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Abstract

The mechanical behaviour of natural clays is initerl by the degradation of the structure
developed during and after deposition. In ordemtmlel the influence of structure artificially
cemented specimens have been prepared. A ser@mseadimensional compression tests of
cement treated kaolin specimens were analysed.effeet of bonding and debonding on
compression of the specimens was observed. Theressipn of cemented specimens was
not monotonic, depending on disturbance of thecaira. Cement content and curing period
were found the main factors influencing the comgiabty of cement treated kaolin clay.
The possibility of using cement treated kaolin ted®l naturally cemented soil was

confirmed.

For the purpose of the research described in tissedation, artificial cementation bonds
were created in a model clayey material by additgod Portland cement to kaolin clay. The
mechanical behaviour of the model material at casgion and shearing was compared with
the behaviour of the pure reconstituted kaolin clayaxial CIUP tests were carried out in
determining the shear strength. Submersible LVDAnd bender elements were used for
measuring of the shear modulus to identify the rdesiration of the specimens. The

experimental behaviour was successfully simulatethb hypoplastic model.

Finally, the shear modulus of cemented soils ay \@nall strain Gy) was studied. For
artificially cemented clay(so was found to be independent of the mean effedixess until
the yield stress. After yield, a significant effedtstructure degradation @b, was observed.
The experimental data were interpreted by an eguatvhich relates, of cemented soils to
mean stress, apparent overconsolidation ratio Aedstate of structure (sensitivity). The

equation was also found to repres@pbf cemented sands.



Chapter 1

Introduction

Natural clays contain structure (combination ofri@@and bonding), which influences their
properties (Burland, 1990). According to the liteara based on laboratory testing of natural
soil specimens (Burland, 1990; Leroueil & Vaughh®90; Feda, 1995; Callisto & Rampello,
2004) the effect of structure is to increase stiieagd decrease compressibility.

Soil structures can be assigned to two basic daseelimentation structure and post-
sedimentation structure. The first, sedimentatioucture, includes all structures that develop
during and after deposition as a result solely é#-dimensional consolidation. The second,
post-sedimentation structure, develops when som@geal process subsequent to normal
consolidation intervenes to modify the sedimentatgiructure. These post-sedimentation
structures result from processes such as cememtatideposition, weathering and tectonic
shearing (Cotecchia & Chandler, 2000).

Testing of a soil with post-sedimentation structuraturally cemented soil, is very
difficult, because this structure is progressivdpstroyed as the soil is deformed during
sampling and preparation. An alternative is to ad#icially cemented specimens made up
through the addition of a cementing agent to thie so

1.1. Cementation of soils

1.1.1. Introduction

The formation of natural soils starts with weathgriof Earth surface. The products of
weathering may remain in situ, forming the resids@ils or the process may continue with
erosion, transport and deposition of the partitbesedimentary area, forming the deposited
soils. Freshly deposited soils are normally comlstéd with low bulk density and high
permeability. After weathering and deposition, pbgk chemical, biochemical and biological

alteration of soils occure in order to set the ifitgbunder the changing conditions in the
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subsurface. The process of hardening and welding sbil leads to the formation of a
sedimentary rock.

The diagenesis is general term for mechanical d&minecal changes of soils in the
period from the formation to the beginning of metaphism or weathering. The mechanical
changes are connected with compaction of soil witheasing burial depth under younger
sediments, associated with decrease of porosityater content.

The chemical changes are connected with reactiehselen minerals and the pore
water. The effect of the chemical diagenesis camldstructive due to the development of
secondary porosity, or constructive, with the pasésoil filled with cement. The cement
forms an integral and important part of the s@fding to changes to the original mineralogy
and nature of the soil. Consequently, differentpprtes of soils in natural states are
interpreted as a result of different grading, mah@gy, water content and structure.

Structure of soils, the combination of fabric armhtling is associated with processes
and mechanisms operating in various micro- and osastfironments. During chemical
diagenesis soils may acquire additional cementimgdb. Early cementation protects grains
against compaction and pressure solutions, furtikerentation leads to the hardening and
welding of soil. Therefore, the presence of cemerian soils has been proved not only by
microstructural analyses, but also by testing efrttechanical behaviour of soils.

Typically, cementing bonds at soils are brittle atichinish during sampling and
specimen preparation. Artificial cementation isréfiere considered as a good option to
examine in detail the effect of cementation on rnaeatal behaviour of soils. The most
common admixtures forming the cementing bonds ils swe Portland cement and lime, the
other admixtures include gypsum, calcite, wax a&sins.

This chapter is concerned with the origin and nalegy of natural cement, the
stability of cementing bonds and evidences frorarditure. The artificial cementation is

discussed from the chemical and microstructurattpafi view.

1.1.2. Natural cementation

The cementation may be defined as a precipitatfomioro crystals in the pore spaces of
soils, binding the grains together in a fabricniorg a strong and rigid structure. That results
in an increase of soil stability against disaggtegaby water and solutions and against

reorientations during burial and tectonic activity.
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Formation of cement is a combined result of miraayg] particle size and shape, water
chemistry during deposition, pressure, temperaakeorganic content (Mitchell, 1993). The
textures and compositions of natural cements mégctethe sedimentary and diagenetic
environments in which a soil was formed. Naturaheatation often displays a characteristic

evolution of the diagenetic system with several eehgenerations and secondary leaching.

1.1.2.1. Genesis of natural cement

Cement, the secondary component of soils, pretggitiom pore water. The identification of
the cement origin is often difficult. The cemen&n riginate either from minerals derived
from grain solution (isochemical diagenesis in ased system), or it is a product of
crystalization from circulating groundwaters or dibswaters, enriched from outside
(allochemical diagenesis). Generally, pore wateams @odified by reactions with clay
minerals, solution of unstable grains, precipitatod authigenic minerals, mixing with waters
from other sources, decomposition of organic maiter by microbial activity (Tucker, 2001).

A large number of ionts, contained in pore watemeleased from clay minerals. Clay
minerals have a considerable quantity of catioralable for exchange, expressed by the
cation exchange capacity (CEC). The common procktsktization, the change of smectite
to illite at temperatures higher than 50°C, conmgwishemical reactions connected with
release of Si, Ca, Na and Mg cations to the pordéenwa The transformation of
montmorillonite (or mixed-layer illite-montmorillate) to illite is suggested as a source of
silica cement (Towe, 1962). On the contrary, thiooaexchange with clays may lead to the
decrease of the Mg content in the pore water writle t

Another source of ionts may be primary mineralsluan of unstable minerals
appears under the changing physico-chemical coamditiPrimary minerals react with solution
containing carbon dioxide (hydrolysis), acids (atydis), salts of strong acids (salinolysis)
and salts of weak acids (alcalinolysis). Some nailsersuch as carbonates (e.g. calcite) and
evaporites (e.g. halite), dissolve rapidly and sicgntly change the mineral composition of
pore waters. Minerals such as silicates (e.g. feldsand clay minerals) dissolve much more
slowly and their solution has only a minor effeat the water composition. The solution of
minerals is increased by respiration by microorgas and organic matter decomposition,
leading to the formation of carbonic and organidsvan der Perk, 2006).

A transitional process between mechanical and dteniiagenesis is pressure

solution. According to Riecke’s principle, the dmn of minerals is enhanced under

10
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compressional stress. Thus the stress at the ¢entetween two grains of a different
composition may result in partial pressure dissotutof one particle, the other particle
usually maintains its shape. The dissolved masteften precipitated immediately next to the
grain contacts, where minimum stress conditionsagt€Einsele, 1992).

Chemical precipitation is active in the medium after, mostly when there are mixing
two solutions of different composition, temperatut®, content, etc. The important factors
affecting the precipitation of cement are tempemgtiEh (redox potential), pH (acidity-
alkalinity) and salinity of surface waters and pevaters. The intensity of cementation is
controlled by water energy and circulation. The rgia of cement depends on the

supersaturation of pore fluids, the porosity aredghrmeability of soils.

1.1.2.2. Factors of cement stability

The same processes leading to the cement formataynlead to its destruction. Changing
conditions may affect the stability of the initiathttained structure by inducing new particle
associations, new pore sizes and different poid fitoperties. Such changes may affect the
ability of the soil to carry effective stresses wasll as its permeability and consistency
(Pamukcu & Tuncari991). Consequently, cementation is one of the gmema causing the
development of soil sensitivity.

The chemical stability of cements is affected byperature, pressure and chemistry
of pore waters (characterized with pH, electrolgtancentration and type, salinity and
dielectric constants). Cementing minerals freqyergflect the changing conditions, unstable
minerals are dissolved and replaced by stable mmeCirculating pore fluids enable solution
and redistribution of cements in a long periodinfet Slowly moving pore fluid (e.g. rate of
convection about 1 m/year) is heated during its meard flow and it cools within upward
moving. The cooling pore fluid precipitates minsralith “prograde solubilities” (quartz, etc.)
and dissolves minerals with “retrograde solubilifgarbonates, etc.).

The typical transformation of silica phases proseeth increasing burial depth and
temperature from opal-A through opal-CT to qualéading to solution-reprecipitation of
cement (Mitsui & Taguchi, 1977; Tada & lijima, 1988im et al., 2007). The data indicate
that the transformation of opal-A to opal-CT stattshe temperature range between 22-33°C.
The rate of opal-CT dissolution outpaced precigtatonce temperature increased above
~55°C (Spinelli et al., 2007). The opal-CT transiation to quartz is completed at around
72°C (Tada & lijima, 1983).

11
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The solubility of cements is further affected byewtfistry of pore waters (Table 1.1).
Hematite cement is insoluble in water unless thaewdecomes highly reduced. The
anhydrite precipitation is probably controlled byettemperature and salinity of the pore

fluids (Dworkin & Land, 1994). However, there aramy exceptions.

Table 1.1 Characteristics of pore fluids affectthg solubility and precipitation of cements

temperature pH salinity ion | reduction/ CO,
activity | oxidation pressure
anhydrite X X
hematite X
carbonates X X X X
quartz X X
clays X X X

The cementation may be unstable in the zone ofheeay. Cyclical wetting and
drying and freezing and thawing may lead to medancollapse of some structures,
particularly those with open fabrics where parscée only weakly bonded (Mitchell, 1993).
Mechanical failure of cements also occurs during dimset of plastic (virgin) deformation
caused by tectonic movements or increased predsues. very soft cement is load-bearing,
the yielding and failure of cement depends ontitfhess (Dvorkin & Yin, 1995).

Generally, dissolution and recrystallization of er@ phases can change the
distribution and geometry of pores, but it hardhgates a significant increase in overall
porosity (Einsele, 1992). The increase in permégkaind porosity (secondary porosity) of
sediment can be caused by separate dissolutioensémt and mechanical failure of cement

bonds.

1.1.2.3. Classification and occurrence of naturedestation

The cementation occurs in all types of sedimemtits and sedimentary rocks. Classification
system of cements is based on the mineral compostd on the cement volume in the pore
space of the sediment. The basic mineral grougemwients are silica, carbonates, authigenic
clay minerals, iron oxides and hydroxides, sulphated zeolites.

The origin of the silica cements is attributed tound waters, pressure solution (under
increasing overburden load) and to solutions aéasitlust, other silicates and biogenic silica.
The silica cements are represented by quartz, ethay and opal. Quartz is the most
abundant form of diagenetic cement in clastic sediary rocks, especially in sandstones
(Grant & Oxtoby, 1992; Haddad et al., 2006). A nniacmount of opal cement, coating grains

12
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and present at grain contacts, was indicated instonds (Spinelli et al., 2007). The
cementation by calcite and opal-CT was proved iltipesediments (Mederer, 1988) and
claystones (Kim et al., 2007).

The second important group of cements includesocetes. The source of the CaO
may be the pore water itself or dissolution of kioig carbonate skelets. The common first-
generation cement is calcite, which is precipitatedvers and desert sands and soils at the
present. A film of amorphous calcite, strongly bimgdclay, was identified by Cotecchia &
Chandler (1997). It is also the most abundant cémmecarbonate rocks. Calcite precipitation
results often in a displacement of grains or irpléts1g of grains due to precipitation in the
grain cracks (Tucker, 2001).

Calcite is often altered by metastable aragonitmerds. Aragonite and high Mg
calcite are the most common cements of recent beelkch or beach sandstones (Ginsburg,
1953; Vieira & De Ros, 2006). The other carbonaments are dolomite and siderite, less
common is magnesite and ankerite. Dolomite and estmnarise from pore waters rich in
Mg ions, siderite arises mostly as the later cenfimmh pore waters rich in Fe ions. The
dolomite and lesser ankerite cements were founayers of sandstones and siltstones (Klein
et al.,, 1999). A sandy rock layer cemented by aaebes, formed at contacts between
particles by reprecipitation, was reported by Fu&tial. (2003).

Forming of quartz overgrowths and calcite cemeotatommonly followed after the
precipitation of clay rims. Cementing clay minerase kaolinite, illite, chlorites and
smectites. The type of clay mineral depends orptthef pore fluids and on the ion activity.
Clay and light carbonate cementation at grain aistas often present in aeolian soils
(Mitchell, 1993).

Hematite coatings and impregnations representgements. Another important iron
mineral is goethite, forming a frequent microcriistacement. The presence of iron oxides
acting as a cement between the kaolinite partisle® found in kaolin deposits (Cravero et
al., 1997).

Sulphates are recent cementing agents often defireed anthropogenic sources,
represented by gypsum and anhydrite, less commbarige. Anhydrite cement precipitates
typically in the deep-burial environment. An exampdf anhydrite, the common but
volumetrically minor cement, was found in sandssgpor(®workin & Land, 1994). A
combination of anhydrite and baryte cements in stamés was reported by Gluyas et al.
(1997).

13
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Sediments with a high content of volcanic rock fmagts and feldspars may have
cements formed from clay minerals and zeolites. gdre-filling laumontite, a zeolite formed
at higher temperatures from low-temperature clihalge, is usually associated with chlorite
and smectite. Smectite and zeolite, filling poraesp of hemipelagic sediments, were
observed by Buatier et al. (2002).

According to the cement volume in the pores anddtheelopment, the cements can be
grouped in four categories: pore-filling, grain-ting, contact and filler (Figure 1.1).
Examples of each cement categories are shown iard=i§.2. The pore-filling cements
(Figures 1.1a and 1.2a) fill the pores betweertglagpically by authigenic clays or carbonate
cements. This type of cement is usually formedhadeep phreatic zone (the saturated zone)
with very low water circulation.

The meniscus (grain-coating) cements (Figures arkb1.2b) covers clasts as a thin
film, the considerable part of pores remains em@gdiments with this type of cementation
ranges from well-cemented to moderate cementedrgdmeths usually form on the quartz
grains of sandstones or limestones, and are soeetsaparated from grains by clay or
hematite (Folk, 1980). The presence of opal, quarthematite overgrowth is common for
sediments in the vadose zone (the unsaturatedatmve the groundwater table).

Precipitation or recrystallization of authigenicmaials, which takes place only on
contact points of grains serving as nuclei, creategact cements (Figures 1.1c and 1.2c).
The contact cement is characteristic of weakly cegte sediments. The typical contact
cement is created by silica phase.

The last type of cements are the filler cementguifés 1.1d and 1.2d), infilling pores
with older cement by new precipitates. The por@fjl cements and filler cements are typical
for lithified, well-cemented sediments such as Bioees (Lindholm, 1974), sandstones
(Cookenboo & Bustin, 1999; Gluyas et al. 1997}s8ihes, claystones, mudstones, shales and
ironstones (sedimentary rocks with more than 15%ooi).

Characterisation of the natural cement type mayliffecult. Changes in diagenetic
environments lead to formation of different cemewit different cementation textures. Four
kinds of cements, carbonate (calcite), clay (srecéind illite), phosphate (carbonate-
fluorapatite) and hydrocarbon (bitumen) and eigyptes of cementation textures were
identified in storm-influenced marine sedimentsLily & Greyling (1996). Vieira & De Ros
(2006) described seven main morphologies of catieoo@aments (exclusively composed of

high-Mg calcite) and six other diagenetic feature®eachrocks. Isotopically and texturally

14
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distinct types of calcitic cements, including cedcand travertine, were found in carbonate
rocks (Ellis, 1986).

(b; (d
Figure 1.1 Four categories of cements classified ediog to the volume in pores (Petranek,
1993). (a) pore-filling cement; (b) grain-coatingraent; (c) contact cement; (d) filler cement.

Figure 1.2 Examples of cements classified accordimgthe volume in pores and the
development. (a) Dark, cryptocrystalline cement gletely filling the pore space between
guartz grains (Vieira & De Ros, 2006). (b) Subangutpartz grains with overgrowth
cementation (Haddad et al., 2006). (c) Dominantdsand silt grains with clay particles and
amorphous material acting as cement between gr@uorui, 1991). (d) Quartz cement fills
a pore first lined by chlorite cement and then edaby oil (Cookenboo & Bustin, 1999).

15
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1.1.3. Artificial cementation

Natural cementation, its formation, stability ariffet on mechanical behaviour of sediments,
arises many questions. An artificially cementedcspen formed from soil with cementing
agent may help to study all aspects of cementatidime advantage of the artificial
cementation is the homogeneity of cement type am@pparent variability as an effect of
sampling and specimen preparation.

The preparation of cemented specimen contains gmadiic issues such as the type of
binder, the amount of binder, the amount of watet the curing period. Solutions for these
issues are usefull also for the stabilisation olss@o improve qualities of foundation soils,
pavement base layers, etc.) and for radioactiveengeposition. Therefore, different types of
cement agents are investigated by scientists tqpaoemtheir performances as modifiers for

soils with different grain size distribution andddy.

1.1.3.1. Types of binders

Lime, Portland cement, fly ash, gypsum, calcitex vemd resins have been used as a
cementing agent. The interaction of soil with cetimgn agent includes dissolution and
dissociation of additives and soil particles, faled by transfer and exchange of ions, changes
in pH and temperature of the environment and pitatipn of cement. According to its
phases and the cementing agent, which has beentbseattificial cementation may be more
or less similar to the processes of cementatigratare.

One of the most common cements existing in natsirealcite. Ismail et al. (2002)
reported an usage of a technique called CalcitgtinPrecipitation System (CIPS) to achieve
the calcite cementation in sands. The mechanidabeur of a calcareous sand cemented
artificially using calcite was compared with the ahanical behaviour of natural calcarenite
samples with a comparable range of density andl leffecementation. The mechanical
behaviour of both the materials was almost idehtitae technique was also used by Sharma
& Fahey (2003, 2004) to study the effect of cemigoniaon the deformation characteristics of
cemented calcareous soils.

The artificial formation of another natural bindagmatite, was studied by Labuda et
al. (2007). The study explored the formation ofdhand dense hematite under conditions
relevant to those found in steam generators asnato@ of the formation of hematite in
sedimentary rocks. The structure of the used sal@®vered from the steam generators of a

16
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power plant, closely resembled the structure ofsitgtone. The produced hematite formed a
hard composite material as well as in nature.

Cementing agents such as lime, Portland cementflgndsh differ from natural
cements, but they represent popular binders igtbend improvement techniques. Hence, in
such applications, proper understanding of mechéhmiehaviour of treated soil is essential.
Studies show that the mechanical properties ofedesoils correspond with the properties of
natural structured soils. The interaction of bindeand soil leads to chemical and
microstructural changes, forming soil with cemepotat Thus the mixtures may help to study
the effects of cement on mechanical behaviour ibf so

Lime is added to problematic soft clay soils eitimethe form of quicklime (Caf) or
as hydrated lime (Ca(Okjy). The lime and the soil system with water passugh several
different reactions such as hydration, cation ergkaand pozzolanic reactions. The lime-clay
reaction mechanism was studied by Boardman et2801) on two refined clay minerals,
kaolinite and sodium-montmorillonite. The pozzotameaction, affecting the long-term
changes, took place after 7 days of curing andrtbatmorillonite produced more reaction
products owing to the relative position of silicand aluminium in the crystal lattices.

The hydration and the pozzolanic reactions areca&fpalso for the soil-Portland
cement interaction. The reactions and the effecamh factor are described in detail in the
following chapter. A comparison of cement and limedification was carried out with
laterite (Osula, 1996), sulfate rich soils (Puppetlal., 2006) and clayey soils (Tremblay et
al., 2001). Osula (1996) examined the performardelsme and cement as modifiers for
laterite with kaolinite as predominant clay minefflhe modification was evaluated against
plasticity, grain size and liquid limit. The effeat lime was higher than the effect of cement
in all aspects.

The other two studies were concerned with mechhmegrovement of clays. The
stiffness properties of lime and cement treategsclaith sulfates were studied by Puppala et
al. (2006). Cement treated clays showed consideraigrease in small strain stiffness in
comparison with lime treated clays. The result®agvith observation that the cement binder
produces stronger bonds between soil particlesdbas the lime stabilizer (Chang & Woods,
1992).

Tremblay et al. (2001) tested lime and cement k$akibn of four inorganic soils and
three organic soils. The compression behaviounafganic clay treated with lime or Portland
cement was similar. The stabilisation of organimgkes with lime was not very effective in

comparison with Portland cement.
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Fly ash, a material with good pozzolanic propertissrequently used in conjunction
with lime and cement treatment. Quartz sand andralasilt cemented with a cement fly ash
slurry were studied by Lo et al. (2003). The fornspeécimens showed behaviour patterns of
weakly cemented soils.

The artificially cemented sand mixed with gypsuraspér was prepared by Coop &
Atkinson (1993). The quantities of gypsum that katbe added to achieve realistic strengths
were so great, that the fines content was increfiead 1% to 24%, resulting in a reduction in
specific volume. The reduction of specific volumasha significant influence on the
mechanical behaviour of the cemented soil, suclsteess-strain behaviour and the peak
strength at strains beyond those required to fraatament bonding, which must be avoided
when comparing with the corresponding uncementéd so

Epoxy resin and polyester resins systems are agigeable to bond different materials
and the bond strength is considerably high (Sh&82)L The type of bonding is very specific
and distant from natural bonding. Both resins dessed as thermosettings materials, the
molecular chains are locked permanently togethenenw cured. Further increase in

temperature leads to the lost of strength andabkies become more rubbery.

1.1.3.2. Development of artificial structure in saiNith Portland cement

The addition of Portland cement to a soil resufisseveral different chemical reactions
causing immediate and long-term changes to the 3bk most important reactions are
hydration and pozzolanic reactions.

A complicated set of reactions, which follows afieixing of Portland cement with
water, is known as cement hydration process. Theratipn reactions of pure cement
compounds were summarized by Ye (2003). The prahg@poduct is calcium silicate hydrate
gel, formed as a result of hydration of siliceowsnpounds of Portland cement. The other
products are ettringite or monosulfate aluminatedraéte crystals, calcium hydroxide
(Portlandite), alumina hydroxides and garnets. Aydration of Portland cement is connected

with the excess of heat and release of the iorf§ &al OH (products of the dissolution of
Portlandite),SO; , K and N4 to the solution.
The products lead to the formation of hard solidggh (Figure 1.3). The calcium

silicate hydrate gel forms fibers on the cementingsurface and the calcium hydroxide

precipitates from solution as large crystals it émpty pores.
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Figure 1.3 Morphology of the cement hydration pradyStutzman, 2001)

The pozzolanic reaction is most pronounced in ¢laysch contain Si, Al and Fe rich
phases ready to react with Portlandite. The reaaifdPortland cement with sand is affected
mainly by the presence of clay.

The modification of clay is brought about by thelusion of the silicates and
aluminates, leading to the release of Si, Al, Md &g ions. The solution proceeds at the high
pH environment caused by the highly reactive limedpct of cement hydration, pH typically
changes from around 8 to 13 (Read et al., 2001 wGdteal., 2004). The composition of
solution indicates which components of clay havenbsoluted. The increase in Fe indicates
that the dominant solution may be solution of thimite component (Pusch et al., 2003). Mg
and Al hydroxides are formed by the solution of mmeorillonite, clinochlore and illite (Read
et al., 2001). Clays such as montmorillonites dhtd iare rich in Si-O tetrahedral phase,
kaolinite is rich in Al-O octahedral phase (He ket #995).

The solved material associates with thé*dans, the reaction produces cementing
agent coagulating softer parts. The dominating yetslof pozzolanic reaction between clays
and Portlandite are calcium silicate hydrateSkx, CsS;Hx) and calcium aluminate hydrate
(CsAHy, C4AH,) in various concentrations. Gehlenite hydrate #ydrogarnet may be
produced in Al rich clays (He et al., 1995). The Migd Al hydroxides supply a gel-like
hydrotalcite phase. The presence of ‘C®H ions and bicarbonate in pore water induces
calcite precipitation (Read et al., 2001).

Many physical and chemical factors contribute @ ititeraction of water, cement and
soil. The reactive surface area, pore water cheyniste potential effect of reaction catalysts

or inhibitors, the rate constants, the porosityl sanerals and soil pH are main effects
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associated with the soil. The effect of binder amtoolled by the type of cement, cement

content, curing time, curing temperature and pH.

1.1.3.3. Level of cementation

The qualitative degree of cementation of a soillmarcharacterised following the points made
by Hight et al. (1992b) in terms of

(a) state — by comparing the void ratios of the aaet clay and the reconstituted clay
under the same stress

(b) strength — by comparing the strength of the cint@nd reconstituted soil, i.e. by
sensitivity

(c) yield stress — by comparing the apparent ovesalihation with that attributable to

mechanical overconsolidation.

According to Chang & Woods (1992), the degree oheetation may be specified as

cementation level C, which is defined as:

C=V/V, (2.1)

where \ is volume of the cementing material angdi¥ the total volume of the initial void
space in the specimen. The value of C ranges frétn (Oncemented) to 100% (fully
cemented). The structure of cemented sand mayinatyee stages, specified by means of
the cementation level (Table 1.2).

Table 1.2 Microstructure of cemented sand (Chang/@&ods, 1992)

Stage| Cementation level (% Characterization
cement partially covers the surface of soil pagsalith
I C<20-25 some initial bonding at various contact points lesw
soil particles

cementing of soil particles is very significant, sho
Il 20-25<C<60-80 contact points between soil particles have develop
chemical bonds as manifested by cement rings

D

cement fills most of the void space between satligas,
1] C>80-90 development of chemical bonds has been complet@d an
the additional cement acts mainly as a filler
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The level of artificial cementation in clays stronglepends on the water content
(Lorenzo et al., 2005). Water is required for g@odl efficient mixing of cement with clay
and during hydration process of cement. The presefair in the partially saturated clay
results in the decrease of the free dispersioh@itementing ions. Conversely, the clay with
high water content eventually requires a large arhofi cement to bind together dispersed
soil particles. The optimum clay water content ighlkr than the liquid limit of the clay.
Figure 1.4 shows the schematic diagrams of untleatd treated clay particles with different

water content suggested by Lorenzo et al. (2005).

Boundary of
double layer water
Air space

a) Untreated clay b) High water content ¢) Optimum water d} Low water contant
(cement-ad mixed) content {cement-admixed)
(cement-adm lxed)

Figure 1.4 Schematic diagram of untreated and cenremted clay particles showing the
effect of mixing water content (Lorenzo et al.,%00
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1.2. Mechanical behaviour of cemented soils

1.2.1. Introduction

Physical and mechanical properties of sedimentglasely related to the mineralogical and
chemical composition as well as to consolidatiod aamentation. All contribute in some
degree to the microstructure of soil. The relatigps between the microstructure of the saill,
its geological history and its mechanical respohnaee been studied by many researchers.
Analyses of the mechanical behaviour of differentisturbed natural soils have shown
similarities, while the comparison of the same shdbed and reconstituted soil has shown
differences. The results show that the microstmecaifects the mechanical behaviour of soll
in the range from very small to large strains (3andgl972; Cloughet al. 1981; Burland
1990; Leroueil & Vaughan 1990; Hight et al. 199Zeda 1995; Burlandt al. 1996;
Cotecchia & Chandler 1997; Cuccovillo & Coop 1999).

The microstructure of a soil results from parti@ssociations and arrangements
(fabric) and from cementing between particles aadigde groups (bonding). An important
part of the microstructure is represented by cemgnbonds, which usually change the
characteristics of cemented soils to charactesisb€ porous weak rocks (Leroueil &
Vaughan, 1990). Even light cementation significairicreases the strength and the stiffness
of soils, the dilative tendency and the resistandeguefaction. The effect of cementation on
the mechanical behaviour of terrestrial cohesivks $® shown in Table 1.3, which has been
listed by Boone & Lutenegger (1997).

The mechanical effect of cementation on the sdia@ur is directly linked to the
number of interparticle contacts at which cemeatationds are developed and it is limited by
the strength of bonds. The current influence of estation can be quantified with the
parameter sensitivity ratio, defined as the rafidhe size of the boundary to all possible
states, state boundary surface, for the cementetbgbat for the corresponding reconstituted
soil (Cotecchia & Chandler, 2000). The sensitidgpends on mechanical conditions such as
deposition and consolidation rates during formatibrcement and on the properties of the
cement. Similarly, the cement content, type of a@ing agent, the grain size distribution,
curing time, density and the cementation-stregstyisire the major parameters governing the
sensitivity of artificially cemented soils (Yun &8tamarina, 2005).

The irreversible process of debonding leads todmgradation of soil microstructure

and its mechanical properties. The transition fiiifi to less stiff response, connected with
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development of irrecoverable plastic strains, iskad by the yield point, a change in stress-
strain behaviour under monotonic stress changes.pfdgressive damage to bonding during
plastic straining is often denoted as destructomatExperimental studies have shown that
yield in cemented soils may be determined in gdésyof laboratory tests.

The literature review is focused on compressionsr@ir behaviour of cemented soils
and the possibilities of mathematical modellinghe# observed mechanical behaviour. A part
of this chapter is a comparison of the effect durel and artificial cementation, mainly the
cementation with Portland cement, which was usedtlie simulation of the cemented
specimens in this work. The influence of cementteoihand curing period on the behaviour

of artificially cemented soils is discussed.

Table 1.3 Cementing agents and suspected effegeotechnical engineering properties of

soils (Boone & Lutenegger, 1997)

Suspected effect on

g : . Deposit
Cementing agent pevthcllon cgiiting Deposit location type? Source
properties
Unspecified Particle bonding: increases Lilla Edet. Sweden GM Bjerrum and
strength. G Wu 1960
Carbonates. iron oxides. silicates, Aggregation of fines: increases s — Lambe 1960;
aluminates. and organic matter in shear strength Soderblom 1966
Unspecified Particle bonding: increases 5. Skabo. Sweden GM Bjerrum and Lo 1963
decreases strain at failure (g
Carbonates Particle bonding New Liskeard. Ont. GL Townsend 1965
Organics. carbonates. gypsmmn. Al Particle bonding: increases GP‘. — -— Bjerruu 1967
and Fe compounds strength
Tron oxides. salt Increases 0, Labrador GM Kenney eral. 1967
Aluvminum and iron hydroxides Particle bonding: increases Toulnustouc River, Que. GM Conlon 1966:
strength Quigley 1968
Carbonates Cementation bonding St. Jean de Vianney. Que. GM Moum and
Zimmie 1972
Salt. carbonates. iron oxides Increases @, strength: Outardes region. Que. GL Loiselle et al. 1971
decreases €&
Salt. carbonates. Al and Fe
hydroxides Increases strength at low stresses St. Lawrence River valley GM Sangrey 19724
Salt. carbonates, Al and Fe
hydroxides Increases strength at low stresses Mattagami. Que. GL Sangrey 1972a
Amorphous Al and Fe: Mg and Increases S, and sensitivity (S,): Drammen. Norway GM Moum et al. 1971
Ca: salt Mg decreases S,
Carbonates, amorphous Si, Al Results in cementation and Canadian glacial and GL. GM Quigley 1980
Fe oxides related to S, glacial-marine clavs
Carbonates Increases strength, brittle Northampton., Mass. GL Bemben 1982
behaviour
Carbonates Directly related to S, Hawkesbury. Ont. GL Quigley et al. 1985
Carbonates Affects 6. S, James Bay. Canada: GM:L Jamiolkowski et al.
Taranto. Italy 1985
Carbonates Variation in 5, and Hertfordshire. UK. TICL Little 1989
compressibility
Carbonates Affects Gp'A 8y G, OCR. K, Fucino. Italy Burghignoli et al.

1991

9GL, glaciolacustrine; GM., glacial marme; L, lacustrine; TILL. basal or water-lasd glaesal till or lacustrotill

1.2.2. Compression and swelling

The compression behaviour of either naturally dfiaally cemented soil has been studied in
literature based upon both one-dimensional andapm compression data (see Liu & Carter,
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1999). Differences as well as similarities havenbebkserved. According to Burland (1990),
the properties of a reconstituted soil represeatititrinsic properties, which are inherent to
the soil and independent of its natural state. Ttines intrinsic compression line (ICL),
obtained from tests on reconstituted soil, is comiynaised as a reference line for studying
the compression characteristics of a cemented soil.

The schematic comparison of one-dimensional corsfmesof cemented and
reconstituted soil according to Leroueil & Vaughd®90) is shown in Figure 1.5(a). Figure
1.5(b) shows representative compression curves igsotropic compression tests (Rotta et al.,
2003). Despite the different mineralogical compositand particle size, cemented soils
follow a simple general pattern with the overcoiailon characteristics. The cementing
bonds bear up against compression until the lcesp#ésses their strength. Thus the cemented
soils show stiffer response on compression tharrébenstituted samples of the equivalent
soils until yield is reached.

The vyield, threshold of major plastic strains, esmnts the beginning of the
progressive debonding. The abruptness of yieldeas®s with the void ratio at which it
occurs and with increase in the bond strength aeld gtress (Leroueil & Vaughan, 1990).
The effect of cementation is much greater at higheid ratios than at lower ones.
Microstructure is not removed immediately, the abkt structural elements degrade with

post-yield strains due to further loading.

-

L]
@
b — Compression of destructured soil :
- from lposest possible stale i
=
Structure
permitied

space

¥ Compression ol
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Fermissible
gpaca for all Intrinsic
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Figure 1.5 Comparison of structured and destructummpression. (a) oedometer test
(Leroueil & Vaughan, 1990). (b) isotropic compresstests (Rotta et al., 2003)

The vyield points and the post-yield compressiorvesirdefine the boundary for the

possible states of cemented soils attainable inrdomensional or isotropic compression.
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After the yield, the paths of the specimens ofedéht initial void ratios all follow a post-yield
compression line that is unique for each degresenfentation (Rotta et al., 2003). The post-
yield compression line, yield locus and the intiinsormal compression line may converge at
higher stresses (lower void ratios), as indicateBigure 1.5(b).

Tests on artificially cemented soils show that tteange of compression curve
inducing apparent overconsolidation is increasingth wincreasing cement content
(Kamruzzaman et al., 2009; Rotta et al., 2003; F2d@2; Tremblay et al., 2001). Schematic
comparison of the isotropic compression of weeklgl atrongly cemented sand according to
Cuccovillo & Coop (1999) is shown in Figure 1.6.eTtifference between the behaviour of a
weekly and strongly cemented and the correspondBognstituted soil is reflected in the
additional void ratio sustained by soil microstiret The post-yield isotropic compression
curve of well-cemented soil is much steeper thae ibotropic compression line of
reconstituted soil and they may converge. The ocgeree is slow, thus the cemented
microstructure of soil remains stronger beyonddyi@hd perhaps at all stages of loading. In
contrast, the compression curve of weakly cemest@ldremains close to the compression
curve of reconstituted soil and is essentially palaSimilar results were obtained for one-
dimensional compression behaviour of well-cemeated weakly-cemented clay by Burland
(1990).

Intrinsic isotropic
+, normal compression line
N

emeenen: UNcemented "\‘_
Cemented "\,_
A Y
w  Weak N
5 Strong ’

4

Figure 1.6 Schematic comparison of the isotropic mm:s?on of weakly and strongly
cemented carbonate sand (Cuccovillo & Coop, 1999)

According to the results of tests described by F@f®?2) the influence of cement
addition is noticeable on compression curve eveh eement content of 2%. For all ranges
of cement, the change of void ratio is very smalthe pressure range before the respective
apparent overconsolidation pressure (yield streés)the post-yield stress regime, the
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reduction of void ratio appears in all cases duthé&breaking of cementation bonds. Figure

1.7 shows that after yield, the treated curved glifallel with the increase of cement content

L3 . &\.
N

having higher post-yield void ratios.
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Figure 1.7 Effect of cement content on compressigmawour of clay at 28-day curing
(Kamruzzaman et al., 2009): (a) one-dimensionalm@ssion; (b) isotropic compression

An important factor during the formation of ceméonds is the initial void ratio. The
differences in initial void ratio and water contesfta natural soil result from the burial to
different depths and from a deposition of cememidgi material during sedimentation.
Similarly, the void ratio of artificially cementesbils is dependent on the curing stress and the
cement content. The significant increase of cententent decreases the initial void ratio
(Figure 1.7) due to the reduction of water cont&@sulting from hydration and pozzolanic
reaction. The reduction of void ratio during curingreases the yield stress of specimens with
the same cement content (Rotta et al., 2003).

Changes in the pore space of loess treated witbusaamount of lime were studied
over a long period by Metelkova et al. (2012). Adiog to their results the initial
macroporosity increases with the amount of lime assult of flocculation. With curing time
the macroporosity of specimens decreases and thsopomosity increases due to the
formation of new mineral phases.

Another important factor, which influences the gigtress of artificially cemented
soil, is the curing period. The effect of curingné on the compression behaviour is shown in
Figure 1.8. The longer curing period leads to tighér apparent overconsolidation. The
significant increase in yield stress is observethatcement content 10% (Kamruzzaman et
al., 2009).
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Figure 1.8 Effect of curing time on compression lveha of clay (Kamruzzaman et al.,
2009): (a) one-dimensional compression (30% of ce#jnéb) isotropic compression

The one-dimensional compression of soils is usudilgracterised with compression
index C.. The stress-strain curves of both naturally artdi@ally cemented soils in one-
dimensional compression are non-linear, thereforsimgle value o€. can be ascribed to the
cemented soil. The value & for weekly cemented soil is close to the valueidgpfor
normally consolidated soil (Feda, 2002). Mixturashvhigher cement content have a |Gy
up to the yield stress. After yield, the compressad cemented soil gradually increases and
the ratio of the plastic strain increments for catad soil is higher than for reconstituted soil
(Kamruzzaman et al., 2009; Feda, 2002).

Figure 1.9 shows the effect of initial void rai@nd the sensitivit§ of the clay on the
compression indexC; of the structured soil, determined from the postédjibehaviour. The
sensitivity reflects the difference between theudtired and destructured states. A
progressive disruption of the fabric and bondingasnected with the increasir@. The
effects of microstructure are most apparent whed vatio is high (Leroueil & Vaughan,

1990).
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Figure 1.9 Relationship between compression indgar@ initial void ratio for structured
soft clays (Leroueil & Vaughan, 1990)

Similarly, the swelling indexCs of cemented soil is much smaller than that of
uncemented soil (Burland, 1990; Kamruzzaman eR@09). The difference between swelling
indexes of reconstitutec{) and cemented soiC() indicates the strength of cementation, the
ratio Cs / Cs (the swell sensitivity) may provide a measure ofding in the soil (Burland,

1990).

1.2.3. Shear strength

The shear behaviour of cemented soils depends eninitial resistance of cemented
microstructure and disturbance during testing. @Gadlye cementation increases the peak
strength, initial stiffness and brittleness of soil

The domain of states in which the shear behavibarswil is controlled by bonding is
defined by the initial yield locus. The behaviodra@mented soil in this domain may be
defined with cohesiort” > 0. Figure 1.10 shows two closed vyield surfadhs, intrinsic
reference yield locus, which represents reconstitigoil, and the initial natural yield locus,
which represents the soil with cemented microstmectYield is taken as the point at which
there is a significant reduction in the gradientlefq” - e curve. The yield of cemented soils
is attributable to the breakage of bonds. Accordmdrocchi et al. (2003), when the two
surfaces coincide, natural clays behave like ‘ideadterials, suitably described by the
critical-state soil mechanics framework.

Frictional behaviour is associated with statesobeythe yield surface but still within
the intact state boundary surface (SBS) as showrigare 1.11. Figure 1.11 presents the
yield states of the cemented clay and stress pdittiee cemented and the reconstituted clay
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normalized withpe , mean effective stress on reconstituted NCL atsdrae specific volume
as the natural clay. The current state boundarfases of both cemented and reconstituted
soils have a ‘dome’ shape. The effect of cemensnghifting of the state boundary surface
(Cotecchia & Chandler, 1997).

The location and shape of the bounding surfacdf itseaffected by the level of
disturbance. As a result of destructuration, th@ainbounding surface of cemented soill
shrinks towards that of the corresponding recamstt soil (Hight et al., 1992b). It is
accompanied by a progressive bond degradation ahuinetric compression (Cuccovillo &
Coop, 1999).

g = Dedatark: slress
o = Mean sfieciiva slees
& = vold ratlo

IS opic Inhire: compression line

Figure 1.10 Idealised initial natural and intrinsieference yield loci (Rocchi et al., 2003)
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Figure 1.11 Normalized stress paths and yield stafdke natural and the reconstituted clay
(Cotecchia & Chandler, 1997)

Based on the initial state of the sample relativéhe yield curve of the cement bonds,

three modes of shear behaviour could be identdigthg shearing of cemented soil (Leroueil
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& Vaughan, 1990; Coop & Atkinson, 1993; CuccoviioCoop, 1999). The three observed
modes are shown in Figure 1.12.

At confining pressures which are low relative tce thtrength of the bonds, the
behaviour is elastic up to a well defined yieldpdak state occurs at low strains well outside
the state boundary surface of the uncemented Ebé. stress-strain curve shows clearly
evident peak strength followed by strain softentoggards a much lower destructured or
critical state strength. The maximum rate of diatdoes not occur at peak, as it would for
such a soil, but at significantly larger strainkisTindicates that the peak strength is controlled
by cemented microstructure rather than density. giiesence of bonding prevents the soll
from dilating up to yielding. After yielding, the@dual degradation of the bonds inhibits the
dilation of the soil, which is later recovered bgnare rapid increase of the dilatancy.

At intermediate pressures, yield occurs beforehegcthe critical state and no peak
strength is seen. The failure is essentially fitél, approached after large strains
accompanied by significant contraction. At the leigthpressures, the behaviour is ductile
from the start as the bonding has been broken gluwwompression. The behaviour tends
towards that of the uncemented soil, with no yiediht. The unbonded soil reaches smaller

peak strength at a larger failure strain.
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Figure 1.12 Idealized behaviour of cemented soilofC& Atkinson, 1993)

The failure envelopes of cemented soils, derivemnfithe values of peak deviator
stress, are above the critical state line (CSlLthefcorresponding destructured soil (Burland,
1990; Leroueil & Vaughan, 1990). The cementationegia cohesion intercepf to the
strength envelope. Figure 1.13 shows a compari$dheopeak strength envelopes and the
limit state curves for the bonded, destructured r@ednstituted clay normalized with respect

to the yield mean stregg”. The peak strength envelope (upper part of thi §tate curve) of
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the intact clay is above the reconstituted andrdetsired clay, reflecting the strength of the
bonds (Saihi et al., 2002).
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Figure 1.13 Normalized limit state curves and lardeformation states for the intact
(bonded), destructured and reconstituted clay (Satilal., 2002)

The critical state of soil corresponds to relayvidrge straining when the soil is
essentially reconstituted and to reach this stagecementing material must fracture. This
means that the critical states of cemented andno@ct=d material will be about the same and
the principal influence of cementing will be on Igi@g and on the small strain stiffness
(Atkinson, 1993). Cuccovillo & Coop (1999) obtainkd cemented sands at the critical states
similar stress ratios to those of correspondingpmstituted soil. Conversely, according to
Cotecchia & Chandler (1997), the structural differes between the cemented and
reconstituted states of clays remain even at titecalr state. Also the normalized stress
conditions at large deformation in Figure 1.13 quée different for intact, destructured and
reconstituted clay. The results indicate that tleenented microstructure influences soil
behaviour even at large deformations. AccordingBtoland (1990), shearing in triaxial
compression does not induce sufficient destruotibthe microstructure to bring the soil to
the intrinsic critical state.

Uddin & Buensuceso (2002) proposed a conceptualeiiiod the evaluation of the
stress-strain behaviour of artificially cementedyclFigure 1.14 shows the behaviour of the
soft clay based on the conceptual model. Lime rmeat changes the strength and
deformation characteristics from normally consdkdiaclay behaviour to that of a heavily
overconsolidated clay for stress states insideyitgld loci Y1 (zone 1). It is suggested that the
behaviour in this zone is rigid up to failure. Tyield loci Y; was obtained from the bilinear

characteristics of the strain paths during anigatroonsolidation.
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Outside the strain path yield loci (within zone, Ithe behaviour consists of three
phases: an initial pseudo-elastic phase, a woriemang phase up to failure, and a strain-
softening phase up to the residual states. A schensamparison of the drained and
undrained shearing behaviour of untreated and limated clay in this zone is shown in
Figures 1.15 and 1.16 respectively.

The pseudo-elastic behaviour is characteristic stoess states from consolidation
pressurepy up to the vyield locus, distortional’d) or volumetric {s). Within the pseudo-
elastic phase, the developments of pore pressaes@umetric strains are very small. The
distortional and volumetric yield loci are definiedm the relationships of mean normal stress
during anisotropic consolidation and the sheairs&ad volumetric strain respectively.

The work-hardening phase starts as the stress qaitses the distortional or
volumetric yield locus and exists up to the failwkthe treated clay. The behaviour is
characterized with relatively large increase ofodefations and pore pressures during CID
and CIU tests respectively. The stress-strain behawf treated clay can be described with
the use of critical states concepts until the failstate.

The failure states are followed by strain-softerphgse, with a very large reduction in
strength observed after considerable straining. Gdteaviour of the clay is unstable within

this phase and cannot be properly described weluse of critical states concepts.
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Figure 1.14 Schematic diagram of the behaviour moklitreated clay (Uddin & Buensuceso,
2002)
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Figure 1.15 Schematic diagram ofggrelationship from CID test for lime treated clay
(Uddin & Buensuceso, 2002)
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Figure 1.16 Schematic diagram of undrained stresth gar lime treated clay (Uddin &
Buensuceso, 2002)

The formation of cemented microstructure in Podla@ment or lime treated soils
leads to a notable increase of strength in dep@&aden cement or lime content and curing
period (Uddin & Buensuceso, 2002; Kamruzzaman .t2809). An increase in the cement
content or curing period results in an expansiorthef yield curve of the cement bonds.
Consequently, the strength of the cemented sbibiser at higher content of the additive and
curing period (Figure 1.17). Test results reveak @t higher cement content, the cemented
clay showed strain softening behaviour up to higleenpression and the differences of peak
deviator stresses are minor in that range of méfacnte stress. This is due to the effect of
cementation leading to the minor volume changesnduthe consolidation stages of the

specimens (Kamruzzaman et al., 2009).
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The curing period affects the linearity of the dad envelope (Kamruzzaman et al.,
2009). A more linear failure envelope from shearisgshown by specimens with shorter
curing period, as destructuration is completedrduthe consolidation stage. Conversely, the
different curing period has no influence on thetadesuration envelope, derived from the

ultimate states of cemented specimens.
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Figure 1.17 Effect of cement content and curing tonethe stress paths of cement treated
specimens (Kamruzzaman et al., 2009)

According to Uddin & Buensuceso (2002) the streates of artificially treated clay
ultimately lie very close to the CSL of the corresding reconstituted clay. However, the
destructuration envelope of cemented specimensneltdy Kamruzzaman et al. (2009) lay
above the CSL of reconstituted soil and was shiftipdiard with the increase of cement
content. At the destructuration state, the behawduhe artificially cemented specimen was
different from that of the natural clay. Accorditggthe authors, the hydration and pozzolanic
reaction between cement and clay particles crgaemanent changes of the treated clay

fabric, which could not be reversed or destroyednduthe shearing.

1.2.4. Shear stiffness

The cementation provides strong enhancements tcshibar strength and shear stiffness
properties. Figure 1.18 presents the patterns loh\beur expected of unbonded and bonded
soils and soft rock. Unbonded soils are less atitf show no bond yield. The curve of bonded
soil indicates that the bonds contribute to andgase in the initial stiffness. The soil shows the
first yield, representing the limit of linear el@sbehaviour and the bond yield, representing
the limit of recoverable behaviour similarly to tharve of soft rocks (Malandraki & Toll,

2001). Moving the state of the soil towards thadhtisotropic boundary does not change the
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value of stiffness determined by the bonds but eksas the range of strains over which

bonding enhances stiffness (Cuccovillo & Coop, 999
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Figure 1.18 Comparison of stiffness variation wittas for unbonded and bonded soils and
soft rocks (Malandraki & Toll, 2001)

Numerous studies published in the literature arecemed with the shear stiffness of
naturally or artificially cemented sands. A coramtfinding is that increasing cementation
increases the very small strain stiffne€g)(of sands (Acar & El-Tahir, 1986; Saxena et al.,
1988; Chang & Woods, 1992; Sharma & Fahey, 2004).

The disagreement was found in the dependenceésgpfon confining pressure.
According to the studies made by Acar & EI-Tahi®&®) and Delfosse-Ribay et al. (2004),
shear modulus of cemented sands increases witlinoganfstress in the whole stress range.
Conversely, Cuccovillo & Coop (1997), Baig et d1997), Fernandez & Santamarina (2001)
and Sharma & Fahey (2004) reported the valueSqdb be for cemented sands practically
independent of the mean effective stress and dep¢rmh cementation until a threshold
stress, at which the destructuring takes place. [@tter findings are consistent with the
predictions of a micromechanical model for cementgdnular material developed by
Dvorkin et al. (1991), leading to the conclusion that the st$fef the cemented system is
strongly increased by cementation and independestrdining pressure.

The connection between deterioration of bonding amtation of the pressure
dependency ofGy, was reported for naturally cemented carbonate gaed calcarenite;
Cuccovillo & Coop, 1997) and loose cement treattds(Yun & Santamarina, 2005). After
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yielding, Cuccovillo & Coop (1997) reported the desse of very small strain stiffness as the
bonding degrades, even if the mean effective sardslensity increase. Conversely, the data
of Yun & Santamarina (2005) for artificially cemedtsand indicate the increase of very
small strain stiffness with increasing stress aftelding, similarly to uncemented specimens
(Figure 1.19). The reported values@jfof cemented sand were still higher even after yield
In both cases, it is expected tlag of cemented sand is gradually converging towareés th

values for uncemented sand due to complete degrvadz#Htcementation at high stress levels.

. . Convergence
High cementation &

Low cementation Pl

N

%)‘J Partial

Crushing

—_—

Breakage

Uncemented

log (Shear wave velocity V; [m/s])

Sitting pressure
during cementation

log (Effective stress o’ [kPa])

Figure 1.19 Shear wave velocity of cemented andrmented soils versus effective stress
(Yun & Santamarina, 2005)

The studies of very small strain stiffneGg of cemented clays are less common.
Nevertheless, the obtained very small strain &ffn behaviour of cemented clays is
gualitatively similar to the behaviour of cementahds. The initial very small strain shear
stiffness is increased by natural (Joviet al., 2006) and artificial (Puppala et al., 2006
cementation. The cementation solely cont@jsat low stresses prior to yield stress and the
dominant effect of stress prevails at higher sege$3ovii et al., 2006; Hir&& Chan, 2008).
After yield, the values o6y measured on artificially cemented clay by H&dChan (2008)
were found to increase with increasing stress asifi@emented clay. On the contrary, the
reduction inGy during compression after yield associated with deéggian of natural clay
microstructure was reported by Caf&dCotecchia (2001).

Figure 1.20 shows the variation of shear moduluh wicreasing percentages by
weight of cementing agent (flyash). The values wel#ained with bender elements
measurements. The shear modulus of the kaolinitt fyrash mixture increases with
increasing percentage of additive up to around a@&then decreases. This may indicate that
the clay tends to acquire a flocculated microstmectat lower percentages of additives and

consequently the stiffness increases. Converseligjgher percentages of the additives the

36



Chapter 1

microstructure may be dispersed producing the eféécreduced stiffness (Pamukcu &
Tuncan, 1991).
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Figure 1.20 Variation of shear modulus with percgetaf additive for flyash and kaolinite
consolidated at 200 kPa (Pamukcu & Tuncan, 1991)

1.2.5. Numerical models

The similarities between the pre-failure behaviolucemented and reconstituted soils indicate
that constitutive models developed for reconstttuseils could be applied to naturally or
artificially cemented soils only with a little mdutiation. Constitutive modelling for such soils
must take into account the nonlinearity of the dmghaviour as well as the evolution
(degradation) of the additional soil stiffness astength components related to the bonds
between particles.

Generally, cemented soil can be modelled by thecgffe stress principle irrespective
of whether the soil is weakly or strongly cement€dccovillo & Coop, 1997; Gens & Nova,
1993; Toll & Malandraki, 1993). According to Gens\Nbva (1993) a measure of the effect of
the bonds is the difference in size of the yieldae of soil with bonding and the intrinsic
yield surface of the corresponding soil with no éhog. As an hypothesis in most of the
constitutive models the shape of the yield surfacgmented soils is assumed to be identical
to that corresponding to reconstituted soil. Thieaveur inside this yield limit is elastic and
it is assumed that soil elastic properties areafiegicted by the structure (Koliji et al., 2008).
Hardening is related to the evolution of the untemhylield surface and softening is connected
with the shrinking of the yield locus due to boretychdation (Gens & Nova, 1993).

Various constitutive models incorporating bondingl alestructuration differ mainly
in the precise form of detructuration law and ie tbrm of the reference model used for the

reconstituted soil. Several of the models do noluithe anisotropy supposing that the effects
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of anisotropy and destructuration are combined #uedlarge strain anisotropy disappears
once destructuration is complete. A part of thestaxij models is concerned in accurate
modelling of small strain behaviour.

According to Muir Wood (2004) the bonded materialginh be described by an
extended Cam clay type of model in which the ymidface has an increased size as a result
of the bonding (Figure 1.21). With plastic stramior chemical weathering the yield surface
gradually shrinks to the Cam clay-like surface, rappate to the remoulded, structureless
material. Callisto et al. (2002) selected a simjglen of the damage law in the model,
assuming that the irrecoverable distortional anidimetric deformations eliminate cemented
microstructure in the same way. Modified Cam Claydel was used by Lollino et al. (2005).

Vatsala et al. (2001) presented a model, whichidensthe strength of the soil to be a
superposition of two components of the frictionatesgth of soil particles and the
cementation bond strength, acting in parallel foe tsame strain response. The two
components are described separately and then gether to get the overall response. An
elastoplastic, strain softening model is proposedife bond component.

Baudet & Stallebrass (2004) presented the SengitiVhree-Surface Kinematic
Hardening soil model, which uses a fixed relatigmsbetween change in sensitivity and
plastic strain to represent destructuration. Stadaments of microstructure arising from
fabric are simulated by allowing the sensitivitydecrease to an ultimate value greater than

unity. The model does not include anisotropy.
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Figure 1.21 Effect of cementation or bonding asueatdded to elastic-hardening plastic
model (Muir Wood, 2004)

Some of the existing models combine large straisctopy and destructuration with
the anisotropy not attributable solely to bondi@gnstitutive modelling of anisotropy and

destructuration is represented by the rotationatddrang elasto-plastic model with
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destructuration (Wheeler et al., 2003). The anmmtrof plastic behaviour is represented
through an inclined yield surface and a rotaticw@hponent of hardening. The yield surface
for the natural soil with bonding is assumed toob¢he same shape and orientation as the

yield surface of the unbonded soil (Figure 1.22).
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Figure 1.22 Effect of cementation and anisotropyyaid surface in triaxial stress space
(Wheeler et al., 2003)

A nonviscous multi-laminate constitutive model inparating structural anisotropy to
simulate destructuration effects as well as thdutm of the compressional and strength
anisotropy of soft natural soils is presented byligu(2003). The formulation of the model
for soft soils applies the directional distributiohthe overconsolidation or bonding over the
sampling planes in the multi-laminate framework amahnects the distribution with the
microstructure of the soil.

Rocchi et al. (2003) proposed a viscoplastic ctutste model, which tracks changes
in the yield locus from the initial position (soilith metastable structure) to the intrinsic
position (destructured soil) with the flow and hemahg rules.

A hypoplastic constitutive model for clays with raedtable structure was presented by
Masin (2007). The effects of cemented microstrectuere incorporated based on the

modification of the barotropy and pyknotropy fastarto hypoplasticity.
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Aims of the thesis

The general aim of this thesis is to study the raewdal behaviour of cemented fine-grained
soil. The study is based on the comparison of trechanical behaviour obtained for

artificially cemented kaolin clay with the behaviaf the pure kaolin clay.
The thesis has three major objectives:

1) To create cement bonds in reconstituted kagigcisnens with the addition of Portland
cement, to evaluate the effects of various cememietits and various periods of curing on

the compressibility and to select the model maltésiafurther testing.

2) To obtain results for the compression and shgdrsehaviour of the cemented kaolin clay
with the selected amount of Portland cement, toatdtarize the behaviour in the range
from very small to large strains and to comparerdsellts with the results for pure kaolin

clay.
3) To evaluate the obtained results for shear mudat very small strains by examining the

results of previous research and to determinehibarsmodulus at very small strains with

respect to the dependence of shear stiffness octste.
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Characterization of specimens

3.1. Introduction

According to the literature review in the previattgpter, the effects of cementation can be
studied either on the intact samples of high quabit on the artificial specimens. The
disadvantage of intact samples is the disturbambeh is likely to occur during sampling, in
situ testing and reconsolidation in laboratory itgst The evidence of intact samples
disturbance is given by Hight et al. (1992a), Highal. (1992b) and Clayton et al. (1992). To
avoid the problem of disturbance, the structuraebveas prepared by artificial cementation as
a mixture of soil, Portland cement and distilledavaA fine-grained soil was chosen for the
testing.

The preparation and microstructure analyses of pamd artificially cemented
specimens are summarised in this chapter. Expetaherethods used in the study combined

X-ray diffraction identification and electron migoope study (SEM).

3.2. Materials

Soil specimens were prepared by mixing commerciallgilable kaolin clay (LB Minerals,
s.r.o., Kaznjov) with distilled water and Portland cement CEM2.5 R. Typical index and
other properties of the used materials, kaolin elag Portland cement, are given in Table 3.1.
The advantage of the kaolin clay is the minimalataility between specimens in the nature of
the particles. Portland cement has been selectedsagable binder due to its efficiency in
mechanical improvement and availability. Moreovkaplin clays contain predominantly
kaolinite, which has a highly pozzolanic behaviaupresence of Portland cement, leading to
a rapid increase in cementitious product contehe(Cet al., 2004).
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Table 3.1 Characteristic values of kaolin clay (pded by Lasselsberger, CZ) and Portland
cement (provided byeskomoravsky cement, CZ)

kaolin clay Portland cement
Water content (%) max. 1 Initial setting time (min) >=60
pH 6.63 pH 12
Specific gravity 2.65 Specific gravity 3.13
Grain size distribution: Grain size distribution:
0.2 mm (%) 0.005 > 90nmm (%) 5-15
< 2nmm (%) min. 20
Atterberg limits: Composition:
Liquid limit (%) 60 - 70 Clinker (%) 95 -100
Plastic limit (%) 30-40 Minor constituents (%) G-

3.2.1. Kaolin clay

Generally, kaolin clays are residual, highly weatke tropical soils. They result from
weathering of minerals contained principally indaodbcks poor on iron, at stable humid and
warm condition with a low mobility of Si©at low pH. The selected kaolin clay was formed
from arkoses and arkosic sandstones at the Pilssm karea (Czech Republic) during
Carboniferous tropical climate.

The studied kaolin is a white soft powder with véne grains, used as a filler (kaolin
KKA KA). The chemical composition of the kaolin gjimens was obtained by X-ray
fluorescence (Lasselsberger laboratory, CZ). Tiselt® are shown in Table 3.2. The clay
consists overwhelmingly of Sg&and ALOs; (87.8%), which are the main components of the
mineral kaolinite. The mineral composition, obtairfeom rational analysis Hoffman-Haacke
(by Lasselsberger laboratory, CZ) is shown in Tébhk The dominant mineral is kaolinite

(69%), the other contained minerals are quartzraicd.

Table 3.2 Chemical composition of studied kaolay¢provided by Lasselsberger, CZ)

SIO, Al,O3 TiO, Fe0s CaO MgO Na,O K>,O P,Os; | Volatile

59.97% | 27.78% 1.06% 0.49% 0.04% 0.19% 0.10% 1.4D0% .07% 8.90%
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Table 3.3 Mineralogy of the studied kaolin clayojded by Lasselsberger, CZ)

Compound name Content
Quartz (SIQ) 15.5%
Kaolinite (Al,Si,Os(OH)y,) 69%
Mica (K(Mg,Fe,Alx(AlSiz040)(0OH),) 14.1%
Rest 1.4%

Kaolinite is a 1:1 dioctahedral aluminosilicate lwitwo basal cleavage faces: an
alumina octahedral sheet and a silica tetrahetiedtyFigure 3.1). Figure 3.1 further shows
the features of the surface charges of kaolinitmmmsarised by Wang & Siu (2006a).
According to the authors, the highly pH dependetigee charges are important to the
interparticle forces and associated fabric fornretidt is also important for the formation of

cement as the broken edges are regarded as magtivecsites.

Al-face site

Sources of charges:

= Protonation or deprotonation
Features of charges:

- Positive or negative charge

- Moderately dependent on pH

Al-edge site

Sources of charges:

- Broken bond, protonation or
deprotonation

Features of charges:

= Positive or negative charge

- highly dependent on pH

" OH,, OH or OF " OH,, OH or 0>
*Al-edge site ! ! "
OH;, OH or O — [ Al Gibbsite Sheet Al 1 OH:; OH a: G*
"OH,, OH or O Si Silica Sheet Si " OH,. OH or 0
=2 e s A Si-edge site
Si-edge site =
Sources of charges: Si- face site \._&

- Broken bond, protonation or
deprotonation

Features of charges:

- Positive or negative charge

= highly dependent on pH

Sources of charges: ';Alj' or Fe™*
- Isomorphous substitution
Features of charges:

- Always negative charge

- slightly or not dependent on pH

(* indicates pH dependent and #
indicates 1somorphous substitution)

Figure 3.1 Mineral composition and surface chargarelateristics of kaolinite (Wang & Siu,
2006)

Kaolin clays are nonexpendable soils with hydraphidehaviour and thus readily
water dispersible. Kaolin physical and physiochainmroperties are dependent on particle-
size distribution, structural order and shape, maheomposition, kaolin delamination and
structure (interparticle forces and associatedidabA comparison of typical values of
parameters for different kaolin clays is shown iable 3.4. Wang & Siu (2006a, 2006b)

reported the effect of structure on the volumethiange under isotropic compression, small-
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strain shear modulus and liquid limit of kaolinismils. Consequently, the mechanical

properties of kaolin clays are sensitive to theitamid of cementing agent.

Table 3.4 Values of parameters for some kaolinslay

LL | PL| / G N M il k
kaolin clay (Schofield & Wroth, 1968) 0.26 3.265 1.02 0.05
kaolin clay (Atkinson, 1993) 65 35 0.19 3.14 326 ..00L | 25° | 0.05
powdered kaolin (Sivakumar et al., 2002) [72 (36 Q.19 0.9
Speswhite kaolin (Wang & Siu, 2006b 58 B0 1.027.5°
kaolin clay (Prashant & Penumadu, 2005) |65 |30

3.2.2. Portland cement

Portland cement CEM | 42.5 R éskomoravsky cement, a.s., Radotin, CZ) was uséusn
study. It is a fine grey powder produced by grimdiRortland cement clinker, a limited
amount of calcium sulphate and up to 5% minor ¢tuesits. The main chemical constituents
of clinker are CaO, Si§AI,Oz; and FgOs. This type of cement has a fast increase of Initia
strength, with fast and high excess of heat. Itchsracterized with high strength and

mechanical, physical and chemical stability.

3.3. Specimens

Reconstituted specimens were prepared from theirkgmwder. According to Burland
(1990), a reconstituted clay is one that has bleerotighly mixed at between 1 and 1.5 times
the liquid Ilimit and preferably consolidated onesdnsionally. One-dimensional
consolidation is generally believed to generategree of anisotropy. In the early stages of
consolidation, when the clay is more or less inqaidl condition, the particles are able to
adjust themselves to the applied loading and dgair@nditions (Sivakumar et al., 2002).
The standard practice to erase the structure crediieng one-dimensional loading is to
consolidate the specimens isotropically in thextaibcell.

Sivakumar et al. (2002) reported that the kaoliacgpens consolidated isotropically
from slurry appear to have evidence of anisotropirostructure. As a result, such specimens
have higher voids ratio in isotropic compressiod #mey are more compressible. However,

the results from shear tests suggest isotropy. diffierences in the microstructure may not
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have a significant influence on the pre-yield (Btdcharacteristics of the clay and may have

little influence on the shape (and probably pogiiioe/log p” plots) of the critical state line.

3.3.1. Specimens preparation and curing

The kaolin clay was thoroughly mixed at water cahtequal to the liquid limit w (70%).
After homogenization for 24 hours, Portland cemenats added to the slurry in different
guantities. The specimens were prepared withoutcampaction effort and the water content
was the same for all specimens. The time for pegjwar was always less than 1 hour, which
is the initial setting time of the Portland cemefhe pozzolanic reaction with kaolinite
proceeds at about one hour after cement additisal&>1996).

The oedometer specimens were prepared by placentye¢hted clay directly into the
oedometer rings. After thorough mixing for 10 mihe uniform paste (in appearance) was
transferred into the oedometer rings without angngaction. The cement content of 0%
(uncemented), 0.5, 1, 2, 4 and 8% of the dry mass wsed for introductory one-dimensional
compression tests. All samples were submerged tervaring the curing periods and they
were cured under zero confining stress. The telstemented specimens were carried out
after 3, 7 and 14 days of curing.

The triaxial specimens contained the admixture dartl@nd cement of 0%
(uncemented) and 4% of the dry mass. The kaolimryslwas consolidated under one-
dimensional conditions in a rigid cylinder at a laertical stress (5 kPa), with permanent
watering. The applied loading was low in order ¢aluce the horizontal arrangement and
groupings of the patrticles in the slurry. After cbimg a sufficient strength, the specimens
were put into the triaxial cell. The specimens wieoenogenous in appearance with rare air
bubbles and no visible cracks (Figure 3.2). Thesobdation of reconstituted kaolin took
about 10 days. Cemented specimens were transfafrted3 days of curing. The prepared
triaxial specimens were assumed to be isotropar atbnsolidation in triaxial cell, although

the water flow from the specimens was one-dimeradion
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Figure 3.2 Cross section of triaxial specimen aitatial consolidation in a rigid cylinder. (a)
kaolin clay. (b) cemented kaolin clay.

3.3.2. Scanning Electron Microscope analyses ofispats

The scanning electron microscope CamScan S4 wad taseexamine the textural and
morphological features of pure and cemented spesmeEhe specimens were prepared by
drying at room temperature and carbon coating.

Figure 3.3(a), (b) and (c) shows the SEM photogsapken on kaolin powder, kaolin
powder mixed with distilled water and kaolin powdeixed with distilled water and 4% of
Portland cement, respectively. The magnificatiohthe images are 400 x and 1630 x. The
images indicate no significant difference betwegnl@olin powder and kaolin powder with
distilled water. Both clay samples exhibit a faidgen type of microstructure with randomly
oriented particles. A kind of dispersion and honizd arrangement is more evident in the
specimen mixed with distilled water.

The particles of both samples (Figure 3.3(a) andl ¢how irregularities of shapes,
sizes and orientation. The shape of kaolinite gadiis generally planar with the plate
surfaces horizontal. Individual flakes of kaolinitave pseudohexagonal or irregular margins.
The typical pseudohexagonal shape appears in thgraph of dry kaolin powder (Figure
3.3(a)) at the magnification of 1630 x. The edgedetrital grains are visually sharper in the
sample of dry kaolin powder.

Significantly different is the image of the cemehteample in Figure 3.3(c). The
structure has more flocculated nature with smaly-@ement clusters. Such small flakes play
a role as a cementing agent in the clay and foerctimtact cement. Only a slight change of
intergranular void space and particle size distidoumay be expected in agreement with the
results obtained by Chew et al. (2004).
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Figure 3.3 SEM images at a magnification of 400 ® 4630 x. (a) dry kaolin powder. (b)
kaolin powder mixed with distilled water, driedrabm temperature. (c) cemented kaolin
mixed with distilled water and 4% of Portland cemelnied at room temperature.
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3.3.3. XRD analyses of specimens

X-ray powder diffraction analyses of cement-tresded pure kaolin clay were performed on
a PANalytical X'Pert Pro diffractometer with Cukradiation (40 kV and 30 mA), step
scanning at 0.05°/150 s in the range 3°- 60° &r-dried, powdered, oriented samples of
treated and untreated soil were analysed. Sampigapation for the analysis followed the
methods of Moore & Reynolds (1997). The mineralabmmposition was estimated with X-
Pert Highscore software 1.0d, equipped with theD&®PDF-2 database (ICDD 2002).
Figures 3.4 and 3.5 show the XRD pattern obtaireedplire and cemented clay,
respectively. The results from the pure kaolin daynple indicate the dominant presence of
kaolinite with muscovite and quartz. The XRD pattef cemented clay reveals several new
peaks in comparison with the pure clay. The newkgeanfirm the presence of calcium,
which is presumably present in amorphous form ascémenting products of hydration and
pozzolanic reactions such as calcium silicate hgdf@SH) and calcium aluminium silicate
hydrate (CASH). The change in composition of tleatied sample is also apparent from the
decreasing kaolinite peaks. This suggests thatirkeolis exhausted by the pozzolanic

reaction.
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Figure 3.4 XRD pattern of pure kaolin clay
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Figure 3.5 XRD pattern of kaolin clay with 4% of Rarnid cement

Table 3.5 Results of the semi-quantitative analysisineral composition of pure and
cemented kaolin clay

Compound name kaolin clay kaolin clay treated with
Portland cement
Quartz (SiQ) 15.5% 8% 15%
Kaolinite (AlL,Si,Os(OH),) 69% 7% 64%
Calcite - - 2%
Mica (K(Mg,Fe,Alx(AlISiz0,0)(OH),) 14.1% 15% 18%
rest 1.4% - 1%

Table 3.5 shows the semi-quantitative analysisiobtafrom XRD patterns using
corundum (A}O3) as an internal standard. The mineral composdaigoure kaolin clay agrees

with the results of rational mineral analysis obéal by Lasselsberger laboratory.
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Compression

4.1. Introduction

A part of the laboratory study was concerned wdmpression and swelling behaviour of the
pure and the cemented specimens. The artificialyented soil permits the simulation of
naturally cemented soil and hence the data obtdnoed compression of artificial specimens
may lead to the understanding of the behaviourabiinal soils. The general compressibility
behaviour of specimens with the different conteftPortland cement was studied by
conventional one-dimensional tests. The one-dino@asi loading and unloading is
characterised with compression and swelling indeResperties of reconstituted uncemented
clay are denoted by an asterisk.

The differences in the behaviour of uncemented emmhented clay were further
studied during isotropic compression of the modatanals with the selected content of the
admixture. The results of compression tests inalgidne-dimensional and isotropic tests
gave the data for cemented and uncemented clairdgfthe relationships between void

ratio, confining stress, vertical yield stress arthentation.

4.2. One-dimensional compression

The aims of the oedometer tests were:

1) To confirm the development of structure in tl®lkn specimens with the addition of
Portland cement.

2) To evaluate the effects of various cement cdatand various periods of curing on
the compressibility.

3) To select the model material for further testing

4.2.1. Experimental procedure and specimens

The introductory one-dimensional compression testye carried out on specimens

reconstituted at its liquid limit with the cemertntent of 0% (uncemented), 0.5, 1, 2, 4 and
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8% (see Section 3.3.1). The tests were carriedout0 mm dia. by 19 mm high specimens
by applying standard increments of stress (twi@ptevious load) to a maximum stress of
800 kPa.

A further series of incremental load oedometerst@gtre carried out to a maximum
stress of about 16 MPa to investigate the commedsies and the effect of cementation at a
greater stress interval. To reach the highests#sgthe oedometer specimens had diameters
of either 76 mm or 50 mm. The increments of stob8ered with stress level. At stresses of
up to 3600 kPa, the increments were approximateiget the previous load. At higher
stresses, the increments were smaller due torthiations of oedometer apparatus. The initial
water contents of treated specimens varied betw@en80%.

To obtain a reliable compression line of the unaaee clay, 6 tests were carried out
on different specimens of the pure kaolin clay aRaaters of the specimens, water contejnt
voids ratioey, heightHy, thicknessDy and weightW,, are summarised in Table 4.1. The
specimens 1, 2 and 3 were compressed by applyangments of stress after placing into the
oedometer rings. The specimens 4 and 5 were cosgulest stresses of up to 100 kPa,
unloaded, taken out to measure the height and warghreloaded.

The last specimen 6 was cut from the specimen prdpt higher oedometer ring and
compressed at stresses of up to 100 kPa to olasuits of compression to higher stresses by
reducing the effect of specimen height. After coasgron and unloading, the specimen (120
mm in diameter and 21 mm in height) was cut with $maller ring. The obtained specimen
(50 mm in diameter and 21 mm in height) was placed the oedometer ring and again
reloaded to 100 kPa.

Table 4.1 Properties of kaolin clay specimens

Wo (= Hg Do Wo
1 73% 1.92 0.0200 m 0.050 m 0.062 kg
2 75% 1.72 0.0182 m 0.070 m 0.143 kg
3 75% 1.64 0.0199 m 0.076 m 0.160 kg
4 48% 1.10 0.0168 m 0.076 m 0.143 kg
5 46% 1.20 0.0146 m 0.050 m 0.051 kg
6 41% 1.10 0.0210 m 0.050 m 0.073 kg
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4.2.2. Results

The state of a soil specimen is described by tmebawation of vertical stress’, and void
ratio e, which was determined from the volume and dry nudighe specimen. The values of
initial and final void ratio agreed with the valudstermined from water contents)(and
specific gravity of soil grainsGs). The weighted average & was used for the cemented
specimens. The obtained values@fvary between 2.65 (0% of cement content) and 2.69
(8% of cement content).

The yield was determined following the procedurggasted by Casagrande (1936)
for determining the preconsolidation stress. Figlfeshows the method described in Holtz &
Kovacs (1981).

Minimum possible

Most probable | Casagrande)
Maximum possible
Pesin E BD
T TN
e e
Minimum possitile - - Most prohable
F'__ i
'S Maximum possible

E Thactive cons |||'|..|!‘||.'| ETPRRE &

Figure 4.1 Casagrande’s method for determining pneotidation stress (Holtz & Kovacs,
1981)

4.2.2.1. One-dimensional compression and swellirkpofin clay with the
different addition of Portland cement

The one-dimensional compression behaviour of uno&dekaolin clay specimens is shown

in Figure 4.2. Two groups of compression lines wet#ained. The almost identical
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compression lines of specimens 1, 2 and 3 are gblerce - log s,” space above the almost
identical compression lines of specimens 4, 5 anthé difference results from the different
preparation. The specimens 4, 5 and 6 were oveotidated. Thus the structure of reloaded
specimens 4, 5 and 6 was different from the strectof specimens 1, 2 and 3 and
consequentlye differed at a given vertical stress. The effecbeérconsolidation diminishes

at higher stresses, e.g. the compression lindsea$iecimens 2 and 6 are identical at stresses
higher than 1600 kPa. The swelling lines of allreated specimens are parallel. The results

show a good reproducibility of the compressiongest

2.5
—um— kaolin 1
—x— kaolin 2
2.0 —8— kaolin 3
. —ms— kaolin 4
: —m— kaolin 5
1.54 —o— kaolin 6

0.5

OO T T T T T T T T T T AL | T T
0.1 1 10 100 1000

s’ (kPa)

\"

Figure 4.2 One-dimensional compression and swebingure kaolin clay

The obtained compression behaviour of untreatedirkatay was compared with the
compression behaviour of cemented specimens wéhdifierent cement contents. Figure
4.3(a) shows the behaviour of clay specimens watlyimg amount of Portland cement during
one-dimensional compression after 3 days of curifige initial void ratios are almost the
same for most of cemented specimens, independehtlye cement content. Moreover, the
first points of the curves lie close to the compras curve obtained for the uncemented
specimen. It means that the void space of cemapecdmens has changed only slightly after
addition of Portland cement. The only exceptiothes specimen with the highest amount of
Portland cement (8%).
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Figure 4.3 One-dimensional compression of kaoliry elgth 0%, 0.5%, 1%, 2%, 4% and 8%
of Portland cement after 3 days of curing: (a) coegsion curves with arrows indicating the
yield points; (b) compression index development

The states of all cemented specimeng inlog s,” space (Figure 4.3(a)) are on the
right side of the compression curve of the unceetespecimen. The behaviour is governed
by the cementation, until the vertical yield stre§$ie yield, the point in which the
compression curve deviates, was identified foraaeh cement content and is pointed with
the arrow. The value of the vertical yield stressincreasing with the increasing cement
content.

Following Leroueil & Vaughan (1990), the extentvirich the soil is structured can
be defined by the extent to which it can existtiucure permitted space. The admixture of
Portland cement less than 2% affected the respons@mpression up to the vertical stress of
about 40 kPa and the yield point is insignificatie higher admixture (2, 4 and 8%) leads to
the increase of the structure permitted spacebémaviour is stiffer and the yield becomes
sharp. The specimens may be characterised as weakiynoderately cemented soils
depending on the classification criteria considésag also Sec. 1.1.3.3).

After yield, beyond the apparent overconsolidagpmassureg significantly reduces
due to the breaking of cementation bonds with tivegase in vertical stress for all ranges of
cement content. The number of bonds, which weredar after the addition of Portland
cement, affects the rate of the reduction. Theifgpdieakens cementation and the states of
the cemented specimens are tending to the stdateeaincemented specimen in dependence
on the content of Portland cement.

The final states of the cemented specimens areeath@/normal compression line of
the untreated kaolin clay and differ according e amount of Portland cement. After
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complete debonding the compression lines of orilyiremented specimens are assumed to
converge to the compression line of pure kaoliy.di#owever, the maximum applied stresses
were not high enough to confirm the phenomenon.

The observed changes in the compression behavidlie specimens can be described
with the changes of gradient of the normal compoeskne C. (Figure 4.3(b)). The vertical
stresses on the horizontal axis in Figure 4.3(blevaalculated fothe half values of void
ratios for individual loading increments to repmaseéngentC. of cemented specimens at
each load interval. This method expresses moreaiety the progress of compression line in
logarithmic scale.

The pure kaolin clay shows almost no changeCgf in the whole stress range.
Conversely, the values d@; of the cemented specimens are changing significamhe
values ofC. for all treated specimens are lower than the vétweuntreated specimen at
vertical stresses of up to 30 kPa. In this strasge, the behaviour of all cemented specimens
is governed by cementation. The debonding witheiasing stress increases the valuesgpf C
starting with the specimens with lower cement coni{®.5%). This trend continues until
reaching the load of about 220 kPa, whenG@hef the last specimen (with 8% of Portland
cement) runs over the value®{ for untreated specimen.

The last calculated values @f for specimens with 2 and 4% of Portland cement
decrease to low and almost equal value. It redidta the inaccurate measurements due to
the excessive inclination of the lever arm. Theseffof incorrect determination of vertical
stress and void ratio can be also seen on comprekses for specimens with 2 and 4% of
Portland cement in Figure 4.3(a). The decreasiagdtiofC. is significant at stresses higher
than 3000 kPa.

Figure 4.4 shows the effect of cementation on thell;ng behaviour of specimens.
The lowest values oé on swelling curves in Figure 4.4(a) correspondtiie maximum
vertical stress applied on the specimens duringpcession. The state of the specimen with
0.5% of Portland cement lies below the state ofsgecimen with 1% at vertical stress of 800
kPa. Similarly, the value o# obtained for the specimen with 4% is lower thae #alue
obtained for the specimen with 8% at vertical sire§ 6000 kPa. The bonding of the
specimens with higher addition of Portland cemerdtionger after one-dimensional loading
than the bonding of the specimens with the lowelitaah.

The resistance of cemented specimens, which isifism during pre-yield
compression, is also noticeable during swellingnésally, the more expansive specimen
contains less bonds, the most expansive is theatett specimen. The swelling indéx of
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specimens with 0, 0.5, 1, 2, 4 and 8% of Portlagihent was calculated for each unloading
interval. The vertical stresses in Figure 4.4(b)reveomputed for individual unloading

increments, in a similar way as in Figure 4.3(b).
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Figure 4.4 Behaviour of kaolin clay with 0%, 0.5%, ,12%06, 4% and 8% of Portland cement
during one-dimensional swelling after 3 days ofiegrand compression: (a) swelling curves;
(b) swelling index development

Figure 4.4(b) shows that the swelling index detasdifor cemented specimen with 2,
4 and 8% of Portland cement is increasing durinigading until the vertical stress reaches
the value of about 135 kPa and the values obtafoedincemented clay are higher than
values obtained for the cemented specimens. Theskovalues and the smallest changeSsin
are observed for the specimen with the highesttiatdof Portland cement, indicating the
effect of cementation. The value of swelling indexdecreasing at lower stresses than 135
kPa probably due to the inaccurate determinatiorowf ratio at low vertical stress.

The same trend can be seen for swelling curvesnatatdor the specimens with 0.5
and 1% of Portland cement, which were compresséahatr maximum vertical stress during

compression stage and the curves are shifted tefthe

4.2.2.2. One-dimensional compression and swellinh®imodel artificially
cemented clay

On the basis of the obtained results, the cementenbof 4% of the dry mass was chosen to
model cemented clay. This content allows prepanatiospecimens with a low variability in
the degree of cementation without a significantngeaof the initial void ratio, and the
compression behaviour may be studied from theainigsistance to compression to the final
high compressibility due to debonding in a meaderatyess interval.
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The compression and swelling behaviour of the setemodel material with varying
curing period is shown in Figure 4.5. The data wabtined from both the introductory and
the following one-dimensional compression testse ompression and swelling curves
confirm the high reproducibility of the tests fdret model cemented material. The plotted
arrows indicate the yield stresses of the cementaterial. The vertical yield stresses are
almost identical for specimens at each curing perio

After the yielding, the compression curves of cetedrspecimens show two trends.
At first, the change of void ratio increases withe tvertical stress as the progressive
destructuration takes place. At higher stressescliange of void ratio of specimens cured for
3 and 7 days decreases and approaches to almast(<@01). It is attributed to the
inaccuracies due to an excessive inclination oflélwer arm. Nevertheless, the compression
curve of the cemented clay cured for 14 days amdpcessed to higher vertical stress is
assumed to get progressively closer towards thepoession curve of the uncemented clay
and ultimately converge. Leroueil & Vaughan (198Qygested that even complete removal
of structure does not necessarily imply coincideoicéhe void ratio-stress curves from tests
on structured and reconstituted samples. Furthamstg may be required to establish the
same fabric and particle packing.
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Figure 4.5 One-dimensional compression and swell@gponses with arrows indicating the
yield points for the pure kaolin clay and model enetl cured for: (a) 3 days; (b) 7 days; (c)
14 days

The effect of the curing period on the compresisjbdnd swelling behaviour of the
selected model material is presented in Figure®he.initial void ratios are almost the same
for all specimens, but the results indicate thatuértical yield stress is higher with the longer
curing period. The vyield point was identified ae tthreshold of about 82 kPa for 3 days, 90
kPa for 7 days and 170 kPa for 14 days of curihge increase of the apparent
overconsolidation pressure is due to the effecioofer creation of cementation bonds
between particles of treated clay.

The post-yield compression line is unique for eadhing period. The states of a
specimen with a longer curing period are abovesthtes of a specimen with a shorter curing
period. The difference between the compressionesurs more evident at lower vertical
stress range. At stresses higher than 1000 kPaptheergence of the lines for 7 and 14 days
of curing can be seen. It is suggested that thepoession curves join a unique compression

curve with the increase of vertical stress suffiti® destroy the bonding and the fabric.
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Figure 4.6 One-dimensional compression and sweltihthe model material cured for 3, 7
and 14 days: (a) compression and swelling curMesc@mpression index development

The behaviour of the cemented soil cured for vayyime was further examined with
the development of compression index(Figure 4.6(b)). The values & depend on stress
and curing period. At lower stresses, the valuEdbr the specimen after 7 days of curing is
lower than that for the specimen after 3 days oinguand higher than that for the specimen
after 14 days of curing due to the formation obstyer or weaker cementation, respectively.
After yield, the resistance of the cemented soilctonpression is decreasing afd is
increasing with a higher change for the specimeh thie longer curing period.

Significant irregularities can be seen on the dgwalent ofC; at stresses higher than
3000 kPa. It results from the inaccurate data dube excessive inclination of the lever arm.

The effect can be also seen on the compressianitingéigure 4.6(a).

4.3. Isotropic compression

To investigate the effect of cementation on the lraaal behaviour of kaolin clay, the

measurements of small strain shear stiffness wareed out on the pure and two model
cemented kaolin clay specimens (see Section 5)tWwbaeemented and one pure kaolin clay
specimens were compressed isotropically and th&oo compression properties are
presented in this section. The results were useth@®numerical modelling of the behaviour
of pure and cemented kaolin clay (see Section 7).
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4.3.1. Experimental setup and specimens

Conventional isotropic drained compression testeevearried out on specimens (38 mm in
diameter and 76 mm in height) with 0 and 4% of lRod cement. The properties of all
triaxial specimens, including the specimens prapdm shear tests and shear stiffness
measurements, are summarised in Table 4.2. Irasdiscthe void ratios were determined from
the water contentsM) and agreed with the values determined from tHerwe and dry mass

of the specimens. The minimal variability of thelues indicates high repeatability of
specimens. The specific gravity of soil graBswas calculated as the weighted average and
the values are 2.65 for uncemented specimens &1df@r specimens with 4% of cement

content.

Table 4.2 Properties of triaxial specimens

Wo € Ho Do Wo

pure kaolin clay 53+2% 1.45+0.05 0.0768 m| 0.0368 m| 0.151 kg

cemented kaolinclay 56 +2% 1.55+ 0/050.0767 m| 0.0374 m| 0.137 kg

Specimens, consolidated one dimensionally (see t€hdp3.1), were transferred to
the triaxial cell. The end of primary consolidatiohcemented and uncemented specimens
after 3 days and 10 days (respectively) was notkdte before removing from the high
consolidometer. They were placed inside the menghremaled on to the base and to the top
cap by O-rings. They were saturated using the Ipaeksure of 100 kPa. The pressure was
applied in increments of 3 kPa/hour. The contradatiration is described in Section 5.2.

A continuous isotropic compression was applied e two cemented specimens
(cemented clay 1 and 2) up to the demanded eftestiesses of 50, 100, 250, 400, 550, 700,
850, 1000, 1300 and 1500 kPa. The compressionoat sdte was preferred to stepwise
consolidation to prevent debonding. The compressab@ for specimens of cemented clay
was 1.25 KkPa/hour.The uncemented kaolin specimen was consolidategwiste.
Measurements of water that drained from the spewmeere taken during both procedures
using the GDS Advanced Pressure/Volume Controliéhn the stated accuracy of volume
0.1% measured value. The volume change was cosedider stabilized when the volumetric

strain rate was lower than “$/nin.
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4.3.2. Results

Figure 4.7 presents the results obtained fromgbiapic compression tests carried out on the
uncemented and the two cemented specimens. Thangmeof pure kaolin clay shows a
normally consolidated behaviour during isotropicmgoession and the behaviour is
characterized with the normal compression linet(ggmc NCL of the reconstituted kaolin
clay).

The isotropic compression behaviour of cementegsclaand 2 shows similar trends
as the one-dimensional compression behaviour of¢hgented kaolin clay. The initial states
of the cemented specimens lie close to the obtaisettopic NCL of the uncemented
specimen. Thanks to the interparticle bonding céraented kaolin clay specimens have more
open structure and the compressibility is loweiluhe yield stress (pointed with arrows in
Figure 4.7), at which the cementation structurgsta degrade.

The mean effective stress at yielding and the pig$t compression curve defines the
boundary for the possible states of the model césdersoil. The limiting states are
represented by the line SBS (state boundary syrfattech is parallel with the isotropic NCL
of the pure kaolin clay and lies to the right of it

The yield point of the cemented clay 1 almost cdies with the state boundary line at
the threshold value of stress approximately 400. R&ording to Rotta et al. (2003), the
relative contribution of cementation to the yietdess in isotropic compression is higher at
higher void ratio. However, the line of the isotiopesponse of the cemented clay 2 drops
towards the line of the cemented clay 1 with lowéial void ratio and lies under the line at
stresses higher than 100 kPa. The yield point@tdmented clay 2 lies to the left of the line
SBS. The response was probably affected by theadethshear stiffness measurements (see
Section 5.3), which were carried out at each effecttress levels of 50, 100, 250, 400, 550,
700, 850, 1000 and 1300 kPa. The deviator stredseprwere carried out under constant cell
pressure and axial strain rate at standard toteksstpathdy/cp = 3. The change of the
deviator stress was limited to 20 kPa. After prgbiof the specimen, undrained shear
unloading returned the stress path to isotropicpression line. According to the results, the
structure seems to be weakened due to the presimis cycles.

Little convergence of the isotropic compressionvear of the cemented and
uncemented specimens of kaolin clay can be settre asotropic stresses of up to 1500 kPa.
Rotta et al. (2003) and Coop & Atkinson (1993) alsond slow convergence of isotropic

compression curves for uncemented and artific@iynented sands.
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Figure 4.7 Isotropic compression responses for theemented (0% of cement content) and
cemented (4% of cement content) kaolin clay witbves indicating the yield points
The comparison between isotropic and one-dimenbktmrapression results is shown
in Figure 4.8 and 4.9. Figure 4.8 shows the comsparof isotropic compression responses for
pure and cemented clay with one-dimensional comnspreof pure clay ire vs.log p” space.
During one-dimensional loading the vertical stregs and the horizontal stress,” are
generally unequal and so there are shear stras$be soil and any comparison between the
two types of compression has to take account oskigar stresses (Atkinson, 1993). For the
comparison, the value qf for the characterization of one-dimensional betawiof pure
kaolin clay is obtained from the equation
p'=1/3s; (1 + XKyp) (4.1)
wheres; is the effective vertical stress aKg is the coefficient of earth pressure at rest. The
coefficient of earth pressure at rest is definethagatio:
Ko=sn/ s7 (4.2)
Using the relationship of Jaky (1948), for the nallynconsolidated pure kaolin clay
the value oK, was obtained from the equation
Konc= 1 —sinf¢ (4.3)

wheref. is the critical state friction anglé{ = 27.5°).
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Figure 4.8 Behaviour of reconstituted cemented kad&y during isotropic compression and
pure kaolin clay during isotropic and one-dimensibcompression
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Figure 4.9 One-dimensional compression line of e cemented kaolin clay cured for 14
days

The one-dimensional compression (swelling) andgb&opic compression (swelling)
can be assumed with good approximation to be ghr@itkinson & Bransby, 1978). In
Figure 4.8 both compression lines for the pure ikaclay, one-dimensional and isotropic,
have the same gradiert -The same gradient defines the state boundarf3iB§ line) of the
cemented kaolin clay.

The one-dimensional compression response of cecherdy cured for 14 days is
shown in Figure 4.9 ie vs.log s, space. The value &, for cemented specimen cannot be
obtained with the equation (4.3) as the behavisuafiected by the state of structure. After
yield the one-dimensional compression curve of ¢henented specimen shows a higher
compressibility than that observed in the correslpun isotropic compression test (Figure
4.8). This phenomenon is probably due to more Bagmt microstructural changes induced
by one-dimensional compression, including compogsand shear stresses, and has also been
observed by Callisto & Calabresi (1998) and Ranap&lCallisto (1998).
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4.4, Summary

One-dimensional and isotropic compression testsewarried out on uncemented and
artificially cemented kaolin clay. The results bétintroductory one-dimensional compression
test series confirm the development of structurehm kaolin specimens with addition of
Portland cement. The cemented clay had a low pmlelwnd high post-yield compressibility,
which is typical for natural cemented soils.

Cement content and curing period were found thennfactors influencing the
compressibility of kaolin clay treated with Portthoement. Cemented specimens had almost
the same initial void ratio, but the final void icatvas increasing with increasing cement
content and curing period. A significant increasgield stress was observed in the results of
oedometer tests as the cement content and curmmggpecreased. Longer curing period and
higher content of Portland cement support formatbiigher number of bonds, leading to
the stronger resistance to compression.

The effect of cementation was described by chamgempression index.. The
specimens with a higher content of cement exhidib@d compressibility at low stress level
because of the resistance to compression produc#tebstructure. With increasing load the
structure disturbance started, leading to an isere@d compression and of compression index
Ce.

The effect of the cementation on behaviour of taelik clay was studied in detail by
one-dimensional and isotropic compression of megehented specimens with the addition
of 4% of Portland cement. The results were compaiigid results obtained for uncemented
specimens. The initial influence of cementation clearly indicated by the low one-
dimensional and isotropic compressibility of ceneenspecimens. The stiff behaviour was
followed by yielding at the threshold stress. Saoeatly, after surpassing the threshold
stress, the compressibility increased owing to ghecess of debonding. The cementation
degraded with loading.

A difference was found between one-dimensional i@ottopic compression of the
cemented clay at the post-yield convergence ofcdmeented and uncemented compression
curves. After yield the compression curves of oiadlly cemented specimens are assumed to
converge for both types of compression to the nboompression lines of pure kaolin clay.
However, the maximum applied stress during isotr@ampression was not high enough to
confirm the phenomenon and the convergence wassalnegligible. On the contrary, data

from one-dimensional compression tests indicaté the NCLs of cemented and pure clay
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ultimately converge at high stresses. Thus the asituctural changes induced by one-
dimensional compression (including compressionsrer stresses) are more severe than the

changes induced by isotropic compression.
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Shear tests

5.1. Introduction

To characterize the pure and the artificially cetedrkaolin clay, laboratory investigation of
shear strength and shear stiffness was made. Thlg stas concerned with the different
behaviour of model cemented (4% of Portland cemant) uncemented specimens during
shearing in the triaxial apparatus. Propertieseobnstituted uncemented clay are denoted by
an asterisk.

The results of the shear tests enable a compaoistie behaviour in the range from
very small to large strains. At very small straihe behaviour of the soil is characterised as
approximately linear elastic and the shear modulas a constant value (Viggiani, 1992).
Beyond the elastic threshold strain the stiffnesthe soil decreases significantly with shear
strain amplitude and there is evidence of elaséstid behaviour (Stallebrass, 1990 in
Viggiani, 1992). The threshold strain lies betwe2@01 and 0.01% depending on the
plasticity of the soil (Viggiani, 1992).

In addition, the effect of the amount of Portlargiment on the shear strength was

studied in the shear box. The effect of curing timas not investigated.

5.2. Experimental procedures

Triaxial specimens with the cement content of O%c@mented) and 4% (model
material) were consolidated one dimensionally ehigh consolidometer (see Chapter 3.3.1).
After 3 days and 10 days the cemented and uncethesptecimens (respectively) were
transferred to the triaxial cell. The propertiesatif triaxial specimens are summarised in
Table 4.2 in Section 4.3.1. The specimens wereeglatside the membrane, sealed on to the
base and to the top cap by O-rings.

All the triaxial tests were conducted using staddaraxial cells. Axial load was
measured using a 5 kN load cell manufactured by &gkn Farrance. The load cell was
mounted inside the triaxial cell. Cell water prasswas measured using the GDS Advanced
Pressure/Volume Controller with the stated accuracgressure measurements < 0.1% full

range. The pore pressure at the base of specimamsneasured using pressure transducer
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with a measuring range of 0 — 1700 kPa. The loddarel the pressure transducer were
recalibrated before testing each specimen. Caidiratonstants were obtained by optimising
the readings within the linear scale. The valuesevirecorporated into the computer control
program.

The triaxial specimens were saturated using th& peessure of 100 kPa, which was
applied in increments of 3 kPa/hour. The saturati@s controlled with Skempton’s pore
pressure parameter determined asBufs; by measuring the pore pressure increéasdue
to an increase in cell pressufes;. Saturation process was continued until the B evalu
achieved for the pure and cemented clay values3& and 0.9, respectively. According to
Muhunthan & Sariosseiri (2008), a value of B aroGndand higher tends to achieve a degree
of saturation well above 95% for most of the soils.

After saturation, the specimens were consolidatetbmpressed to the mean effective
stresses given in Table 5.1. The specimens withtladPdr cement were isotropically
compressed after an initial one-step consolidabgna small isotropic stress (30 kPa) to
determine the rate of loading during isotropic coesgion. The compression at slow rate was
preferred to stepwise consolidation to minimiseesscpore pressures and to prevent the
debonding. The compression rate for the cementdwhs 1.25 kPa/hour. The pressure on
the uncemented kaolin specimens was applied ifesingrements (stepwise consolidation).
Measurements of water that drained from the spewmeere taken during both procedures
using the GDS Advanced Pressure/Volume Controliéhn e stated accuracy of volume
0.1% measured value. The consolidation fulfilmerggsweontrolled before each test. The
volume change was considered as stabilized wherdhnetric strain rate was lower than
10°%min.

Table 5.1 Summary of the applied stresses duringyogic compression tests with the
measurements of stiffness and before shearing

10 50 100 250 400 500 550 700 850 1000 1300 1500

Shear tests:

kaolin X X X
cemented kaolin X X X X X
Stiffness
X X X X X X X X X X X
measurements:
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The shear box tests were performed on specimepsuge by adding 2, 4 and 8% of
Portland cement to the soil in a conventional disbear box. The mixture was prepared with
the same procedure as the mixtures used for onendimnal compression tests (see Section
4.3.1). The uniform paste was placed into the shearwithout any compaction. The tests

were carried out after 3 days of curing.

5.2.1. Shear testing

Shearing in the triaxial cell under controlled defation followed after consolidation or
compression to the stresses summarised in Tahl&\Hé&n consolidation or compression was
completed, drainage was closed and the specimeressheared under undrained conditions
with pore pressure measurements (CIUP tests). ibar dests were conducted at a constant
rate of axial displacement of 0.0005 and 0.0008 mmm/for the pure and cemented
specimens, respectively. The only exception was shear test of cemented specimen
compressed to the mean effective stress of 50WRiah was drained and the shear test was
conducted at a constant rate of axial displaceme®00008 mm/min.

In addition, shear box tests of soil specimens wahous amounts of Portland cement
were carried out to investigate the effect of cetagon on the shear strength of the soil. At
first, the specimens were compressed to an effeatertical pressure of 50 and 100 kPa.
After compression, all specimens were sheared @inatant rate of displacement of 0.016

mm/min.

5.2.2. Stiffness measurements

During isotropic drained compression, undrained susaments of stiffness were carried out
with both static (shear probes using continuoudifgp and submersible LVDTSs) and
dynamic method (bender elements) at the given téftestresses (Table 5.1). The maximum
shear stiffness was obtained at very small strépetow 0.001%) from the propagation of
shear waves through the specimens. At higher streasults from measurements with
LVDT’s and shear tests are shown.

The cemented specimens were cured for 3 days onsoidometer, saturated for 14
days in the triaxial cell and the continuous ispitocompression to effective stress for
stiffness measurements lasted 10 days. Thus tledfnouring, saturation and consolidation
for a loading of 50 kPa was 27 days. After sucbraylcuring period the effect of time on the
development of bonding is assumed to be negligibtéthe development of bonding does not

cancel the effect of bond degradation with loading.
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In the static method, axial strain was measurechgusl set of linear variable
differential transformergLVDTSs). These internal devices were mounted diyecth the
specimen (Figure 5.1 (a)). The LVDTs were inseitetivo fixing pads, which were glued to
the specimen. The shear modulus at very smalhsi@iwas obtained from

Go = ay/(3de) (5.1)

wheree, is the axial strain angis the deviatoric stress.

The LVDT’s were used during the deviatoric stresbes under constant cell pressure
and axial strain rate at standard total stress ggtp = 3. The change of the deviatoric stress
was limited to 20 kPa. After probing of the speammendrained shear unloading returned the

stress path to isotropic compression line.

Figure 5.1 Model cemented kaolin clay specimenw#) the set of conventional linear
variable differential transformers (LVDTS); (ljth the piezoceramic transducers — bender
elements (BE)

The bender element (BE) setup consisted of pieaadertransducers fixed to the
bottom and top platens (Figure 5.1(b)), signal getoe and an oscilloscope card in a personal
computer. The measurements were based on tranemisbia seismic wave through a soil

sample and the shear wave velocky) (was determined from the travel times. Single-puls

70



Chapter 5

sinusoidal input signal was used with frequenc$ e25 kHz and peak-to-peak voltage of 1.7

V. The shear modulus at very small straBasvas obtained directly from
Go= V&= LIt (5.2)

where is the soil densityys is the velocity of the shear wawuas the travel time and is the
effective length. The distance between the tipthefelements was used as effective length
(Viggiani & Atkinson, 1995).

The main problem of using BE testing is the intetation of the results. There is no
standard for the testing procedures. An importanttation for certainty of the results is
sample-size effect (Arroyo et al., 2006). Differemiestigators have analyzed the input and
output signals from bender element tests usindrdyel time to first deflection of the output
signal; (ii) travel time between characteristic kgaf input and output signals; (iii) travel
time by cross-correlation of input to output signaliv) travel time by the phase velocity
between the input and output signals. Based onvtirk by Jovicic et al. (1996) and on own
experience with BE testing the first significanveesal of polarity of the received signal was
considered as the arrival of the shear wave.

For tested relatively stiff soils the near-fieldest could not be avoided (Arroyo et al.,
2003). Therefore in taking all BE measurements, itfpuit and output signals were of a
similar shape with the same frequency (Viggiani &iAson, 1997) and the arrival time was
determined at several frequencies (1, 2, 3, 5, I1915, 20 and 25 kHz). The consistency of
the readings was checked (Figure 5.2). Sanchene3alet al. (1987) studied the dependency
of near-field effect on the wavelength relativeéhe distance between the source and receiver.
They recommended measurements at frequenciessaictiné distance from the source to the

receiver is at least one wavelength.
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Figure 5.2 Travel times of sinusoidal waves withithput signal of different frequency during
BE testing of pure and cemented kaolin clay at edfdttive stress level

5.3. Interpretation of data

The shearing behaviour of specimens with 4% of |®wit cement was compared with the
shearing behaviour of uncemented specimens imatigerfrom very small to large strains.

The small strain behaviour was studied by dynamat static methods. The results of
static method, undrained shear probes, are comvestehear modulus assuming isotropy of
the tested specimen. The volumetric strains obdeduging compression indicated that the
excess pore pressures generated in the specimen less than about 10 kPa. During
undrained shear deviatoric probes the pore predsgrease stopped at 10 kPa and after
undrained shear unloading the value of pore pressecreased to the same value as before
the deviatoric stress probe. The drained compnessitowed with no change in volume after

opening the drainage valve (Figure 5.3).

321 850 - 1000 kPa 1000 - 1300 kPa

700 - 850 kPa
550 - 700 kPa

™ 400 - 550 kPa

250 - 400 kPa

,(%)
.
©

1

100 - 250 kPa

50 - 100 kPa

T T T T T T T
0 200 400 600 800 1000 1200 1400
p’(kPa)

Figure 5.3 Isotropic drained compression of the cet®e@ specimen up to the demanded
effective stresses of 50, 100, 250, 400, 550, 8%®, 1000, 1300 and 1500 kPa
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5.3.1. Shear strength

The results of direct shear tests performed orsgieeimens with cement admixture of 2, 4
and 8% compressed to an effective pressure of 80L&A kPa are shown in Figure 5.4 and
5.5. The shear stress-displacement curves for ébes tof the cemented kaolin clay are
compared in Figure 5.4(a). The data indicate thatgeak shear stress is increasing with
increasing cement content and the increase iswellasmall. The results of direct shear tests
on cemented specimens are highly affected by thawely short curing period.

All specimens showed contractant volumetric defaiomaduring shearing (Figure
5.4(b)). A difference was found in the dependentyhe value of the vertical strain on the
applied vertical pressure. The vertical strainfmgsmens with 2 and 4% of Portland cement
is significantly increased by the increase of wailtpressure. On the contrary, both specimens
with 8% of cement content achieved very similarueal of vertical strain. The resistance to
straining of specimen compressed at 100 kPa is stlraqual to resistance of specimen
compressed at 50 kPa due to the control of cementat

2% of Portland cement
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Figure 5.4 Direct shear tests on kaolin clay withrd2and 8% of Portland cement: (a) shear
stress-displacement curve; (b) strain-displacenceinte
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Figure 5.5 Results of direct shear tests performedhe kaolin specimens with 2, 4 and 8%
of Portland cement

The results in Figure 5.5 indicate that strengthetpes of the specimens with lower
addition of Portland cement lie below the envelopithe specimens with higher addition of
Portland cement. The data confirm a significanedffof the amount of Portland cement
admixture on the mechanical behaviour of the Sdie cohesion seems to increase with the
increasing amount of Portland cement. For the spees of cemented kaolin clay with 4% of
Portland cement the obtained peak friction angkgpisroximately 28° and the peak cohesion
is 14 kPa.

The behaviour of pure and cemented specimens Witho#Portland cement during
shearing in the triaxial apparatus is comparedguares 5.6, 5.7 and 5.8. Figure 5.6(a) and (b)

shows plots for deviatoric stress and axial staditained from the tests on pure and cemented
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kaolin clay, respectively. The peak deviatoric sdref pure kaolin clay (Figure 5.6(a))
increases with increasing confining pressure. Attdure, the stress-strain curve of specimen
compressed at 100 kPa is almost flat. In case efisfens compressed at 500 and 1000 kPa,
there is a significant drop of deviatoric strestaage strains. This may be related to changes
in packing of deflocculated clay particles discukker.

As Figure 5.6(b) shows, the response of the cerdestéy to loading is different due
to the cementation. The cemented specimens apptbagteak strength and tend to seek the
ultimate state via strain softening. The peak devia stress increases with increasing
confining pressure and the maximum values are feggnily higher than the values obtained
for the pure kaolin specimens at correspondinginong pressures.

Figure 5.7 shows plots of pore water pressujea(id axial straind,). Both types of
specimens show predominantly tendency to contradte@haviour, opposite of expectation.
The values ot are similar for the pure and the cemented specioerpressed at 100 kPa. In
case of the cemented specimens compressed at rifieetive stresses of 500 and 1000 kPa
the pore pressures are higher than the pore pesssichieved by the corresponding pure
specimens. Moreover, the pore pressures of cemspezimens compressed up to 1000 and
1500 kPa rose up to pressures higher than achidgeihtoric stress and decreased with
straining after peak.

The differences in the pore pressure developmemnt imdicate the differences in
structure of the cemented specimens. Sangrey (EdRPillai & Muhunthan (1999) reported
that naturally cemented soils show a large immediatild-up of pore pressure during
shearing. A significant amount of free water ieasled as a result of breakage of cemented
bonds. Similarly, the artificial cemented bonds destroyed with shearing and the extent of
debonding, which is connected with the increasgooé pressure, is affected by the confining
pressure.

The pore-water pressure increase in the prepeasepdnad the decrease in the post-
peak phase were also presented by Feda (1995). Speeimens behaved as a
pseudocontinuous material because of the specimenisntation.

For the specimen, which was compressed to the leanneffective stress of 50 kPa
and sheared drained, dilation was observed (Fig@)e The presence of bonding prevents the
soil from dilating up to yielding. After yieldinghe gradual degradation of the bonds inhibits
the dilation of the specimen. This suggests a gtedfect of cementation at the low confining
pressure. Conversely, the dilation was not obsenvetiear box tests of cemented specimens

compressed at 50 kPa (Figure 5.4(b)), which is giobba result of short curing period.
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Figure 5.6 Stress strain behaviour: (a) pure kadliay; (b) kaolin clay with 4% of Portland
cement
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Figure 5.7 Pore pressure response against axial str@) pure kaolin clay; (b) kaolin clay
with 4% of Portland cement
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Figure 5.8 Behaviour of cemented specimen in dragtedr test
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The different modes of undrained shearing behavarar compared in the/(q/p”)
plane in Figure 5.9. Figure 5.9(a) for kaolin spgens shows the typical ductile behaviour of
the uncemented clay. This was also reflected igibglof the specimens near peak (Figure
5.10(a)). The peak deviatoric stress was reachbshsitt at 7.5% strain increment. In contrast,
all cemented specimens in Figure 5.9(b) show éritithaviour. The cemented specimens
failed with single shear bands as shown in Figud(®). The effect of cementation is
decreasing with higher mean effective stresses, (5000 and 1500 kPa), which are beyond
the yield stress identified from isotropic compiesgests (at about 400 kPa).

2.0+ 2.0
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Figure 5.9 Modes of undrained shearing behaviou):pare kaolin clay; (b) kaolin clay with
4% of Portland cement
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Figure 5.10 Specimens consolidated or compressed L0 kPa after rupture: (a) pure
kaolin clay; (b) kaolin clay with 4% of Portland cent
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After normalization, two different modes of britthkeehaviour could be identified for
cemented specimens according to the degree of ¢atizen The well-cemented specimen
compressed at pressure of 100 kPa shows a stiivimir until a significant peak. The peak
deviatoric stress was reached approximately at 2€fain increment. The specimens
compressed at higher compression pressures (5@0) &6d 1500 kPa) show less stiff
behaviour before peak and become brittle with abdrpps in postpeak stress ratio with
strain. The peak deviatoric stress was approxima#tl 6% strain increment. For the
specimens compressed at 1000 and 1500 kPa the @ustiess ratio versus axial strain falls
steeply after peak to a well defined plateau.

The differences in the behaviour of pure and ceatespecimens can be also seen in
the stress paths plotted in tiggp” plane shown in Figure 5.11(a). The stress paths fo
specimens of kaolin clay move leftwards as for redlynconsolidated isotropic clay specimen
under undrained conditions. The stress paths olspeeEimens compressed at the effective
stresses of 100 and 500 kPa rise to the ultimdteddine and as peak strength is approached
the stress paths bend to the right which is intieadf dilatant behaviour. The contractant
behaviour prevails in case of compression at 1004 k

According to Viseras et al. (2007) kaolin dispensi@at high solid concentrations show
dilatant flow (apparent viscosity increases witlcréased shear rate). This rheological
behaviour is attributed to close packing of defldated clay particles, which results in
interparticle contacts and interaction during simgarOnce peak strength has been reached
the individual packets begin to break down giviisg to contractant behaviour.

Wang & Siu (2006b) studied the effect of pH on tteess-strain behaviour of
Speswhite Kaolin. They compared the effective stpaths of specimens at pH 4 and pH 7.8
under three different confining pressures (100, &0 300 kPa). The pH 4 specimens exhibit
contractive tendencies towards the critical statee pH 7.8 specimens demonstrated
completely different responses, in agreement wighresults obtained for specimens of kaolin
clay compressed at the effective stresses of 100580 kPa (Figure 5.11(a)): the initial
contraction, a phase-transformation state and tthemlilation. A distinct transition point, pH
5, was found as a boundary to separate the highlamc¢pH (Wang & Siu, 2006a). The
studied kaolin clay falls within the high pH andcisaracterised with pH 6.6 (see Table 3.1 in
Sec. 3.2).

Although the pH 7.8 specimens did not behave theesas the pH 4 specimens, Wang
& Siu (2006b) demonstrated that the trends stijgast that the critical stress ratio of the pH
7.8 specimens was close to that of the pH 4 spexwmaterparticle attractive forces do not
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have an apparent influence on the shear strengttheatcritical state. Following their
suggestion, critical states were obtained for the xaolin clay specimens.

The stress paths of the cemented clay change dtreetmcrease of mean effective
stress from almost vertical one, characteristiowérconsolidated state, to the rounded one
typical of normally consolidated state. At low meeifiective stress (100 kPa), the almost
vertical stress path reflects the effect of cemenrtauntil approaching the peak strength

envelope, followed by breakage of bonds.
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Figure 5.11 Results of triaxial shear tests on ceegtaind pure kaolin clay: (a) stress paths;
(b) failure envelopes

The approximate positions of the failure enveloges shown in Figure 5.11(b). The
obtained critical state friction angle of the plwmlin clay is approximately, = 27.5°. All
stress paths of cemented specimens crosses titalcstate line of the pure clay, indicating
that debonding, initiated during isotropic comprass beyond vyield stress, was not
completed. Thus the failure envelope of the centenltay, derived from the values of peak
deviatoric stress, lies above the envelope of time glay due to the additional strength of
cementing bonds.

The measured peak strength in a cemented specsmtarmined by the shape of the
initial state boundary surface and the initial stteThe mobilized peak friction angle reduces
from 47° at 50 kPa to 30° at 1500 kPa (Figure 5)9(bhe peak cohesion was obtained by
linearization of the failure envelope in the stremsge from 100 to 600 kPa and the obtained
value was 48.5 kPa. The peak friction angle ofdemented kaolin i€,"= 39° in the given

stress range.
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The change of the strength could be seen for theeted specimen compressed at
mean effective stress p’= 1500 kPa. The failureelpe of the cemented material becomes
nonlinear.

Some of the specimens reached the critical stigté de, = dg/ de, = de/ de; = du/ de
= 0). The identification of critical states for akmented specimens and especially for kaolin
clay specimens compressed at 500 and 1000 kPaestigpable due to the shear strain
localization. The locations of the “critical” statand isotropic NCL for pure and cemented
clay specimens are shown in Figure 5.12. The spawnof pure kaolin clay may be
characterised with the “critical” states determiriedconstant straining at about 13%, which
form the critical state line (CSL) parallel withetlisotropic NCL and a lower bound to the
data at large strains for the cemented soils.

The “critical” states of the cemented specimensevaatermined for constant straining
at about 10% (specimens compressed at 50 and H)(akB 12% (specimens compressed at
1000 and 1500 kPa). In the case of the cementezinspie compressed at the effective stress
of 500 kPa the “critical” state was estimated fivaiging at about 12%. The “critical” states
of all cemented specimens lie above the CSL andNthe of pure kaolin clay. Despite the
large strains, the ultimate states were not readtyethe cemented kaolin clay specimens,

contrary to the pure kaolin clay specimens.
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Figure 5.12 Location of isotropic NCLs and critichtes of pure and cemented kaolin clay
specimens

5.3.2. Shear modulus

Bender elements (BE) were used to determine thiatiar of the very small strain shear
modulusGy with stress. The test results for reconstitutedikasday are shown in Figure 5.13.

The observed value db increases with mean effective strggsand the obtained values
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agree with the data for reconstituted speswhitelitkkaday measured by Viggiani and
Atkinson (1995). The values of soil parametersdpeswhite kaolin clay are similar to the

values obtained for used kaolin clay (see Secti@ri3Table 3.4).
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Figure 5.13 Variation of stiffness with mean effeztstress for reconstituted specimens of
speswhite kaolin clay (after Viggiani & Atkinson 959 and used kaolin clay

The shear modulus at very small strai@g) (of two specimens with 4% of Portland
cement, cemented clay 1 and 2, was measured ustatic" (LVDT’s during the deviatoric
stress probes) and “dynamic” (BE) methods, respelgti A comparison of the data obtained
from both types of measurements is presented iar€&if.14 together with data from tests on
pure kaolin clay. Two strain levels, 0.001% and06%, were chosen from LVDT stiffness
measurements for the comparison. Both the axiainstrare in the area of elastic behaviour
(Figure 5.15).

For the cemented clay both types of measurementsnagood agreement at mean
effective stress of 50 kPa and the valueGgfis higher than for the pure kaolin clay.
According to the measurements obtained for theigmatkaolin clay 2 with bender elements
Go of cemented material is almost constant in thecgiffe stress range up to 400 kPa. The
values ofGp are controlled solely by cementation.

At the same stress range (50 — 400 KRaneasured on the specimen cemented clay 1
with LVDT's is slightly decreasing with the incréagy mean effective stress and the decrease
is more evident for the measurements at highemstées the isotropic stress increases the
cemented clay 1 is becoming gradually softer tham specimen cemented clay 2. The
structure is weakened due to previous strain cydbss is an evidence for the effects of
debonding on very small strain stiffness. Nevedbg| the effect of structure prevails and the

specimen cemented clay 1 is stiffer than the paddik clay.
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At stresses higher than 400 kPa valueSqgidbtained for both the cemented specimens
becomes dependent phand the subsequent increase corresponds to ¢reaging trend of

Gy for the pure kaolin clay.

100

G, (MPa)
kel

I =-- cemented clay 1 - LVDT, 0.001%
=~ cemented clay 1 - LVDT, 0.006%
-4 cemented clay 2 - BE
--<-- kaolin clay - BE

10

10 100 1000
p” (kPa)

Figure 5.14 Variation of @with mean effective stress for kaolin clay andchwiean effective
stress and strain for specimens of model cemeiieithkclay

The vyield of the cemented specimens was identdiechean effective stress at about
400 kPa. After yield, the values G obtained for the cemented material remain highan t
the values for the pure kaolin clay. The hydratamd pozzolanic reaction between cement
and clay particles created permanent changes otrdated clay fabric, which were not
reversed or destroyed during the compression. Hewélrere is a significant decreaseGyf
for the data measured with LVDT’s for the speciroemented clay 1 compressed up to 1300
kPa, indicating that the differences in small stfa¢haviour may be reduced by debonding of
the specimen caused by previous strain cycles.

The strain dependency of shear modul@y Was studied on the cemented specimens
compressed to 50, 100, 500 and 1000 kPa usingethdts from both types of measurements
(Figure 5.15(a)). It is evident that the stiffnesisthe cemented clay is non-linear. The
degradation of stiffness with strain is almost glgle for the specimens compressed up to 50
and 100 kPa until the yield. At the strain of ab0u1% there is a sharp drop of the shear
modulus. The reduction in stiffness for specimeosigressed at 500 and 1000 kPa is less
rapid after yield. The cement bonds gradually deégnaith continued straining.

The change in the dependence of stiffness on ceti@mtor mean effective stress
may be seen in Figure 5.15(b). The cementatiorifgigntly increases the initial stiffness and

reduces the effect of confining pressure@nfor specimens compressed up to 50 and 100
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kPa. At higher stress (500 and 1000 kPa) the effiecementation is reduced and the effect of

stress prevails.
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Figure 5.15 Variation of stiffness with strain famented kaolin clay: (a) original; (b)
normalized with p’

5.3.3. Summary

The comparison of shearing behaviour shows sigmifidifferences between the specimens
with 4% of Portland cement and uncemented specinmetihe range from very small to large
strains. The addition of Portland cement to thélsads to the increase of shear strength and
initial stiffness of the specimens. The effect efmentation on the mechanical behaviour of
the soil is increasing with the increasing amourRartland cement, similarly to the results of
compression tests.

During undrained shearing, kaolin clay shows predamtly ductile behaviour and
the peak deviatoric stress increases with incrgasmean effective stress. The shearing
behaviour is characterised with zero cohesion aedctitical state friction anglé.'= 27.5°.
The stress paths of the kaolin clay specimens spored to the response of normally
consolidated clay. Rheological behaviour at “ultieiastate is dilatant at mean effective
stresses of 100 and 500 kPa and contractant atkP®@s a result of differences in packing
of deflocculated clay particles in kaolin dispersio The ultimate state for kaolin clay
specimens compressed at 500 and 1000 kPa is apmtexidue to the shear strain
localization.

The cemented specimens exhibited brittle behavemn the failure took place

gradually along a single slip surface. Undraineglastiests of the cemented material indicate
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that the strength mobilizes to its peak value diteqa low strain in comparison with the pure
kaolin clay and then it gradually decreases withther straining. The strain softening

behaviour is more visible for specimens compresdadean effective stresses of 500, 1000
and 1500 kPa.

The failure envelope of the cemented clay lies ahine envelope of the pure kaolin
clay demonstrating the enhanced strength of thedii@ to bonding. The stress paths reflect
the effect of cementation (move rightwards, closevértical) and its gradual degradation.
Tendency to contractant behaviour was observedh®rcemented specimens, contrary to
expectation. Dilation occurred with the cementeglcgpen compressed at 50 kPa and sheared
drained. This suggests a strong effect of cememtati the low confining pressure.

The effect of mean effective stress on the shé@mesds of pure and cemented kaolin
clay was compared. Measurements indicated a signifiinfluence of cementation on the
very small strain shear modul@. The values o5, of reconstituted normally consolidated
pure clay is dependent on the mean effective st@ssthe contraryGy of the cemented
kaolin clay is stress independent until a threshdle values 06, are higher than the values
obtained for the pure kaolin clay. The destructaratfter the threshold results in the stress
dependency of th&, similar to the pure kaolin clay.

The strength and stiffness parameters for the gaodin clay represent the lower
bound to the values for the cemented kaolin clppr@ached at large strains. The component
of shear resistance in the cemented clay is redpcegdressively by shear strains or by
volume strains. The observations suggest thatdecimmens compressed up to 400 kPa (yield
identified in Go measurements) the degradation of cementation re iiely to occur with

increasing deviatoric stress than with increasimgmeffective stress.
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Determination of shear modulus at very small strain

6.1. Introduction

The initial stiffness studied in this chapter ipnesented by the shear modulus at very small
strains (g). The value 0fGy is a useful parameter for characterizing the lyigidn-linear
stress-strain behaviour of soil for monotonic logdiln the case of uncemented soil shear
stiffness is dependent on the mean effective stnesid ratio and overconsolidation ratio
(Hardin, 1978).

Cementation generally causes an increase in st#fa@d resistance of soils; on the
other hand breakage of bonds due to volume or steans leads to softening of soils. Thus
the values of5 for cemented soils should be determined on thes lmdidocation of the state
of the solil relative to its isotropic state boundarhich representthe threshold isotropic
states rather than to its critical-state or normal conggien line. The apparent
overconsolidation ratio and the state of struc{semnsitivity) give a possibility to define the
state of the soil.

The study considered in this chapter is preseméahlikovaet al. (2012).

6.2. Equation for calculating shear modulus

For reconstituted soil the influence of the effeetstress state and stress historyGgnis

expressed by the relationship (Viggiani & Atkinsa895)

G , n , m
_O:Aﬂ p_p (6.1)

Py Pr p
wherep; is reference pressure (1 kPa) qgdis the yield stress. Thus the rafig/p” defines
the isotropic overconsolidation ratid, n andm are dimensionless soil parameters.
The experimental data indicate tl@&f of cemented soils depends significantly on the
state of soil structure. The structure can be diieatby the variablesensitivity ratio s
(Cotecchia & Chandler, 2000), defined as the ratithe size of the SBS of the cemented soill
to that of the corresponding reconstituted soil.Figure 6.1 adapted from Cotecchia &
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Chandler (2000), the position of the SBS of the eet®d soil is defined with parametés

and/". The current SBS relates pg, that is the Hvorslev equivalent pressure defmed

’

N- In{l+e
Pe = exf —( )

- (6.2)
where/" is the slope of the NCLN is the value of If{+e) atp’=p,= 1 kPa ance is void
ratio. For the reconstituted soil the position lné SBS is defined with parametéfsand/"
(Figure 6.1), which determine the Hvorslev equinleressurg ¢ for the reconstituted soil.

The current state of the structure can be quadtifiethe ratics = ps/p o .

SBS reconstituted soil

I*l_ L
X 1 - ®=r.) SBS soil with undisturbed structure
N (P=p,)
1

pe/p -1

reconstituted soil

(7)) In(pp) In(p, /p) =In(p,/p) +In's

Figure 6.1 Schematic diagram showing isotropic caeapion of reconstituted and structured
soil with the definition of variables (revisiteabfn Cotecchia & Chandler, 2000)

To represent the experimental data obtained focémented soil, equation (6.1) can
be modified to the form including the effect ofustiure

n m |
G , ,
So-pP P S (6.3)

Pr P p S

wherel is a new parameter controlling the influence af sucture onGy. The equation is
equivalent to that proposed by Cafaro & Coteccld@0() for natural clays including a
diagenized bonding, who explained how this equatesults from the conceptual framework
reported by Cotecchia & Chandler (2000), based han gelection of the parametserto
represent the comparison between the strengtheohd#tural clay structure and that of the
reconstituted clay structure. For the reconstits@itithe values ars=s=1 and equation (6.3)

is reduced to equation (6.1) expressed in terniseoHvorslev equivalent pressupee).
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Equation (6.3) may be rewritten as

G . ,
In =2 =InA+nin > +m|np—e, +lin = (6.4)
pr pr p Sf

According to equation (6.4) and Figure 6.2, theugabf A representsG, of the
reconstituted soil gb’=p,=1, the parametear relatesGy to p” and the parametan specifies
the effect of the overconsolidation ratio (defireesp o /p’). For cemented soi is increased
at the pre-yield state by the apparent overconstdid ratio (defined ape /p’), which is
higher than for the corresponding reconstitutedl @ad is accounted for in the third term of
the sum in equation (6.4), and by the sensitivly After yield, the effect of the apparent

overconsolidation ratio disappeaps (= p’) and the effect of sensitivity prevails.

G, structured soil p,/p =1

In(G,/p,)

I'In(s/s)

nal” mne)m)

In(p'/p)

Figure 6.2 Schematic diagram of the variation ofsshmodulus at very small strain for
reconstituted and structured soil with the defomtiof variables

6.3. Evaluation of equation

Equation (6.3) was used to calcul&@e for three different soils for which experimentaital

were available. The number of data sets was limatedoid ratio, mean effective stress, very
small strain shear stiffness and the position afma compression line of the reconstituted
and cemented soils were required for the presealysia. The results of the laboratory tests
on pure and cemented kaolin clay described in Gest#.3.2 and 5.3.2 and results on two
reconstituted and cemented sands reported intliteravere used. The characterization of the

cemented sands is summarised in Table 6.1.
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Table 6.1 Characterization of cemented sands

Chapter 6

soil particles Cement specific state variability of soil
volume
, Weak, hollow Strong: calcium| o iy Large variation in
Calcarenite carbonate, X . . e
; and angular - high First loadingto | specific volume
(Cuccovillo & deposition soon _
shell fragments . n=1.68- current depth and amount of
Coop, 1999) (CaCQ) after particle 503 cement
deposition '
: Loose
Nevada sand . , Portland cement Me(_jlum- specimens Reconstituted and
(Yun & Uniform, fine, high )
. Type |, 2% and _ cemented at low homogenized
Santamarina, angular sand 4% of admixture| "7 1.636- vertical sittin specimen
2005) 2.154 g P

pressure

Figure 6.3 shows the results of isotropic and aneedsional compression tests on the

pure and the cemented kaolin clay (see Sectior2}4.@hich were used to determine the

parameters for equation (6.3). Values @f determined from shear wave velocity

measurements (see Section 5.3.2) and from equ@&ti®nare shown in Figure 6.4.
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Figure 6.3 Compression lines for pure and cemenéadirk clay: (a) isotropic compression;
(b) one-dimensional compression after 14 days
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1004

G, (MPa)

<+ cemented clay - experiment
"""""" cemented clay - equation
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kaolin clay - equation

10 T T
10 100 1000
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Figure 6.4 Very small strain shear modulus versusammeffective stress measured on
specimens of cemented and pure kaolin clay usimgldreelements and obtained from the
equation (6.3)

The isotropic compression of intact and reconddutcalcarenite studied by
Cuccovillo & Coop (1997) is shown in Figure 6.5(&)ndrained shearing probes were
performed and the shear moduli were measured WSy's. According to the authors, after
accounting for the compressibility of the porediuihe effective stress paths followed during
undrained shearing were consistent with the maté@aing isotropic properties. Figure
6.5(b) compares the measured values of shear mioduhe intact and reconstituted soil with

the calculated values (equation (6.3).

2.00 - = cemented calcarenite

100004 e cemented calcarenite - equation
1.954 : .
O reconstituted calcarenite
1.90 reconstituted calcarenite - equation
1.854 [ ] - - .
1.804 10004 W |- R m
1.754
~ 1704 g o
= =
< 1.654 = o
160 m-- cemented calcarenite [0)
1 SBS cemented calcarenite 1004
1.55 - undisturbed structure
1.50 O reconstituted calcarenite
1.45] SBS reconstituted calcarenite
1.40 T 1 10 T 1
100 1000 10000 100 1000 10000
p” (kPa) p’(kPa)

Figure 6.5 Intact and reconstituted calcarenite @xmental data from Cuccovillo & Coop
1997): (a) Isotropic compression lines; (b) veryadinstrain shear modulus versus mean
effective stress measured using LVDTs and obtdmedthe equation (6.3)

Yun & Santamarina (2005) tested pure and artificiaemented Nevada sand. The
small strain shear modulus was measured using sfeas propagation within an oedometer
cell. The data for loose uncemented sand and Isasd with 2% and 4% of cement were

used in this study. The one-dimensional compreski®as are shown in Figure 6.6(a). The
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values ofGy were evaluated from the values of shear wave itedecconsidering s= 2.67
g/cnt and with the equation (6.3) (Figure 6.6(b)). Theicture degradation after yielding is

more severe for the sample with higher amount ofi&al cement.

2.4+ --- @ cemented sand - 4%

""""" SBS cemented sand - 4% 1000
- undisturbed structure o o e e L IO
224 - °g8
LEs R g e 000 o8
-~ cemented sand - 2% ‘. R 100
2.0 SBS cemented sand - 2% e %
= - undisturbed structure ©-.. - =
c a
184 = e cemented sand - 4%
: o o o 1) 0 | cemented sand - 4% - equation
104 & cemented sand - 2%
cemented sand - 2% - equation
1.6 o Nevada sand ©  Nevada sand
SBS Nevada sand Nevada sand - equation
14 T T J 1 T T T )
1 10 100 1000 1 10 100 1000 10000
p” (kPa) p’ (kPa)

Figure 6.6 Cemented and pure Nevada sand (experaindata from Yun & Santamarina
2005): (a) Oedometer compression lines; (b) Congmariof results for very small strain
shear modulus obtained from the equation (6.3)famth bender element measurements

The values of the parameters used in equation &e33ummarised in Table 6.1. The
same values oA, n andm were used for the corresponding cemented and sétiged soils.
The parametet was calibrated by fitting a curve through the ekpental data for the
structured soil. In the case of Nevada sand theesatue of parametdérwas used for both
amounts of Portland cement. For calcarenite andirkatay s =1 was considered due to
converging NCLs of the cemented and reconstitupestisnens (Figures 6.3(b) and 6.5(a)).
For Nevada sands = 35 was chosen so that it represents the largeie and slow
convergence of the NCLs (Figure 6.6(a)).

The measured and calculated data (equation (&8)ampared in Figures 6.4, 6.5(b)
and 6.6(b), showing a good fit in the three caBes.the uncemented soi is seen to vary
with p". The values ofGy of the cemented specimens, instead, appear to fiteoied by
cementation, and do not vary wigh, until the yield stress. At higher stresses, aifiant
effect of structure degradation @3 was observed.

The Gy calculated for the cemented soils decreases Wligigfore yielding agp’
increases angb. /p° decreases at the same time. The equation (6uU3) ¢annot predict
constantGy pre-yield, measured for strongly cemented soilse &, variation withp' is,
however, minor due to low pre-yield compressibibfycemented soils and the measurements

are relatively well represented. In Figures 6.%()l 6.6(b) the irregularities in the decreasing
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trend of calculateds, are attributed to the scatter in the experimeva#lies ofp. used in

equation (6.3).

Table 6.2 Parameters controlling the shear modulusadls with cementation bonds used in
equation (6.3)

material: A n m I s
kaolin clay 1020 0.73 0.77 0.24 1
calcarenite 2326 0.631 0.7 0.7 1

Nevada sand 2454 0.642 0.7 0.34 35

6.4. Discussion

The literature review shows that natural or aificementation increas€&y of sands
(Acar & El-Tahir 1986; Saxenat al. 1988; Chang & Woods 1992; Sharma & Fahey 2004)
and clays (Jovi et al. 2006; Puppalaet al. 2006) in comparison withGy of the
corresponding reconstituted soil at the same m#antwe stress. According to Acar & El-
Tahir (1986) and Delfosse-Ribay al. (2004),G, of cemented sands increased with confining
stress in the whole applied range. Conversely, Qultc & Coop (1997), Baiget al. (1997),
Fernandez & Santamarina (2001) and Sharma & F&GHA] reporteds, to be for cemented
sands practically independent of the mean stresls dependent on cementation until a
threshold stress was reached corresponding to iiset af major structure degradation.
Cementation appears to control oy of clays below isotropic or vertical yield stremsd
the pressure dependency appears to prevail atrhstyesses accordingly (Jovi et al. 2006;
Hird & Chan 2008). The latter findings are consistenvith the predictions of a
micromechanical model for cemented granular mdtdeseloped by Dvorkiret al. (1991),
leading to the conclusion that the stiffness of teenented system is strongly increased by
cementation and independent of confining pressure.

The connection between deterioration of bonding amdation of the pressure
dependency ofGy, was reported for naturally cemented carbonate gaed calcarenite;
Cuccovillo & Coop 1997), loose cement treated s@ruh & Santamarina 2005), cement
treated clay (Hird & Chan 2008) and natural claythwcarbonate bonding (Cafaro &
Cotecchia 2001). After yielding, Cuccovillo & Cogp997) and Cafaro & Cotecchia (2001)
reported the reduction o0&, associated with degradation of the natural sinectwith
increasing mean stress. Conversely, Yun & Santaag2005) and Hird & Chan (2008)

indicated for artificially cemented soils an incseadfGo with increasing stress after yielding
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and the values dB, remained higher than for the reconstituted sadifsis for cemented soils
either reduction or increase Gj after yielding was reported.

To explain this phenomenon, various isotropic caapion curves (Figure 6.7(a))
were simulated with the model for structured clélys®Sin 2007). Behaviour of cemented
soils in the post-yield stress regime depends fsogimtly on the current state of structure. The
model enables to control the rate of structure aldafon by a parametkr The current value

of smay be expressed by the relationship

s=s, +(s0 - S, )exp - /L,ked (6.5)

wheres, is initial sensitivity k is the rate of structure degradationis the gradient of NCL of
reconstituted soil and' is damage strain rate.

Figure 6.7(b) shows the development@f calculated from the simulated data using
equation (6.3). The results indicate that afteldyi®&, increases withp” at low rates of
structure degradatiok € 0.3) and drops at high ratds<1).

(a) (b)
Figure 6.7 Effect of the rate of structure degradiatk on the mechanical behaviour of
cemented soil: (a) isotropic compression testsyér)ation of G with p”

Despite the reported differences, it is shown #hsihgle relationship, which relat€g
to the strength of the bonded structure, mean taffestress and apparent overconsolidation,
can be used to predict the variatiorGaf The applicability of this equation to cementedsso
either clays or sand is shown. After yield, theelepment oGy is interpreted with the rate of
structure degradation.
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