant modulus is
presenedin Figure 4.13Jor the two additives. For both additives a linear trend is evident,

irrespective of additive content.



Statistical analyses of the two trends reveal correlation coefficiéhtef(0.926 for the
cement trend and 0.996 for the lime treated specimens. These high coefficients reveal
statistical significance of the results and allow the estimatfanodulus by the use of the

linear equations provided previously (Equations 4.1 and 4.2).

4.4 Summary

4.4.1 Unconfined Compressive Strength TestsBangkok Clay

Generally for both additives, the treated clay soils displayed a significant increase in
strength and modulus of elasticity with additive content and curing time. Cement treated
clays were found to increase abruptly to a peakatpyes where brittle failure would occur

with a sharp decrease in axial stress with incremental strain increase.

Lime treated samples showed a delayed increase in ultimate strength up to 1 to 2 months
curing, after which the rate of strength increased markedly overtaking the rate of strength
increase of the cement treated samples. The failure of the lime treated specimens was also
found to be more ductile with higher failure strains at peak stress noted in all Tdases.

point at which the strength development of the lime treated specimens overtakes that of the

cement treated specimens is between 1 and two months.

The result of this study reveal that a cement content of 15 to 20% would be optimum for
strength development. Similarly the results of the laboratory testing of this study reveal
that the most effective curing time for strength development occurs in the region of 5 to 10

weeks.
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The optimum lime content can be considered to be of the order of 10%. Similarly the
results of the laboratory testing of this study reveal that the most effective curing time for

strength development occurs in the region of 10 weeks.

Secant modulus can be successfultydelledat statistical significance as a function of
unconfined compressive strength. The linear relationships are presented in Equations 4.1

(cement) and 4.2 (lime).

4.4.2 Unconfined Compressive Strength TestsSouth Ea$ QueenslandClay

The behaviour of the treated South East Queenslmydspecimens was found to reflect
the behaviour of the treated Bangkok clay specimens however it was noted that little to no
effect was gained by the use of the low lime content of BBese results fall into the

additive inactive zone for lime treated specimens as indicated in Figure 4.9.

The specimens treated with cement showed a strength gain to a peak unconfined
compressive strength with the brittleness of the failure mode incgeasth cement

content.

The specimens treated with lime showed a far less abrupt increase in unconfined
compressive strength and the failure mode appeared to be far more ductile than that of the

cement treated specimens.

The samples treated with cement and bentonite showed that the increase in bentonite for a

given cement content resulted in substantial decrease in ultimate unconfined compressive



strength. These specimens showed a far more ductile failure mechanism than the

specimens treated with cement alone.

Based on these results, the addition of bentonite asdditive to improve workability
should only be employed when a full understanding of its effect on the strength of the soil

/ additive mixture is understood through an experimental program.

Based on the results obtained, relationships have been determined to establish the

Unconfined Compressive Strength of compressible South East Queensland Clay soils. For

cement treated specimens, the following equation may be applied:

Qus=7.29 A + 334.1 (4.5)

where: Juzs = Unconfined Compressive Strength at 28 days

A, = Additive Content %

For lime treated specimens, the following equation may be applied:

Ouzs = 22.9 Ay + 38.67 (4.6)

where: Ouzs = Unconfined Compressive Strength at 28 days

A, = Additive Content %
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4.5 Concluding Remarks

The comparison performed in this chapter, based on the test results, displays the different
behaviour of the specimens prepared with the two additives. The delay in the strength
development of lime spenens when compared to cement specimens was noted. The
failure mechanism was also found to vary between the cement and lime treated specimens.
Cement specimens were found to fail in a far quicker ‘brittle’ mode when compared to
lime treated specimens. Itas also shown that the ductility of the cement treated
specimens may be increase by the addition of bentonite with little loss in unconfined
compressive strength.

Generally the optimal additive content and curing time was evaluated in accordance with
Figure 4.9. The point where the specimens changed from the additive active zone to
additive quasi inertzone was considered an indicator of optimal content. For cement
treated specimens, this was considered to be approximately 30 % cement content, while
for lime treated specimens, the optimal content was considered to be of the order of 14%,
irrespective of curing time.

Preliminary parameters have been derived from the above test results however for input to
the finite element software, additional informatia required. Permeability (k) is a
required input for Plaxis and hence consolidation testing evaluation is required, as

discussed in the following chapter.
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Chapter 5 Consolidation Testing

5.1 Oedometer Tests

The oedometer test is a leddformation test usually performed to measure the
consolidation characteristics of a soil. Settlement is measured as a function of time,
usually under constant stress conditions, allowing determination of consolidation
characteristics due to pore pressure dissipation wiltlgirsoil mass. The conventional test
performed in this study is one dimensional in nature, allowing pressure dissipation through
drainage paths in the vertical direction (up and down) with a maximum drainage path of

half the specimen height.

Through the test results the consolidation characteristics of the soil can be determined. Of
particular interest to this study was the effects of the stalgliegents on the

preconsolidation pressure (or yield stress), coefficient of consolidation and compression
index. Testing was performed within the guidelines presented by Lambe (1951) and the

test method ASM D243570.

5.1.1 Specimen Handling and Preparation

Specimens were prepared as discussed previously within this document. The samples were
removed from the preparation mould and placed in a thin walled consolidation ring of 63.5
mm. diameter. The specimen was then carefully trimmed to the height of the ring (both top
and bottom). The specimens were then wrapped in waxed paper to ensure no moisture loss

and stored for curing where necessary.
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5.1.2 Test Equipment

The oedometer apparatis a thin walled sample retaining ring with top and bottom
porous stones retained in a cast metal bottom sealed cylinder of sufficient depth to ensure
the specimen and porousskis are covered by dared water for the duration of the test.

The base of the cylinder and a the platen placed on the top of the specimen are machined
with groves which allow free access of moisture to the specimen and thus free drained

paths for moistue egress.

The top platen is seated beneath a pivoted loading bar with a ten to one loading ratio and
masses applied to the end of the loading bar as required. A digital proving ring is located
above the loading bar, directly above the specimen, which allows measurement of vertical

displacement

5.1.3 Test Procedure

The specimens were positioned in the testing apparatus as described above and a small
seating load of 7kPa was added to confirm seating errors were removed adequately. A load
increment ratio of 1 was employed as described in the standard test method resulting in
doubling the load for each increment from the previous. Generally the loading commenced
at 12.5 kPa and continued in doubling steps up to 1600Adfastments to the loading

rates and values eve sometimes made. At each load increment, the loading bar was
levelledto ensure consistent test conditions. Each loading continued until in excess of
100% consolidation was achieved, (usually a period of 24 hours was employed). The

degree of condimlation can be determined by the readings obtained.
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Measurements were obtained by data acquisition from the digital dial gauge and recorded
by computer at set time intervals (again usual interval rations of 1 or doubling of time
periods). On completion of the test, the specimen was removed and weighed and placed in
a drying oven at 103410qC to be dried to a constant mass. This allowed determination of

the moisture content at test conditions

5.2 Oedometer Tests- Base Clay Specimens

The compressive bakiour of the base clay material was evaluatgdabseries of
oedometer tests.ypical elog P curve for both the Bangkok and South East Queensland

untreatedclays are presented in Figure 5.1 below
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O Untreated S. E. Qld. Cla)
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-
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\
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Figure 5.1 —e-log P Curves for Untreated Clay

A signficant reduction in the void ratio is noted beyond, Wdicating highly
compressible behaviour of the Bangko&se clay. The variation in initial voids ratio is

also noted between the Bangkok and South East Queersaadclays with the South
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East Queeslandclay displaying a far less compressible behaviour when compared to the

Bangkok clay.

Two swelling cycles were performed on the Bangkake clay samples, at 800kpa back to
400 kPa and at the end of the test from 1600kPa to 50kPa. The swelling cycl&ountthe
East Queenslandase clay was performed from 1600 to 6 kPa. The swelling curves are

observed to be similar and parallel to the initial section of the e, log P curve.

The results of the coefficient of consolidatidd, ) calculation is presented in Figure5.

below.

Figure 5.2 -Untreated Bangkok Clay Coefficient of Consolidation Results

For confirmation purposes, the @lues were calculated using both the square root / time

(Taylor's method) and log time (Cassagrande’s method). Minimal variations between the
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two methods weréound. Typical values of the coefficieat consolidation C,) of 1.5 to

5.8 x 10* cnf/sec may be adopted wherg<W(mand 0.77 to 3.70 wherg, ¥ \{m.

The results of the compression index)(€alculation argresented in Figure 5.3 below

Figure 5.3 -Untreated Bangkok Clay Compression Index Results

A compression index (€ of 0.58 was found for the maximum stress of 1600 kPa. An
overconsolidation ratio of 1.2 was calculated which haen previouslyattribued to
secondary consolidation processes. A swelling indgxqi®.13 was also calculated from

the base clay oedometer results.

5.3 Oedometer Tests €ement Treated Specimens

5.3.1 Oedometer Tests — Effect of Lime and Cement Content on Sample Hardening —

Bangkok Clay

14¢



A series of oedometer tests were performed at varying cement contents and curing times to
evaluate the compressible behaviour of the lime and cement treated clay specimens. The
effects of curing time and additia®ntent were evaluated on the parameters compression

index (G) and compressibility indexCy).

Typicd e - log P curves for 1 and 2 months curing of Bangkok Clays are presented in

Figures 5.4(aand 5.4(bpelow:

2.8 —
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+ Untreated
A 5% Cement
® 10% Cement
W 15% Cement
A 5% Lime
O 10% Lime
0 15% Lime
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Figure 54(a)— Comparison of e- log P Relationship at 1 Month Curing
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Figure 54(b) — Comparison of e log P Relationship at 2 Months Curing

By reference to Figur&.4(a)it can be seen that a 5&aditive content has a relatively
minor effect on the consolidation characteristics when compared to higher additive
contents. The 5% e, log P curve is generally similar in shape to the untreated curve with
slightly higher yield stress and the change in voids ratio higher thais §enerally
parallel to the untreated curve indicating similar consolidation behaviauhigher
additive contents, the gradient of the curves decrease Yashdicating an increase in
hardening and a decrease in consolidation behaviour. This parallel behaviour is implied in

a unique State Boundary Surface.

The increase in hardening in the higher additoantents (>5%) signifies that the
oedometer consolidation, which is basically a shearing behaviour, is a reflection of the
bonded behaviour between the clay particles and the cementitous paste. At higher

pressures, this bonded stored strength is released and-tlhegeP curve approaches

14¢



parallel behaviour to the natural curé@enerally it was found during this study that as
additive content increases, the hardening effect of the cement content also increases. As
cement contents increase, consolidation properties of the treated samples decreased

indicating a gradual reduction of compressibility.

5.3.2 Oedometer Tests — Effect of Cement Content on Sample Hardening — South

East QueenslandClay

Typical e- log P curves of the cement tted South East Queenslasthys are presented

in Figure 55 below:
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B 10% Cement 28 Days

1.6 —

1.4 —

Void Retio, e
[
N

0.8 —|

0.6 I \\\HH‘ I \\\HH‘ I \\\HH‘ I \\\HH‘

1 10 100 1000 10000
Axia Pressue, \| (kP3

Figure 55 —Comparison of e -log P Relationships with 10% Cement — South East
QueenslandClay

By reference to Figure 5ib can be noted that the curves generally behave in a parallel

manner beyond the yield stress again indication similar consolidation behaviour. The
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increase in the hardening of the specimens as a result of the additive content is evident
which clearly shows an increase in the cementitous bonds. Again, as the rdal st
increases beyond the yield stress it d@seen that there is a breakdown in the
cementitous bonding of the clay particles and the consolidation process continues roughly

parallel to the untreated specimen.

This has shown that an increase in cement content will result in a decrease in
compressibility of these clay soils however beyond the yield stress of the material a similar

but slightlyreduced consolidation process can be anticipated to the untreated specimen.

5.3.3 Oedometer Tests — Effect of @eent and Bentonite Content on Sample

Hardening — South East Queensland Clay

Due to use of bentonite addition in Australia as an agent for the improvement of
workability of stabilising slurry, a series of Oedometer tests were also carried out on
specimengreated with 10% cement and a range of bentonite additives from 2.5 to 7.5%
which were cured for 7 and 28 days. Theleg P curves for these oedometer tests are

presented in Figure 5.6.
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A Untreated

® 10% Cement 2.5% Bentonite 7 Day:
B 10% Cement 2.5% Bentonite 28 Days
4 10% Cement 5% Bentonite 7 days

+ 10% Cement 5% Bentonite 28 days
* 10% Cement 7.5% Bentonite 7 day:

* 10% Cement 7.5% Bentonite 28 days
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Figure 5.6 —Comparison of e -log P Relationships with 10% Cemst and Various
Bentonite Contents — South East Queensland Clay
By reference to Figure 5.6, it can be seen that irrespective of bentonite content there is
relatively uniform increase in the yield stress of the specimens to approximately that

achieved by the use of a cement additive alone.

Beyond the yield stress, all the eleg P curves behave is relatively parallel manner
indicating similar consolidative behaviour. However by reference to the curves it can be
seen that samples treated with higher betgarontents display a greater change in voids
ratio to the specimens treated with cement alone. This would indicate that beyond the yield
stress, the addition of bentonite results in a faster breakdown in cementation bonds

resulting in a greater degreemferall consolidation.
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5.3.4 Oedometer Tests — Effect of Curing Time on Sample Hardeningangkok Clay

The effect of curing time on the hardening properties of the treated Baolgioke seen
from reference to Figures 5and 5.8wvhich show the e log P curves for additiveontents

of 5, and 10% respectively.
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Figure 5.7 —Comparison of e -log P Relationships with 5% Additives
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Figure 5.8 —Comparison of e -log P Relationships with 10% Additives

The reduction of compressibility, or increase in hardening, can be seen by the reduction in
the gradients past the yield stresses and the overall reduction in change in voids ratio with
curing time. The parallel behaviour of the samples is also evident as implied by the State

Boundary Surface.

By refeence to Figure 5.7, which represents the behaviour of clays treated with 15%
cement content, it can be seen that the treated clay curves generally reflect the behaviour
of the untreated sample. Again, while the yield stress of the clay treated with 1%¥t cem

is slightly higher than that for the untreated specimen, beyond the yield stress, the curves
are generally parallel with the untreated sample. The variation in compressibility and
consolidation properties does not vary greatly increased curing tinese Tresults
indicate that the lower cement contents are not advantageous in the improving of the

hardening characteristics, or reduction of compressibility and consolidation properties of
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the base clay material$he above phenomenon would represent themical process
involved in the hydration process (ie the formation of the calcium silicates and/or
aluminium hydrates (or dehydratesquires a minimum cement content for complete
hydration with a resulting increase in strength to occur. This is a fugfection of the

lower cement contents not being sufficient to induce the secondary cementitous process as

discussed previously, which form the principal strength producing compounds.

5.3.5 Oedometer Tests — Effect of Curing Time on Sample Hardening of Cement

Treated South East Queensland Clay

The effect of hardening or reduction in compressibility in South East Queertddénd

specimens can be seen by reference to Figare 5.

This figure presents the-dog P curves for the untreated South Eastepskandoase clay

as well as the clay treated with 10% cement at 7 and 28 days curing.

The shape of the eleg P curves shows a reduction in compressibility with curing time
indicating an increase in hardening. This is further highlighted by the ingrieddestress
over the range of curing periodégain the parallel behaviour of the curves is evident as

implied by the State Boundary Surface.

By reference to Figure 5.5 can be seen that there is substantial reduction in the
compressibility of the specimen at the relatively short curing period of 7 days. This is also
reflective of the sharp increase in unconfined compressive strength in these clays as

discussed previously.
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The behaviour as discussed shows a relatively quick production of the calteates
and/or aluminium hydrates (or dehydrates) required for the cementation process to occur
to its full potential and again is an indication of the chemical constituents of these South

East Queenslanday soils.

5.3.6 Oedometer Tests — Effect of Ging Time on Sample Hardening of Cement and

Bentonite Treated South East Queensland Clay

By reference to FigurB.10below it can be seen that the addition of bentonite shows little

to no effect on the hardening of the specimens with respect to curig tim

A Untreated
® 10% Cement 2.5% Bentonite 7 Days
M 10% Cement 2.5% Bentonite 28 Days
& 10% Cement 5% Bentonite 7 days

+ 10% Cement 5% Bentonite 28 days
* 10% Cement 7.5% Bentonite 7 day
* 10% Cement 7.5% Bentonite 28 days

16 —

14 —

12 —

Void Ratio, e
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0.8 —

0.6 I \\\HH‘ I \\\HH‘ I \\\HH‘ I \\\HH‘

1 10 100 1000 1000¢
Axial Pressure, | (kPa)

Figure 5.10— Comparison of e 4og P Relationships with 10% Cement and Various
Bentonite Contents — South East Queensland Clay

Similar yield stresses are achieved at the curing times covered in this study and relatively

similar behaviour is noted in specimens cured for both 7 and 28 days.
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5.3.7 Oedometer Tests — Void Ratio Difference — Axial Pressure Relationship of

Cement Treated Bangkok Clay Samples

Figures5.11 and 5.12present the relationships between the change in void ratio with

respect to axial gssure (e, log ) for 1 and 2 months curing time.
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Figure 5.11— Comparison of 'e -log P Relationships with 5% Additives — 1 Month
Curing
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Figure 5.12— Comparison of 'e -log P Relationships with 15% Additives — 1 Month
Curing

Due to the ceentation process in treated clay samples, treated specimens always start
with a lower void ratio than untreated base clay specimens. As the compressibility of the
treated specimens is also lower than the untreated base clay specimens, the change in void
ratio decreases as the applied stress is increased. Eventually the void ratio difference
becomes zero thereafter the treated clay specimen possesses a greater void ratio than the
untreated clay. As the cemented bonds of the treated specimen break down the
compressibility increases until the relationship ot (¢'log ) becomes parallel to the
normally consolidated line of the untreated clay. This can be described as the normally
compressed response of the treated clay. Thus when the normally compressesk respo

the treated clay is reached, the change in void rdt&@ becomes constant with the
untreated clay (while at a higher value). By reference to Figures 5.11 and &h?be

seen that the parallel behaviour discussed above occurs at highemrasgf@t specimens

with higher cement contents.



5.3.8 Oedometer Tests — Void Ratio Difference — Axial Pressure Relationship of

Cement Treated South East Queensland Clay Samples

Figure5.13present the relationships between the change in void ratioegpiect to axial

pressure (e -log V) for the treate®outh East Queenslanthy specimens.
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Figure 5.13— Comparison of 'e -log P Relationships with 10% Cement— South East
QueenslandClay

As discussed previously, Figure 5.hd8s been normalised with respect to initial voids

ration for comparative purpose¥he same trend as discussed for the Bangkok clay

specimens is noted in these treated South East Queenkgsadvith a decrease in change

in voids ratio per unit load incrememtlso evident is théncrease in change in voids ratio

as the cementitous bonds break down with loadings beyond the yield stress of the material.
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5.3.9 Oedometer Tests — Void Ratio Difference — Axial Pressure Relationship of

Cement and Bentonite Treated South East Queensland Clay Samples

The normalised curves showing the change in voids raéipgs a function of Axial Stress

() for the specimens treated with bentonite are shown in Figure 5.14 below:

Void Ratio Difference, 'e
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+ 10% Cement 7.5% Bentonite 7 Day|
< 10% Cement 7.5% Bentonite 28 Days
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Figure 5.14— Comparison of 'e -log P Relationships with 100% Cement and
Various Bentonite Contents — South East Queensland Clay

By reference to Figure 5.14, it can be seen that the behaviour as noted previously for

cement treated clay exists in these specimens as well with a notable exception.

By reference to Figure 5.1it can alsobe seen that specimens treated with 2.5 and 5%

Bentonite show a reduction in voids ratio difference at higher axial pressure and longer

curing period as would be expected, however the reduction appears to be decreasing as

bentonite content imeases for specimens treated for the longer curing period.. The



specimen treated with 7.5% bentonite shows an increase in voids ratio difference when

cured for 28 days over the 7 day curing period at the higher axial pressures.

This would indicate that & addition in bentonite results in a faster break down in
cementation bonds beyond the yield stress resulting in considerably higher amounts of
consolidation when compared to specimens treated with cement alone. This acceleration in
deconstruction of theod / cement bonds is not evident in the development of the bonds as
indicated by the similar yield stresses achieved in the specimens however the rapid
decrease in strength as indicated by the faster increase to higher changes in void ratio
indicates thathe deconstruction of the cementation bonds is somehow affected by the an

increase in bentonite content.

5.3.10 Oedometer Tests —Effects of Additive Content on Coefficient of Consolidation

— Bangkok Clay

The effects of the additiveontent of treated spignens on the coefficient of consolidation
(C,) are presented in Figure 5.15, showing the ¢ relationships at 1 month curing

period.
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Figure 5.15— Comparison of Effect of 5% Additives on Coefficienbf Consolidation
(Cv)

The increase in Qwith increasing cement content is clearly evident as is the decrease in
C, with the increase in axial stress. The results show that a nearly linear relationship exists
betweenC, and \{ up to 15% cement content. Generally for 1 month curing it was noted
that forcement contents from 5 to 25% thgicreased by factors of 12 to 19 respectively

up to the preconsolidation pressure of the base clay (70 kPa) and up to 22 to 48 times
above V;, The increase i€, was noted to be lower for a cement content of 5%, however
above 15% , the incremental rate of increase,idegCreased markedly. This phenomenon
was also noted for specimens cured for 2, 3 and 6 months. It is therefore inferred that an

optimum cement content exists for the increase,im@e region of 15%.

5.3.11 Oedometer Tests —Effects of Curing Time on Coefficient of Consolidation —

Bangkok Clay

The effects of curing time on the coefficient of consolidatiGp) (©f the treated clay

specimensvas also studiedA similar trend is noted in these results vathincrease i,
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with an increase in curing time and a general reductio@, iwith an increase in axial

stress.

The increase in {for 5% cement content was noted to be considerable in the first months
curing then after the first month, the rate afrease approached uniform behaviour with a

similar increase for each month of curing. This would indicate that the largest increase in
C, occurs within the first 1 to 2 months curing. This phenomenon was noted in all test

results however the rate of increase was found to increase as cement content increased.

5.3.12 Oedometer Tests —Effects of Cement Content on Compression Index —

Bangkok Clay

The representative relationships between compression Indgxaf@ curing time are

presented in Figurg.16which shows these relationships ah6énthscuring time.

Figure 5.16— Comparison of Effect of 5% Additives on Compressiotndex (C)
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This figure shows that there is a consistent reductionciwith an increase in cement
contents from 5 to 25%. This rediaet is expected based on the hardening effect of

cement treatment as noted previously.

This behaviour was repeated for curing times of 2, 3 and 6 months. The reduction in C
was noted to be considerable in all cases up to a cement content of 15%eheseaft
higher cement contents, the rate of decrease was found to abate. This would indicate that

an optimum cement content of 15% exists for a reduction in compression index.

5..3.13 Oedometer Tests —Effects of Curing Time on Compression IndexBangkok

Clay

The effect of curing time on compression indexs studied atement contents of 5 and
10%. Similarly these results indicate a reduction in compression index with an increase in
curing with larger reduction up to 1 to 2 months curing after which tieeofareduction
decreases at longer curing periods. This would indicate that the maximum effectiveness of
curing time has occurred during the first month thereafter the influence of curing on
compression index decreases with the rate of decrease incregidingime. This

phenomenon was noted for all cement contents from 5 to 25%.

It appears that the effect of the cement / clay interactions on the compression index occurs

at an optimum curing period of 1 to 2 months.
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5.4Lime / CementCompressibility Comparison

5.4.1 Introduction

To investigate the effects of the two principal additives that form the basis of this thesis,
each of the sections described above are dealt with comparatively in this section. The
physical properties of the treated base clayimavestigated with special regards to the

comparative effects of the additives.

For the purpose of this comparison section of this report, the behaviour of cement treated
specimens is shown with full lines and filled symbols, while behaviour of lime dreate

specimens is shown with unfilled symbols and dashed trend lines.
5.4.2 Compressibility Comparisons

5.4.2.1 Oedometer Tests — Comparison of Effect of Additives on Sample Hardening —

Bangkok Clay

A series of oedometer tests were performed at varying ceamehiime contents and
curing times to evaluate the compressible behaviour of the treated clay specimens. The
effects of curing time and additive content were evaluated on the parameters compression

index (G) and compressibility index)).

Typical e, bg P curves for 1 and 2 months curing are presentédland 5.19 for
additive contents ranging from 5 to 15%. By reference to Figureitschh be seen that a

5% cement content has a relatively minor effect on the consolidation characteristics when
compared to higher additive contents. The 5% e, log P curve is generally similar in shape
to the untreated curve with slightly higher yield stress and the change in voids ratio higher

than V, is generally parallel to the untreated curve indicating simi@rsalidation
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behaviour. At higher additive contents, the gradient of the curves decrease’past V
indicating an increase in hardening and a decrease in consolidation behaviour. The
behaviour of the lime treated specimens at 1 month curing are a reflection of the delayed
hardening effect of the lime treated specimens. At 1 month, the behaviour of the

specimens are very similar separated only by the initial void ratio of the cast specimens.

The increase in hardening in the higher additive contents (>5%vaddiignifies that the
oedometer consolidation, which is basically a shearing behaviour, is a reflection of the
bonded behaviour between the clay particles and the additives. At higher pressures, this
bonded stored strength is released and the@P arve approaches parallel behaviour to

the natural curve.

The increased strength development of the lime treated specimens is reflected by the
behaviour of the specimens presented in Figure 5.16. By reference to this figure, the
hardening of the specimerend thus the higher strength of the clay / lime paste bonds, is
reflected by the lower changes in void ratio at similar axial pressure to the cement treated
specimens. The higher yield stresses of the lime treated specimens when compared to the

cement teated specimens is also noted.

Generally it was found during this study that as additive content increases, the hardening
effect of the additive content also increases, however this only occurs past 1 month curing
of lime treated specimens. As additiventamts increase, consolidation properties of the

treated samples decreased indicating a gradual reduction of compressibility.
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5.4.2.2 Oedometer Tests — Comparison of Effect of Curing Time on Sample

Hardening — Bangkok Clay

The effect of curing time on ¢éhhardening properties of the additive treated clay be seen
from reference to Figures 5.1ahd 5.18which show the e, log P curves for additive

contents of 5 and 10% respectively.

Figure 5.17— Comparison of e 4og P Relationship Between Lime and Cemén
Treated Clay with 5% Additive Content
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Figure 5.18— Comparison of e 4og P Relationship Between Lime and Cement
Treated Clay with 10% Additive Content

The reduction of compressibility, or increase in hardening, can be seen by the reduction in
the gralients past the yield stresses and the overall reduction in change in voids ratio with

curing time.

By reference to Figure 5.19, which represents the behaviour of clays treated with 5%
additive content, it can be seen that the treated clay curves geneflact the behaviour

of the untreated sample.



Figure 5.19— Comparison of e Hog P Relationship Between Lime and Cement
Treated Clay with 5% Additive Content
Again, while the yield stress of the clay treated with 5% additive is slightly higher th
that for the untreated specimen, beyond the yield stress, the curves are generally parallel

with the untreated sample.

Also, by reference to Figure 5.19, it can be seen that performance of the lime treated
specimen at 1 month curing behaves similadytiie untreated specimen with initial
variation only representing the variation in initial void ratio. This again reflects the

delayed curing effect of the lime treated specimens at lower curing times.

The variation in compressibility and consolidatiomgerties does not vary greatly with
increased curing times for the cement treated specimens. These results indicate that the
lower cement contents are not advantageous in the improving of the hardening

characteristics, or reduction of compressibility and consolidation properties of the base
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clay materials. Past 2 months curing, the lime treated specimens show a marked decrease
in gradient past the yield stress which again reflects the high effects in hardening achieved

by lime treated specimens at highediéiste contents and increased curing times.

For the curves shown for higher additive content (Figud®) it can be seen that a
significant increase in yield stress occurs and the post yield stress section of the curves
display a gradient much lower than the untreated sample, with the gradient decreasing with

curing time.

Again the effects of the higher lime contents display a marked increase in hardening and

thus a reduction in compressibility beyond 2 months curing.

5.4.2.3 Oedometer Tests — Comparison of Void Ratio Difference — Axial Pressure
Relationship of Treated Samples Bangkok Clay

Figures5.20to 5.21 present the relationships between the change in void ratio with respect
to axial pressure', log \) for 2 months curing time 5, 10 and 15% additive contents.

For comparative purposes, the figures are plotted with a normalized initial void ratio.



Figure 5.20— Comparison of 'e -log P Relationship Between Lime and Cement
Treated Clay with 5% Additive Content — Bangkok Clay

Figure 5.21— Camparison of 'e -log P Relationship Between Lime and Cement
Treated Clay with 10% Additive Content — Bangkok Clay
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Figure 5.22— Comparison of 'e -log P Relationship Between Lime and Cement
Treated Clay with 15% Additive Content — Bangkok Clay

Referenceto Figures 5.20t0 5.22 showsthe improved performance of the lime treated

specimens when compared to specimens treated with similar cement contents. It can be
seen that much smaller changes in void ratio occur for the same axial pressure than for
specimens treated with similar cement content. It is also evident that severe break down of

the lime paste / clay particle bonds has not occurred by the maximum axial pressure

5.4.2.4 Oedometer Tests —Comparison of Effects of Additive Content on Coefficient

of Consolidation — Bangkok Clay

The effects of the additive content of treated specimens on the coefficient of consolidation
(C,) are presented in Figures 5.28d5.24, showing the C \{ relationships at 1 and 2

months curing periods.
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Figure 5.23— Comparison of of Effect of 5% Cement and Lime Contents on
Coefficient of Consolidation at 1 Month Curing Time —Bangkok Clay

Figure 5.24— Comparison of of Effect of 10% Cement and Lime Contents on
Coefficient of Consolidation at 2 Months Curing Time-— Bangkok Clay
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The decrease in,Qvith the increase in axial stress is clearly evident. At 1 month curing
and 5% additive (Figure 5.23, it can be seen that the lime treated specimen behaves in a
nearly parallel linear relationship with the cement treatediseec However by 2 months

curing has elapsed (Figurg.24) the relationship between lime and cement treated

specimens varies significantly as the axial pressure increases.

This increased reduction in the coefficient of consolidation results in a substantial increase
in time for consolidation to occur. It also reflects the increased bond strength between lime

paste and clay particles with a subsequent decrease in permeability.

It is therefore inferred that an optimum additive content exists for the iecire@g in the

region of 15%.

5.4.2.5 Oedometer Tests —Comparison of Effects of Cement Content on Compression

Index — Bangkok Clay

The comparative representative relationships between compression Igdexd@uring
time is presented in Figure 5.2#ich shows these relationships at 6 month curing time

for 5% cement and lime content.
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Figure 5.25— Comparison of Effect of 5% Cement and Lime Contents on
Compression Index at 6 Months Curing Time- Bangkok Clay

The results indicate a similar behaviourt@nms the compression index of the specimens
however a lower slope of the linear portion of the e, \pge C;) was noted for the lime
treated specimens when compare to the cement treated specimens at similar axial
pressures. Similar relationships were observed for additive contents from 5 to 15% and

curing times from 1 to 6 months.

5.5Summary and Concluding Remarks

5.5.1 Oedometer Tests Bangkok Clay

Generally it was found during this study that as cement content increases, the hardening
effect of thecement content also increases. As cement contents increase, consolidation

properties of the treated samples decreased indicating a gradual reduction of
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compressibility. Lower cement contents of the order of 5% have minimal effect in the

improvement of consolidation properties.

Similarly, the compressibility properties of the lime treated specimens improved with both
lime content and curing time. A delay was noted however with respect to curing time of 1

month before the rate of improvement began sigmifiga

The coefficient of consolidation was found to decrease with both cement content and
curing time. A similar relation existed with respect to lime treated specimens with the

associated delay in the first month of curing as discussed previously.

Similarly the compression index was found to increase with both curing time and additive
content. The improvement of the lime specimens (ie a smaller decrease in change in void
ratio per unt axial stress) was noted compared to cement treated specimens at the same

additive content.

5.5.2 Oedometer Tests South East Queensland Clay

A similar reduction in compressibility was observed for cement treated South East
Queenslandclay specimens. An increase in cement content was found to reduce the
compressibility of the&South East Queenslasgecimens with higher cement contents and

longer curing periods displaying the greater effect.

For specimens of South East Queenslelags treated with both bentonite and cement, it
was noted that the decrease in compressibdgya function of cement content was
confirmed, however by addition of bentonite, the compressibility of the specimens was

found to increase with bentonite content. The gain in strength, and thus, reduction in
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compressibility through formation of the palé to particle cementation bonds was found

to be similar for all bentonite contents as reflected by the similar yield stresses achieved. It
was however noted that there was an accelerated destructurisation of the cemented
materials as bentonite contentcieased whichresulted in an increase in overall
consolidation of the specimens. It appears that bentonite plays a role in the breakdown of

the cementation bonds beyond the yield stress of the specimens.

In Chapter 5 additional parameters have been ledtall tocalculate permeability (k) as

an input to the finite element analysis. In Chapter 6, a comparison is performed based on

the Triaxial test results from the treated Bangkok clays.
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Chapter 6 —Triaxial Test Results

6.1 Introduction

6.1.1 Triaxial Tests

A comprehensive triaxial testing program has been undertaken at the Asian Institute of
Technology to establish the strength and deformation characteristics of the treated
Bangkokclay specimens. The triaxial testing program was formed based on the results of
the unconfined compressive strength testing performed previously in this study. Several
parameters were varied to study the behaviour of the material, including, additive type,
additive content, curing time, pshear consolidation pressure, apglistress path and

conditions of drainage.

Pre shear consolidation pressures generally ranged from 50 kPa to 600 kPa. Additive
contents varied from 5% to 15% awdring times varied from 1 to 2 months. A full
explanation of the testing procedures canfduend in Uddin (1995) and Buensuceso

(1990).
6.2 Undrained Behaviour

6.2.1 Introduction

This section presents the results of the undrained triaxial tests performed on the treated
Bangkokclay specimens in this study. The effects of the cement and lime treatment on the

strength and deformation characteristics are discussed critically. The critical state concept
is employed to include the characteristics seen in stress / strain behaviour, stress paths,

pore pressure development and observations made congstrength envelopes, failure



states and residual conditions amongst others. The initial behaviour of the base clay is also

discussed with respect to the treaBaohgkok clay specimens where applicable.

A series of undrained triaxial compression tests were performed on cement and lime
treated specimens. Additive contents varied from 5 to 15% with curing times of 1 and 2
months. Preshear consolidation pressures ranging from 50 to 600 kPaalgergaried for

each of the additives. These varied parametkosved the study of the effect of additive

content, curing time and consolidation pressure on the behaviour of the treated specimens.

A further series of six undrained triaxial compression tests were performed on lime treated
specimens. Additive contentaried from 2.5 to 15% with curing times of 1 and 2 months.
Preshear consolidation pressures ranging from 50 to 600 kPa were also varied for each of

the additives.

The behaviour of the lime and cement treated specimens is discussed in the following

sections and the behaviour is then discussed comparatively between the two additives.

6.2.2 Deviator Stress -Shear Strain Relationships

6.2.2.1 Effect of PreShear Consolidation Pressure on Deviator StressShear Strain

Relationships

The effects of presher consolidation pressure at varying cement and lime contents and

curing times is presented in Figure& 6 6.7 below:
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Figure 6.1 —(qg, B Plot Cement Treated Specimens, (5% Cement Content and 1

Month Curing)
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Figure 6.2 —(q, B Plot Cement Treated Specimens, (10% Cement Content and 1

Month Curing)
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Figure 6.3 —(q, B Plot Lime Treated Samples, (10% Lime Content and 1 Month
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Figure 6.4 —(q, B Plot Cement Treated Specimens, (15% Cement Content and 1
Month Curing)
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Figure 6.7 —(q, B Plot Cement Treated Specimens, (15%ement Content and 2
Months Curing)
The first observation of these results shows that a higheshaa@ consolidation pressure
results in a higher maximum deviator stress.)g The overall characteristic shape of the
deviator stress -shear strain (g, curves is a steep increase t@.gthen a gradual
decrease in deviator stress with continued strain. The rate of decrease in deviator stress

increases with both cement content and curing time

The (q, {ibehaviour is presented in FiguBel. It can ke seen from this figure that the
effect of the increase in effective consolidation pressure has a gradual effect on the
increase in gax This delayed effect in hardening of specimens at lower cement and lime
contents and curing times has been discussediqusly in this report and is again
evidenced in this figure. The volumetric change during consolidation of the specimens at
lower cement contents and shorter curing times was found to large (nearly as high as the

untreatedBangkokclay specimens). Cong&dably smaller volume changes were observed
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in specimens with higher cement contents and longer curing times, again reinforcing the
comments regarding the delayed hardening characteristics of the specimens at lower
cement contents. It should also be noted by reference to the consolidation test results, a pre

consolidation pressure or yield stres&,f of 280 kPa was noted for specimens of 1 month

curing. Thus the change in pre shear void ratio was found to much higher whexg.p

Similarly by referene to Figure 6.2 which shows the (gbihaviour of specimens with a

10% cement content at 1 month curing, it can be seen that rate of increasg is1 q
considerably more pronounced this trends is confirmed in specimens at higher cement
contents and cumg time. This behaviour is shown in Figef8 and 6.9 where the.g is

shown as a function of effective consolidation pressure for various cement and lime

contents at 1 month and 2 months curing time.

In Figure 6.3 (10% Lime and 1 month curing) thermacteristic shape of the deviator
stress- strain can be summarized as increasing to a poorly defined peak followed a very
gradual strain softening. The results of these tests show that specimens consolidated with a
higher preshear consolidation pressugenerally achieved higher peak deviator stresses. It

is also worth noting that the specimens cured withspiar consolidation pressures of 50

to 200 kPa displayed very similar stresstrain behaviour. This is due to the volumetric
changes in prshea consolidation being relatively small and the-festvoids ratio being

very similar. This is a further reflection of the apparent preconsolidation pressure
discussed in chapter 4. This value was determined as of the order of 250 kPa and thus
relatively minor volumetric changes can be anticipated with-gbrear consolidation

pressures lower than this value. However for specimens consolidated at values in excess of
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this apparent preconsolidation pressure a trend can be observed of an increase in peak

deviaor stress with an increase in apparent preconsolidation pressure can be noted.

Specimens treated with 10% Lime and cured for 2 months are presented in Figure 6.6. The
stress strain curves for these specimens can be observed as increasing steeply to a clearly
defined peak deviator stress at substantially lower strains than the specimens cured for 1
month. The rate of strain softening is also markedly steeper for this loner curing period.
The effect of the apparent preconsolidation pressure of 250kPascabheabbserved at 2
months curing with specimens consolidated at 400kPa and 600kPa showing the most

apparent effects of the hardening process.
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A p,=50kPalMonth

= ® p, = 200 kPa 1 Month
W p, =600 kPalMonth
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800 —

Peak Deviator Stress, g (kPa)

400 —

0
\ \ \ \

Cement Content (%)

Figure 6.8 —Effect of Effective Consolidation Pressure on g« — 1 Month Curing -
Cement Treated Specimens
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Figure 6.9 — CIU Results Summary Effect of p, and Curing Time 0N Gnax
The effect of higher effective consolidation pressure on the rate of developmeni of g
can be observed with a relatively small increaseix gt 5% between 1 and 2 mbst

when compared to the increase jpxpt 15% between 1 and 2 months.
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— 4 10 Cement 1 Month
* 15% Cement 1 Month
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@
S
& 800 —|
I
[a]

400 —

0
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Confining Stress, p, (kPa)

Figure 6.10— CIU Results Summary — Comparison of Effect of Additive Content and
Curing Time 0N Qmax
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® 5% Cement 1 Month
B 7.5% Cementl Month
= ¢ 10 Cement 1 Month
* 15% Cement 1 Month
A 5% Lime 1 Month
1200 — | o 7.5% Lime 1 Month
O 10% Lime 1 Month
¢ 15% Lime 1 Month

800 —

Peak Deviator Stress, .., (kPa)

400 —

0 200 400 60
Confining Stress, p, (kPa)

Figure 6.11— CIU Results Summary — Comparison of Effect of Additive Contenand
Curing Time 0N Qmax

For the purposes of comparison, the peak deviator stresklitive content results are
presentedn Figures 6.10 and 6.11 and the peak deviator stregge-shear effective
consolidation pressure results are summarised in Figd for 1 and 2 months curing

respectively.

By reference to Figure 6.10 it can be seen that there is a marked increase in rate of strength
increase for specimens treated with cement, above 7.5% cement content with an increase
in pre shear effective consolidation pressure. Generally the specimens treated with both
lime and cement behave similarly up t07.5% additive with moderate strength increases
with an increase in pre shear effective consolidation pressure. Past this additive content,
there is a markedhcrease in strength gain for cement treated samples. Lime treated
specimens generally continue to have a rate of strength increase similar to the lower

additive contents for an increase in pre shear effective consolidation pressure.
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This would indicate that an increase in pre shear effective consolidation pressure has a far
increased effect on cement treated specimens with additive contents above 7.5% when

compared to lime treated specimens in as far as peak deviator stress is concerned.

As a typical eample, Figure 6.12 shows the relationship betwegn and pre shear
effective consolidation pressure for specimens treated with 10% additive and 2 months
curing. The increased rate in peak deviator stress is clearly evident for the cement treated

specimen as opposed to the lime treated specimens.
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A 10% Cement 1 Month
A 10% Lime 1 Month

® 10% Cement 2 Month:
QO 10% Lime 2 Months

°
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Deviator Stress, g (kP3
|

200 — /
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0 200 400 60C
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Figure 6.12— Comparison of Effect of Curing Time on Stress Paths at,p= 50 kPa
6.2.2.2 Effect of Curing Time on Deviator Stress — Shear Strain Relationships
The effect of curing time can be seen by refereadégures 6.1 to 6.7. It can be seen that
the (g,l) curves rise to a much higher peak at the longer curing time of 2 months when
compared to the 1 month cured specimens. The rate of strain softening bgyocang
also be seen to increase at longeinguperiods. Similarly it can be seen that the rate of
increase in gax With curing time is considerably lower at the lower cement content of 5%

while it is more marked at 10 to 15% cement content. This behaviour also reflects the
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reduced effect of the losv cement content on the hardening and thus strength

development of the cement treated specimens.

The behaviour of the specimens with respect to curing time can also be seen by reference
to Figure 6.13, below, wherg,gis summarised with respect to cement content and curing

time.

A Untreated

® 5% Cement 1 Month
1600 —]| B 7.5% Cement 1 Month
4 10 Cement 1 Month

* 15% Cement 1 Month
| | A 5% Cement 2 Months
O 7.5% Cement 2 Months
O 10% Cement 2 Months
1200 — | % 15% Cement 2 Months

e
=~

0 \ ‘ \ ‘ \

PeakDeviator Stress g,,,,, (kPa)

0 200 400 60C
Confining Stress p, (kPa)

Figure 6.13— Effect of Curing Time on ¢nax — Cement Treated Specimens

By reference to this figure it can be seen that the rate of increaggils gonsiderably

higher at loner curing periods for the same cement contents.

Another aspect which can be observed from Figures 6.8.7ois the rate of strain
softening with respect to curing time. The rate of softening of specimens with the same
cement content is considerably higher at the longer curing period of 2 months when
compared to 1 month curing. For example, reference is made to Bigu(&5% cement

content and 1 month curing) and Figure 6.5 (15% cement content and 2 months curing). It
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can be seen that the (d§ curve decrease considerably more rapidly beyond i

specimens cured for 2 months when compared to those cured for 1 month.

By reference to Figure 6.14, below, it can sf®wn that specimens treated with lime
undergo very little increase in strength between 1 and 2 months at lower lime contents
(5%). However at 10% lime and higher, a significant increasein ig experience by lime
treated specimens. This has been confirmed previously in this study and is indicative of

the slower rate of hydration and forming with the lime additive.

Figure 6.14— Comparison of Effect of Curing Time on Gnax

Specimens prepared with 5% cement show a relatively minor increase in strength between
1 and 2 months curing, however the specimens prepared with 10% show a significant
increase in strength with the rate in strength gain increasing in the difference between 1

and 2 months curing.



These results would indicate that the principal controlling factor in the generation of
strength for lime treated specimens is curing time; with a secondary controlling factor of
lime contemn meanwhile with cement treated specimens both cement content and curing
time play important roles in the generation of ultimate strength. The effect of curing time

is amplified by raising cement contents.

6.2.2.3 Effect of Additive Content on Deviator Stess — Shear Strain Relationships

The effect of cement and lime content can be seen by reference to Figures 6.15 to 6.22
presented below. In these figures, the l§pcurves for specimens having cement contents
ranging from 5% to 15% are compared fornd 2 months curing when sheared atp

50kPa and 600 kPa. The lime treated specimen results are also presented sheared at p

50kPa and 400 kPa after 1 and 2 months curing.
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Figure 6.15—- (g, B Plot Cement Treated Specimens, (p= 50 kPa and 1 Month
Curing)
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Figure 6.22— (g, B Plot Lime Treated Samples, (p= 400 kPa and 2 Months Curing)

By reference to Figures 6.15 to 6.2R,can be seen that specimens at lower cement
contents (eg 5%) show little increase g When compai to the untreated Bangkok

clay. Alternatively the specimens at higher cement contents (10 and 15%) display a

marked increase ingx

In Figures 6.15 to 6.2fhe rate of decrease of the (B} curve past gax can be seen to
increase markedly with an irease in cement content. This behaviour would indicate that
the rate of strain softening is controlled, primarily, by the cement content of the
specimens. The general trend of the behaviour can be described as an incrgasatim q

an increase in cemenbntent and a general decrease if shear straip.aimth cement

content.

Similarly it can be seen that specimens with lower cement contents display & (q,

behavioursimilar to the untreated Bangkakay specimen, irrespective of pshear
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effective consolidation pressure. This again confirms the delay in hardening potential of
specimens treated with lower cement contents. Similarly to previous observations,
specimens with higher cement contents showed marked increasegy imalyes and
considerablylower shear strains at,g reflecting higher strength gains and stiffness with

an increase in cement content.

This behaviour allows a definition of high (10 to 15%) and low (5 to 7.5%) cement
contents in terms of strength development and stiffnessb&haviour of the CIU tests
confirms the behaviour observed in the Unconfined Compressive Strength testing section
of this report. This behaviour is particularly noticeable above an effectivahper
consolidation pressure djpof 200 kPa. Again this aeflection of the value of pbeing

greater than the consolidation yield stress as established during the consolidation testing

program.

As discussed previously, the (dgl behaviour of the 5% and 7.5% cement content
specimens display relatively mild pesaknd slow strain softening characteristics beyond
Omax Alternatively the specimens with higher cement contents display much stronger
peaks with an increased rate in strain softening beyaad The (q, B nature of these
curves seems to indicate thhetspecimens with lower cement contents seem to display
behaviour similar to normally consolidated clays with low Over Consolidation Ratios
(OCR) while those at higher cement contents display physical behaviour similar to that

expected from slightly to hedy over consolidated clays.

Several trends were noted with respect to the response of the peak deviator stress of the

specimens to variation in lime content. By reference to Figures 6.19 and 6.20 it can be
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seen that at a 1 month curing time there iy shght increase in peak deviator stress from
2.5 to 15% lime contents. The specimens displayed roughly linear increase in deviator
stress with strain o to,gx and a there was a gradual strain softening past the peak of the
g/ Hcurve. For this shorterucing period it could be considered that the lime content

displayed very little effect the strength gain or hardening of the specimens.

Figures6.20 and 6.21 present theHglrves for the 2 month curing period. By reference to
these curves it can be seen that deviator stress again increases linearly with strain to
approximately 75 to 80% of.gx for all lime contents however the curves continue to
clearly defined peak with the rate of strain softening increasing as lime content increases.
The increaseni gnax With respect to lime content is also for marked for the specimens

cured for this longer curing period.

By reference to Figures.14 and 6.15 it cabe seen that the increasing of the lime content
of the specimens to 5% displayed relatively minor increase in peak deviator stress,
especially in the curing period of 1 month, slightly higher strength gains were achieved at
a lime content of 5% in the two month curing period. At higher lime contents the rate of
strength gain increase significantly howetke longer curing period of 2 months was

required.

Specimens treated with cement however showed a nonfiateanf strength increase over

both 1 and 2 month curing periods. Substantial increases in peak deviator stress were

found, particularly at the higher cement contents of 10% and 15%.
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The results obtained may be summarised as at lower percentages, very little strength is
gained in lime treated specimens at lower additive contents however with increased curing
periods, higher strength gains can beiaved in lime contents over 10%. There appears to

be nondinearincreasing rate of strength gain as a function of cement content. Substantial

strength gains were shown over the curing periods tested.

6.2.3 Comparison of Excess Pore PressureéShear Stran Relationships

6.2.3.1 Effect of Consolidation Pressure on Pore Pressure Shear Strain

Relationships

The development of excess pore pressure with shear straifar, specimens with 1 and

2 months curing for both additives is presented in Figurest6. 228 at a variation in pre

shear effective consolidation pressure.
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Figure 6.23— (u, B Plot Cement Treated Specimens, (5% Cement Content and 1
Month Curing)
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Figure 6.24— (u, B Plot Cement Treated Specimens, (10% Cement Content and 1
Month Curing)
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Figure 6.25— (u, B Plot Cement Treated Specimens, (15% Cement Content and 1
Month Curing)
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Figure 6.26— (u, B Plot Cement Treated Specimens, (10% Cement Content and 2
Months Curing)

Figure 6.27— (u, B Plot Lime Treated Samples, (10%.ime and 1 Month Curing)



Figure 6.28— (u, B Plot Lime Treated Samples, (10% Lime and 2 Months Curing)

From reference to Figures 6.23 to 6i2&an be seen that there is a clear relationship
between pand the development of pore pressure, in thathigher the value of the pre

shear effective consolidation pressure, the higher the developed pore pressure. The pore
pressure development in untreated specimens is also included in the mentioned figures. It
can be seen that the peak pore pressure iglamd in the treated specimens at
considerably lower strains when compared to the untreated specimens. In fact, in the
untreated specimens the change in pore pressujeiges to a maximum with an increase

in shear strain EHuntil unhax is reached at the failure condition where it remains constant
until the end of test conditions are met. This behaviour reflects the behaviour of a normally

consolidated clay specimen.

The ('u, K behaviour of specimens treated with 5% cement and cured for 1 nsonth i

presented in Figure 6.23. An increase inis noted with gradual increase inhéivever,
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unlike untreated specimens, a maximum excess pore presswached after which the

"u is found to fall slightly, however the overall behaviour reflects the behaviour of the
natural clay. This behaviour is also reflected in the behaviour of specimens with 7.5%
cement content. At higher cement contents howeier > 7.5%) themaximum excess

pore pressure is found to be reached then a steep declinésmoted. Th behaviour is

a reflection of the behaviour of an over consolidated clay.

Another important aspect that can be noted from the pore pressure response of the
specimens is that the shear strain at whichximum excess pore pressure occurs
decreases as the cement content increases. For specimens treated with 5% cement content
at p, values of 50, 100, 200, 400 and 600 kP@aximum excess pore pressure occurs at
strains of 2.2%, 1.4%, 2.2%, 3.0% and 11.6% respectively. For comparative reasons,
specimens treatedith 15% cement content reach maximum excess pore pressure at
strains of 0.5%, 0.8%, 0.5%, 0.5% and 0.9% at the same pre shear effective consolidation
pressures. It can thus be inferred that the cement treatment changes the pore pressure

response of thepgecimens by reducing the shear strain at which peak pore pressure occurs.

The shear strains whemeaximum excess pore pressoreurred varied from the failure
shear strains at.gx at lower cerent contents (eg 5% and 1 month curingigure6.23).

The \ariation in the strain at maximum excess pore pressiherespect to failure shear
strain was found to vary as a function of pre shear effective consolidation pressures. At
lower p, values (p = 50 to 200 kPa), maximum pore pressure was reached belavdahe

strain at failure of the specimen. Strain atk pore pressure developmeri,() was
determined at 2.2%, 1.4% and 2.2% fgrop 50 kPa, 100 kPa and 200 kPa respectively

while failure strain (fHat the same values was measured as 2.2%, 4.18d 4.0%
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respectively. It can also be noted that the pore pressure shows a tendency to decrease past

failure.

When the pre shear effective consolidation pressures were increased to 400 kPa and 600
kPa, the maximum pore pressure occurs after the failure of the specimens. Strain at peak
pore pressure development was determined0&b &nd 11.6% % while failure strair)(

at the same yvalues was measured as 4.4%% and 4.9% respectively. The pore pressure

tends to stay constant for a period past failure but begins to decrease at higher strains.

At higher cement contents (eg 10% and 1 month curifgure6.24) the maximunpore
pressure development occurs well before shear strain at failure. For example shear strain at
peak pore pressure developmekinf) was determined at 0.6%, 0.5%, 1.0%, 1.7% and
2.6% for p of 50 kPa, 100 kPa, 200 kPa, 400 kPa and 600 kPa respectively while failure
strain (M at the same gvalues was measured as2.5%, 2.1%, 2.1%, 3.4% and 3.4%. A
more marked decrease in shear straim,ak was noted for a cement content of 15%
(Figure 6.25) with (khay being determinedt 0.5%, 0.8%, 0.5%, 0.5% and 0.9% while
failure strain (f) was determined at 2.2%, 2.0% 1.7dn8% and 2.4% at the pre shear
effective consolidation pressures of 50 kPa, 100 kPa, 200 kPa, 400 kPa and 600 kPa
respectively It can therefore be postulated that with an increase in cement content and
curing time, peak pore pressure development occurs at decreasing values of shear strain

when compared to shear strain alufiad.

It can also be noted, by reference to Figure 6.25 that at higher cement contents and lower
pre shear effective consolidation pressures, the rapid decrease in pore pressure past failure

at very low peaks, continues into negative pore pressure (suction). It is noted that this
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behaviour occurs whetihe preshear effective consolidation pressures are less than the
yield stress ¥,) as measured during the consolidation testing as discussed previously. It
can also be seen that the development of loweativegpore pressures is evident in

specimens with higher cement contents.

Figures6.27 and 6.28 present the pore pressure development curves with respect to strain
for typical specimens at 10% lime content cured for 1 and 2 months. By reference to figure
6.27 (10% lime and 1 month curing) it can be seen that the effect of pre shear effective
consolidation pressure clearly causes and increase in total developed pore pressure as the
pre shear effective consolidation pressure increases. The strains at which the maximum
pore pressure develops varied considerably, dependant on the pre shear effective
consolidation pressure. Specimens consolidated at pre shear effective consolidation
pressures from 50 to 200 kPa were shown to develop maximum pore pressures well before
the failure of the specimen at4 Thus the pore pressure in these specimens was falling

at failure. The specimens consolidated at pre shear effective consolidation pressures of 400
and 600 kPa developed peak pore pressure close to the failoteopthe specimen at

Omax The pore pressure remains relatively constant, possibly falling slightly as strain

continues.

The relationship between pore pressure development and strain for 10% lime at 2 months
curing is presented in Figure 6.28. At tlhosiger curing period, it can be seen that the
development of pore pressure within the specimen is considerably influenced by the pre
shear effective consolidation pressure. The peak developed pore pressure is considerably
higher for specimens consolidatatl higher pre shear effective consolidation pressures.

Also, specimens consolidated at lower pre shear effective consolidation pressures (eg 50 to

20z



200 kPa) show low peak pore pressure values that fall at a moderate rate past failure and

continue to into the development of negative pore pressures.

Figure 6.29— Comparison of Excess Pore Pressure and Shear Strain 10% Additive
and 1 Month Curing
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Figure 6.30— Comparison of Excess Pore Pressure and Shear Strain 10% Additive
and 2 Months Curing

A compaative plot showing the development of excess pore pressure in terms of shear
strain is presented in Figweé.29 and 6.30. In tlse figures it can be seen that the
specimens treated with lime all display similar behaviour with regard to excess pore
pressue. The pore pressure develops linearly up to approximately 80% of the peak pore
pressure. Past the peak pore pressure, the rate of pore pressure dissipation is slow with the
graph showing on a slight fall in pore pressure to the end of test conditionsorall

pressure also remains positive.

The strains at which the maximum pore pressure develops varied considerably, dependant
on the pre shear effective consolidation pressure. Specimens consolidated at pre shear
effective consolidation pressures from 50200 kPa were shown to develop maximum
pore pressures well before the failure of the specimepat dhus the pore pressure in

these specimens was falling at failure. The specimens consolidated at pre shear effective
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consolidation pressures of 400 and 600 kPa developed peak pore pressure close to the
failure point of the specimen at,g The pore pressure remains relatively constant,

possibly falling slightly as strain continues.

The cement treated specimens display a similar behaviour up to apmelyir80% of

peak pore pressure however the rate of increase is generally much steeper. The curves
form awell-definedpeak and there is an abrupt fall in pore pressure past the peak value.
At lower pre shear consolidation pressures, the developed pessupe falls to below

zero. This behaviour is a reflection of the behaviour of an over consolidated clay.

Another important aspect that can be noted from the pore pressure response of the
specimens is that the shear strain at whigh accurs decreases as the cement content
increases. As discussed previously, peak pore pressure was found to occur at much lower
strains as pre shear effective consolidation stress was increased. It can thus be inferred that
the cement treatment changes the pore pressumensespf the specimens by reducing the

shear strain at which peak pore pressure occurs.

6.2.3.2 Effect of Curing Time on Pore Pressure — Shear Strain Relationships

The influence of the curing time on the (y) Behaviour can be seen by reference to

Figure6.31 showing specimens with 10% cement content and 1 and 2 months curing.
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Figure 6.31— (u, B Plot Cement Treated Specimens, (10% Cement)
It can be seen from reference to this figure that the effect of curing time on cement treated
specimens at loar pre shear effective consolidation pressures (50 and 200 kPa) is only
marginally different while the behaviour at the higher pre shear effective consolidation
pressures (600 kPa) displayed significantly different behaviour with respect to the

developmenbf pore pressure with shear strain.

At the higher pre shear effective consolidation pressure (600 kPa), specimens cured for 1
month displayed a linear increase in pore pressure up to approximately 6Q% dihe

rate of increase in pore pressure decreased slightly at this point and continued to increase
to Unax When it exhibited a gradual decrease which continued up to the end of test
conditions. At the same higher pre shear effective consolidation pressure (600 kPa),
specimens cured for 2 months dig@d a similar linear increase in pore pressure which
continued to approximately 80% of4+ There was a short decreased section of the rate of
increase up to 4k« Past this peak in pore pressure there is a rapid decrease in pore

pressure which continued at a reducing rate up to the end of test conditions. This
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behaviour is observed in specimens consolidated at pre shear effective consolidation
pressures in excess of the yield stregs) thatresulted from the consolidation test section

of this thesis

It can also be noted by reference to Figures 6.23 to 6.26 that the absolute value of pore

pressures generated in specimens at higher cement contents and lower pre shear effective

consolidation pressures is considerably lower at longer curing times.

The nfluence of the curing time on the () Bé¢haviour of lime treated specimens can be

seen by reference to Figur@s82 and 6.33 showing specimens with 10% lime content and

1 and 2 months curing.

Figure 6.32— (u, B Plot Lime Treated Samples, (10% Lime and 1 Month Curing)
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Figure 6.33— (u, B Plot Lime Treated Samples, (10% Lime and 2 Months Curing)

It can be seen from reference to Figuée2 and 6.3that the effect of curing time on
specimens at lower pre shear effective consolidation pressures (50 and 200 kPa) is only
marginally different while the behaviour at the higher pre shear effective consolidation
pressures (600 kPa) displayed significantly different behaviour with respect to the

development of pore pressure with shear strain.

At the higher pre shear effective consolidation pressure (600 kPa), specimens cured for 1
month displayed a linear increase in pore pressure up to approximately 6Q% dihe

rate of increase in pore pressure decreased slightly at this point and contimardasei

to Unax When it remained relatively constant (possibly with a gradual decrease) which
continued up to the end of test conditions. At the same higher pre shear effective
consolidation pressure (600 kPa), specimens cured for 2 months displayeldualisiear
increase in pore pressure which continued to approximately 80%.ofTihere was a

short decreased section of the rate of increase up.foRBst this peak in pore pressure



there is a moderate to rapiécrease in pore pressure which contihaea reducing rate
up to the end of test conditions. This behaviour is observed in specimens consolidated at
pre shear effective consolidation pressures in excess of the yield sfggsthat resulted

from the consolidation test section of this report

By reference to Figures 6.310% Cementl and 2 months curing) and Figures 6.32 and
6.33 (10% Limel and 2 months curing) it can be noted that specimens treated with 10%
cement display basically similar behaviour with the extended curing period. The shape of
the pore pressure shear strain curves show a slight increase in gradient up to
approximately 80% of the peak pore pressure and adeéiied peak. Higher cement
contents show a sharper decrease in pore pressure past peak while lower cemist cont
show similar behaviour past the peak pore pressure with a decrease in pore pressure into

the negative range.

By reference to Figures 6.32 and 6.33 however it can be noted that the increase in curing
time has a marked effect on the development of pogssure in the in the lime treated
specimens. The specimens treated with 10% lime and cured for 1 month display a similar
rate of increase in pore pressure irrespective of pre shear effective consOolidation pressure,
up to a a peak value after which ayweslow rate of pore pressure dissipation is noted.
Meanwhile specimens cured for 2 months show again a similar rate of increase in pore
pressure development however with the longer curing period, the curves develop to a more
well defined peak, similar to the behaviour of the cement treated specimens) and an
increased rate of pore pressure dissipation when compared to the specimens cured for 1

month. At lower pre shear effective consolidation pressures, the pore pressure dissipation
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continues into the negaé range of pore pressure, again similar to the behaviour of the

cement treated specimens.

Based on these results it can be commented that increase in curing time on the
development of pore pressure in cement treated specimen should only a minon ¢fiect i
behaviour of the specimens, however for lime treated specimens it can be noted that the
specimens generally behave differently in that the rate of pressure dissipation indicated a
degree of over consolidation in specimens that behaved like norroapladated clays at

1 month curing (refer to specimens consolidated at pre shear effective consolidation

pressures of 50 and 100 kPa).

For both additive types it was noted that the absolute pore pressure developed increased
markedly when the pre shearfegitive consolidation pressure exceeded the yield stress

(Vp) that resulted from the consolidation test section of this report.

6.2.3.3 Effect of Additive Content on Pore Pressure — Shear Strain Relationships

The effect of cement content on the develeptrof excess pore pressure can be seen by

reference to Figure®.34 and 6.36.
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Figure 6.34— (u, B Plot Cement Treated Specimens, (= 50 kPa and 1 Month
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Figure 6.35— (u, K Plot Cement Treated Specimens, (= 600 kPa and 1 Month
Curing)

Figures 6.34 and 6.35 show the development of excess pore pressure at pre shear effective

consolidation pressures of 50 kPa and 600 kPa respectively for a curing time of 1 month.
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By reference to these figures it can be seen that it is possiblaractdrise the behaviour
of varying cement contents into 2 distinct sections, lower cement contents (up to 7.5%)

and higher cement contents (10% and 15%).

At the lower pre shear effective consolidation pressure of 50 kPa (Figure 6.34) it can be
observedhat the (u, B relationships increase to smaller peak values@f (43.5 kPa

and 48.7 kPa) for cement contents of 5% and 7.5% respectively at low strains of 2.2% and
0.5% respectively. Past this peak value, the pore pressures decrease to genenally low

positive values.

Higher cement contents of 10% and 15% develop generally highewvalues however
they fall away past sk to negative values o73.5 kPa at a shear strain of 18.25% for the
10% cement specimen anfl0-16 kPa at a shear strain of % for the 15% cement

specimen.

It can also be seen that all specimens (apart from the 5% cement content specimens)
display similar behaviour up to the maximum excess pore pressure then the rate of
decrease varies with continuing increase ins train. It appears from the results obtained that
the rate of decrease in pore pressure is directly related to the cement content of the
specimen. As the cement content increases, the rate of decrease of developed pore pressure

also increases.

By reference to the selts it can also be noted that at higher pre shear effective

consolidation pressures the lower cement contents (5% and 7.5%) tend to resemble the

behaviour of the untreated specimens while the higher cement contents (10% and 15%)
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also appear to be approaching the behaviour more typical of specimens in a lower OCR
state. This trend would indicate that higher pre shear effective consolidation pressures are
required to make the specimens behave similar to the untreated state with respect to the

development oéxcess pore pressure.

From reference to Figure 6.35 it can also be seen that as the pre shear effective
consolidation pressure increases, the rate of development of excess pore pressure also
increase up to the maximum. Similarly at lower pre shearteféeconsolidation pressure

the behaviour up to maximum is more uniform in behaviour.

It should also be noted by reference to Figure 6.35 that an increase in cement content has a
relatively minor effect on the absolute value of the maximum excess pessups
developed. The gradient of the increase in peak excess pore pressure can also be seen to
increase with pre shear effective consolidation pressure when expressed in terms of

cement content.

Based on the above results, it appears that the cememintarftthe specimens has a
marked content on the behaviour of the pore pressure responses past maximum however it

has a relatively minor effect on the overall maximum value of pore pressure developed.

It was discussed previously however the cement cordknhe specimens showed a
relatively minor effect with regard to pore pressure development. This was best displayed
in Figure 634 showing the absolute value of the maximum pore pressure developed as a

function of cement content. Only minor increases vnated.
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Similarly it was noted that lime treated specimens only showed relatively minor increases
in peak pore pressure developed with increases in lime content. By reference to Figures
6.32 and 6.33 it can be noted that the lime content of the specappears to alter the
behaviour of the specimens past the peak values. At higher lime contents and lower pre
shear effective consolidation pressures, the specimens appear to behave like over
consolidated clays while at lower lime contents their behavianrbest be described as

similar to normally consolidated clays.

6.2.3.4 Summary of Results

The overall summary of results of the undrained triaxial tests on cement treated specimens
are summarised in terms of maximum deviator stregs)(Excess pore pressuren{

and stress ratiolyay) in Figures 6.1 to 6.4 (incl.) in terms of cement content and curing
time in Figures 6.36 t6.43 (incl) in terms of pre shear effective consolidation pressure

and curing time.
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Figure 6.36— Cement CIU Results Summary 5% Cement and 1 Month Curing
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The results presented in Figurés36 to 6.43present the behaviours discussedthis
chapterand allows comparison of the behaviour within each term of refer8iméarly a
summary of CIU radts for 10% lime treated specimens at 1 and 2 months curing are

presented below in Figures 6.44 &hd5.



Figure 6.44— CIU Results Summary — 10% Lime and 1 Month Curing

Figure 6.45— CIU Results Summary — 10% Lime and 2 Months Curing
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6.2.4 Comparison of Undrained Stress Paths

6.2.4.1 Effect of Additive Content on Effective Stress Path

The undrained stress paths of specimens at various cement contents for 1 month curing are

presented in Figure&46 to 6.51.
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Figure 6.46— Undrained Stress Pats of Cement TreatedBangkok Clay, (o = 50 kPa
and 1 Month Curing)
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Initial appraisal ofFigures6.46 to 6.51shows that the specimens display behaviour best
described belong to different state categories such as normally consolidated and lightly to
heavily overconsolidated. This behaviour is due to the effect of the additive and curing

time as all specimens were prepared in the normally consolidated state.

By reference to Figuré.46, which presents the stress paths of specimens consolidated
with a pre shear effective consolidation pressugg @p 50 kPa, it can be seen that, by
comparison to the untreated specimen, the treated specimens display significantly altered
behaviour. The extent of variation in behaviour appears to be dependent on the cement

content of the specimens.
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The specimen treated with 5% cement content displayed relatively minor improvement,
thus confirming previous findings of this study that clays treated with 5% cement and less

show little efect in terms of improvement of strength behaviour.

The stress paths for the specimens greater than 5% cement content show that significant
improvement has been achieved due to the addition of the cement additive. This would
indicate that an initial postulation that the cement content of treated Barudkpk
specimens is a major contributing factor in the improvement in their behaviour with regard
to strength gain. This improvement in strength gain is reflected in the shape of the stress
paths with incresing cement content. This change in behaviour is revealed by the change
in direction of the stress path curve. Thekanges varfrom a decreasing p value with a
relatively lower undrained strength value to an increasing p value at higher undrained
strengh values. This would indicate a transformation in behaviour from the normally
consolidated state through a lightly consolidated state and ultimately a display of heavily
consolidated behaviour as the cement content increases. By comparison to the untreated
specimen, the treated specimens display a lower pore pressure development as indicated
by the more rounded stress path shape with low plastic volumetric deformation of

compressive or dilative behaviour depending on the amount of cement additive.

There can be two different failure criteria for the untre@adgkokclay specimens. The

first corresponds to the maximum deviator stress condition (M = 0.92 ari2B.b1) and

the second to the maximum obliquity ratio (M = 0.98 and 24.91). The stress points
relative to these two conditions fall on a straight line through the origin of the p, q plot.
After reaching the maximum stress ratio, the stress path travels along the same stress ratio

line. For the purpose of this study, the maximum deviator stress line is considered as the
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failure line and is referred to as the Critical State Line (CSL). The Critical State Line
(CSL) lies slightly below the maximum obliquity ratio line. The failure condition of the
treatedBangkokclay and CSL of the untreated clay baveen found to be closely related.
This relationship shows that the treated Bangktdy specimens fall from the peak
deviator stress in a nearly constant p direction and finally lie in a position close to the CSL

of the untreated clay specimens.

By reference to Figure6.46 to 6.51, it is possible to identify a point on each stress path
where a deviation occurs from the constant p state and the stress path experiences a large
curvature. This point is defined as the Point of Phase Transformatioratlths point

where transformation begins to occur as shear stress is continued. This concept of
transformation occurs only where the stress ratlh i€ less than the Angle of
Contraflexure. The Angle of Contraflexure is defined as thd¢amgent Of the stress ratio
curve at which the stress paths in the (g, p) stress space change their direction from
decreasing p values to increasing p values. Thus at the point of contraflexure, the
specimens cease to behave in compressional behaviour and begin to lelave
dilatational manner. As a result of this study, the Angle of Contraflexure for the treated
Bangkok clay specimens varied between 1.8.67: 1 with reduction obvious as p

increases.

By reference now to Figures 6.47 and 6.48 at the pre shear effecins®lidation
pressures of 200 kPa and 600 kPa it can be seen that the specimens display behaviour that
changes from lightly to heavily overconsolidated states. As shown in Figure §48, (p

600 kPa) it can be seen that the specimens treated with cement contents of 5% and 7.5%

show a behaviour best described as that of a low OCR (normally or lightly
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overconsolidated) the shape of the curve is well rounded with high pore pressure
development. The specimens prepared with cement contents of 10% and 15 displ
more consistent with a heavily over consolidated specimen. From the start of the test, the
stress paths travel roughly parallel to the q axis, with a generally constant p value. The
point of phase transformation is obvious as the stress path deviateshe parallel

behaviour to the g axis.

The transfer of the stress paths from the dry side to the wet side of the critical state is also
noticeable as the pre shear effective consolidation pressure increases. This would indicate
that the cement content is the principal controlling parameter during stabilisation. By
comparing the undrained stress paths of the specimens consolidated with pre shear
effective consolidation pressures ranging from 50 kPa to 600 kPa show that the degree of
overconsolidation thaesults from the increase in cement content is somewhat negated by
the increase in the pre shear effective consolidation pressure. In general terms the the
maximum pore pressure generated during the tests was found to occur past the failure state
for speimens displaying a behaviour evident as having a low OCR while for specimens
displaying the behaviour evident as having a higher OCR the maximum pore pressure

occurred prior to the failure state.

The observations described above can also be observaeguied6.52 and 6.56 which

show the results of specimens cured for 2 months, presented below.
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As described previously the effect of increasing the pre shear effective consolidation
pressure can be observed by comparing Figib@ (p, = 600 kPa) to Figure 6.544p 50
kPa). An increase in the apparent OCR with an increasg wap noted as described

previously.

Also worth noting with regard to these longer cured specimens is the considerable
hardening effect on speaens with cement contents of 10% and 15%. This high hardening

effect has the effect of being insufficient to transform the specimens consolidated at lower
pre shear effective consolidation pressures to a lower apparent degree of

overconsolidation.

The undrained stress paths of specimens at various lime contents for 1 month curing are

presented in Figurés57 to 6.62 (incl.).
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Figure 6.57— Undrained Stress Paths of Lime Treated Bangkok Claypf = 50 kPa
and 1 Month Curing)

Figure 6.58— Undrained Stress Paths of Lime Treated Bangkok Clayp( = 200 kPa
and 1 Month Curing)
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Figure 6.59— Undrained Stress Paths of Lime Treated Bangkok Claypg = 600 kPa
and 1 Month Curing)

Figure 6.60— Undrained Stress Paths of Lime Treated Bangkok ClayL{m e Content
= 5% and 1 Month Curing)
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Figure 6.61— Undrained Stress Paths of Lime Treated Bangkok ClayL{me Content
=10% and 1 Month Curing)

Figure 6.62— Undrained Stress Paths of Lime Treated Bangkok ClayL{me Content
=15% and 1 Month Curing)

23¢



Initial appraisal of Figures 6.57 to 6.6Rows that the specimens display behaviour best
described as belonging to different state categories such as normally consolidated and
lightly to heavily overconsolidated. This behaviour is due to the effect of the additive and
curing time as all specimens were prepared in the normally consolidated state. In general it
can be seen that when compared to the untreated stress paths, the undrained stress paths
for the treated specimens indicate that lower pore pressures are developed with the

resultant stress paths being far less rounded.

By reference to Figuré.57, which presents the stress paths of specimens consolidated
with a pre shear effective consolidation pressugg ¢p 50 kPa, it can be seen that the
stresspaths are consistent with those expected from lightly overconsolidated clays. The
stress paths rise almost vertically at a constant p state parallel to the q axis. The stress path
for the untreated specimen is also included and it can be seen thasthesgnificant

alteration in the strength characteristics resulting from the lime treatment.

The stress paths for all specimens from 5 to 15% are generally similar showing that the
change in characteristics is limited at the varying lime contents e¢ ahgar effective

consolidation pressure of 50 kPa and 1 month curing.

By reference to Figure® 58 and 6.59 (= 200 kPa and 600 kPal-month curing) it can

be seen that the stress paths are similar in shape irrespective of lime content with a sligh
increase in the degree of overconsolidation at higher pre shear effective consolidation
pressures and lime contents. The effects however appear to be relatively minor. This

would confirm the observation that the effect of the increase in lime contentihiasal
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effect on the strength characteristics of the specimens at 1 month curing peeadress

paths for specimens cured for 2 months are presented in Figures 663 to 6.

Figure 6.63— Undrained Stress Paths of Lime Treated Bangkok Claypg = 50 kPa
and 2 Months Curing)

Figure 6.64— Undrained Stress Paths of Lime Treated Bangkok Claypf = 200 kPa
and 2 Months Curing)
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Figure 6.65— Undrained Stress Paths of Lime Treated Bangkok Claypg = 600 kPa
and 2 Months Curing

Figure 6.66— Undrained Stress Paths of Lime Treated Bangkok ClayL{me Content
= 5% and 2 Month Curing)
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Figure 6.67— Undrained Stress Paths of Lime Treated Bangkok ClayL{me Content
=10% and 2 Month Curing)

By reference to Figure 6.63 with a pre shear affeatonsolidation pressure of 50 kPa, it
can be seen that the specimens tend to behave like heavily overconsalidgsed he
stress paths up to 10% lime content tend to develop with an increasing p value with
relatively low pore pressure development.n&mlly the shapes of the stress paths are

similar.

By reference to Figure®.64 and 6.65 (o= 200 kPa and 600 kP& months curing) it can

be seen that the effect of the 5% lime additive shows similar behaviour to that
consolidated at a pre shear effective consolidation pressure of 50 kPa at 1 month curing.
At higher lime contents it can be seen that the specimens now begin to behave like lightly
overconsolidated clays. The stress paths rise almost vertically, with constant p, nearly to

the peak. By refrence to Figure 6.65, it can also be seen that the specimens consolidated
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with a pre shear effective consolidation pressure of 600 kPa, that the stress paths appear to

behave like normally consolidated clays.

The point of contraflexure as discussedhe lime treated section of this report was found
to be far less well pronounced for the lime treated specimens. The specimens were found
to display compressional behaviour for far shorter sections of their stress path and to begin

to behave in a dilatatiah manner

Based on these results, it can be seen that the addition of the lime has resulted in the clay
specimens has changed the behaviour of the material from an initial normally consolidated
clay to an obvious over consolidated state. The effects of this change in behaviour are
dependent on a combination of lime content, curing time and a pre shear effective
consolidation pressure. Little variation in the effect of lime content was noted at 1 a
month curing period. An increase in curing period to 2 months resulted in a increase in the
hardening effect of the lime for lime contents above 7.5%. The a pre shear effective
consolidation pressure was also found to have considerable effect on the increase in
strength of the specimens. At higher a pre sheact®fe consolidation pressures it was
found that the a pre shear effective consolidation pressure caused a reduction in the effect

of the lime on the hardening of the specimens.

It was further noted that at lower a pre shear effective consolidatiorupggsthe stress

paths of the specimens rose almost vertically (parallel to the q axis) indicating a constant

mean normal stress through the shearing process up to the peak.

23¢



6.2.4.2 Effect of Curing Time on Effective Stress Path

The stress paths for cemdreated specimens cured for 2 months at pre shear effective
consolidation pressures of 50 kPa, 200 kPa and 600 kPa are presented in Fagutes 6.
6.56. The behaviour of specimens consolidated with a pre shear effective consolidation
pressure of 50 kPa as shown in Figure 6.54 show behaviour best described as heavily
consolidated behaviour. The tests revealed relatively low pore pressure development and
the stress paths for all specimens with cement contents in excess of 5% followed paths of

increasing p.

The undrained shear strength of these specimens was found to increase with increasing
cement contents, however the general shape of the stress paths was found to similar.
Again, this behaviour can best be described as being consistent with the behaviour of
overconsolidated clays. By comparing the stress paths of the specimens consolidated with
a pre shear effective consolidation pressure of 50 kPa (Figure 6.54) to those consolidated
with 200 kPa and 600 kPa (Figur@s5 and Figure 6.56 respectively) thisnsformation

of behaviour can clearly be seen. For example the stress paths of specimens consolidated
at 600 kPa show significant alteration from relatively high OCR behaviour to considerably
lower OCR behaviour. Similarly specimens with cement con@n1®% and 15% show

this change from relatively high OCR behaviour to considerably lower OCR behaviour.

The effect of curing time can best be seen by the comparison of specimens cured for 1

month and consolidated at a pre shear effective consolidation pressure 600 kPa (Figure

6.51) to those consolidated at the same pre shear effective consolidation pressure 600 kPa
and cured for 2 months (Figure 6.56). Little variation is noted in the two specimens with

5% cement cured for 1 and 2 months. This would indicate that the effect of curing time on



strength development is relatively insignificant for specimens with lower cement contents.
This is due to lack of hydration bonds in the specimen due to cement addition as discussed
previously. Only a slight increase also noted for specimens with a cement content of

7.5%

For specimens with cement contents of 10% and 15% however an apparent increase in
overconsolidation can be noted as a result in the increase in curing time. This has resulted
in a less rounded stss path with low plastic volumetric change and less pore pressure

development.

The stress paths for lime specimens cured for 2 months at pre shear effective consolidation
pressures of 50 kPa, 200 kPa and 600 kPa are presented in Figures 6.63 tol§.68h&nc
behaviour of specimens consolidated with a pre shear effective consolidation pressure of
50 kPa as shown in Figure 6.63 show behaviour best described as heavily consolidated
behaviour. The tests revealed relatively low pore pressure developntenheastress

paths for all specimens with lime contents in excess of 5% followed paths of increasing p.

The undrained shear strength of these specimens was found to increase with increasing
lime contents, however the general shape of the stress paths was found to similar. Again,
this behaviour can best be described as being consistent with the behaviour of
overconsolidated clays. By comparing the stress paths of the specimens consolidated with
a pre shear effective consolidation pressure of 50 kPa (Figure 6.63) to those consolidated
with 200 kPa and 600 kPa (Figur@$4 and Figure 6.65 respectively) this transformation

of behaviour can clearly be seen. For example the stress paths of specimens consolidated

at 600 kPa show significant alteration from refaly high OCR behaviour to considerably
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lower OCR behaviour. Similarly specimens with lime contents of 10% and 15% show this

change from relatively high OCR behaviour to considerably lower OCR behaviour.

The effect of curing time can best be seen by the comparison of specimens cured for
month and consolidated at a pre shear effective consolidation pressure 600 kPa (Figure
6.59) to those consolidated at the same pre shear effective consolidation pressure 600 kPa
and cured for 2 months (Figure 6.65). leitvariation is noted in the two specimens with

5% lime cured for 1 and 2 months. This would indicate that the effect of curing time on
strength development is relatively insignificant for specimens with lower lime contents.
This is due to lack of hydration bonds in the specimen due to lime addition as discussed

previously. Only a slight increase is also noted for specimens with a lime content of 7.5%

For specimens with lime contents of 10% however an apparent increase in
overconsolidation can be noted as a result in the increase in curing time. This has resulted
in a less rounded stress path with low plastic volumetric change and less pore pressure

development.

The effect of curing time can best be seen by the comparison of cement treated specimens
curedfor 1 month and consolidated at a pre shear effective consolidation pressure 600
kPa to those consolidated at the same pre shear effective consolidation pressure 600 kPa
and cured for 2 months. Little variation is noted in the two specimens with 5% cement
cured for 1 and 2 months. This would indicate that the effect of curing time on strength
development is relatively insignificant for specimens with lower cement contents. This is
due to lack of hydration bonds in the specimen due to cement additioncassdid

previously.
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For specimens with cement contents of 10% and 15% however an apparent increase in
overconsolidation can be noted as a result in the increase in curing time. This has resulted
in a less rounded stress path with low plastic volumetringdand less pore pressure

development.

The undrained shear strength of the lime specimens was found to increase with increasing
lime contents, however the general shape of the stress paths was found to similar. Again,
this behaviour can best be describad being consistent with the behaviour of
overconsolidated clays. By comparing the stress paths of the specimens consolidated with
a pre shear effective consolidation pressure of 50 kPa to those consolidated with 200 kPa
and 600 kPa this transformation lméhaviour can clearly be seen. For example the stress
paths of specimens consolidated at 600 kPa show significant alteration from relatively
high OCR behaviour to considerably lower OCR behaviour. Similarly specimens with
lime contents of 10% and 15% shalws change from relatively high OCR behaviour to

considerably lower OCR behaviour.

The effect of curing time can best be seen by the comparison of specimens cured for 1
month and consolidated at a pre shear effective consolidation pressure 600 @ to t
consolidated at the same pre shear effective consolidation pressure 600 kPa and cured for
2 months. Specimens that previously have shown behaviour similar to overconsolidated
clays now tend behave more similar to normally consolidated clays at the higher lime

content and the increased curing time.

In summary the specimens treated with 10% cement tend to show a continuous increase in

undrained shear strength with behaviour consistent with an overconsolidated clay. This
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behaviour is consistent throughout the specimens with increased curing time however it
can be seen that specimens cured for 1 month at 10% cement content begin to revert to
normally consolidated behaviour at the higher pre shear effective consolidation pressure of
600 kPa. Lime treated specimens however show a marked increase in undrained shear
strength with an increase in curing time from 1 to 2 months however there is a change in
behaviour with respect to the degree of overconsolidation in that specimens cured for 2
months display heawiloverconsolidated behaviour at 50 and 200 kPa pre shear effective
consolidation pressure however there is change to normally consolidated behaviour at a
pre shear effective consolidation pressure of 600 after 2 months curing due to a break

down in the cemntation bonds within the specimen.

6.2.4.3 Effect of Effective Pre Shear Consolidation Pressure on Effective Stress Path

The effective stress paths of the cement treated specimens in tergrar@fgpesented in
Figures6.49 to 6.51 (incl.). These resulise presented in order to evaluate the effect of

the effective pre shear consolidation pressure on the behaviour of the specimens. It has
been noted the main effect of the cement content on the specimens is to modify the stress —
strain— strength charaetistics of the specimens from normally consolidated behaviour to
over consolidated behaviour. The degree of the over consolidation has been shown to be
influenced by a variety of factors including cement content, curing time and applied stress

path.

By reference to Figure 6.49, which presents the undrained stress paths of specimens with
5% cement content and 1 month curing, it can be seen that the specimens display
behaviour which indicates a low OCR (normally to lightly over consolidated) with stress
pahs that be described as being convex towards the origin of the plot with increasing p

values and can also be described as displaying behaviour similar to specimens belonging
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to the wet side under State Boundary Surface. The effect of the effective gane sh
consolidation pressure can be established from the shape of the characteristic curves of
each of the specimens and their gradual transformation from one extreme to the other of
the p value. By reference to the specimen consolidated at 600 kPa, a well rounded stress
path can be observed with positive pore pressure generation, behaviour that can be
described as conforming to a normally consolidated state. By comparison the specimen
consolidated at 50 kPa shows seigid behaviour which can be describas behaviour

similar to the lightly over consolidated state with the stress path nearlyasaltel to the

g-axis. This general trend of behaviour is seen in specimens at higher cement contents, for
example 10% cement content and 1 month curing shows highly consolidated behaviour up
to 400 kPa pre shear consolidation pressure while higher than that the specimens display

lightly consolidated behaviour.

By reference to Figuré.49, specimens consolidated at pressures in excess of 100 kPa
display a clear @int of transformation with the stress path beginning relatively parallel to
the q axis (ie a relatively constant p value) then past the point of transformation the p value
begins to fall with an increasing g value. This point of the commencement of the curvature
is termed the point of Phase Transformation. It is at this point where transformation begins
to take place from one stage to the next with further increase in shear stress. Prior to the
point of phase transformation, the stress paths behave $mdathe total stress paths

with minimal pore pressure being developed during the shearing process but past this
point, pore pressure begins to develop and increase. Up to the point of phase
transformation, the shear strain is also small and recoverable, while past this point, the

shear strain begins to increase with further increase in shear strain.
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A clear chain of transformation points is shown in Fige49 and if joined a locus is
developed. This transformation line marks the point where the spegioease to behave
elastically and begin to display dominant plastic behaviour. It is worthy of note that for
specimengreatedwith 5% cement and cured for 1 month, the stress ratio at the point of
phase transformation is larger when specimens are sedbjexlower pre shear effective

consolidation pressures.

By reference to Figure 6.50, which presents the undrained stress paths of specimens
treated with 10% cement and cured for 1 month, it can be seen that specimens
consolidated with 50 and 100 kPa ghear effective consolidation pressure display lightly

to highly overconsolidated behaviour with stress paths nearlypaabel to the q axis,

which would indicate that the specimens do not display any volumetric yielding, even after
the reach peak deator stress. Meanwhile specimens cured at higher pre shear effective
consolidation pressures (ie 200 to 600 kPa) have stress paths which initially are sub
parallel to the g axis with nearly constant p values then display behaviour which can be

described abaving decreasing p values which would indicate phase transformation.

It was found that the phase transformation line occurred at higher levels as cement content
increased. At higher cement contents and higher pre shear effective consolidation pressure
(eg cement content of 15% and 1 month curing) it can be seen that the point of phase
transformation occurs at levels higher than the critical state line for the untreated Bangkok

clay but always is positioned below thding (angle of flexure).

By refereme to all the stress paths it can be seen that the heavily over consolidated

specimensife. lower p, values) after traversing the point of phase transformation deviate
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with an increasing p value and appear to move along the 3:1 line (the tension cut off of the
State Boundary Surface) forming an envelope along this line. This behaviour can also be
noted in Figures 6.50 and 6.51 for samples with cement contents of 10% and 15% cured

for a 1 month period.

For samples cured for a 2 month curing period, thiecefof the pre shear effective
consolidation pressure can be seen in Figue? &)d 6.53. By reference to these figures

it can be seen that the effect of the pre shear effective consolidation pressure with respect
to the reduction in the OCR is diminished when compared to samples cured for a 1 month
period. The principal cause of the effect is the hardening effect achieved by the cement
over the additional 1 month curing. This effect can be seen by reference to Figures 6.50
(10% Cement and 1 month curing) and Figure 6.52 (10% Cement and 2 months curing).
By reference to these figures it can be seen that the effect of the pre shear effective
consolidation pressure is far more pronounced on specimens cured for the shorter period.
This effect also becomes mao pronounced as the pre shear effective consolidation

pressure is increased.

The behaviour of the specimens with the highest cement content and longest curing time
(15% cement and 2 months curing) is shown in Figure 6.53. By reference to this figure it
can be seen that the specimens behaved in a rigid type manner with the stress path nearly
sub parallel to the q axis with very little deviation indicating a phase transformation. This
would indicate that the specimens display very little to no volumeteidiyig up to the

peak deviator stress. This behaviour indicates that the specimens display behaviour
consistent with a heavily overconsolidated material with this behaviour being caused by

the cement treatment. The stress paths show that specimens @tedolith lower pre
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shear effective consolidation pressures first move on a path of constant p then approach
the Hvorslev envelope and appear to approach failure on either on the Hvorslev envelope
or parallel to the 3:1 tension failure envelope. After ngax the peak deviator stress, the

stress path exhibits strain softening behaviour, falling sub parallel to the g axis. The stress
paths continue in a destructured state until approaching the critical state line of the natural

clay.

The effective stressaphs of the lime treated specimens in termscare presented in
Figures6.60 to 6.62 (incl.). These results are presented in order to evaluate the effect of
the effective pre shear consolidation pressure on the behaviour of the specimens. It has
been noted the main effect of the lime content on the specimens is to modify the stress —
strain— strength characteristics of the specimens from normally consolidated behaviour to
over consolidated behaviour. The degree of the over consolidation has beenst@wvn t
influenced by a variety of factors including lime content, curing time and applied stress

path.

By reference to Figure 6.60, which presents the undrained stress paths of specimens with
5% lime content and 1 month curing, it can be seen that themsecabove 5% lime
content display behaviour which indicates a low OCR (normally to lightly over
consolidated) with stress paths that be described as being convex towards the origin of the
plot with increasing pvalues and can also be described as displaying behaviour similar to
specimens belonging to the wet side under State Boundary Surface. The effect of the
effective pre shear consolidation pressure can be established from the shape of the
characteristic curves of each of the specimens and theirayrsidnsformation from one

extreme to the other of thg yalue. By reference to the specimen consolidated at 600 kPa,



a well-rounded stress path can be observed with positive pore pressure generation,
behaviour that can be described as conforming to enallyr consolidated state. By
comparison the specimen consolidated at 50 kPa showsigahtehaviour which can be
described as behaviour similar to the lightly over consolidated state with the stress path
nearly subparallel to the the-gxis. This genal trend of behaviour is seen in specimens

at higher lime contents, for example 10% lime content and 1 month curing shows highly
consolidated behaviour up to 400 kPa pre shear consolidation pressure while higher than

that the specimens display lightly smtidated behaviour.

By reference to Figuré.60, specimens consolidated at pressures of 200 kPa and over
display a clear point of transformation with the stress path beginning relatively parallel to
the q axis (ie a relatively constant p value) then past the point of transformation the p value
begins to fall with an increasing g value. This point of the commencement of the curvature
has been termed the point of Phase Transformation. It is at this point where transformation
begins to take place from ontage to the next with further increase in shear stress as

discussed in the cement section of this thesis.

By reference to Figure 6.61, which presents the undrained stress paths of specimens
treated with 10% lime and cured for 1 month, it can be seerspleatmens consolidated

with 50 kPa pre shear effective consolidation pressure display lightly to highly
overconsolidated behaviour with stress paths nearlypaddiiel to the g axis, which
would indicate that the specimens do not display any volumetric yielding, even after the
reach peak deviator stress. Meanwhile specimens cured at higher pre shear effective

consolidation pressures (ie 200 to 600 kPa) have stress paths which initially are sub
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parallel to the q axis with nearly constant p values then display behaviour which can be

described as having decreasing p values which would indicate phase transformation.

It was found that the phase transformation line occurred at higher levels as lime content
increased. At higher lime contents and higher pre siiective consolidation pressure

(e.g.lime content of 15% and 1 month curing) it can be seen that the point of phase
transformation occurs at levels higher than the critical state line for the untreated clay but

always is positioned below thelife (ande of flexure).

By reference to all the stress paths it can be seen that the heavily over consolidated
specimens (ie lowerypralues) after traversing the point of phase transformation deviate
with an increasing p value and appear to move along theng: {thie tension cut off of the

State Boundary Surface) forming an envelope along this line. This behaviour can also be

noted in Figures 6.60 and 6.62.

For samples cured for a 2 month curing period, the effect of the pre shear effective
consolidation presire can be seen in FigureS®and 6.67. By reference to these figures

it can be seen that the effect of the pre shear effective consolidation pressure with respect
to the reduction in the OCR is diminished when compared to samples cured for a 1 month
period. The principal cause of the effect is the hardening effect achieved by the lime over
the additional 1 month curing. This effect can be seen by reference to Figures 6.61 (10%
Lime and 1 month curing) and Figure 6.67 (10% Lime and 2 months curing). By reference
to these figures it can be seen that the effect of the pre shear effective consolidation
pressure is far more pronounced on specimens cured for the shorter period. This effect also

becomes more pronounced as the pre shear effective consolidation pressure is increased.



6.2.5 Failure Envelopes

The failure envelopes in terms gfgand p for the cement treated CIU tests are presented

in Figure 668 below.
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Figure 6.68— Peak Deviator Stress Envelope for Cement Treated and Untreated
from CIU Tests
For the purpose of this study, the failure envelopes have been expressed in this form, as
opposed to maximum obliquity ratio, as the cement treated specimens generally display
behaviour consistent with the overconsolidated state. This study has $tabwmetdegree
of overconsolidation is dependent on the cement content, curing time and pre shear

effective consolidation pressures.

By reference to Figuré.68 it can be seen that the envelopes drawn through the peak
deviator stress are much higher émnbs of g when compared to the untreated clays. The

strength of the specimens can be approximated as almost linear behaviour with respect to
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the pre shear effective consolidation pressures and the envelopes while the failure

envelopes appear to be curved.

By reference to the envelopes for 5% cement contents cured to for both 1 and 2 months it
can be seen that the failure envelopes are very similar indicating the effect of an additional
month of curing was minimal. This can also be inferred from the bedawf the

specimens treated with 7.5% cement. This would indicate that at lower cement contents,

the effect of additional curing time msinimal when considering peak deviator stress.

However when the failure envelopes for 10% and 15% cement content are considered it
can be seen that the specimens cured for 2 months are considerably higher than those
cured for 1 month. This preliminary finding would indicate that cement contents of 10 to

15% are more appropriate for use in cement stabilisation of clayriadat

The failure envelopes in terms afgand p for the CIU tests are presented in Figure 6.69

below.
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Figure 6.69— Peak Deviator Stress Envelopes from Lime Treated CIU Tests

This study has shown that the degree of overconsolidation is depemaiehe lime

content, curing time and pre shear effective consolidation pressures.

By reference to Figuré.69it can be seen that the envelopes drawn through the peak
deviator stress are much higher in terms of g when compared to the untreated@ihdays.
strength of the specimens can be approximated as almost linear behaviour with respect to
the pre shear effective consolidation pressures and the envelopes while the failure

envelopes appear to be curved.

By reference to the envelopes for 5% and 7.5f%e contents cured to for both 1 and 2

months it can be seen that the failure envelopes are very similar indicating the effect of an
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additional month of curing was minimal. This would indicate that at lower lime contents,

the effect of additional curing time minimal when considering peak deviator stress.

However when the failure envelopes for 10% and 15% lime content are considered it can
be seen that the specimens cured for 2 months are considerably higher than those cured for
1 month. This preliming finding would indicate that lime contents of 10 to 15% are more

appropriate for use in stabilisation of clay materials.

6.2.6 Peak Deviator Stress — Consolidation Stress Relationships

By reference to Figuré.70 below it can be seen that an increase in pre shear effective

consolidation pressure has a result of an increase in peak deviator stress.
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Figure 6.70— Peak Deviator Stress- Effective Consolidation Pressure Relationships
from Cement treated CIU Tests

It can be seen that for untreated $pens a linear relationship exists between undrained

shear strength and pre shear effective consolidation pressure. By extrapolation it can be
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inferred that the peak deviator stress at varying cement contents continues to increase until
reaches the lineaelationship of the untreated specimens. It has been reported previously
by Terzaghi (1979) for lime treated specimens that once the treated specimens reach the
linear untreated trend line, the behaviour of the treated specimens mirrors that of the

untreaed material. This behaviour can be inferred by extrapolation for this data set.

Also by reference to Figure 6.70, it can be seen that behaviour of the treated specimens
clearly falls into two distinct behavioural groups. At lower cement contents (5% %#iq 7

the increase in g« is relatively minor with little difference between 1 and 2 months
curing. The behaviour can also be approximated as linear. However for specimens treated
with 10% and 15% cement it can be clearly seen that there is a markexbenoregax
between 1 and 2 months curing as well as with a 5% increase in cement content. This
again indicates that for cement contents of 10% and 15%, the amount of cement added has

a far greater influence on peak deviator stress.

254



Figure 6.71— PeakDeviator Stress— Effective Consolidation Pressure Relationships

from Lime Treated CIU Tests
By reference to Figuré.71 above it can be seen that an increase in pre shear effective
consolidation pressure has a result of an increase in peak deviator stress. It can be seen that
for untreated specimens a linear relationship exists between undrained shear strength and
pre shear effective consolidation pressure. Figure 6.70 also shows that samples treated
with 5% lime showed little to no appreciable increase in peak deviator stress when cured
for 2 months compared to those cured for 1 month. Specimens treated with 7.5 and 210%
lime however showed a considerable strength gain at a given pre shear effective
consolidation pressure for a curing period of 2 months compared to those cured for 1

month.

Comparative plots of peak deviator stress against consolidation pressure are presented in

Figures 6.72 and 6.73 below. By reference to these figures it can be seen that
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comparatively lime treated specimens reach muoetet peak deviator stresses when
compared to cement treated specimens at a curing period of 1 and 2 months at given pre
shear effective consolidation pressures. The variation in the two is far less pronounced at
the 2 month curing period indicative of the slower increase in hardening of the lime treated
specimens when compared to increased rate of strength development in the cement treated

specimens.

Figure 6.72— CIU Results Summary — Comparison of Peak Deviator Stress —
Effective Consolidation PressureRelationships at 1 Month Curing
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Figure 6.73— CIU Results Summary — Comparison of Peak Deviator Stress —
Effective Consolidation Pressure Relationships at 2 Months Curing
By reference to Figures 6.72 and 6.ifXan be seen that comparatively lime treated
specimens reach much lower peak deviator stresses when compared to cement treated
specimens at a curing period of 1 and 2 months at given pre shear effective consolidation
pressures. The variation in the two is far less pronounced at the 2 month curing period
indicative of the slower increase in hardening of the lime treated specimens when

compared to increased rate of strength development in the cement treated specimens.

6.2.7 Effect of Additive Content on Peak Deviator Stress

The effect of cementontent on peak deviator stress is presented in Figureb6l@d at

varying pre shear effective consolidation pressures.
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Figure 6.74— Peak Deviator Stress- Cement Content Relationships from CIU Tests

By reference to Figure 6.%He variation in halening potential with an increase in cement
content can clearly be seen. The relationship betwggrand cement content can be seen

to be noninearin form. Generally at lower cement contents (5% and 7.5%) it can be seen
that there is a relatively slowncrease in g.x over the range of pre shear effective
consolidation pressures tested. Past 7.5% cement content rate of strength development
increases with the rate on increase also increasing at higher pre shear effective
consolidation pressures. At all pre shear effective consolidation pressures, the rate of
increase in strength development then decreases past 10% cement content up to the limit
of this study of 15% cement. Again based on the results obtained it can be inferred that
cement contents of 10&nd 15% result in higher rates of strength development over the
range of pre shear effective consolidation pressures t&stedference to Figure 4.29 it is

seen that up to 7.5% cement content, the specimens behavecentbet inactive zone

while beyond this cement content, the behaviour may be described being in the cement
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active zone. These general zonal classifications are consistent irrespective of pre shear

consolidation pressure.

The effect of lime content on peak deviator stress is presentéigjure 6.75 below at

varying pre shear effective consolidation pressures.

Figure 6.75— Peak Deviator Stress- Effective Consolidation Pressure Relationships

from Lime Treated CIU Tests
By reference to Figure 6.7he variation in hardening potentiaith an increase in lime
content can clearly be seen. The relationship betwggrand lime content can be seen to
be nondinearin form. Generally at lower lime contents (2.5% and 5%) it can be seen that
there is a relatively slow increase ima.g over the range of pre shear effective
consolidation pressures tested. Past 7.5% lime content rate of strength development
increases with the rate on increase also increasing at higher pre shear effective
consolidation pressures. At all pre shear effective dmoladimn pressures cured for 2

months, the rate of increase in strength development then increases past 10% lime content
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up to the limit of this study. Again based on the results obtained it can be inferred that lime
contents of 10% and 15% result in higher rates of strength development over the range of

pre shear effective consolidation pressures tested.

6.2.8 Excess Pore Pressure at Failure Condition

Figure 6.76 presents the relationships between the pore pressurg.@argl effective

consolidation presure.

500 —

A 5% Cement 1 Month
® 10% Cement 1 Month
W 15% cement 1 Month
= A 5% Lime 1 Month

O 10% Lime 1 Month
0O 15% Lime 1 Month

400 —

Pore Pressure at g, U (kPa)
|

0
\ \ \

0 200 400 60C
Effectiev Consdidation Presaure, p, (kPa)

Figure 6.76— Pore pressure at Failure and Effective Consolidation Pressure
Relationships —from CIU Tests

By reference to Figure 6.76 can be seen that the relationships can be approximated as

linear over the range of this study for both 1 and 2 months curing periods.

By reference to Figure 6.46canalsobe seen that the additive content of the specimens
has a relatively minor effect at lower pre shear effective consolidation pressures however

some variation can be noted at higher pressuFhe lower pore pressures at failure of the
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higher cement contents can be explained by the dilatant behaviour of the treated specimens

past Ghax

6.2.9 Pore Pressure Parameter A
The elationship between Skempton’'sre Pressure parameter A at failufg)(and pre
shear effective consolidation pressure for cement treated specimens has been presented in

Figure 6.77.
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Figure 6.77— Skempton’s Pore Pressure Parameter :A- Effective Consolidation
Pressure Relationships for Cement Treated Specimens
It was shown by Skempton (1954) that a relationship exists between the pore pressure
response of a clay soil for a given loading varies with respect to the degree of
overconsolidation of the soil. Higher pore pressure response (ie a fngtud) indicates
a rormally consolidated clay and similarly low or negative values pfréate to

overconsolidated clays.
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By reference to Figuré.77it can be seen that the untreated specimen displays the highest
A value, indication the normally consolidation conditiorotighout the range of pre shear

effective consolidation pressures covered by this study.

The cement treated BangkaKkay specimens can again Ibeoken into two groups,
governed by cement content. The specimens with lower cement contents (5% and 7.5%)
andcuring periods of 1 and 2 months, generally display highealies and the tendency
shows an steeper increase invAth pre shear effective consolidation pressures. The
second group contains specimens treated with 105 and 15% cement for both 1 and 2
month curing. These specimens show generally lowevafues and a tendency for the
value of A to increase at a slower rate with an increase in pre shear effective consolidation

pressures.

Based on these results the following inference can be made. It appears that higher cement
contents generate lower pore pressure responses indicate a higher over consolidation ratios
for these specimens. The tendency for the pore pressure response to fall with higher

cement contents also shows an increase in OCR at higher pre shear effective consolidation

pressure values.

The relationship between Skempton’s pore Pressure parameter A e {Aijuand pre

shear effective consolidation pressure for lime treated specimens has been presented in

Figure 6.78.
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Figure 6.78— Skempton’s Pore Pressure ParameterA- Effective Consolidation
Pressure Relationships for Lime Treated Specimens
By reference to Figuré.78it can be seen that the untreated specimen displays the highest
At value, indication the normally consolidatioonclition throughout the range of pre shear

effective consolidation pressures covered by this study.

The treated Bangkoklay specimens can agaie broken into two groups, governed by

lime content. The specimens with lower lime contents (2.5% to 7.5%) and curing periods
of 1 and 2 months, generally display highervAlues and the tendency shows an steeper
increase in Awith pre shear effective consolidation pressures. The second group contains
specimens treated with 10% and 15% lime and 2 month curing. These specimens show
generally lower Avalues and a tendency for the value efté\increase at a slower rate

with an increase in pre shear effective consolidation pressures.
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Based on these results the following inference can be made. It appears hikatlimg

contents and longer curing periods generate lower pore pressure responses indicate a
higher over consolidation ratios for these specimens. The tendency for the pore pressure
response to fall with higher lime contents and longer curing periods also shows an increase

in OCR at higher pre shear effective consolidation pressure values.

The comparative relationship between Skempton’s pore Pressure parameter A at failure

(Af) and pre shear effective consolidation pressure has been presented in Figarel6.79

6.80.

Figure 6.79— Comparison of Skemptons Pore Pressure Parameter; A Effective

Consolidation Pressure Relationships at 1 Month Curing
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Figure 6.80—Comparison of Skemptons Pore Pressure Parameter, A- Effective

Consolidation Pressure Rdtionships at 2 Months Curing

By reference to Figures 6.79 and 6iB0an be seen that the untreated specimen displays
the highest Avalue, indication the normally consolidation condition throughout the range

of pre shear effective consolidation pressutovered by this study.

By comparison, the treated specimens cured for 1 month show similar behaviour for
cement treated specimens of lower cement contents and all lime treated specimens
behaving similarly. These specimens show a higher pore presspanse with basically
similar behaviour indicating lower over consolidation ratios for these specimens..
Specimens treated with 10% and 15% cement and cured for a 1 month period show a

much lower pore pressure response indicative of overconsolidatedidatezbclays.
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By reference to Figur6.80 presents specimens cured for a 2 month curing period. These
specimens show generally lowervalues and a tendency for the value pfAincrease at

a slower rate with an increase in pre shear effective cdasioln pressures. The tendency

for the pore pressure response to fall with higher additive contents also shows an increase

in OCR at higher pre shear effective consolidation pressure values.

6.2.10 Shear Strain at Failure

Figure6.81presents a summary tife shear strain at failuresf) with respect to pre shear
effective consolidation pressure for the range of cement contents and curing periods

covered by this study.
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Figure 6.81— Shear Strain A Failure and Effective Consolidation Pressure
Relationships

By reference to Figure 6.81 it can be seen that the untreated specimens achieve a much
higher strain at failure than the treated specimens and a generalization can be made with
respect to the treated specimens that an increase in cement content results in a decrease in

strain at failure.

26¢



The effect of pre shear effective consolidation pressure can also be gauged by reference to
this figure. A general trend can be seen whereby an increase in pre shear effective

consolidation pressure will result@m increase in strain at failure.

Figure6.82presents a summary of the shear strain at failgpewith respect to pre shear
effective consolidation pressure for the range of lime contents and curing periods covered

by this study.

Figure 6.82— Shear Strain A Failure and Effective Consolidation Pressure
Relationships
By reference to Figure 6.82 can be seen that the untreated specimens achieve a much
higher strain at failure than theeited specimens and a generalisation can be made with
respect to the treated specimens that an increase in lime content results in a decrease in

strain at failure.



The effect of pre shear effective consolidation pressure can also be gauged by reference to
this figure. A general trend can be seen whereby areaserin pre shear effective
consolidation pressure will result in an increase in strain at failure in samples cured for 1
month. Figure 6.8presents a trend of strain at failure for specimens cured for 2 months.
This trend indicates that specimens curedigher lime contents for longer curing periods
become more brittle irrespective of pre shear effective consolidation pressure with a

decrease in strain at failure.

It has been discussed previously that the general trend exists within this study that an
increase in additive content and curing time will result in a decrease in strain at failure. It
was further noted that an increase in pre shear effective consolidation pressure will cause a
general increase in strain at failure. However the effect of pre shear effective consolidation
pressure was reduced for lime treated specimens when compared to similarly treated
cement treated specimens. For the purpose of clarity the results of strain at failure for both

additives are presented in the form of averageds in Figuré®.83.
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Figure 6.83— Comparison of Shear Strain at Failure — Effective Consolidation
Pressure Relationships
Based on these results it can be seen that considerably higher strains are achieved in lime
treated specimens at 1 month curing when compared to cement treated specimens. This
confirms the faster hardening potential of cement when compared to lime at shorter curing

periods.

By 2 months curing however the strain at failure becomes similar at a pre shear effective
consolidation periodf 200 kPa and above. Below this pressure, it can be seen that the
lime treated specimens display a generally higher strain at failure at 2 months curing. This
trend indicates that specimens cured at higher lime contents for longer curing periods
become rore brittle irrespective of pre shear effective consolidation pressure with a

decrease in strain at failure.



6.2.11 Summary and Concluding Remarks

6.2.11.1 Effects of Pre Shear Consolidation Pressure on Deviator StressShear

Strain Relationships

Theeffect of the pre shear effective consolidation pressure was found to be very gradual at
lower cement contents as the pre shear effective consolidated volumes are controlled by
the pre shear effective consolidation pressure which controls the deviass—s$teain
relationships. At higher cement contents however it was noted that the pre shear effective
consolidation pressure controls the maximum deviator stress and the behaviour of the
specimen prior to the peak. The material was found to behaveneaa Blastic manner to

Omax and beyond the linear elastic portion, the behaviour of the specimen was found to

behave according to the pre shear effective consolidation pressure.

The effect of the pre shear effective consolidation pressure was also found to be very
gradual at lower lime contents as the pre shear effective consolidated volumes are
controlled by the pre shear effective consolidation pressure which controls the deviator
stress- strain relationships, similar to the behavionoted for cementreated specimens.

At higher lime contents however it was noted that the pre shear effective consolidation
pressure controls the maximum deviator stress and the behaviour of the specimen prior to
the peak. The material was found to behave in a linear elastic manngk &md beyond

the linear elastic portion, the behaviour of the specimen was found to behave according to
the pre shear effective consolidation pressure. The effect of the preconsolidation pressure
of 200kPa can also be observed at 2 months curing with specimens consolidated at 400kPa

and 600kPa showing the most apparent effects of the hardening process.
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6.2.11.2 Effects of Curing Time on Deviator Stress — Shear Strain Relationships

It was found that atgx the shear strain at failure for cement treated specimens decreased
with curing time increases. An increase in curing time resulted in a risgxJtoca welt

defined peak prior to the commencement of strain softening.

It was found that specimens treated with lime generally achievedvarstate of strength
increase or hardening. Samples cured for 1 month showed only minor increase in strength

while strength gain became more apparent after 2 months curing.

It was also found that at.g, the shear strain at failure decreased with cuting
increases. An increase in curing time resulted in a risgdntaa welldefinedpeak prior

to the commencement of strain softening.

The rate of softening of specimens with the same lime content is considerably higher at the
longer curing period of 2 months when compared to 1 month curing. It can be seen that the
(g, § curve decrease considerably more rapidly beyond i specimens cured for 2

months when compared to those cured for 1 month. It should also be noted that the curves

are virtuallylinear up to 75% to 80% of the peak deviator stress.

It was shown that the principal controlling factor in the generation of strength for lime
treated specimens is curing time; with a secondary controlling factor of lime content
meanwhile with cement tread specimens both cement content and curing time play
important roles in the generation of ultimate strength. The effect of curing time is

amplified by raising cement contents.
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6.2.11.3 Effects of Additive Content on Deviator StressShear Strain Relatonships

The stresstrain relationships of the treated specimens were found to vary considerably as
a result of the cement content. General trends observed included an increase in maximum
deviator stress with an increase in cement content and a decreaisenirat failure with

an increase in cement content. The general subdivision of the behaviours can be
summarized as lower cement contents (eg 5% and 7.5%) produced moderate peaks at
maximum deviator stress with generally higher strains at failure, while higher cement
contents (eg 10% and 15%) producing higher and sharper peaks at maximum deviator

stress with associated lower strains at failure.

The stresstrain relationships of the treated specimens were found to vary considerably as
a result of the lira content. It was found that the lime content of the specimens had a
relatively minor effect on strength development at the shorter curing period of 1month,
while the effect of the lime content was particularly noticeable for the 2 month curing

period.

Several trends were noted with respect to the response of the peak deviator stress of the
specimens to variation in lime content. By reference to Figures 6.57 and 6.58 it can be
seen that at a 1 month curing time there is only slight increase in peak dstrigs from

2.5 to 15% lime contents. The specimens displayed roughly linear increase in deviator
stress with strain o to.gx and a there was a gradual strain softening past the peak of the
g/ K curve. For this shorter curing period it could be consdehat the lime content

displayed very little effect the strength gain or hardening of the specimens.
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It was shown that at lower percentages, very little strength is gained in lime treated
specimens at lower additive contents however with increasedgcperiods, higher
strength gains can be achieved in lime contents over 10%. There appears tdibeanon
increasing rate of strength gain as a function of cement content. Substantial strength gains

were shown over the curing periods tested.

6.2.11.4 Efects of Consolidation Stress on Pore Pressure Shear Strain

Relationships

The effect of the pre shear effective consolidation pressure on pore pressure was found to
be observed in the form of a reduction in strain at maximum. Generally at lower pre shear
effective consolidation pressures, the maximum pore pressure was observed to occur prior
to the peak deviator stress while at higher pre shear effective consolidation pressures, the
peak pore pressure was to found occur past the peak deviator stress. This could be
summarized the strain at peak pore pressure increasing with pre shear effective

consolidation pressure employed in the test conditions.

It was discussed that the effect of pre shear effective consolidation pressure on lime treated
specimens clefr causes and increase in total developed pore pressure as the pre shear
effective consolidation pressure increases. Generally at lower pre shear effective

consolidation pressures, the maximum pore pressure was observed to occur prior to the
peak deviator stress while at higher pre shear effective consolidation pressures, the peak
pore pressure was to found occur past the peak deviator stress. This could be summarised
as the strain at peak pore pressure increasing with pre shear effective consolidation

presure employed in the test conditions.

275



In lime treated specimens the strains at which the maximum pore pressure develops varied
considerably, dependant on the pre shear effective consolidation pressure. Specimens
consolidated at pre shear effective cortdailon pressures from 50 to 200 kPa were shown

to develop maximum pore pressures well before the failure of the specimgn aTlqus

the pore pressure in these specimens was falling at failure. The specimens consolidated at
pre shear effective consolitlan pressures of 400 and 600 kPa developed peak pore
pressure close to the failure point of the specimenygt Ghe pore pressure remains

relatively constant, possibly falling slightly as strain continues.

The cement treated specimens display a sinmié&haviour up to approximately 80% of

peak pore pressure however the rate of increase is generally much steeper. The curves
form awell-definedpeak and there is an abrupt fall in pore pressure past the peak value.
At lower pre shear consolidation pres=s) the developed pore pressure falls to below

zero. This behaviour is a reflection of the behaviour of an over consolidated clay.

6.2.11.5 Effects of Curing Time on Pore Pressure — Shear Strain Relationships

It was found that an increase in curing time resulted in a reduction in strain at peak pore
pressure. For longer curing periods it was found that the change in pore preskseass —

strain relationships displayed a distinct peak with significant pore pressure dissipation past
the peak. It was also found that specimens cured for longer periods generated greater

negative pore pressures.

It was discussed that the effect of curing time on specimens at lower pre shear effective
consolidation pressures (50 and 200 kPa) is only marginally different whibekiaiour
at the higher pre shear effective consolidation pressures (600 kPa) displayed significantly

different behaviour with respect to the development of pore pressure with shear strain. . It
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was also found that specimens cured for longer periods ajedegreater negative pore

pressures.

Based on these results it can be commented that increase in curing time on the
development of pore pressure in cement treated specimen should only a minor effect in the
behaviour of the specimens, however for limatied specimens it can be noted that the
specimens generally behave differently in that the rate of pressure dissipation indicated a
degree of over consolidation in specimens that behaved like normally consolidated clays at
1 month curing (refer to specimens consolidated at pre shear effective consolidation
pressures of 50 and 100 kPa). For both additive types it was noted that the absolute pore
pressure developed increased markedly when the pre shear effective consolidation
pressure exceeded the yield stre¥s)( that resulted from the consolidation test section of

this report.

6.2.11.6 Effects of Additive Content on Pore Pressure — Shear Strain Relationships

It was found that higher cement contents result in lower strain values at the occurrence of
the peak pore pressures. At higher cement contents the peak pore pressure was found to
occur considerably prior to the peak deviator stress. Specimens with lower cement
contents were found to generate peak pore pressures well after the peak deviator stress.
Also a greater negative pore pressure was found to be generated in specimens with higher

cement contents.

It was notedhat an increase in lime content has a relatively minor effect on the peak value
of the maximum excess pore pressure developed. The gradiéme increase in peak
excess pore pressure can also be seen to increase with pre shear effective consolidation

pressure when expressed in terms of lime content.
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It also appears that the lime content of the specimens has a marked content on the
behaviour of the pore pressure responses past maximum however it has a relatively minor

effect on the overall maximum value of pore pressure developed.

It was shown that the cement content of the specimens showed a relatively minor effect
with regard to pore pssure development. Only minor increases were noted. It was also

noted that lime treated specimens only showed relatively minor increases in peak pore
pressure developed with increases in lime content. At higher lime contents and lower pre
shear effective consolidation pressures, the specimens appear to behave like over
consolidated clays while at lower lime contents their behaviour can best be described as

similar to normally consolidated clays.

6.2.11.7 Undrained Behaviour of TreatedBangkok Clays from Effective Stress
Paths

Several initial observations are possible from the effective stress paths of the treated
Bangkok clay specimens. A change in the behaviour of the specimen was noted with
respect to the degree of overconsolidation. A more rigid overconsolidated behaviour in the
treatedBangkokclay specimens was noted. Lower cement contents showed little effect in

variation of the strength characteristics of the specimens.

In general the specimens were found to follow a constant p path at small stnaghs w
increased to larger strain behaviour with a resultant generation of higher pore pressure.
This phase transformation was observed and identified. Once beyond the small strain
phase, the specimens were found to undergo a work hardening orpidasiotype

behaviour up to the beginning of the curved failure phase of the stress path. The phase
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transformation was observed to occur at a paietined by others as the point of
contraflexure which occurred at the dangent of the stress ratio where thess path
changed its direction from decreasing p values to increasing p values. Phase
transformation was not however noted in specimens with higher cement contents (15%)

and longer curing periods (2 months).

The principal parameter controlling hardenargd rigidity of the specimens was found to
be the cement content and to a secondary extent the curing time employed. The effects of
lower cement contents (5%) exhibited markedly lower advantages in hardening And

rigidity as opposed to higher cement contents (15%).

The pre shear effective consolidation pressure was found to #feedctehaviour of the
specimens principally with respect to the overconsolidation ratio. An increase in pre shear
effective consolidation pressure was found to induce a behawidhe specimen similar

to a lower overconsolidation ratio. This would indicate that as the pre shear effective
consolidation pressure increases the specimen approaches the behaviour of a normally

consolidated clay.

The stress paths show that specimenssclidated with lower pre shear effective
consolidation pressures first move on a path of constant p then approach the Hvorslev
envelope and appear to approach failure on either on the Hvorslev envelope or parallel to
the 3:1 tension failure envelope. Afteeaching the peak deviator stress, the stress path
exhibits strain softening behaviour, falling sub parallel to tla&ig where the specimens

possessed a destructured state.



Several initial observations are possible from the effective stress pattes lohé treated
Bangkok clay specimens. A change in the behaviour of the specimen was noted with
respect to the degree of overconsolidation. A more rigid overconsolidated behaviour in the
treatedBangkokclay specimens was noted. Lower lime contents shdiitexl effect in

variation of the strength characteristics of the specimens.

The principal parameter controlling hardening and rigidity of the specimens was found to
be the lime content and to a secondary extent the curing time employed. The effects of
lower lime contents (2.5% and 5%) exhibited markedly lower advantages in hardening and

rigidity as opposed to higher lime contents (15%).

The pre shear effective consolidation pressure was found to affect the behaviour of the
specimens principally with rpsect to the overconsolidation ratio. An increase in pre shear
effective consolidation pressure was found to induce behaviour in the specimen similar to
a lower overconsolidation ratio. This would indicate that as the pre shear effective
consolidation presse increases the specimen approaches the behaviour of a normally

consolidated clay.

Thus the two different additives display a considerable difference in the behaviour of the
specimens as the additive content increases. Cement treated specimens gosvadly
change from lightly to heavily overconsolidation while lime treated specimens tend to
behave in the inverse. All specimens cured for two months at the lower pre shear effective
consolidation pressure of 50 kPa appear to behave in the mannepwéraonsolidated

clay.
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In summary the specimens treated with 10% cement tend to show a continuous increase in
undrained shear strength with behaviour consistent with an overconsolidated clay. This
behaviour is consistent throughout the specimens witleased curing time however it

can be seen that specimens cured for 1 month at 10% cement content begin to revert to
normally consolidated behaviour at the higher pre shear effective consolidation pressure of
600 kPa. Lime treated specimens however show a marked increase in undrained shear
strength with an increase in curing time from 1 to 2 months however there is a change in
behaviour with respect to the degree of overconsolidation in that specimens cured for 2
months display heavily overconsolidated bebaviat 50 and 200 kPa pre shear effective
consolidation pressure however there is change to normally consolidated behaviour at a
pre shear effective consolidation pressure of 600 after 2 months curing due to a break

down in the cementation bonds within ggecimen.

6.2.11.8 Failure Envelopes

The failure envelopes were found to display slight curvature with the degree of curvature
being controlled by the shear effective consolidation pressure. An upwards trend was

noted in the failure envelopes with an ie@se in cement content and curing time.

The envelopes for 5% and 7.5% lime contents cured to for both 1 and 2 months it can be
seen that the failure envelopes are very similar indicating the effect of an additional month
of curing was minimal. This would indicate that at lower lime contents, the effect of

additional curing time is minimal when considering peak deviator stress.

However when the failure envelopes for 10% and 15% lime content are considered it can

be seen that the specimens cured for 2 months are considerably higher than those cured for



1 month. This preliminary finding would indicate that lime contents of 10 to 15% are more

appropriate for use in stabilisation of clay materials.

The results showed that cement contents of 10 to 15% areapprepriate for use in
cement stabilisation of clay materials. It was also shown that the cement content has a far

more pronounced effect on the hardening potential of the specimens than the curing time.

It was shown that for lime treated specimens thkure envelopes are very similar
indicating the effect of an additional month of curing was minimal. This would indicate
that at lower lime contents, the effect of additional curing time is minimal when

considering peak deviator stress.

However when the failure envelopes for 10% and 15% lime content are considered it can
be seen that the specimens cured for 2 months are considerably higher than those cured for
1 month. This preliminary finding would indicate that lime contents of 10 to 15% are more

appropriate for use in stabilisation of clay materials.

6.2.11.9 Peak Deviator Stress — Consolidation Stress Relationships

It can be inferred from the results of the experimental program that the peak deviator stress
at varying cement contents continues toease until reaches the linear relationship of the
untreated specimens. Once the treated specimens reach the linear untreated trend line, the

behaviour of the treated specimens mirrors that of the untreated material.

It was shown that lime treated specimarach much lower peak deviator stresses when
compared to cement treated specimens at a curing period of 1 and 2 months at given pre

shear effective consolidation pressures. The variation in the two is far less pronounced at
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the 2 month curing period inchtive of the slower increase in hardening of the lime treated
specimens when compared to increased rate of strength development in the cement treated

specimens.

6.2.11.10 Effect of Additive Content on Maximum Deviator Stress.

Generally at lower cement camts (5% and 7.5%) it can be seen that there is a relatively
slow increase in ghx Over the range of pre shear effective consolidation pressures tested.
Past 7.5% cement content rate of strength development increases with the rate on increase
also increasg at higher pre shear effective consolidation pressures. At all pre shear
effective consolidation pressures, the rate of increase in strength development then
decreases past 10% cement content up to the limit of this study of 15% cement. Again
based onhe results obtained it can be inferred that cement contents of 10% and 15%
result in higher rates of strength development over the range of pre shear effective

consolidation pressures tested.

Generally at lower lime contents (2.5% and 5%) it was seeribia is a relatively slow
increase iMmax Over the range of pre shear effective consolidation pressures tested. Past
7.5% lime content the rate of strength development increases with the rate also increasing
at higher pre shear effective consolidation pressures. At all pre shear effective
consolidation pressures cured for 2 months, the rate of increase in strength development
then increases past 10% lime content up to the limit of this study. Again based on the
results obtained it can be inferred thatd contents of 10% and 15% result in higher rates

of strength development over the range of pre shear effective consolidation pressures

tested.
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Generally the cement treated specimens achieve a much higher strength after 1 month
curing but display only mior increases in strength when cured for 2 months. However
lime treated specimens show a considerable increase in peak deviator stress between one
and two months curing. Increases of between 300 and 400% in peak deviator stress are
common in lime treated specimens. This indicates that the strength development in lime
treated specimens is far greater than that for cement treated specimens with increased

curing periods.

6.2.11.11 Excess Pore Pressure at Failure Condition

It was noted that the relationshipstiveen excess pore pressure and pre shear effective
consolidation pressure can be approximated as linear over the range of this study for both
1 and 2 months curing periods. The cement content of the specimens has a relatively minor
effect at lower pre slae effective consolidation pressures however some variation can be

noted at higher pressures.

It has been shown that the additive content of the specimens has a relatively minor effect
at lower pre shear effective consolidation pressures however soragovadan be noted
at higher pressures. The lower pore pressures at failure of the higher additive contents can

be explained by the dilatant behaviour of the treated specimenspast q

6.2.11.12 Pore Pressure Parameter A

It was shown that specimens cufed 2 months showed a tendency for the value abA
increase at a slower rate with an increase in pre shear effective consolidation pressures.
The tendency for the pore pressure response to fall with higher additive contents also
shows an increase in ®&Cat higher pre shear effective consolidation pressure values for

both additives.
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6.2.11.13 Shear Strain at Failure

The untreated specimens achieve a much higher strain at failure than the treated specimens
and a generalization can be made with respect to the treated specimens that an increase in
cement content results in a decrease in strain at failure. Higher pre shear consolidation
pressure also resulted in higher shear strains at failure. It was also noted that the principal

parameter controlling the deease in strain at failure is the cement content of the specimen

A general trend was observed in the behavaduhe lime treated specimens whereby an
increase in pre shear effective consolidation pressure will result in an increase in strain at
failure in samples cured for 1 month. This trend indicates that specimens cured at higher
lime contents for longer curing periods become more brittle irrespective of pre shear

effective consolidation pressure with a decrease in strain at failure

It has been showpreviously that considerably higher strains are achieved in lime treated
specimens at 1 month curing when compared to cement treated specimens. This confirms
the faster hardening potential of cement when compared to lime at shorter curing periods.
By 2 months curing however the strain at failure becomes similar at a pre shear effective
consolidation period of 200 kPa and above. Below this pressure, it can be seen that the
lime treated specimens display a generally higher strain at failure at 2 montigs ¢ais

trend indicates that specimens cured at higher lime contents for longer curing periods
become more brittle irrespective of pre shear effective consolidation pressure with a

decrease in strain at failure.

6.3 Drained Behaviour

6.3.1 Introduction
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A further series of consolidated drained triaxial tests were undertaken on samples of soft
Bangkok clay. Cement treated specimens were tests at cement contents ol®,and,

15% curedor 1'and 2 months. Lime treated specimens were also tests at lime contents of
5, 7.5 and 10% also cured for 1 and two months. In both cases, pre shear effective

consolidation pressures ranged from 50 kPa to 600 kPa. This chapter discusses the drained

behaviour of these specimens.

6.3.2 Effective Stress Paths

Representate stress paths for cement treated Bangiays are presented in Figures 6.84

to 6.88.
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Figure 6.84— Stress Points at Peak and End of Test Conditions — 1 Month Curing
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By reference to Figures 6.84 to 6.8&an be seen that the specimens follow stress paths
to a maximum deviator stress after which strain softening occurs to a lower q value. The

path from ghax to the end of test condition can be seen to follow the 1 in 3 path.
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The failure envelopes are presented in Figures 6.84 to 6.88. By reference to these failure
envelopes it can be seen that they are generally curved in shape, with the tangential
gradient decreasing as the pre shear effective consolidation presstgas@s. This
reduction in the rate of increase of thg,qvalues would indicate that the cementation
process of the additive / soil mixture is reduced by the increase in pre shear effective

consolidation pressure.

6.3.3 Deviator Stress Shear Strain Rationships

The deviator stress / shear strain relationships are presented in Figurestoagd
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Figure 6.89— Deviator Stress / Shear Strain Relationships — 1 Month Curing
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Figure 6.92— Deviator Stress / Shear Strain Relationships - 50 kPa 2 Months
Curing
Figures6.8 and 6.90 present the deviator stressrsusshear strai relationships for
specimens treated with 10% additive cured for 1 and 2 months while Figures 6@22nd
present specimens with additive contents from 5 to 10% consolidated at pre shear effective

consolidation pressure of 50 kPa and cured for 1 andri2hs.

By reference to Figures 6.%nd 6.92 it can be seen that the effect of increasing the
cement content shows a large resultant increasg.iwith an associated increase in the
elastic portion of the stress strain curve or modulus. This increaseodulus is
accompanied by the obvious decrease in strain at failure at cement content increases. By
reference to Figures 6.88 and 6.89 it can be seen that an increase in pre shear effective
consolidation pressure results in an increase g, chowever e modulus of the
specimens remains relatively similar at 10% cement content. The rate of increage in q
also appears to be disproportionate to the increase in pre shear effective consolidation

pressure, Based on these observations, it appears that the effect of cementation appears to
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have been reduced by the increase in pre shear effective consolidation pressure, a possible

result of the breakdown of cementation bonds under initial pressurisation.

By reference to Figurés91 and 6.92 it cabe seen thathe specimens achieve a higher
failure strain at higherngx values with an increase ig.pt is also noted by comparing
Figures 6.8%nd 6.90, that the rate of increase of deviator stress is increased with curing

time to a higher g« value at lower strain values.

With regard to the lime treated specimens, by plotting lines through the valugg.of g
slightly curved failure envelopes are evident. This behaviour as discussed previously
would indicate that the effect of the cementation bonds beingudased under high pre

shear effective consolidation pressures has resulted in a decrease in the rate of overall
strength development. The end of test conditions are seen to fall close to the failure

envelope of the untreated Bangkok clay.

The effectivestress paths of specimens treated with 5% additive and cured for 1 and 2
months are presented in Figur@s84 and 6.85 respectively. At these lower additive
contents, the specimens generally behave similarly rising to a peak deviator stress and
falling ata 1 in 3 line to an end of test condition near the critical state line of the untreated
specimens. Even at these lower additive contents it can be seen that the curved nature of
the peak deviator stress envelopes indicates a reduction in the strendthprdene

brought about by higher pre shear effective consolidation pressures.

At the higher additive content of 10%, presented in Figures &®8665.87 for curing

periods of 1 and 2 months respectively the delayed rate of strength development of the
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lime treated specimens becomes evident. In both cases similar behaviour is noted with
respect to the peak deviator stress envelopes as discussed previously, however, the lime
failure envelope for the specimens cured for 1 month can be seen to be considebly low
than the cement envelope. After an additionaldhths curing (Figure 87) the lime peak
deviator stress envelope has moved to be situated just beneath the envelope for the cement
treated specimens. This behaviour reflects the increase in strength development in the lime
treated specimens in the second month of curing as discussed in several locations in this
document. The delay in the strength development is also highlighted in Figure 6.8 which
presents specimens treated with 15% additives and cure2 foonths. Generally the
reduction in effectiveness of the cementation process brought about by the higher pre

shear effective consolidation pressures is still evident with this increased curing period.

6.3.4 Volumetric Strain Versus Deviator Stress Retanships

The volumetric strain versukeviator stress relationships are presented in Figureab®3
6.94for specimens tested at pre shear effective consolidation pressure of 50kPa and cured

for 1 and 2 months.
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The results for the specimen tested at pre shear effective consolidation pressure of 600kPa

and cured for 2 months is presented in Figuré.6.9
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Figure 6.95— Deviator Stress / Volumetric Strain Relationships — p= 600kPa 2
Months Curing

By reference to Figures 6.93 to 6.95 it can be seen that there is a relatively slow increase in
volumetric strain up to approximately 0.5% strain for specimens treated with cement. This
is best illustrated in Figure 6.%%here it can be seen that after this initial slow increase in
volumetric strain, the rate of strain increases with the increase in q up to false T
points have been described previously Uddin (1995) as transition points of small and large
strain behaviour. This behaviour has been described as up to the transition point, the
sample state is within the state boundary surface while once largeb&haniour takes

over the sample behaves as on the state boundary surface.

Also of note is the dilatant behaviour of specimens consolidated at a pre shear effective
consolidation pressure of 50kPa and cured for 2 months (Figure 6.93). For specimens
curedfor 1 month (Figure 6.93) it can be seen that past failure, volumetric strain remains

relatively constant with only a slight reduction. Samples cured for 2 months show a
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substantial reduction in volumetric strain, or an increase in volume, past faillms. T
behaviour appears to be limited to specimens consolidated at lower pre shear effective
consolidation pressures and by reference ro Figure 6.95, this behaviour is not present in
specimens consolidated at pre shear effective consolidation pressure k?&608t the

higher pre shear effective consolidation pressure the volumetric strain remains relatively

constant after failure.

The volumetric strain deviator stress relationships for the lime treated specimens are also
presented in Figures 6.9and 6.94 for specimens tested at pre shear effective
consolidation pressure of 50kPa and cured for 1 and 2 months. The results for the
specimen tested at pre shear effective consolidation pressure of 600kPa and cured for 2

months is also presented in Figur8s.

The slow rate of hardening of the lime treated specimens at 1 month curing is again
observedn Figure6.93. Here the curves are all similar and behave in a similar manner.
There is a short small strain behaviour up to approximately 0.5% strain, thebdaca

peak value past which there is vertical drop in deviator stress at virtually a cogstant H
value. All specimens then appear to undergo a dilatant behaviour just prior to the end of

test conditions.

It can be seen in Figure 6.94at the specimen treated with 5% lime behaves similarly to
that at 1 months curing. Specimens prepared with 7.5 and 10% lime show a marked
increase in the gradient of the-gklup to the peak then a near immediate trend into
dilatancy. The dilatancy continues such that negative volumetric strains are seen at higher

lime contents indicating a substantial volumetric increase.
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Figure 6.95 presentsthe results of specimens consolidated at a pre shear effective
consolidation pressure of 600 kPa and cured for 2 months, liecaren that the dilatant
behaviour is not evident. At the higher consolidation pressure however the similar
behaviour of the 7.5 and 10% lime treated specimens is noted. This shows further evidence
as to the higher shear effective consolidation pressure resulting in a reduction in the

cementation process with a resultdatrease in hardening of these specimens.

By reference to Figure 6.98 can again be seen that the cement treated specimens have
undergone some hardening bought about the cementitous bonding of the soil particles,
reflected by the reduction in volumetric strain giper unit deviator stress with increase

in cement content. The lime treated specimens all behave similarly with similar volumetric
strains at gax and similar behaviour to the peak of the curves. At this low consolidation
pressure all specimens (cement and lime treated) show slight dilatant behaviour as the tests

approach the end of test conditions.

The same sample treatments but cured for a 2 month period are presented i6.Bigure
The further hardening of the cement treated specimens is revealed by the reduction in
volumetric strain as g« increases to higher values. By comparison the lime treated
specimens have undergone considerably more hardening after 2 momnilys apart from

that treated with 5% lime. Specimens treated with 7.5 and 10% lime show a substantial
reduction in volumetric strain with increase in deviator stress with the gradient of the
specimen treated with 10% lime approaching that of the specireatedr with 10%

cement.

29t



All specimens show far more pronounced dilatant behaviour commencing much sooner
after gnax In fact both the 10% cement and lime treated specimens enter the negative

volumetric strain range.

For comparative purposes, similarlyated specimens consolidated at a pre shear effective
consolidation pressure of 600 kPa and cured for a period of 2 months are presented in
Figure 6.95. In this figure, the small strain range as discussed previously can clearly be
seen for both lime and cemt treated specimens. By reference to Figure &2&n be

seen that the specimens treated with 5 and 7.5% cement behave very similarly with only
the specimen treated 10% cement showing any marked difference. As discussed
previously, there appears to tetardation in the development of hardening potential with
increase in pre shear effective consolidation pressures. Based on the results observed in
Figure 6.95, it appears that this is true for cement treated specimens as well, however at
cement contentsf 15% (and presumably above) the hardening of the cementation bonds

outweighs the destructurisation bought about by the high consolidation pressure.

The lime treated specimens show that this decrease in cementation bond strength has been
brought about by the high consolidation pressure with both the 7.5% and 10% specimens
behaving similarly. The dissimilar behaviour of the 5% lime specimen shows the reduced

strength of this specimen compared to those with higher lime contents.

6.3.5 Volumetric Strain / Shear Strain Relationships

The volumetric strain shear strain relationships of specimens treated with 10% cement
and cured for 1 and 2 months are presented in FigurésaG®6.97 while specimens
consolidated at a pre shear effective consolidation pressure of 50kPa and cured for 1 and 2

months are presented in Figufe88and 6.99.
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By reference to Figuré.96it can be seen thdhe specimens consolidated at pre shear
effective consolidation pressures in excess of 50 kPa tend to behave similarly towards
peak deviator stress with a variation in ultimate volumetric strain dependant on the pre
shear effective consolidation pressure. The specimens generally proceed towards the

normally consolidated state as consolidation pressure is increased.

At the lower pre shear effective consolidation pressure of 50 kPa, the dilatant behaviour is
again observed with a decrease in volumetmairstwith an increase in axial strain past

peak deviator stress.

By reference to Figure 6.97, similar behaviour is observed for specimens cured for 2
months with lower volumetric strains being achieved at the same pre shear effective
consolidation pressas hen compared to 1 month curing. Similar dilatant behaviour is also
noted in specimens consolidated at pre shear effective consolidation pressure of 50 kPa.
There is also slightly dilatant behaviour of the specimen consolidated at pre shear effective

consolidation pressure of 100 kPa cured for 2 months.

Figures 6.9 and 6.99 show the behaviour of specimens consolidated at a pre shear
effective consolidation pressure of 50 kPa over a range of cement contents. The dilatant
behaviour discussed previously éearly evident and the behaviour appears not to be
affected by the cement content. The curves past the peak values behave similarly in a

generally parallel manner.

The volumetric strain shear strain relationships of specimens treated with 10% liche an

cured for 1 and 2 months are also presented in Figures 6.95 and 6.96 while specimens



consolidated at a pre shear effective consolidation pressure of 50kPa and cured for 1 and 2

months are presented in Figue88and 6.99..

By reference to Figur6.96, presenting specimens treated with 10% lime and cured for 1
month, itcan be seen that the lime treated specimens all behave similarly irrespective of
the pre shear effective consolidation pressure. The specimen consolidated at 50 kPa is
abnormal and reftgs the low strength development and early failure of this specimen.
Generally the specimens increasekiwith respect toklto a peak whereby they remain

constant with no variation in volumetric strain with continued shear strain.

The behaviour showmiFigure 6.97%shows the result of an additional months curing on

the lime treated specimens. The specimen consolidated at a pre shear effective
consolidation pressure of 600 kPa behaves similarly to that at 1 months curing, however as
the pre shear effeg consolidation pressure decreases the behaviour changes markedly.
The specimen consolidated at a pre shear effective consolidation pressure of 200 kPa
shows a marked reduction in volumetric strain perunit shear strain however past the peak
value the trend tends to constant with possibly a slight fall. At the lower pre shear effective
consolidation pressures of 50 and 100 kPa however the specimens behave immediately in
a dilatant manner beyond the peak. This dilatant behaviour is further evident in Figures
6.98 and 6.99 which present the result of the specimens at varying lime contents

consolidated at 50 kPa and cured for 1 and 2 months respectively.

The rate of development of volumetric strain with respect to shear strain is basically

similar with the total values increasing with increasing pre shear effective consolidation

pressure. By contrast, the lime treated specimens all show similar behaviour irrespective of
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consolidation pressure indicating that the strengthening cementitous bonds have not form
at the curing period of 1 month. Again the specimen consolidated at 50 kPa stands apart

due to the faster failure of the specimen.

By reference to Figuré.97, a clearer appreciation of behaviour can be achieved. This
figure presents the sample testing ctinds on specimens cured for a 2 month period.
The cement treated specimens display behaviour similar to those discussed for the
specimens cured for 1 month. The major variation being that the specimens consolidated at
50 and 100 kPa show far more dilatéwethaviour with the specimen consolidated at 50
kPa entering the negative volumetric strain range. The development of the strength of the
lime treated specimens can be seen with the behaviour generally mimicking that of the
cement treated specimens with variations in absolute véiradar to the cement treated
specimens, the lime treated specimens consolidated at 50 and 100 kPa show far more
dilatant behaviour with the specimen consolidated at 50 kPa entering the negative

volumetric strain range.

By reference to Figur6.98the strength gain of the cement treated specimens is evidenced
from the lower volumetric strain developed as shear strain increases. By comparison there
is little variation in the behaviour of the lime treated specimens at 1 month curing. After 2
months curing, as shown in Figure 6.99, both the lime and cement treated specimens
behave in a similar manner with similar development rates of volumetric strain to a peak.

In all cases, past the peak of the curve, the specimens behaviiatarg channer.

6.3.6 Peak Deviator Stress Conditions

The relationship between peak deviator stress and pre shear effective consolidation

pressure are presented in Figar&0Q
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Figure 6.100— Maximum Deviator Stress / Pre Shear Effective Consolidain
Pressure Relationships
The general behaviour trend can be described as an increagg withh increasing p
This is reflected in both 1 and 2 months curing periods with an obvious increase in peak
values with increased curing time. The relationshipay be described being generally
linear in shape and the increase in peak deviator stress between 1 and 2 months curing

increases as the cement content increases.

The cement treated specimens show relatively similar behaviour at lower cement contents.
There is very little variation in the behaviours for both 5 and 7.5% cement contents and 1
and 2 month curing periods, however once the cement content is increased to 10% the
development of g with respect to pincreases significantly as bothipcreases and with
respect to curing time. This is further indication on the strength gained by cementitous

bonding outweighs the effect of destructurisation from higher consolidation pressures.
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With regard to lime treated specimens, as discussed previoustyelglatrength gains
are achieved at the shorter 1 month curing period and this is reflected in teh similar
behaviour in this relationship. Substantial increases.i \gith respect to pcan be

observed when the curing period is increased to 2 months.

6.3.7 Drained Failure Envelopes

The failure envelopes for 1 and 2 months curing are presented in Figuresa6dB)102

respectively.
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By reference to Figures 6.101 and 6.102an be seen that the failure envelope for each
additive content moves away from the critical state line of the untreated Bacigioks

the cement content increases. This trend is evident for both 1 and 2 morigs curi

By observation, the failure envelopes for 5 and 7.5% cement contents appear similar for
both during periods. Little to no strength development appears to occur with either cement
content or curing time. The specimens treated with 10% cement hovsbeosvs a

consistent, marked increase in strength over the various pre shear effective consolidation

pressures.

The effect of curing time on specimens treated with 10% cement is shown insld0e
representing 1 and 2 months curing. The failure envekbpean to move further from the
critical state line of the untreated specimens with additional curing in this series of results.

The strength development with curing time of higher cement contents is clearly evident.
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The failure envelopes for the lime treated specimens are generally similar for the 1 month
curing period, with possibly the 10% lime treated specimen showing the greatest rate of
strength development. For the two month curing period (Figut@2§. the failure
envelopes for the specimens treated with 5 and 7.5% lime have begun to move away from
the critical state line of the untreated specimen, while there is little to no change in the
location of the envelope of the specimen treated with 5% lime. This is further indication of

the ineffectiveness of the lower lime treatment values in strength development.

The failure envelopes at 1 month curing reflect the lower strength development of
specimens treated 5% additives with the envelopes being situated just above the failure
envelope for the untréad specimen. Some strength development is evident in the higher
lime contents however as shown previously, this shorter during period is no conducive to

full strength development with this additive.

For the 2 month curing period a substantial increassrength can be observed in the
lime treated specimens however the lower additive contents are still situated just above the
untreated critical state line. The substanimdrease in strength in the cement treated

specimens at 10% cement conterdl&o evident.

6.3.8 Volumetric Strain at Failure

The relationship between volumetric strain at failure and mean normal stress is presented

in Figure 6103.
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Figure 6.1@ — Volumetric Strain at Failure / Effective pre Shear Consolidation
Pressure Relationsip
By reference to Figure 6.103, the decrease in volumetric strain at failure with both cement
content and curing time is evident. The reduction in volumetric strain at failure increases
with increases in both cement content and curing time. Specimepared with 5 and
7.5% cement contents display similar rends while the reduction in volumetric strain

increases significantly at the higher cement contents and curing periods.

Also by reference to Figure 6.103, the decrease in volumetric strain at faitbréoth

lime content and curing time is evident. The reduction in volumetric strain at failure
increases with increases in both cement content and curing time. Specimens prepared with
5 and 7.5% lime contents display similar rends while the reductimoelumetric strain

increases significantly at the higher lime contents and curing periods.
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The individual behaviours of the different additives have been discussed previously and
the main comparative element of this figure is the considerably higher etlarstrains
achieved in lime treated specimens as opposed to cement treated specimens. This is
reflected across all additive contents and curing periods apart from 10% lime cured for 2
months. The specimens treated with this lime content and curing period show considerably
lower volumetric strains than most cement treated specimens. This behaviour is a
reflection of he delay in strength development achieved by lime treated specimens due to

the slower hydration processes involved.

6.3.9 Concluding Remarksand Discussion

Theresults of the drained triaxial testing program hemefirmed many of the behavioural

characteristics of both cement and lime stabilised clay soils. In general terms the delay in
strength development in lime stabilised soils has been confirmed by the delay in the
development of the peak deviator stress, lower modulus of the specimen and higher
volumetric strains achieved. This behaviour of the lime treated specimens when compared
to cement treated specimens is consistent, apart freimalterials treated with higher lime

contents (10%) at longer curing periods (2 months). Materials thus treated display

behaviour similar to cement treated specimens treated in a similar manner in many aspects

For cement treated specimens, strength dpwabmt was found be influenced by both

cement content and curing period however it was found that at higher pre shear effective
consolidation periods, the effect of cementitous bonding can be degraded by
destructurisation. A similar behaviour was noted in lime treated specimens to a lesser

degree due to the lower hardening achieved.



Chapter 7 —Deep Mixing Parametric Study

7.1 Introduction

7.1.1 Justification

Much of the coastal South East Queenslanll surface soil profile consists of deep
unconsolidagd Holocenic deposits varying from Aeolian and alluvial sands to soft
compressible organic clay soils. Many infrastructure projects are constructed in the soil
conditions, especially in the region at the mouth of the Brisbane River, where recently,
new aiports and shipping ports have either been constructed or are planned. The typical
construction method employed in the area on deep compressible soils involves the
installation pore pressure release mechanisms such as vertical drains to accelerate
consolidaion of the compressible profile, sometimes under pre load prior to construction.
Obviously this construction method results in considerable time delays to allow

consolidation to occur to an acceptable level prior to construction.

The use of soil / cemerdolumns or soil / lime columns is rarely employed and the
purpose of this study is investigate the use of these construction methods under South East
Queenslandonditions.

The aim of this study i&:

- To carry out a parametric study on the behaviour of conventional deep mixed soil
cementand soil limecolumns using PLAXIS 2D. It will compare how the
spacing’s and diameters of soil cement and soil lime columns reduce settlement
under embankment loading.

- Compare the behaviour of the columns using both neared lime as additives
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- Investigate the suitability of the construction method for use in South East

Queenslandonditions.

7.1.2 Case Study

Several sites were considered for use in the study. The Port Of Brisbane Motorway was
chosen as it presentebe of the deepest compressible clay soils in the South East
Queenslandegion. The motorway connects the Gateway Arterial Road to the Port of
Brisbane running adjacent to the Brisbane River then across the alluvial deposits at the
mouth of the river. Considerable geotechnical information was available for the project
including the site investigation and laboratory resdltse soil profile from intended case

study location is shown in Figure 7.1 below:



Figure 7.1Longitudinal Profile of the Port of Brisbane Motorway from CH750 to CH1320 (Oh, 2008)
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Prior to construction of the Motorway, several trial embankments were constructed along
control line MC10 from chainage CH790 to CH1218. This area was underlain by deep
compressible clay soils which were comrsill appropriate for this study. Vertical drains

at 3m centre to centre spacing were used to speed up consolidation for ground
improvement.

Instrumentation to measure settlement andwades pressures were

installed at various locations along the emlraeit.

This section used for this study was 160m in length starting at CH790 and finishing at
CHO950. It was built with 1:2 battered sides and had a width of 40m and a height of 3.1m.

The construction period for the embankment was 37 days.

7.1.4 Insitu SubSurface Profile

The soil profile employed for the study is typical of the estuarine deposits Botlta
East Queenslan@gion. The subsurface profile consisted of a surficial layer of topsoil and
rock to a depth of 0.7 metres overlying a deep softaeisie clay deposit to a depth of
nearly 20 metres. The profile is summarised in Table 7.1 below:

Table 7.1 Subsurface Profile Properties

Depth (m) 0-35 3.5-5.0 5.0-19.1

Soil Type Estuarine Estuarine Estuarine
Silty Clay Sandy Silty | Silty Clay

Clay

E (kN/n) 1650 2400 1260

W (kN/m?) 10.02 11.40 11.00

W(kN/m?) 10.04 17.00 17.02

c (kN/nT) 5 5 5

| degrees 27q 27q 27q

Q 0.3 0.3 0.3
k(m/day) | 8.64x10 | 821x10 | 3.88x10
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A Sandy Gravel layer encountered at 19.1 metres has been assumed to be non-
compressible ant represented as a permeable boundary in the model. The groundwater

level is situated 1.0 metre below the existing surface level.

Plaxis 82 provides six (6) different soil models to simulate soil behaviour. The Mohr
Coulomb model was adopted as recomdeehfor situations where soil parameters are
approximated. This model requires; Young’'s Modul&$ énd Poisson’s Ratio ) for
elasticity, Dilatancy Angle ()%Permeability (k 'U\ 8 QLW yHdnd Kaurated unit

THLJIKYV

Permeability was determined from Terzaghi’s theory of consolidation from the equation:

k cm (7.1)

where: w IS the densiyt of water

A series of Oedometers were performed on samples from the sub surface profile.
Representative results from layer midpoints are presented in Table 7.2 below.

Permeability was calculated by determining the effective overburden stress at thetentr
each layer and interpolating the oedometer results. The calculated permeability values are
presented in Table 7.2 below:

Table 7.2 Consolidation Parameters and Permeability Values

Layer Soll 19 m, Cv k
Midpoint Type (kPa) | (M?/MN) | (m%year) (m/day)
Estuarine
3.75m. Silty 50.95 0.85 5.01 8.64 x 10°

Clay
Estuarine
6.25 m. Sandy 67.9 0.88 3.48 8.21x 10°

Silty

Clay
14.05 m. Eséli‘lf‘;'”e 12547 | 0.975 1.63 3.88 x 10°
Clay
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Given the normally consolidae VWDWH RI WKH HVWXDULQH FOD\V Wtk
been assumed to equal zero for all layers in the subsurface profile in accordance with
Abushararet. al (2000). Poisson’s ratio for the compressible estuarine clays has been

assumed to equal 0.Blfusharaset.al 2000).

7.1.4 Plaxis Column / Embankment Fill Input Parameters

The Plaxis input parameters fdhe soil additive columns were derived from the
experimental program as described in chapterss and 6. Generally this required
transformatiorof the stress path triaxial results into the Mohr Coulomb space to establish
undrained cohesion, angle of friction and elastic modulus. Other parameters such as

permeability were established as discussed previously.

Due to result limitations, correlation between Cu and E for the lime treated soils was
performed using published relationships such as Ekstrom (1994) wheger BAD. As
the aim of this study is a comparison of the behaviour of the treated soil, design

considerations such as bearing capasity, hardening etc. is not considered

In summary the input parameters for the columns are presented in Tab&dokv.

Table 7.3 Plaxis Input Parametes for Columns

5% Cement 1 Month 2 Months
c (kPa) 26.5 35.1
- GHJUHHYV 38.2 40.5
E. (kPa) 6630 8780
k (m/day) 3.59x10" 4.77 x10*
(degrees) 0 0
0.3 0.3
a (KN/m?) 20 20
s (KN/m?) 21 21
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Table 7.3(Cont.) Plaxis Input Parametes for Columns

10% Cement 1 Month 2 Months
c (kPa) 159.4 260
- GHJUHHYV 43.3 48.0
E. (kPa) 39850 65000
k (m/day) 3.48 x10* 4.30x10"
(degrees) 0 0
0.3 0.3
a (KN/m?) 20 20
s(KN/m?) 21 21
15% Cement 1 Month 2 Months
c (kPa) 160.7 203
- GHJUHHYV 43.2 46.1
E. (kPa) 40180 50750
k (m/day) 3.82x10° 1.24 x10°
(degrees) 0 0
0.3 0.3
a (kN/m?) 20 20
s(KN/m?) 21 21
5% Lime 1 Month 2 Months
c (kPa) 57.1 82.0
- GHJUHHYV 40.4 37.4
E. (kPa) 5710 8200
k (m/day) 3.51 x10* 1.28 x10°
(degrees) 0 0
0.3 0.3
a (KN/m?) 20 20
s(KN/m?) 21 21
10% Lime 1 Month 2 Months
c (kPa) 49.7 215.2
- GHJUHHYV 40.5 35.3
E. (kPa) 4970 21520
k (m/day) 4.44 x10* 2.96 x10"
(degrees) 0 0
0.3 0.3
a (kN/m?) 20 20
s(KN/m?) 21 21
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Table 7.3(Cont.) Plaxis Input Parametes for Columns

15% Lime 1 Month 2 Months
c (kPa) 52.5 254.6

- GHJUHHYV 42.5 40.6
E. (kPa) 5250 25460
k (m/day) 3.82 x10* 1.24 x10°
(degrees) 0 0

0.3 0.3

a (KN/m?) 20 20

s(KN/m?) 21 21

7.2 Plaxis Modelling

7.2.1 General Information
Themodellingfor this study was perfared in Plaxis Version 8.2, a piece of commercially

available Finite Elemenmhodelling software.

PLAXIS was developed out of a necessity to create anteasse2D finite element code
for the analysis of river embankments the soft soilsn the lowlandsof Holland. This
was an initiative of the Dutch Department of Public Works and Water Manageitent.
development began at the Technical University of Delft987. Eventually, the code was
upgraded to incorporateost other areas of geotechnical engimgerndn 1998, the first
PLAXIS version for Windows was releaseDevelopment of a 3D version was also

underway and in 2001, the PLAX3D Tunnel program was released

The PLAXIS code and its soil models have been developed to perform calculations of
reaistic geotechnical problems. However, using the finite element method to simulate
geotechnical problems involves some expected numerical and modelling errors. Care and

expertise should be should be exercised when simulating geotechnical problems.
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Understading the soil models and their limitations is of great importance when assessing

the accuracynd reliability of the simulation.

15 Node triangular elements were employed to model the insitu soil profile. Standard
fixities were employed resulting in tHease line of the model being restrained in both
vertical and horizontal directions, simulating the incompressible dense gravel layer at the
base of the columns. The boundaries at the left and right of the model were to a roller
condition allowing both véical and horizontal deformatioffhe far right boundary was
extended to approximately 5 times the width of the embankment to avoid any effect the
horizontal fixity will have on settlement. The Me@oulomb’s elastic perfectly plastic
model was used to sutate the soil and soil cement column behaviour. After the soil
parameters were input, a finite element mesh was generated using the coarsd ketting
soil cement columns extend to a depth where they rest on the virtually incompressible
gravely sand layewhich is modelled as discussed previoudlize model employed is

shown below in Figure 7.2.

Figure 7.2 - Plaxis Model of Embankment and Columns
The analysis procedural summary employed is presented below:
X Boundary Conditions Bue to symmetrical lefhand boundary which allows no

flow, the boundary has been set to a closed consolidation boundary condition, as is
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the far right boundary. The bottom boundary has been left open to allow
dissipation into the gravel layer

X Stresses are generated by applying soibwelfht in the first calculation stage.
Plastic calculation is employed with the loading input set to Total Multipliers and

OZHLJEeW to 1.0.0Once the initial stresses had been generated, the
displacements were reset to zero at the start afdkecalculation phase.

X After gravty loading, the construction phase is instigated. Daelihg input is set
to staged construction and ane interval of 37 days was input to simulate the
construction period. The embankment cluster was activated.

x On completion of the construction phase, the consolidation phase is begun. The
Loading input is set toninimum pore pressure and the default value of 1 KN/m
was unchanged, as values less than this can cause problems with the aredysis.
large settlements @ve expected to occur, the updated mast updated water
pressuresoptions were selected in the untreated mo8electing these options
helps simulate the soil that was originally above the phreatic level, settling below

the phreatic level.

Plaxis can k& used to perform consolidation analysis. A consolidation analysis involves
additional boundary conditions for excess pore pressures. By default, all boundaries are
“open”, which means that water can flow freely in or out. For these models, this condition
is not correct on the left vertical boundary as it is a line of symmetry. This means there is
no flow across that boundary. To resolve this issue a closed consolidation bolaslary
been installed. The far right boundary is also defined as a closed datisaliboundary.

The bottom boundary has been left open as excess pore pressure will flow freely into the

sandy gravel layer. The upper boundary has obviously been left open. Lastly the



embankment has been deactivated, as it will not exist until the goinstr phase in the

calculations.

7.2.2 Loading

The calculations were divided into three stages for the settlement calculations. The stages
were, a gravity loading to simulate the initial stresses in the soil, a construction phase and
a settlement phaseh@ initial stresses in the soil are set to zero until a gravity load is
applied. The initial stresses are then generated by applying thevesghit of the soil

under gravity load. A plastic calculation was used to generate the gravity loading with the
loading input set to tial multipliers and 0 Z H LsEKt®V1.0. On completion of generating

the initial stresses, simulating the insitu state of the soil profile prior to construction, the

displacement is reset to zero pro to the construction phase of ¢chatiah.

On completion of the Gravity Loading, a consolidation calculation is performed to
simulate the construction of the embankment. Staged Construction with a time interval of

37 days was employed for the calculations of the consolidation durintyuaxiios.

On completion of the construction phase, the consolidation phase of the calculations is
commenced. Given the loading conditions and boundary conditions, the consolidation
phase is employed to determine the displacements due to pore pressipaiahss
Minimum Pore Pressure was employed as the loading input and a value of M&8m
left as the default value. Values lower than this was found to induce errors and erratic
results in the calculations. In anticipation of the large displacementsvénatforeseen,

the Updated Mesh and Updated Pore Pressure options were selected to simulate soils that
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were originally above the water table being situated below the table after and during the
consolidation calculation. This takes into account the buoyaight of the soil which

results in being situated below the water table.

Reference points for the determination of variables were set at the centreline of the
embankment, halfway from the centre line to the edge of the embankment and beneath the
shoulde of the embankment slope. All of these points were situaed at the underside of the

embankment on the original ground surface.

7.3 Parametric Study

7.3.1 Geometrical Parameters

For the purpose of this study it was decided to perform the analysis on afaajemn
diameters. The diameters selected were 500mm, 600mm, 700mm, 800mm, 900mm,
900mm and 1000mm. These values represent the most common column diameters used in
practise. The Columns were then spaced at centre to centre spacings of 2 metres, 3metres

and 4metres.

7.3.2 Column Property Parameters

The columns were set up with the properties presented in Table 7.6. The undrained
properties included Elastic Modulus, Cohesion, Angle of Internal Friction, Poisson’s
Ratio, Permeability, Dilatancy and Satuchtend Dry Unit Weight. These values were
determined from previous laboratory experiments as discussed in this thesis, unless stated
otherwise. The properties were established for 5%, 10% and 15% cement and lime for

both 1 and 2 months curing.



7.4 Results

7.4.1 Consolidation Calculation

Initially, for comparison purposes, a consolidation analysis was performed on the
untreated subsurface profile subjected ® ¢émbankment loading. The timesettlement

plot is presented below in Figure hélow:

‘Untreaed Soil Profileon Centreline‘

Square Root Time (Minutes)
0 100000 200000 30000(

. | | |

-200 —

-400 —|

Setlement (mm)

-600 —

-800 —

Figure 7.3 —Time / Settlement Analysis result of Untreated Soil Profile
The discontinuity at the beginning of the graph is due to construction loading period.
settlement analysis was then performed on each of the parameters as discussed above. The
results of a typical consolidation analysis presenting a time veettiement plot for a
given column diameter and spacing (700 mm at 2 metre spacing) is shown in Figure 7.4

below

It can be observed from Figure 7.4 that soil treated with low cement content (5§%) ha
reduced the settlement. Soils treated with higher cement contents (10 and 15%) have

significantly less settlement when compared to the untreated soil. The impact of additives
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on reducing the settlement is presented in terms of consolidation settletieim this

chapter.

‘Z metre Spacing 700 mm Diameter on Centre{ine‘ ‘ 2 metre Spacing 700 mm Diameter on Centreiine‘

Square Root Time (Minutes) Square Root Time (Minutes)
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Figure 7.4 —Time / Settlement Comparison 2 metre Spacing 700 mm Diameter

The full set of curves for all column spacings, diameters and additive contents covered b

this study are presented in Appendix A to this thesis

For the purpose of comparison, the treated maximum consolidation settlement when the
predefined pore pressure state was reached was established for each of the parameters. The

consolidation settlemématio was established from the following:

Consolidation Settlement Ratio = Maximum Consolidation Settlement (7.2)

Untreated Consolidation Settlement

The results were then plotted against column dians for each of the treatment ratios.

The results are presented below in Figurésd@.710.
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Figure 7.10— Consolidation Settlement Ratio 4 metre Spacing Lime Treated
Columns

It can be seen from Figures 7.5 to 7.7 for cement treated columns that the effect of the
lower 5% cement content has very little effect in the reductbrthe over all

consolidation settlement irrespective of the column size or spacing. However for columns
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treated with 10% and 15% cement the reduction in consolidation appears to be consistent
irrespective of curing time. This a reflection of the inceeaste of hardening of the
cement additive. There is also a slight reduction in consolidation with both a reduction in
spacing and an increase in column diameter. Optimisation of the parameters is discussed

later in this thesis.

By reference to Figures 7.8 to 7.10 it can be seen that the lime treated columns generally
perform poorly in reduction of consolidation at all lime contents at 1 month curing. Again
this is a reflection of the slower rate of strength development in lime treated clays
Similarly tothe cement treated columns, there is a considerable reduction in settlement for

columns treated to 10 and 15% with 2 months curing.

7.4.2 Area Replacement Ratio Comparison
An area replacement ratio was adopted in accordance with Bergado (1996). Asitire col
layout was square, the area replacement ratio was calculated from:

(7.3)

S

2

. S8

4 1
where: D = the column diameter

S = the centre to centre column spacing

Table 74 below presents actual area replacement ratios for each spatidiguaweter.
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Table 7.4 Area Replacement Ratios for varied Centre to Centre Spacings

Area Replacement Raticagf
Diameter (m) Spacing = 2m Spacing = 3m Spacing = 4m

1 0.196 0.087 0.049
0.9 0.159 0.070 0.040
0.8 0.127 0.056 0.031
0.7 0.096 0.043 0.024
0.6 0.071 0.031 0.018
0.5 0.049 0.022 0.012

The Area Replacement Ratios(das been presented against the ratio of total primary

consolidation displacement at the predefined pore pressure state to total primary untreated

consolidation (previougldefined as the Consolidation Settlement Ratio).

Table 7.5 Consolidation Settlement Ratio / Area Replacement Ratio Summary

Consolidation Settlement Raio
10% C| 10% | 15% C| 15% C| 10% | 10% | 15% | 15%
1M |[C2M | 1M 2M LIM|L2M|L1IM | L2M
Undrained Elastic Modulus kPa
(Eu)
S(m) D (m) a 39850 | 50750 40180 | 65000 | 4970 | 21520| 5250 | 25460
2 0.5 0.049 | 0.12 | 0.10 | 0.12 0.10 | 057 | 0.20 | 055 | 0.20
0.6 0.071 | 0.15 | 0.09 | 0.12 0.09 054 | 020 | 053 | 0.18
0.7 0.096 | 0.09 | 0.07 | 0.09 0.07 0.49 | 0.16 | 0.46 | 0.14
0.8 0.126 | 0.10 | 0.07 | 0.10 0.08 | 047 | 016 | 0.45 | 0.14
0.9 0.159 | 0.09 | 0.06 | 0.09 0.08 | 0.44 | 015 | 0.42 | 0.13
1.0 0.196 | 0.09 | 0.06 | 0.09 0.08 | 0.41 | 0.13 | 0.40 | 0.12
3 0.5 0.022 | 0.25 | 0.18 | 0.24 0.16 069 | 0.31 | 0.67 | 0.28
0.6 0.031 | 0.19 | 0.16 | 0.19 0.14 | 065 | 028 | 0.63 | 0.25
0.7 0.043 | 0.16 | 0.14 | 0.12 0.12 0.60 | 0.25 | 059 | 0.22
0.8 0.056 | 0.14 | 0.12 | 0.14 0.12 0.57 | 0.22 | 055 | 0.20
0.9 0.071 | 0.13 | 0.11 | 0.13 0.10 | 054 | 0.20 | 053 | 0.18
1.0 0.087 | 0.12 | 0.10 | 0.12 0.09 0.51 | 019 | 0.49 | 0.17
4 0.5 0.012 | 042 | 0.26 | 0.42 0.28 0.74 | 040 | 0.73 | 0.35
0.6 0.018 | 0.32 | 0.23 | 0.32 0.20 | 0.70 | 0.35 | 0.69 | 0.32
0.7 0.024 | 0.23 | 0.20 | 0.24 0.18 | 0.67 | 0.31 | 0.65 | 0.29
0.8 0.031 | 0.20 | 0.18 | 0.20 0.16 | 0.64 | 0.29 | 0.62 | 0.26
0.9 0.040 | 042 | 0.26 | 0.42 0.28 | 061 | 0.26 | 059 | 0.24
1.0 0.049 | 0.16 | 0.14 | 0.16 0.12 0.58 | 0.24 | 0.56 | 0.22
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For the purpose of the analysis being performed the terhasJbeen adopted to describe
the Consolidation Settlement Ratio. For the purpose of this summary, the lower Undrained
Elastic Modulus at the 5% additive contentwvéndoeen omitted and the higher values,

typical of working values, are included for the purpose of comparison.

‘ Consolidation Reduction (Cement Treated Columns) ‘

05 —

7 O 50750 kPa
[ 65000 kPa

Consolidation Settlement Ratio (U,)

0 0.04 0.08 0.12 0.16 0.2
Areareplacement Ratio (a)

Figure 7.12— Comparison of Cement Columns with 2 Months Curing

Figure 7.12, presents the Consolidation Settlement Ratiq) (b terms of Area
Replacement Ratio for soil cement woins treated 10% cement (50750 kPa) and 15%
cement (65000 kPa) cured for 2 months. From the above figure it can bee seen that there is
very little difference in the Consolidation Settlement Ratio with regard to uedraiastic
modulus, especially at the higher values and the data appears that these values can be
conjoined for practical purposes. The results of the conjoined data are presented in Figure

7.13 below.



Cement treated 50000 to 65000 kPa Columns (2 Months Curing) ‘

Consdidation Settlement Ratio (U,)

0.05
\ \ \ \ \

0 0.04 0.08 0.12 0.16 0.2
Area Replacement Ratio (a)

Figure 7.13— Conjoined Results for Cement Columns #h 2 Months Curing

Statistical analysis revealed that a power function best fit the data in the form of :

U, 0519 Ina *" (7.4)

r

where U, = the Reduction in Consolidan Settlement

a = the Area Replacement Ratio

Further analysis revealed a correlation coefficieNtqf 0.91 indicated a strong relation of

the data to the regression line.

The same procedure was adopted for the lime treated models and the results are presented

in Figure 7.14 and Table 7.6 below.
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Consdidation Settlemert Ratio (U,)
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Figure 7.14— Conjoined Results for Lime Columns

Statistical analysis of the data revealed the following:

Table 7.6 Statistical Analysis of Lime Treated Behaviour

Lime Curing Time

Equation of the Line

Correlation Coefficient

1 Month

U, 0218 Ina “**

r

0.974

2 Months

U, 0407*Ina *™

r

0.951

Again the correlation coefficients show a strong relationship exists for the function line.

Based on the observed behaviour it appears that the principal property of the constructed

profile controlling the overall consolidan settlement is the Elastic Undrained Modulus

of the treated columns. Based on this, the following nomograph has been prepared.



0.8 —

0.6 —

5000 kPa
0.4 —

Consdidation Settlement Ratio (U,)

0.2 —

25000 kPa

50000 kPa

0
\ \ \ \ \

0 0.05 0.1 0.15 0.2 0.2¢
Area Replacement Ratio (a)

Figure 7.15— Nomograph for Primary Consolidation Estimation
It should be noted that reduction in primary consolidation shawly a small
improvement for an Area Replacement Ratio in excess of 0.1 for all cases. Increasing

column diameter or decreasing column spacings over this value may not be economically

desirable.

Based on the above, the primary consolidation can be éstirmaSouth East Queensland
typical compressible clay profile subjected to typical roadway embankment loads if the

modulus of soil / additive column and the Area Replacement Ratio is known.

7.5 Concluding Remarks

Based on the above parametric study, thedoehg conclusions can be made:

X Substantial reductions in the primary consolidation of a typical South East
Queenslanc¢ompressible clay profile can be achieved by the use of both cement

and lime treated soil columns
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X Additive contents of 10% or greater would be required to achieve a suitable result.

x Given the insitu conditions and the properties of the columns, it appears that an
optimal cement content of 10% exists based on the results of this study. This is best
seen in Figures 7.5 nd 7.6, where only minor reduction in settlement is recorded for

15% cement content compared to 10% cement content

x For lime treated columns, an optimal additive content of 10% appears also to exist
as indicated by Figures 7.9 and 7.10. An increase in lime content to 15% results in

a minimal decrease in settlement.

X The results of the modelling confirm that lime treated columns require at least 2
months curing to achieve sufficient strength to reduce consolidation settlement

when compared to cement treated columns.

X Based on the results, the principal consolidation settlement controlling parameter

appears to be the Undrained Modulus of the columns irrespective of additive type.

X Modulus of the installed column may be used to provide an approximation of the
total primary consolidation when employed in conjunction with the Area

Replacement Ratio.

x There is a reduction in efficiency below an Area Replacement Ratio of .01.

x Additional work is required to evaluatiee reduction in consolidation settlement in

soil profiles of varying depths.

The results of the numerical analysis are presented in Appendix A to this Tiesss.

versus Settlement plots goeesented in Figures Al to A72, in both Log Time and Square
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Root Time formats. Vertical and horizontal displacement profiles are also presented in

Figure A73 to Al144.

This chapter presents the deep mixing numerical analysis results. The following chapter

details a shallow mixing case study.
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Chapter 8 —Shallow Mixing Parametric Study

8.1 Introduction

Another typical situation where sofbmpressible clay soils cause a problem inSbath

East Queenslanakgion is in the area of pavement construction on alluvial deposits. It is
guite common to find layers of soft compressible clay existing in layers of between 0.3 to
0.7 metres thick sittad just below the surface in civibadworkdevelopments. Usually

these soils are underlain by fine to medium grained alluvial &@udt®n 2002)

Normal construction procedure involves removal of the clay soils through a bulk
earthworks operation and replacement with imported select fill. In this area, the removed
organic clay soils often have high iron pyrite content which, on oxidisation, rasuits

high acid sulphate production potential. The removed soils then have to be treated with
lime to neutrake the acid producing potential. After removal the base of the excavation is
also treated to form a lime barrier. Typical environmental treatment rates range from 5kg /
m® to in excess of 50 kof’. In some extreme cases treatment doses of the ord@0of 2

kg/m® have been reported.

This shallow mixing comparative analysis involves calculating the displacement in a
shallow mixing situation such as subgrade improvement under cyclic (wheel) loading.
Again as the total settlement will comprise the total of the elastic or immediate settlement
as well as the ongoing consolidation settlement, for the purpose of this comparative study,
the major influence of the variation in the stabilising agent will be reflected in the elastic
settlement under load. For this purpose, only the elastic settlement is considered for

comparative purposes.
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8.1.1 Analysis Method

For comparative purposes, the elastic settlement analysis method employed assumes linear
elastic isotropic conditionDue to the shallow nature of the theoratistructure, this
assumption remains valid. The method employed is based on the linear elastic solutions
proposed by Poaok and Davis (1974for isotropic conditions The solutions for
displacement, strains and stresses are expressed in terms of intégpatsiucts of

trigonometric functions, Bessel functions and exponentials.

Compressive direct strains and stresses are considered to be positive. Positive shear
stresses are defined by the fact that both the stress and strain tensors obey the right hand
rule. Displacements in the negative-@ualinate directions are considered to be positive.
Hence a load defined by a positive stress acts in a positigedomate direction, whereas a

load defined by a positive displacement acts in a negativerdinate diection. For
example, vertical loads are compressive if defined by a positive stress or a negative

displacement.

The solutions for displacements, strains and stresses are presented below:

u Prys)l,, @ sl,, (8.1)

H P sl 2 Sl X (8.2)

H Pl T iloe 1acla Tl (83)

Hy P Yl i Yl (84)

H Pi,l,, (8.5)

M Plig o dgelogy @ D oigh Yl iar om0 (8.6)
TTP sl igdapy @ b i * e iur o (8.7)
72z P, l,, DZ.|,, (8.8)

rz fH (8.9)
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where:

s=2(1- OE*

s= 2(1+QE™

s= (1+Q( 1-2 g€
s= 2(1+QE™

5= %=0

$=2Q

s=0

S=(1+ Q12 g€
-1

f=E@1+Q*

Vi=y4

8.1.2 Software Development

Software was written in Visual Basic 6 to apply the above analysis procedure in a
pavement situation. A graphical user interface was developed to allow the user to input

parameters such as layer thickness, radius etc. as well as strength parameters.

A user enters general information such as a title and the number of layers in the pavement.
The Wheel Load and Tyre Pressure are set to default values but can be changed to suit.
The user then inputs the Materials Data that includes layer thicknesses, Elastic modulus
and Poisson’s Ratio. The number of layers to investigate and their depths and the radius

under consideration are input prior to selecting the Analyse button.
In summary the input parameters include:

X Layer Thickness (mm)
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X

Elastic Modulus of each layer in thbavement

x Poisson ratio for each layer in the pavement

X The wheel load in kN

x

The tyre pressure in kPa

On completion of the analysis the user can select a depth and display the results. The
Vertical Strain is the principal design criteria required in the mechanistic pavement design

procedue.

The main advantage of this software over commercially available packages is that the user
can change one parameter (e.g.anal modulus or radius) and click Analyse again
without inputting all the layer thicknesses and material properties as is required in other
packages. The user is also able to change radius under analysis for use in cases with dual

wheel loads.

8.1.3 Comparative Analysis

For the purpose of comparative analysisas assumed that a soft clay subgrade had been
stabilised to a depths of 1.0 metres employing shallow mixing techniques. A flexible
pavement of varying thickness (Elastic Modulus = 500 MPa) wastrated over the
stabilised subgrade. Analysis was performed based on a 750 kPa contact stress with a
wheel load of 40 kN and vertical displacements calculated at the pavement / subgrade

interface.

8.1.4 Shallow Stabilised Pavement Verification

For thepurpose oimodel verification, it was assumed that a soft clay subgrade had been

stabilised to a depth of 0.5 metres employing shallow mixing techniques. A 250 mm
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flexible pavement (Elastic Modulus = 500 MPa) was constructed over the stabilised
subgradeAnalysis was performed based on a 750 kPa contact stress with a wheel load of

40 kN and vertical displacements calculated at the pavement / subgrade interface.

Subgrade properties were varied in accordance with the modulus variations as discussed

previousy in the monotonic loading section of this chapter.

The shallow stabilised subgrade structure described above was modelled in Circly 4.1 to
provide verification of the analysis model presented abGURCLY 4.1is software for

the mechanistic analysis amdkesign of road pavements. The system calculates the
cumulative damage induced by a traffic spectrum consisting of any combination -of user

specified vehicle types and load configurations.

This model was also applied to the range of additive types, agldibntents and curing
periods presented within this report. The results of the model verification analysis are

presented in Figure 8.1.

Circly Model
— A Cement StabilisedSubgrade (Linear Elastc Model)
A Lime Stabilised Subgrade (Linear Elastic Model)

Dispgacmert at Subgrade Surface (mm)
1

0 20 60 80

40
Subgrade Modulus E,,, (MPa)

Figure 8.1 —Model and Software Verification



The results of the above verification show that the analysis procetitheasoftware

developed for this thesis provides a valid result for its intended purpose.

8.2 Case Study

8.2.1 Cement Treated Subgrade

A typical soil profile from the South East Queensldrdorthern New South Wales has

been selected for the purpodethus study. As stated previously the profile consists of a
layer of compressible clay of varying depths overlying a clean fine to medium grained
sand (E = 80 mPa, €0.3). A flexible pavement (Elastic Modulus = 500 MPa) was
constructed to depths rangifigpm 250 mm to 550 mm over the stabilised subgrade.
Analysis was performed based on a 750 kPa contact stress with a wheel load of 40 kN and

vertical displacements calculated at the pavement / subgrade interface.

The vertical compressive strain is estsiidid at the base of the flexible pavement layer as
well as the base of the treated clay layer. The results are then compared as to the

effectiveness of the stabilisation procedure adopted.

The results of the cement stabilised subgrade are presented bélgure 8.2:
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Cemert Treated Clay Sngrade‘
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1000 —| —O—— 15% Cement 1 Month
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Vertical Strain at Top of Treaed Subgrade ( PH
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Figure 8.2 —Cement Stabilised Subgrade Analysis Results
As can be seen in Figure 8.2, the effect of the modulus of the stabilised subgrade over the
range of the results of this study plays a relatively minor role in the degree of the
improvement in the vertical strain as indicated by the grouping of the results. There is
however an overall improvement in terms of total strain reduction with stalilisas
shown in Figure 8.3 below. In this Figure, the Improvement Ratio in Vertical $irtie

ratio of the performance of the untreated pavement to the treated subgrade.



Vertical Strain Improvement - Cement Treated
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Figure 8.3 —Reduction in vertical Strain- Cement Treated
By reference to Figure 8iBcan be seen that in the thin 250 mm pavement vertical strain
at the top of theubgrade has been reduced to approximately 60% of the strain of the
untreated profile, while in the thickest pavement tested (550 mm), the vertical strain is

reduced to approximately 15% of the untreated value.

The ratio of the vertical strain after tre&mt compared to the untreated subgrade is

presented in Table 8.1 below:

Table 8.1 Reduction in Vertical Strain from Lime Treatment

Treatment
Pavement
Depth 10% 1M | 15% 1 M | 10% 2M | 15% 2M
250 0.91 0.91 0.71 0.69
350 0.50 0.49 0.40 0.39
450 0.31 0.31 0.25 0.24
550 0.22 0.22 0.17 0.17

To evaluate the advantage in treating the clay subgrade in this manner the Allowable
Design repetitions in Equivalent Standard Axles (ESA) has been calculated from equation

5.1 of the Austroads Pavement Design Manual
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85119 (8.19)

N "
S PHY,
where: N = Allowable number of axle repetitions (ESA)

PHE: Vertical Strain at the top of the subgrade layer

The results in a substantial increase in the Design Traffic Load as shown in the Figure 8.4

below:

Improvement in Allowable Repetitions - Cement Treated

2.50E+012—

—2A—— 10% Cement 1 Month
2.00E+012— —O—— 15% Cement 1 Month
—H—— 10% Cement 2 Months
N ——&—— 15% Cement 2 Months
——+—— Untreated

1.50E+012—

1.00E+012—

Allowable Repetitions (ESA's)

5.00E+011—

0.00E+000 o ‘ ‘ } ‘ ‘

200 300 400 500 600
Flexible Pavement Thickness(mm)

Figure 8.4 —Improvement in Allowable Repetitions — Cement Treated
It can be seen by reference to Figure 8.4 that the minor reduction in thesinégns-at the
subgrade surface results in a substantial increase in allowable ESA repetitions, given the

exponential nature of Equation 8.19.
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8.2.2 Lime Treated Subgrade

The same case study profile was evaluated using lime stabilised subgrade. The results of

the analysis are shown in Figure 8.5 below:

‘ Lime TreaedClay Sngrade‘

—A—— 10% Lime 1 Month
—O—— 15% Lime 1 Month
—F—— 10% Lime 2 Months
——&—— 15% Lime 2 Months
—+—— Untreated

Vertical Strain at Top of Treaed Subgrade ( PH

200 300 400 500 60C
Flexible Pavemert Thickness(mm)

Figure 8.5 —Lime Stabilised Subgrade Analysis Results
By referenceto Figure 8.5 it can be seen that the reduction in vertical strain at the
subgrade surface is generally less than that achieved with the cement stabilised subgrade.
Of particular note is similarity of the results for both 10% and 15% lime at 1 and 2smonth

curing. The efficiency in reduction of strain is shown in Figure 8.6 below:
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Figure 8.6 —Reduction in Vertical Strain- Lime Treated
By reference to the above figure it can be seen that at the deeper flexible pavement of 550
mm, the resulting verticatrain at the subgrade surface is reduced to approximately 17%
of the untreated profile at 2 months curing while at 1 month curing the strain is reduced to
approximately 22% of the original value. The ratio of resultant vertical strain to the strain

resuting from the untreated profile is presented in Table 8.2 below.

Table 8.2 Reduction in Vertical Strain from Lime Treatment

Treatment
Pavement
Depth 10% 1M | 15% 1M | 10% 2M | 15% 2M
250 0.91 0.91 0.71 0.69
350 0.50 0.49 0.40 0.39
450 0.31 0.31 0.25 0.24
550 0.22 0.22 0.17 0.17
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Figure 8.7 —Improvement in Allowable Repetitions — LimeTreated
A similar situation exists with regard to the allowable repetitions on the lime treated

subgrade. A substantial increase can be seen at the deeper pgaleptieof 550 mm.

8.2.3 Comparison of Cement and Lime Treated Subgrade

To compare the behaviour of cement and lime treatment of the clay subgrade, the results

for both additives at 1 and 2 months curing are presented in Figure 8.8 below:
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Comparison of Lime ard Cemert - 2 Months Curing
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Figure 8.8 —Improvement in Allowable Repetitions — Cementind Lime Treated
By reference to the above figure it can be seen that generally the cement treated material
displays a greater reduction in vertical strain at the subgrade level than the lime treated
material In both cases it can also be seen that there is minimal difference between 10%

and 15% of additive for a given curing period.

As a guide, Figure 8.9 below has been prepared to give guidance as to the advantge gained
through subgrade stabilisation in diani cases to this study. The chart is based on a
unbound flexible pavement construction high quality base course material with a modulus

of 500 mPa, overlying a stabilised clay subgrade.
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Stahilised Subgrade - Design Guidance Chart
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Figure 8.9 —Design Guidance Chart for Stabilised Subgrade

8.3 Concluding Comments

Based on the results observed, the following comments can be made:

X In general, the use of cement or lime treated compressive clay subgrade soils
presented little improvement at shallow pavement depths of 450 mm and less.
What improvement that is achieved is below a level required for a typical traffic

load to be of any advantage.

x For a pavement depth of 550 mm (and more), substantial advantage can be
achieved through the use of the stabilised subgrade as discussed. Slbstanti

improvements in the allowable repetitions are noted for both additives.

x Generally the increase in allowable repetitions, at the deeper pavement depths, was

considerably higher for cement treated subgrade than for the lime treated material.
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x Given the environmental advantages resulting from the control of acid sulphate
soils, consideration could be given to stabilisation using lime with deeper

pavement depths.

X As a guide, the pavement should be designed for a 1 month curing period as, in

most cases, thadhest traffic loading will occur during construction.



Chapter 9 Conclusion

9.1 General

This thesis has been prepared both to compare the behaviour of cement and lime treated
compressible clay soil and to evaluate the suitability for use of either soil / cement or soil /
lime columns under embankment load in the South East Queensland region.

Behaviour of the treated clay soils were established tao#old testing program, both at
Griffith University and the Asian Institute of technology Bangkok. The médion
obtained from the laboratory testing was incorporated in both finite element models and
linear elastic analysis techniques to evaluate their performance in typical Holocenic

deposits in this region.
9.2 Unconfined Compressive Strength Testing

9.2.1 Bangkok Clay

Generally for both additives, the treated clay soils displayed a significant increase in
strength and modulus of elasticity with additive content and curing time. Cement treated
clays were found to increase abruptly to a peakatues where brittle failure would occur

with a sharp decrease in axial stress with incremental strain increase.

Lime treated samples showed a delayed increase in ultimate strength up to 1 to 2 months
curing, after which the rate of strength increased markedly &usgtéhe rate of strength
increase of the cement treated samples. The failure of the lime treated specimens was also
found to be more ductile with higher failure strains at peak stress noted in all cases.

The point at which the strength development of the lime treated specimens overtakes that

of the cement treated specimens is between 1 and two months.
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Cement contents of 15 to 20% appear to be optimum for strength develo@piamiim

curing time for strength development occurs in the region of 5 to 1kswee

The optimum lime content can be considered to be of the order of 10%. Optinning

time for strength development occurs in the region of 10 weeks.

Secant modulus can be successfufigdelledat statistical significance as a function of
unconfined ompressive strength. The linear relationships are presented in Equations 4.1

(cement) and 4.2 (lime).

9.2.2 South East Queensland Clay

The results of this investigation show that a lime content of 5% exhibited little to no

strength development.

The speanens treated with cement showed a strength gain to a peak unconfined
compressive strength with the brittleness of the failure mode increasing with cement

content.

The specimens treated with lime showed a far less abrupt increase in unconfined
compressivestrength and the failure mode appeared to be far more ductile than that of the

cement treated specimens.

The samples treated with cement and bentonite showed that the increase in bentonite for a

given cement content resulted in substantial decreasdnmaté unconfined compressive



strength. These specimens showed a far more ductile failure mechanism than the

specimens treated with cement alone.

Based on these results, the addition of bentonite as a additive to improve workability
should only be employkewhen a full understanding of its effect on the strength of the soill

and additive mixture is understood through an experimental program.

9.3 OedometerTesting

9.3.1 Bangkok Clay

An increase inthe hardening effect of the cement content was noted as teowent
increased As cement contents increase, consolidation properties of the treated samples
decreased indicating a gradual reduction of compressililityas also noted that lower
cement contents of the order of 5% have minimal effect in the improvement of

consolidation properties.

Similarly, the compressibility properties of the lime treated specimens improved with both
lime content and curing time. A delay was noted however with respect to curing time of 1

month before the rate of improvement began significantly.
A decrease inhie coefficient of consolidation was found with both cement content and
curing time. A similar relation existed with respect to lime treated specimens with the

associated delay in the first month of curing as discussewpsy.

Similarly the compression index was found to increase with both curing time and additive

content. The improvement of the lime specimens (i.e. a smaller decrease in change in void
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ratio per unitaxial stress) was noted compared to cement treatnsgns at the same

additive content.

9.3.2 South East Queensland Clay

A similar reduction in compressibility was observed for cement treated South East
Queenslandclay specimens. An increase in cement content was found to reduce the
compressibility of he South East Queenslasgecimens with higher cement contents and

longer curing periods displaying the greater effect.

For specimens of South East Queenslaagts treated with both bentonite and cement, it
was noted that the decrease in compressibility as a function of cement content was
confirmed, however by addition of bentonite, the compressibility of the specimens was
found to increase with bentonite content. The gain in strength, and thus, reduction in
compressibility through formation of the paléico particle cementation bonds was found

to be similar for all bentonite contents as reflected by the similar yield stresses achieved. It
was however noted that there was an accelerated destructurisation of the cemented
materials as bentonite content neased which resulted in an increase in overall
consolidation of the specimens. It appears that bentonite plays a role in the breakdown of

the cementation bonds beyond the yield stress of the specimens.

94 CIU Triaxial Testing

A comparative study of the strength characteristidseated clagpecimens was

conducted. Theoncluding resultsf the comparison are presented below
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At gmax the shear strain at failure for cement treated specimens decreased with
curing time increase#n increase in curingme resulted in a rise ingkto a well-
defined peak prior to the commencement of strain softening.

A slower rate of strength increase or hardenuag noted with specimens treated
with lime compared to cemeritime treated amples cured for 1 month shed

only minor increase in strength while strength gain became more apparent after 2
months curing.

The 1 month treated soil samplelssplayed roughly linear increase in deviator
stress with strain up tgmax and there was a gradual strain softening pasptak

of the g-Klcurve. At 2 months curing it was found that lime treated specimens
displayed a considerable increasstiength development

Generally at lower pre shear effective consolidation pressures, the maximum pore
pressure was observed to ocquior to the peak deviator stresst higher pre

shear effective consolidation pressures, the peak pore pressure was to found occur
past the peak deviator stress.

It was also found that specimens cured for longer periods generated greater
negative pore @ssuresOnly minor increases were notedth regard to pore
pressure developmeas a result of additive content (both cement and lime)

At higher lime contents and lower pre shear effective consolidation pressures, the
specimens appear to behave like cwesolidated clays while at lower lime
contents their behaviour can best be described as similar to normally consolidated
clays.

From the effective stress paths of the treated clay specingenspre rigid

overconsolidated behaviour in the treated clayispsts was noted. Lower cement
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contents showed little effect in variation of the strength characteristics of the
specimens.

X The stress paths show that specimens consolidated with lower pre shear effective
consolidation pressures first move on a path of temisp then approach the
Hvorslev envelope and appear to approach failure on either on the Hvorslev
envelope or parallel to the 3:1 tension failure enveldydter reaching the peak
deviator stress, the stress path exhibits strain softening behaviouny fedib
parallel to the q axis where the specimens possessed a destructured state.

X A higher strength is achieved in cement treated specimens after 1 month curing.

X Only minor increases in strength were noted in cement treated specimens cured for
2 months

X A considerable increase in peak deviator stress was noted itré@ed specimens

between one and two months curing

9.5 CID Triaxial Testing

Theresults of the drained triaxial testing program hemefirmed many of the behavioural
characteristics of bbtcement and lime stabilised clay soils. In general terms the delay in
strength development in lime stabilised soils has been confirmed by the delay in the
development of the peak deviator stress, lower modulus of the specimen and higher
volumetric strainsachieved. This behaviour of the lime treated specimens when compared
to cement treated specimens is consistent, apart from the materials treated with higher lime
contents (10%) at longer curing periods (2 months). Materials thus treated display

behaviour similar to cement treated specimens treated in a similar manner in many aspects
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For cement treated specimens, strength development was found be influenced by both
cement content and curing period however it was found that at higher pre shear effective
consolidation periods, the effect of cementitous bonding can be degraded by

destructurisation. A similar behaviour was noted in lime treated specimens to a lesser

degree due to the lower hardening achieved.
9.6 Case Study -Numerical Modelling

Substantial regctions in the primary consolidation of a typical South East Queensland
compressible clay profile can be achieved by the use of both cement and lime treated soil

columns

The results of the modelling show that additive contents of 10% or greater would be

required to achieve a suitable result.

The results of the modelling also confirm that lime treated columns require at least 2
months curing to achieve sufficient strength to reduce consolidation settlement when

compared to cement treated columns.

Based on ta results, the principal consolidation settlement controlling parameter appears
to be the Undrained Modulus of the columns irrespective of additive Tiygemodulus of
the installed column may be used to provide an approximation of the total primary
consolidation when employed in conjunction with the Area Replacement Rhaére is a

reduction in efficiency below an Area Replacement Ratio of .01.

Figure 7.15 provides a quick method of approximation of the reduction in consolidation
settlement in a typicgbouth East Queenslasdil profile subjected to embankment loads
supported on soli columns. After establishing a desired Area Replacement Ratio and the

design stiffness of the columns, the Settlement Reduction Ratio can be established. This
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ratio can thenme multiplied by the anticipated conventionally established untreated

consolidatiorsettlement to forecast settlement after treatment.

9.7 Case Study -Subgrade Stabilisation

In general, the use of cement or lime treated compressive clay subgrade esalstqut
little improvement at shallow pavement depths of 450 mm and less. What improvement

that is achieved is below a level required for a typical traffic load to be of any advantage.

For a pavement depth of 550 mm (and more), substantial advantage eahided
through the use of the stabilised subgrade as discussed. Substantial improvements in the

allowable repetitions are noted for both additives.

Generally the increase in allowable repetitions, at the deeper pavement depths, was

considerably higherok cement treated subgrade than for the lime treated material.

Given the environmental advantages resulting from the control of acid sulphate soils,

consideration could be given to stabilisation using lime d&bper pavement depths.

As a guide, the pavesnt should be designed for a 1 month curing period as, in most

cases, the highest traffic loading w

9.8 Key Findings

A comparison study has been performed and the behaviour of both lime and cement
treated specimens was compared with respect to Unconfined Compressive Strength. The
delay in strength gained as a result of the slower hydration rate of the lime has been
discussed. Similarly, the results of the Oedometer testing have shown a similar behaviour

in the lime treated specimens when compared to those treated with cement.
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The triaxial testing section of the thesis conducted a comparative study of lime and cement
treated specimens. This section compared the effects of additive content, curing time and
pre shear consolidation pressure on the triaxial behaviour of lime and cement treated

specimens.

As a result of both the Finite Element Analysis of the deep mixing section of this thesis
and the shallow mixing analysis, the practical application of treated estuarine clays was
evaluated both under embankmheand pavement load in South East Queensland

conditions.

A practical design chart was presented for use in the estimation of consolidation settlement
reduction with respect to Area Replacement Ratio for both lime and cement treated soil

columns.

Similarly a design chart was also presented for the performance of pavements on treated
estuarine clay subgrades allowing estimation of traffic loads on subgrades treated with
varying additive contents and curing times.

9.9 Further Research Recommendations

Fields covered by this document requiring further investigation include:

X Once laboratory facilities become available, CIU and CID triaxial tests should be

completed on local samples to establish strength parameters for the modelling

x As the numerical modelling @& performed on the materials information from the
laboratory tests, further modelling could confirm the performance of both a range

of modulus values up to 100 mPa. It is usual for practitioners to employ additive
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contents well above those adopted fos tfiudy and modulus values of up to 100

mPa could be anticipated.

A similar situation exists with the pavement modelling. The range of modulus

values could be extended in this study.

Further modelling should also be performed with the layer thickness of the
untreated clay soil being varied to evaluate to correlation between Area
Replacement Ratio {aand Consolidation Settlement reduction ratio) (h

varying soil profiles.
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Figure A25- Square Root Time / Settlement Analysis Cement Treated
4 metre Spacing 500mm 2xmeter
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Figure A26-Time / Settlement Analysis — Cement Treated
4 metre Spacing 500mm Diameter
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‘4 metre Spacing 600 mm Diameter on Centreline
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Figure A27— Square Root Time / Settlement Analysis Cement Treated
4 metre Spacing 600mm Diameter
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Figure A28-Time / Settlement Analysis — Cement Teated
4 metre Spacing 600mm Diameter



‘4 metre Spacing 700 mm Diameter on Cenlreline‘
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Figure A29- Square Root Time / Settlement Analysis Cement Treated
4 metre Spacing 700mm Diameter
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Figure A30-Time / Settlement Analysis — Cement Treated
4 metre Spacing 700mm Diameter
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‘4 metre Spacing 800 mm Diameter on Cenlreline‘
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Figure A31- SquareRoot Time / Settlement Analysis- Cement Treated
4 metre Spacing 800mm Diameter
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Figure A32-Time / Settlement Analysis — Cement Treated
4 metre Spacing 800mm Diameter



‘4 metre Spacing 900 mm Diameter on Cenlreline‘
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Figure A33- Square Root Time / Settlement Analysis Cement Treated
4 metre Spating 900mm Diameter
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Figure A34-Time / Settlement Analysis — Cement Treated
4 metre Spacing 900mm Diameter
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‘4 metre Spacing 1000 mm Diameter on Cenlreline‘
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Figure A35- Square Root Time / Settlement Analysis Cement Treated
4 metre Spacing 1000mm Diameter
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Figure A36-Time / Settlement Analysis- Cement Treated
4 metre Spacing 1000mm Diameter
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Figure A37— Square Root Time / Settlement Analysis Lime Treated
2 metre Spacing 500mm Diameter
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Figure A38-Time / Settlement Analysis — Lime Treated

2 metre Spacing 500mm Diameter
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‘2 metre Spacing 600 mm Diameter on Cenlreline‘
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Figure A39- Square Root Time / Settlement Analysis Lime Treated
2 metre Spacing 600mm Diameter
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Figure A40-Time / Settlement Analysis — Lime Treated
2 metre Spacing 600mm Diameter



‘2 metre Spacing 700 mm Diameter on Cenlreline‘
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Figure A41- Square Root Time / Settlement Analysis Lime Treated
2 metre Spacing 700mm Diameter
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Figure A42-Time / Settlement Analysis — Lime Treated
2 metre Spacing 700mm Diameter
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‘2 metre Spacing 800 mm Diameter on Cenlreline‘
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Figure A43—- Square Root Time / Settlement Analysis Lime Treated
2 metre Spacing 800mm Diameter
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Figure A44-Time / Settlement Analysis — Line Treated
2 metre Spacing 800mm Diameter
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‘2 metre Spacing 900 mm Diameter on Cenlreline‘
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Figure A45- Square Root Time / Settlement Analysis Lime Treated
2 metre Spacing 900mm Diameter
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Figure A46-Time / Settlement Analysis — Lime Treated
2 metre Spacing 900mm Diameter
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‘2 metre Spacing 1000 mm Diameter on Cenlreline‘
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Figure A47— SquareRoot Time / Settlement Analysis-Lime Treated
2 metre Spacing 1000mm Diameter
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Figure A48-Time / Settlement Analysis — Lime Treated
2 metre Spacing 1000mm Diameter



‘3 metre Spacing 500 mm Diameter on Cenlreline‘
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Figure A49- Square Root Time / Settlement Analysis Lime Treated
3 metre Spacingb00mm Diameter

‘3 metre Spacing 500 mm Diameter on Centrdine‘
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Figure A50-Time / Settlement Analysis — Lime Treated
3 metre Spacing 500mm Diameter
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‘3 metre Spacing 500 mm Diameter on Cenlreline‘
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Figure A51- Square Root Time / Settlement Analysis Lime Treated
3 metre Spacing 600mm Diameter

‘3 metre Spacing 600 mm Diameter on Centrdine‘
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Figure A52-Time / Settlement Analysis — Lime Teated
3 metre Spacing 600mm Diameter



‘3 metre Spacing 700 mm Diameter on Cenlreline‘
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Figure A53- Square Root Time / Settlement Analysis Lime Treated
3 metre Spacing 700mm Diameter

‘3 metre Spacing 700 mm Diameter on Centrdine‘
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Figure A54-Time / Settlement Analysis — Lime Treated
3 metre Spacing 700mm Diameter
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‘3 metre Spacing 800 mm Diameter on Cenlreline‘
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Figure A55- Square RootTime / Settlement Analysis-Lime Treated
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Figure A56— Square Root Time / Settlement Analysis Lime Treated

3 metre Spacing 800mm Diameter
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‘3 metre Spacing 900 mm Diameter on Cenlreline‘
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Figure A57— Square Root Time / Settlement Analysis Lime Treated
3 metre S@acing 900mm Diameter

‘3 metre Spacing 900 mm Diameter on Centrdine‘

Time (Minutes)
10000 100000 1000000 10000000 10000000
0 | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘
-100 —|
=
£
5 200 —|
5
=1
1]
-300 —| !
—A—— 5%Lime1Month
—O—— 5%Lime2Months
—FF—— 10%Lime1Month
1 —<&—— 10%Lime2Months
—+—— 15%Lime1Month
——¥x—— 15% Lime 2 Months
-400 —

Figure A58-Time / Settlement Analysis — Lime Treated
3 metre Spacing 900mm Diameter
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‘3 metre Spacing 1000 mm Diameter on Cenlreline‘
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Figure A59- Square Root Time / Settlement Analysis Lime Treated
3 metre Spacing 1000mm Diameter
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Figure A60-Time / Settlement Analysis — Lime Treated
3 metre Spacing 1000mm Diameter



‘4 metre Spacing 500 mm Diameter on Cenlreline‘
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Figure A61- Square Root Time / Settlement Analysis Lime Treated
4 metre Spacing 500mm Diameter

‘4 metre Spacing 500 mm Diameter on Centrdine‘
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Figure A62-Time / Settlement Analysis — Lime Treated
4 metre Spacing 500mm Diameter
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‘4 metre Spacing 600 mm Diameter on Cenlreline‘
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Figure A63- Squae Root Time / Settlement Analysis-Lime Treated
4 metre Spacing 600mm Diameter

‘4 metre Spacing 600 mm Diameter on Centrdine‘
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Figure A64-Time / Settlement Analysis — Lime Treated
4 metre Spacing 600mm Diameter
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‘4 metre Spacing 700 mm Diameter on Cenlreline‘
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Figure A65—- Square Root Time / Settlement Analysis Lime Treated
4 metre Spacing700mm Diameter

‘4 metre Spacing 700 mm Diameter on Centrdine‘

Time (Minutes)
1000 10000 100000 1000000 10000000 10000000
0 1 \HHH‘ 1 \HHH‘ 1 \HHH‘ 1 \HHH‘ 1 \HHH‘

-100 —
. -200 —
£
E
5 4
5
g

-300 —

—A—— 5%Lime1Month
-400 —|  ——O—— 5%Lime2 Months
—FF—— 10%Lime1Month
——<&—— 10% Lime 2 Months
—+—— 15%Lime1Month
——¥x—— 15% Lime 2 Months

-500 —

Figure A66-Time / Settlement Analysis — Lime Treated
4 metre Spacing 700mm Diameter
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‘4 metre Spacing 800 mm Diameter on Cenlreline‘
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Figure A67— Square Root Time / Settlement Analysis Lime Treated
4 metre Spacing 800mm Diameter
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Figure A68-Time / Settlement Analysis — Lime Teated
4 metre Spacing 800mm Diameter



‘4 metre Spacing 900 mm Diameter on Cenlreline‘
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Figure A69- Square Root Time / Settlement Analysis Lime Treated
4 metre Spacing 900mm Diameter

‘4 metre Spacing 900 mm Diameter on Centrdine‘
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Figure A70-Time / Settlement Analysis — Lime Treated
4 metre Spacing 900mm Diameter
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‘4 metre Spacing 1000 mm Diameter on Cenlreline‘
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Figure A71- Square Root Time / Settlement Analysis Lime Treated
4 metre Spacing 1000mm Diameter

‘4 metre Spacing 1000 mm Diameter on Centreiine‘
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Figure A72-Time / Settlement Analysis — Lime Treated
4 metre Spacing 1000mm Diameter



‘2 metre Spacing 500mm Diameter ‘
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Figure A73-Vertical Displacement Profile — Cement Treated
2 metre Spacing 500mm Diameter

‘2 metre Spacing 500 mm Diameter‘
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Figure A74-Lateral Displacement Profile— Cement Treated
2 metre Spacing 500mm Diameter
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