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Introduction

1. Introduction

The management of large amagiot excavated soik a primary problem in
civil engineering, oftemue to not suitable mechanical properties for its reuse as
a construction materialtalian legislationdefinesthe excavated soil and rocks
(DPR 120/17 as the excavated soil deriving from activities @imto a
construction project such as excavations (construction excavations, foundations,
trenches), bores, piles, soil improvement, infrastructural projects (tunnels,
streds), removal and levelling of soil constructioriBhey can also contain
concreteandcementitious mixturedentonite PVC, fiberglass, and admixtures
for mechanised excavations if pollutant concentration is below specific threshold.
When theexcavated sobiis qualified as a wastés disposal after a temporary
storagemust be consideredin site management antdigh costs can derive
However, if the excavated soil can be reused amaterial in the same
construction projector in a different ongfor backilling, trench reinstatement,
soil embankments or substituting quarrying materiglroductive processes, it
can be qualified as bgroductwith clear advantages in terms of environmental
and economic costs.

A suitable solution for reuse of excavated sothe addition of cement and
foam to produce lightweight cemented soils (LWQ$ghtweight cemented soil
is prepared by mixingoil with water, cementand an air foamThe aim of this
technique is to obtain a material with high workabilitythe freshstate(so that
it can be transferredy pumping from batch plant to tlw®nstruction siteand
poured)improved mechanical properties of the hardened paste given by the
binding agent (as cement) andspecific low density (varying from 6 to 15
kN/m?) thanksto the addition of a foanThe fresh paste is sdkvelling and no
compaction is requiredthus reducing construction time. The method can be
theoretically applied to any kind of soil except f@ry coarse particles which
can segregate in the fresh gadiowever, the necessity of such a method often
arise for fine grainedoil, especially clayey and silty soil, whose mechanical
properties are generally not suitable for construction purposes or require high
compaction efforts.

The treatment of solly means ofbinding agents is nowadaysry common
in engineeringopractice.Well established @l improvement techniques as deep
mixing, jet groutingand lime stabilization are based on mixing binding agents as
cement and lime to improve soil mechanical perfamoes. The former two are
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grouped in the category ebil mixng, which is referred tassoil improvement

and conditioning techniques which soil is disrupted and mixed with binding
agents via rotating utensil sotdaclmcalobt ai n a
performanceslirectly on sit§Marzano, 2017)They are often used for columnar
treatmend, but also trench mixing techniques exstsimilar soil improvement
technique is the permeation grouting, that ibasel on deep injection of
cementitious mixtures at lowressure. It differs from soil mixing because no
mixing of soil happens and a very little disturbance to soil fabric o¢€lwsa

and Lirer, 2011)In these cases, soil is not excavat€dnversely, ement and
lime treatmen(stabilization) techniquess well as theghtweight cemented soll
method are used toimprove soil mechanical properties to reuse it as a
construction materialCement and lime are the most commonly used binding
agents in soil mixing, but others likey ash and blast furnace slag, or the
innovdive geopolymers, can be used to substitute them, partially or wholly
(Kaniraj and Havanagi, 1999; Wild et al., 1998; Zhang et al., 2018)e LWCS
method, he most common binding agent is cementaaa other binding agents
have been efficiently us€&. Horpibulsuk etlg 2014)

A foamis adispersion of bubbkein a liquid. In geotechnicakengineering,
foans arecommonly use@s a soil conditioner in Earth Pressure Balance (EPB)
mechanized tunnelling technology. The addition of a foam has various purposes
It is usedto make the soil almost impermeable and thuoe abrasive behaviour
of some soils; it acts on consistency giving the soil a pseudoplastic state, to help
muck circulation from excavation to its storage; in a fine grained saill, it is used
to reduce cloggingotential of clays and avoid overconsolidatiunder the
action of the cutting edge of the scré@uebaud et al., 1998) he effect of bam
conditioning onsoil properties related to EPB mechanisedvidely studied
(Borio et al., 2008; Milligan, 2000; Plotze et al., 2013; Sebastiani et al., 2017,
Thewes et al., 2011; Zumsteg et al., 20k2¢ivil engineering, foans also used
to produce foam concrefibamed concretdpamcrete) that is a cellular concrete
obtained by mixing a preformed foam wilout(like lightweight cemented soill
method) It differs from gasconcrete, which is a celar concrete usually
obtained by adding aluminium powder to the pa$team concrete is a
lightweight concrete whose density can go down to 300 kgllong with
strength which reduces as well; it is defined as a low density controlled low
strength materlaand used for various applications such as backfills, void filling,
insulation fills and pavement bas@ggamme, 2005)To avoid confusionit is
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worth noting that the term Afoamo is als
solids, such as porous materials, cellular concrete and polymer fthasthe

l i ght wei ght cemented s aswell Howemer,méhe def i ned
following, the term foam will only refer to a gas dispersion in liquid.

The lightweight cemented soil method or lightweight treated soil method has
been studied by variowmithors and efficiently applied on dredged soil in port
construction in Japar{Tsuchida and Egashira, 20049r suggested as a
construction material for constructions on soft cl@ysrpibulsuk et al., 2012b)

The method requires that soil is diluteda water contentvs, above the liquid

limit, wi, to obtain a soil slug, a suspensionThe binding agent can lether
added as a powder or mixed with water at a certain water to cement ratio by
weight, we/c. These two procedures are defineddasandwetin soil mixing,
respectively.By this way, a cemented soil can be obtainEde amount of
binding agent is usually defined as the ratio by weight of anhydrous cement to
dry soil,c/s or to the volume of material producésam is usually added as the
last componentThe amount of foam can be defined in different ways; in some
casesthe volume of foam is related to the volume of soil sl(ifgerawattanasuk

et d., 2015) in other casedo the total volume of soil slurry and foam
(Horpibulsuk et al., 2012bA diagram of the mixing method usedthis study

is represented iRigurel1-1.

Soll Ws Water Cement wdc Water
Soilslurry cls Grout
Foam
LightweightCemented Soil

Figure 1-1. Diagramof lightweight cement soil method

In this experimental studyhe influence of addition of cement and foam to
soil onmineralogical and microstructural featuiepresented. Time dependent
mineralogical and microstructural changes have been monitonedraasing
curing time by means of X Ray Diffraction (XRD), Thermogravimemalysis
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(TGA), Scanning Electron Micraspy (SEM) and Mercury Intrusion
Porosimetry (MIR. Mechanicabehaviour of treatedoil has been investigated
by means ofoedometric andlirect shear testSests are briefly described in
AppendixB.

In the following chapter a brief descriptiontbe main clay minerals, along
with their structure and mineralogy, is presented. Then;wktgr interaction
and rhetngical behaviour of clay suspensgn.e., soilslurry, are shownThe
39 chapter is about cement and foa@ement classification, chemistry and
rheology of the fresh cement paste are briefly summar&eshort description
of foam propertieand stabiity is given In these chapters, the phases oheac
component(soil slurry, cement paste and foamjll be identified The
superscripts fAso, Al 0 and Ago will be use
and gas phases he subscr i pt will réfer cespeciivelyoto soihd #Af 0
cement and foam.

In the 4" chapter a literature review on the mechanical behaviour of
cemented soils and lightweight cemsaitis is presented.

In the 8" chapter a description of materials andthodsused in thistudy &
given. The relations between the phases of thdyred material in dependence
of initial amounts of material are derived, starting from equations in Chapters 2
and 3 for each component.

The results of mineralogical and microstructural tests are preserttee §'
chapter. Direct shear test and oedbingest resukt arediscussedn 71" chaptey
in AppendixC, results ofall the performed tests are shown.
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2. Soil

The lightweight cemented soil method canapelied to any kind of sall
except forcoarse particles which can segredaten bulk In this study attention
was given to clayey soils, characterised by an amount of clay higgnerl2%
and nonnegligible plasticitf ASTM, 2006) The behaviour o& clayeysoil and
its interactionwith water are strictly related to mineratomposition. Indeed.
mineral compositiomndnature of constituergore fluidcanaffect significantly
some properties @& clayeysoil, such as plasticity and residual strer({@hMaio
and Fenelli, 199, 1997). Due to this, clay mineraksre briefly presented hen,
clay-water interaction and rheological behaviouclafy suspensions are shown,
due totheir importance in the treatment method which requires a dilution of
clayey soil to obtain a slurry to be mixed with other components

2.1.Clayand clay minerals

In geotechnicsthe term clay refers tparticles with diamete lower than 2
mm (A.G.l., 1963) butin a more general definitiorthe term clay implies a
A n a t, earthy,l finegrained material wish develops plasticity when mixed
with a | i mit e ({Grira, M68) The plasticity istee preperdy that
a substance, continuously deformed under a finite force, has to maintain its shape
after the force is removed or reduddahdrade et al., 2011 Chemical analyses
showedhat clay minerals are composedeatially of silica, alumina, andater,
with amounts of iron, alkalis and alkaline earf@sim, 1968) The upper limit is
dependent on the tendency of clay minerals to be concentrated in a size less than
2 mm (Grim, 1968)

Clay minerals refeto a group of hydroualuminosilicates that predominate
the claysized (<2nmm) fraction of soils(Barton and Karathanasis, 200Zhe
nomenclature and classification of these minerals have been distussehy
years(Grim,1968) A <c¢l assi fication is proposed by
(Martin etal., 1991) A discussion about clay minerals classification goes beyond
the purposes of the thesi®wever, dieto its importancea brief description of
clay minerals has been reportedhippendix A
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Table 1. Classification of planar hydrous phyllosilicates.

Layer Octabedral
1ype Interiayer matenal' Group characier Specics
I:1 None or H,O only Serpentine- Trioctahedral Lizardite, berthicrine, amesite, cronstedtite,
(x~0) kaolin nepouite, kellyite, fraipontite, brindleyite
Dioctahedral Kaolinite, dickite, nacrite, halloysite (planar)
Di-trioctahedral ~ Odinite
2:1 None (x ~ 0) Tale- Trioctahedral Tale, willemseite, kerolite, pimelite
pyrophyllite  Dioctahedral Pyrophyllite, ferripyrophyllite
Hydrated exchangeable Smectite Trioctahedral Saponite, hectorite, sauconite, stevensite,
cations (x ~ 0.2-0.6) swinefordite
Dioctahedral Montmorillonite, beidellite, nontronite,
volkonskoite
Hydrated exchangeable Vermiculite Trioctahedral Trioctahedral vermiculite
cations (x ~ 0.6-0.9) Dioctahedral Dioctahedral vermiculite
Non-hydrated True (flexible)  Trioctahedral Biotite, phlogopite, lepidolite, etc.
monovalent cations mica Dioctahedral Muscovite, illite, glauconite, celadonite,
(x ~ 0.6=1,0) paragonite, etc.
Non-hydrated divalent Brittle mica Trioctahedral Clintonite, kinoshitalite, bityite, anandite
cations (x ~ 1.8-2.0) Dioctahedral Margarite
Hydroxide sheet Chlorite Trioctahedral Clinochlore, chamosite, pennantite, nimite,
{x = vanable) baileychlore
Dioctahedral Donbassite
Di-trioctahedral Cookeite, sudoite
2:1 Regularly Variable Trioctahedral Corrensite, aliettite, hydrobiotite, kulkeite
interstratified Dioctahedral Rectorite, tosudite

(. = vanable)

' x 15 net layer charge per formula unit.

Table 2. Classification of non-planar hydrous phyllosilicates.

Layer Modulated Linkage Unit layer, Traditional
ype i < sin § value affiliation Spocies

A. Modulated structurcs
1:1 laver  Tet. Sheet  Strips 7A Serpentine Antigorite, bemenitite _
Islands TA Serpentine Greenalite, caryopilite, pyrosmalite,
manganpyrosmalite, feropyrosmalite,
friedelite, mcgillite, schallerite, nelenite

Other None None
2:1 layer  Tet Sheet  Strips 9.5A Talc Minnesotaite
125A Mica Ganophyllite, eggletonite
Islands 9.6-12.5A  Mica‘complex  Zussmanite, parsettensite, stilpnomelane,
ferrostilp 1 ferristilpnomel.
lennilenapeite
Other 123A None Bannisterite
14 A Chlorite Gonyerite
Oct. Sheet  Strips 12.7-13.4 A Pyribole Sepiolite, loughlinite, falcondoite, paly-

gorskite, yoforticrite

B. Rolled and spheroidal structures

1:1 layer None Trioctahedral - Serpentine Chrysotile, pecoraite
Dioctahedral — Kaolin Halloysite (nonplanar)

Figure 2-1. Nomenclature and classification of clay minerals, Copyrigftie Clay Minerals
Societp(Martin et al., 1991)

2.2. Clay-water interaction

The peculiar behaviour of clay when mixed with water dependslan
minerals structure and the high surface area of part&eslready shown i@.1,
the surface of clay minerals composed of oxygen atoms or hydroxyl gveu
and excess electrons can arise from cations substitution in [@tice, 1968)
By this way, hydrogen covalent bondan form between particle surface and
water molecules, due to polarity water The totality of the negative electrical
layer on the surface particles and the positileetecal layer in the adsorbed
water is called electrical double layer.
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2.2.1. Diffuselayermodelsand clay particle associations

In the simplest model, electrical double layer can be represented as composed
of only two plares where all the electrical potentialullifies, proposed by
Helmholtz as reported byaunovic and SchlesingeR006 (Figure 2-2a).
However,due to counteions adsorption on particle surface, the couidns
concentration is higher on the surface and lower in the bulk of solution. This
causes diffusive force of coaterions towards the bulk solution, so that
concentration of countaons is maximal near particle surface and decreases with
distance. Moreoverdue toelectrostatic repelling force of surfadbere is a
deficiency of ionsof the @ame sign othe surfa@ charge around the laydrhis
is called diffuse layer modelcalled GouyChapman model as reported by

Paunovic and Schlesinger (2006)nd it 6s repr esdigureed s chema
2-2b.
a) b)
I/H:‘-|Ll | +“I I/H:‘-|Ll
e R '/:;I
= o o B (+) ; }
\_ Ir:ifl L - L ) 1
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Figure 2-2. Diagrammatic sketch of electricdbuble layer. (aHelmholtzmode| (b) diffuse layer
model

The exact distribution of ions as a function of distance from the particle can
be derived from electrostatic and diffusion theory. As concentratiergléttric
potential is maximum at the surface and decreaspsnentially with distance
If the double &yer is created by adsorption of potentiatermining ions then the
electrical potential{l, is expressed by Nernst equati(#il) and at a certain
temperature Tit depends only on concentration of these iortsuik solution, ¢
andthe valence of ions:

QY o .

|1 A AA@ng— 2
00 & | Q'Y @D
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wherekg is the Boltzmann constant awcglis the concentratioat zero point of
charge wheru =0 (van Olphen, 1977)As reprted byvan Olphen (1977)for

small potentials at surfaceedistribution of electric potentialgi ,with distance

X, from particle surface can be expressed as:

AopPQw 2-2)

where k is a constaimversely proportional to dielectric constant of the medium
These equations show that gy the counteion valences and concentration,
lower is the electric potential and the diffuse layer is more compressed.

When two particles approachue to their diffuse countéons, there is a
repulsive force between them and work is required to mimge ¢dwo particles.
However, also attractive forces exist, and flocculation demonstrate their
existence. These forces are van der Waals attractroesfoAccording tos/an
Olphen (1977) these forces are equal to the sumalbfthe attractive forces
between every atom of one particle and every atom of the other partickhis
summation lead to a less rapid decay with distance. Indeed, while van der Waals
attractive force between two atoms is inversely proportional teetrent power
of the distance, it is inversely proportional to the third power of distance between
two spheical particles(van Olphen, 1977)The attractive force is basically
independent on solution, while repulsive #saepend on ion concentration and
ion valence As ion concentratiordecreasesas showrfigure 2-3 from a to c,
suspension behaviour changes. In @agéich refers to aighion concentration,
if two particles come in contadjtractive forces are dominant, and flocculation
occurs. In asec, at high distances, repulsive forces are domiremd particles
donodt fl occul at e; however, at much | ower
dominant and coagulation takes place. Indetn sections that represent leng
range repulsions are calldde ner gy barri erso and particl
Abarriero are said t o (vin®Dipenld7/)Caspkd over t
represents an intermediate and unstable state.

10
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X X X
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Figure 2-3. Representation of double layer reputsiorces (kep) and attractve van der Waals forces
(Far) with distance

A more complex model for diffuse layer is the Stern model, that is a
combination of Helmholtz and Go«ghapman models(Paunovic and
Schlesinger, 2006}t assumes thaobme ions are restricted to a very small plane
close to the particle surface (as the Helmholtz model) which cause a strong
reduction of electric potential, while other ioase distributed in the solution, as
Gouy-Chapman model.

Themodels showrin 2.2.1can be applied to all suspensiohtsthe case of
clay, the electric double layestructure is ma¥ complex due to clay mineral
morphology On the flat surfacea net negative charge due to ion substitution
occurs. he compensating cations between deyers try to diffuse away in
presence of water due to lower concentration, whiley tlare attracted
electrostatically to the charged lattice. These compensating cations act as
counterions of the double layethey are exchangeable for other cations and are
confined in a narrow space between dayter surfacesDue to the large
adsorpton force betweenlattice and counteions, conversely to other
suspensions, a large portion of cousitars is located on the surface while a
smaller one is in the diffuse layewith a better accordance to Stern modx
the edge surface, due to the adtrdisruption otetrahedral and octahedral sheets,
primary bonds are bken. It is likely that a positive double layer is creatsi
on the edge surface.

Because of the platé&ke morphology, when particles flocculate, three
different particle associatins may occur: Kz to Face (FF), Edge to Face (EF)
and Edge to Edge (EE).

11
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Figure 2-4. Schematicepresentation of types of clay particle associations: (a) Deflocculated ar
dispersed; (b) Deflocculated and aggregated;E€ flocculated and dispersed; (d) EE flocculated a
dispersed (e) EF flocculated and aggregated (f) EE flocculated and aggie@teE and EF
flocculated and aggregatefizan Olphen, 1977)
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Due to different double layers, their interactairanges in dependence of the
kind of particle association. At the same time, due to different geometry,
summation of van deiVaals forces changand, by consequence, the attractive
force. As reported bywan Olphen (1977)EE and EF associations lead to

agglomerateshatc an be <call ed Afl ocso, whil e FF
faggregateodo; dissociation of EE and EF pal
FF separation in thinner flakes can belcald A di sper si ono. Thi s

suspension can be flocculated and dispersed or aggregated but deflocculated
(Figure2-4). Modes of clay particle association affect rheological behaviour of
clay suspensiondn the following setion, a brief explanation of rheological
behaviour of suspensioasdthe influence of flocculation will be presented.

2.2.2. Rheological properties of clay suspensions

Given a unit cube of matter with a fixed lower surface named reference
surface, if a sheatresst is applied on the top surface, there is movement of the
top layer in the same direction. The layer below moves in the same direction with
a lower velocity and so on, which results in a velocity gradient in normal direction
respect to shear stressatition. This gradienis called rate of shear, D, measured
in sect. The rheological behaviour can be described by a relationship between
shear stress and the rate of shéénen they are related by a linear relationship
passing through origin, the fluid caled Newtonian(2-3). The constant of

12
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proportionality is called coeffient of viscosity or brieflyiscosity h, whose
physical unit, in the International System Psiseuille (Pl), equal toRasec.
Water viscosity at 20 °C is fPI, equal to 0.01 poise, another commonly used
unit.

t HO (2-3)
Dilute suspensions behave as Newtonian fluidbe ratio between
suspensiorviscosity, h, and liquid medium vigosity, ho, is calledrelative

viscosity of suspensiph,, and can be related to the amount of dispersed solids
with a theoretical relation derived by Einsteis raported byan Olphen (1977)

h p Q6 (2-4)
whereCs is theconcentration of salis by volumendE, is a constant equal
to 2.5 for spherebut it is much larger if particles are anisometric as plates or

rods. The relation is valid only for suspension dispersedigh so that particles
(large compared to molecules of medium)@dn i nf |l uence one each ¢

If solid concentration is high enough that interaction cannot be neglected,
these formulas areno longer valid. Indeed;oncentrated suspensions behave as
non-newtonian fluids. Examples of narewtoniarbehaviours are representin
Figure 2-5. In such systems, at each point, tugparent viscosityt/D, and
differentid viscosity(or plastic viscosity, dt/dD, can be defined.

Q - / (%Y
5 ~/ 2 e
7 / -
ff / Y 8 T
1S / 7/ § T __—
QL e 4 = = — /
© '/ 7} _ = _— .
/ / 4 - — 7
7 b T —
/ / 7 B /
’ / /(/ ) / -
/
/ / ) / -
! —
- / —
1, shear stress t rate of shear D
——  Newtonian ~ — — — — — — Bingham plastic
— - — - — Shear thickening --------ssssemeeoaas Bingham pseudoplastic
—— —— —— Shear thinning

Figure 2-5. Rheological bleaviour in laminar flow

When both apparent and differential viscosity increase with shear stress, the
flow is defined asdilatant or shear thickeningIn the opposite, when both
apparent and differential viscosity decrease with shear stress, it isddaBne
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shear thinning Thickening and thinning behaviours can be described by a power
law model(2-5), where K and n are two constants. K14, it is shear thinning,
with n> 1 it is shear thikening.

t 00 (2-5)

If no flow occurs below a threshold shear striesslefined agield stress
and differential viscosity decrease till a constant vaklere t-D relation
becomes linearit is called Bingham pseudoplastic flonExtrapolating the
straight line to low shear rates, an ordinai€called Bingham yield stre3ds
obtained This linear behaviouis calledideal plasticflow or Bingham plastic
flow, described bgquation(2-6).

t t Ho (2-6)
t t 0O (2-7)

A

A shear thinning behaviour with an initial yield strelgssi t 6 s al so possi k
and there are different models whidn describe this behavigas the Herschel
Bulkley which simply adds a yield stress to power m@a4)). It is worth noting
that this representation of rheological behaviounrify valid in laminar flow,
whereasturbulent flav occurs at high shear rateand behaviou is also
determined by inertia forces.

These properties can be also dependent on shear historlesarthgtime.
When apparent viscosity decreases with shearing time, it is taikedropic at
the opposite, ibpparent viscosity increases witrearing it is calledrheopectic

Some models can be used to predict the viscosity of a concentrated
suspension, as the Einstein model for dilute suspen&et)sAn example is the
KriegerDougherty modelKrieger and Dougherty, 1959n which G, maxis the
maximum solid concentration by volumehile [h] is theintrinsic viscosity of
sugpension As reported bytruble and Su(1995) it takes account for the effect
of individual particle on viscosity.

h p 5 : (2-8)

2.2.2.1. Rheological behaviour of clay suspensions
The flow behaviour oflilute andconcentratectlay suspensionss of the
Newtonian andBingham type respectively Indeed, flocculated particles are
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linked together, thus a certain yield stress is developeel behaviour can also
be thixotropic.

Particle association presented 222.1 affects the behaviour o& clay
suspengn. In a diluteclay suspension, viscosity increases if flocs are formed by
EE and EF association, while it decreases when FF association occurs. In
concentrated clay suspension, the comtusiwcardhouse structure given by EE
and EF associations withindhtotal volume leads to a Bingham behaviour.
However, yield stress is reduced when FF association occurs simultaneously due
to the lower links in the cardouse structure.

In a pure water suspsion, double layers are developed enough to prevent
particle &sociation by van der Waals attraction but, thanks to the opposite charge
of edge and faces that exceeds the FF repulsion, EF association occurs witha T
shape, leading to relatively high visdgsn dilute systems and high yield stress
in concentrated sgems.Salinity of water does affect the association and, by
consequence, rheological properties. A low concentration of NaCl can lead to a
compression of the double layer, diminishing both Efaetion and FF
repulsion, leading to the breakage of theddawuse structuranda reduction in
yield stress and viscosjtyrespectively in concentrated and dilute clay
suspensionsHowever, at higher salt concentration, due to further compression
of double layer, van der Waals attraction forces between EE aras$&d€iation
enhance and the calbuse structure is more likely to occur, leading to an
increase in viscosity and yield stress. At very high concentrations, yield stress
candecrease again, mag/ldue toFF associatioly which card structure links
are redeed. However, these effects depend on clay mineralogy an@géktis
way, flocculation or deflocculation can be fostered. There are cases in which a
suspensionmust be fluid enough to be poed, but with a rather high
concentration. In such a caselower viscosity and yield stress can be obtained
by deflocculating the system by breaking EE and EF associatibisscanbe
achieved by reversing positheglge charge, determining an EE and &gutsion
(van Olphen, 1977)

In soil scienceclay-water interaction is simply defined via Atterberg limits
which represent conventional boundary water contenbetween sadl-plastic
state plastic limitwp, and plastidiquid stateJiquid limit wi, whose difference is
defined aglasticity indexlp=wi-wp. These index properties are determined by
means of standard procedures and are used for classification of fine godisied s
(ASTM, 2006, 2005)The state is defineda the consistency indeb=(wi-w)/lp,
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andliquidity index |=(w-wp)/l,. Even if the liquid limit is conventionally defined

via Casagrande method hasbeen shown that it can be related to a specific
undrained shear strengtthat isthe water content at which undrained shear
strength s,, of the remoulded solil is equal to 2 kF5TM, 2005) Indeed, the
liquid limit can be obtained also via the fall cone test, which allow to determine
the undraind shear strength of a soil and it is standardized and preferred in many
countries(Houlsby, 1982; Koumoto and Houlsby, 200L)quid limit can be
assumed as the water content at whicb0& 60 g coneenetrates 10 mm
corresponding to (s2 kPa Indeed, undrained shear strength,, scan be
determined as

0 W
T
Where h is the penetration depth, W is the weight ottmeand K is he
fall cone factor, as defined hyansbo(1957) which depends on cone geometry
and roughnesss shown biKoumoto and Houlsb{2001) and it is equal to 0.30
for a 60° semrough coneThe relation between ater content and undrained

shear strength is nonlineaas shown byKoumao and Houlsby(2001)which

propose the relatiorf2-10), linear in log(wjlog(s) plare, where pis the
atmospheric presseir

i (2-9)

A
0 @ — (2-10
n

They also suggestfall cone undrained shear strengtithe liquid limit equal
to 1.4 kPaThe liquidity index and the undrained shear strength can be related to
rheological properties of clay summsions.Indeal, Locat and Demer$1988)
show that agood relation exists betweeriscosity andliquidity index for
different clays. They observe bothBingham and Bingham pseudoplastic
behaviour; as expectedn ancrease in|lleads to a reduction of viscosity and
yield stres. The authors idgtify a good réation between viscositgin 102 PI)
and L, proposing equatiof2-11). About yield stress, not a unique relationship
with I. seems to exist (converging at lower liquid index), but thay identify
a range. However, for eachilsoLocat and Demerg1988) find a linear
relationship between log 1 log s.. They also propose a relationship between s
and L (2-12), whose expression is similar (&-10).

o x °

o

(2-11)
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pay ®

(2-12)
(@)

2.3. Bulk propertief soil slurry
The soll, in its initial state, is a multiphase material cosepoof solid, liquid
and gas phasedowever, in the production procesfthe lightweight cemented
soil, it is mixed with water at high water conteaboveliquid limit, to obtain a
slurry. The initial stuctureof the soil is disruptedparticles are dlited, and a
suspension is obtainedhus, slurry properties areat least theoretically,
independent of initial conditiorf there is no air entrapped, then there is no gas
phaseThe subscript fde rsafperradecttathpdlid ifils,0 whi | ¢
phase of soilWith 7 and6 respectively the weight artie volume of solid
soil and7  the weight of water in the slurry:

(2-13)

¥ (2-14)

8-| e g.| c-

wherews is the water content of soil slurrWus is the sum of initial water in
soil and the water added to obtain a specifidience:

w p U W (2-19)
If the absence of voids and air entrapped is assutimet

W W w 0w

(2-16)

P L
& p 0 &0

where” v is the desity of water.Figure2-6 showsthe percentageof mass
and volumes i soilslurry forwe= 1 4 0 % <2.69dy/cry.
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100 —
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0

Weight Volume
Figure 2-6. Percentages of mass and volumsaii slurry forws= 1 4 0 % <2259 [g/gn]

2.4. Summary

The behavior ofclayey soil suspensios) the main constituent of the
lightweight cemented soil, has been described in this sedilun.claywater
interaction strongly depends on clay mineralogshich has been briefly
describedn Appendix A the interaction between water and clay particksbe
modelled by means of diffuse layer theoay macroscale, the behavior can be
modeled as a Bingham fluidepending on clay minerals, dilution (i.eat®r
conten} and salts concentration different particle associations can occur, thus
affecting the rheological behaviof clayey suspensionRheological properties
(i.e.yield stress and viscosjtgan be related tpropertiesand state parameters
commally used insoil sciene, such as liquid limit and liquidity index.
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3. Cementand foam

The lightweightcemented soinethod requires the addition of two additives
to soil slurry: cement and &n.The former is the binding agent, required to have
the hardening of the pastee. to gain strengthA summary of cement
classification is reported belowlrhen, the main chemical compounds and
reactions are presented. Finally, the structure and theretif phases in the
cement paste are widely discussed due to their considerable importance on
lightweight cemented soil bulk propertiésam is a dispersion of bubbles in a
surfactant solutionlt is added to lower the density, thanks to bubbles entdappe
in the fresh paste during mixingnd to enhance workabilitfhe main properties
of foam and mechanisms fafam stability arediscussedhn this section

3.1.Cement

Portland cement, named for resemblance of hardened paste to the Portland
stone (a limestonesar Dorset), was patented by Joseph Aspdin in 1824, but the
prototype of modern cement was made in 1845 by Isaac Jotieaiie, 2011)
NowadaysPortland cement represetite category defined as CEMih which
its percentage has to be higher than 96%ments classéd a CEM Il are blend
of Portland cemenwhichis the main constituent) with other materials, such as
blast furnace slagilica fume, pozzolana, fly ash, limestone. More generally they
can be referred to as blended Portland cemBlestfurnace cemesitpazolanic
cements and composite cementsdassified as CEM lll, CEM IV and CEM V
respectively They differ from blend aments in terms of percentagesr f
example, if blastfurnace slag percentage is below 35%, it is classified as CEM Il
Portland shg, f above, it is classified as CEM IBlastfurnace cementThe
threshold in pozzolanic cements is 11@amposite cements are composed of
different materialsA letter, such as A, B or @ydicates that the amount of added
material is within aspecific range while for CEM II) a letterspecifies the
additional materialsuchas P for pozzolana anddr LL for limestone

Cements aralso classified in terms of minimum compressive strength in
MPa at 28 days, which gives the name to the class; 82.552.5. These classes
are subdivided in sublasseslepending omarly stage strengtihoseminimum
valuedepends on theesistancelass. Cementsith ordinary early stage strength
are classified aslormal hardeningand denoted by letter N, whilements wih
higher early agare classified aRapid hardening cemengsd denoted by letter
R.
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3.1.1. Chemical composition and hydration reactions
The cements manufactured primarily by burning up to 1450 °C a mix of
calcareous material, such as limestone atlglandalumina and silica found as
clay or shaleand grinding the resulting clinkelhese raw materials consist
mainly of lime, silica, alumina and iron oxide.

The main components of cement asammarizedn the following list The
name of compound, cguosition and abbreviation are reporteth cement
chemistry,the following abbreviatios are commonly used: CaO=C, Si3,
Al203=A, FeOs=F, H:O=H.

q Tricalcium silicate 3Ca0SiO:[ &
§ Dicalcium silicate 2Ca®iO,[ &
{ Tricalcium aluminate 3Ca@®Il,0s[ CzA
 Tetraalcium auminoferrite 4Ca@®l.0:&ke0s [  JA&F
It is worth noting that €S can have at least three fornis:b ando . The

f or me®S, U nveGS at 1450 C.bThis form, that is the one

hydraulically active, is preserved in commercial cements, oteerwifurther

change t@S ab670° CThe composition of cement can vary a lot, but the

first two compounds usuallyonstitutearound 70% by weighThey can contain

some oxidesandi mpur i ti es. I n this <case, t he fiin
defined a alite and belite, respectively.

Minor compounds, in termsf @uantity, such as O, NaO, MgO, TiQ,
Mn2Os constitute usually no more than a few per cent, but they can be of interest.
The first two are known as 0 aithls@aei so and
aggregates leading to disintegration of concreteienchte of gain of strength
(Neville, 2011) Gypsum (CaS@RH.0) is also presenit is fundamentafor
workability of fresh pasthat isrelated to hydration of tricalcium aluminates

The setting time is dmed as the time at which the cement pastanges
from a fluid to a rigid state, losing workability. Trasiffening process is called
Asettingo. Il ni ti al and fi nalthascanbei ng t i me
determined via the Vicat need{&STM, 2008) Hardening,which must be
distinguished by setting, is the gain of strength of a set cement patiteg and
hardening of cement paste depends on the hgdraif these compounds,
primarily GS and GS, and their productspfoducts of hydrationthat are
insolublein water.
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The hydration process develops in time and its rate decreases corinuous
The rate of hydration of the main compounds differ considgra@alcium
aluminates reactions are faster than calcium silicaeiumsilicatehydration
reactiors can be assumed as the followirghere GS;Hs is a lower basicity
calcium silicate and limdas separated asalcium hydroxide(portlandite,
Ca(OH).

¢8 'Y ¢O0 8°YO ab O €
¢6"Y TOO §°YO 8 b0 @2

The hydation of C3S is faster than £5; rate d reaction can be defined as
moderate and slow, respectivelihe product @Hz is usually referred a8-S-
H gel. Indeed, there are uncertainties about the actual C:S ratio, and it is likely
that products of €S and GS are slightly differentso the reawns aboveare
derivad by an assumption about CSH composition. The CSH isreefer as gel
because it appears as amorphous,dierttron microscopy shows a crystalline
characterlts structure is very disordered and can appear ofteomposed of
fibrous or flattened particles as some clay minera¢s suggested byaylor
(1950) In initial state of hydration, aicium hydroxide forms thin hexagonal
platesof tens of mcrometres. Later, the plates merge into a massive deposit
constituting up to 25% of hardened paste.

Portlandite particleproduced by hydration afalcium silicates, due tthe
limited solubility, are formed within interstitial space and, with a continuing
supply of moisture, can react with silitlaus producing additional hydration
products of a fine pore structu(@ewman and Choo, 20Q3}\s reported by
Bergado(1996) portlandite can react in saiement stabilization, and reactions
namely pozzolanic reactionsgan besummarizedy the followingequations:

0w O YO JYD (3-3)
Ow 0 0060 ©600 (3-4)
These reactions depend on solubility of silicates and aluminates jn soil
however, as stated Bergado(1996) primary products of hydratiof8-1, 3-2),

are much stronger thahe secondary ones, which produce a further additional
cenenting substance enhancing the bond strength between patrticles.

As already pointed out, the hydration of tricalcium aluminate is faster than
calcium silicateslf sulphatesare absent, its hydrationdds to initial formation
of calcium aluminium hydrateZCsAH 19, and subsequently:8He (Black et al.,
2006) the chemical reactiocan be assumed as the following
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00 @0° 600 (35

In absence of gypsum,ithreaction would be very violénproducingheat
due to the exothermic nature of reactiteading to thelash set that is the
immediate stiffening of the past€arbonation of calcium aluminium hydrate
leads to formation of calciurhemicarbonaluminate, ¢82CH24, and calcium
monocaboaluminate, @GACHz11, (whereC is the abbreviation fo€0s) observed
by Black et al.(2006)characterized by peaks inRay diffractiort at 10.75° and
11.65°, respectively.

When gypsum is presentg&reacts with water an&Qy? forminga calcium
trisulphatealuminate 3Ca@CaSQA2H,0 (3-6), theettringite, which ats as a
coatng on GA. When S@?goes through it, an expansion occurs, theiogas
disrupted,and another coeg is formed; this process goes on till exhaustion of
SQOy2. When allthe sulphatenas been consumedhetremaining @A reacts with
ettringite forming3CaOaSQA2H,0 (3-7), known as monosulite which
can reverse again in ettringite if it comes in contact with otiidphats in
solution (Marchese, 2003; Newam and Choo2003) Hydration of GAF is
believed to be analogues taAC but slower.

66 a6 Y 0d&° o6 6B Yo O (3-6)
60 WONID O cHd TOO 06 6B NP & 37)

It is worth noting that the presence o0iACis undesirable in cement, but
necessary in the manufacturipgocessbecause it acts as a flux, reducing the
burningtemperature of clinker and facilitatitige combnation of lime and silica.

In the hardened paste, it gives a negligible contribute to strength, and if attacked

by sulphats, the expansion due to ettringite formation can cause the disruption
of the hardened paste.

Setting is due to theompounds which et first, i.e., GA and GS. Due to
gypsum, GS sets beforeconversely, a porous framework of calcium aluminate
hydrate would formin which theremaining compounds would hydrate affecting
negatively the strengthahr act er i st i c Rlses@®@ometciumes att h e aii l
mixing time. It can be due to dehydration of gypsum during the manufacturing
of cement, which leads, when mixed with water, to formation of crystals of
gypsum causing a loss in workability. Howeveiithout adding any water,
workability can be improved by remixing the concrete.

The XRD analysis iglescribed irAppendixB.
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3.1.1.1. Temperature effects on products of hydration

The progress of hydration of the cement paste can be studied via
thermogravimetric analyses aneray diffraction, especially in thearly stage
(Neville, 2011) These methods are brigtxplained iPAppendixB. As reported
by Alarcon-Ruiz et al.(2005) many authors have described reactions occurring
at different ranges of temperature. From 8A®5 °C almost all the evaporable
water and part of the bound water escapes. It is considereal tdraperature of
120 °Cisrequired to remove all éhevaporable water. In the range of temperature
that goes from 110 to 300 °C, the loss of water conabinéydrates take place.
More specifically, between 11070 °C, decomposition of gypsum and ettringite
and part of carb@aluminate hydrates occur. Decpasition of GS-H and the
remaining carb@luminate hydrates take place between 180 and 300 °C.
Decompaition of portlandite usually occurgtiveen 450 and 550 °&s reported
by AlarconRuiz et al. (2005) butLothenbach et al2007)observed a slightly
lower range on CEM II/ALL 425 R (with w/c=0.5) with a peak at 45Q.
Lothenbach et a[2007)also observe, on the same cement paste, dissohiftion
calcium monocarboaluminate at 650 °Enally, between 700 and 900 °C
CaCQ decarbonation takes place.

3.1.2. Hardernng and hardeneplaste structure

Hardening ighe development of strength in et paste and it idue to the
almosttotal reaction of cemertompounds in hydrated fornilarchese, 2003)
Cement pae is constituted o matrix composed ofery small (in the oder of
nanometres) interlockingrystak of calcium silicatehydrates which can be
described as geilh which other compounds such partlandite, aluminates and
aluminaferrites minor compoentsandunhydrated cememtresubmergedThe
cement paste igorous due to voids left by hydrated water and the wglted
spaces. Thus, thesapillary porescan be either empty ditled with water. The
gel matrix itself is porougporosity of gel is around 28%and the interstitial
voids are calledel poreswith a nominal diameter of 3 nm while capillary pores
are one or two orders of magnitude larger.

It is worth noting that because of the colloidal dimension of products of
hydration the surface area of the solid phase increases enormously, and a large
amoun of free water becomes adsorbed on this surfintkeed a fraction of
water ischemically combined watea portion is held between the surfacegedf
sheets and it is dad interlayer or zeolitic wateand another fraction is held by
surface forces ahit is calledadsorbed waterThis water is not free water Sb
the material is seal cured (ix@ outward or inward water flowccurs)cement
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compounds use up thenixing water and water content decreases; this
phenomenon is known aslfdesiccationlf the available water is not enough (a
water to cement ratio by weight lower than 0.5, approximately), hydration rate in
a seal cured paste is lower than a moist curecepaAstmuch higher water to
cement ratio leads to a much porous paste, decreasiatyehgth

The actual source of the strength of cement gel, which includes also
portlandite crystals and gel pores, has not been fully understood yet, but it is
probably réated to two different cohesive forc@seville, 2011) The first one is
a physical attraction due van der Waals forces between the particles that have
a very large surface area. The second one is due to chemical bonds between
particles.

3.1.2.1. Rapid hardening cements

Rapid tardening cements differ from normal hardening because of the
relatively higher eayl stage strength. Rapid hardening must not be confused with
high rate of setting which is usually the same of normal hardening cements. The
increase rate of hardening is ained by a higher amount o§¥, up to 70% and
by a higher finenes@dNeville, 2011) Higher strendt usually persists at 28 days
and it equalizes at 2 or 3 months. Later, the strength becomes lower than coarser
cements. It Sshoul dnot be wused in || arge
development related to the faster rate of hydration. iiga ealy strength
cements are also manufactured but they are not standardized.

3.1.3. Effect of alkalis
As already pointed out, the minor compounds can a#fggtificantly the
cement paste. In first place, they affect alkalinity of fresh cement paste, which
has normdy a pH above 12.5 but it is highereements witthigh alkali content.

They also affect the development of strength. These effects are ryot full
understood yet, but generathe presence of alkali increases the strength at early
ages (around 3 days)tlecreases the lortgrm strength, as shown in some tests
at 28 dayuring.

Alkali can also react with some aggregates, as with silica andnzagso The
former is the most common. Alkaline hydroxides in pore water react with
siliceous minerals in aggyates forming & alkali-silicate ge] with a rate that
depend on aggregate siZEhis process is enhanced by the high pH which
increase silica merals solubility.The gel can constitute a plane of weakness in
the aggregate, or it can be a @ogbn the ggregate, altering the bonds between
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the surrounding cement paste and the aggregate surface and by consequence
weakening the structure. Moreovéeing a swelling gel under imbibition, its
expansion can lead tcracks and disruptiom the hardened pastaui@ to the
consequent internal pressure. These reactions seem to occur only in presence of
Ca? ions, sothey can be prevented by adding pozzolanahe mix which
removes Ca(OH) Converselya large water availability, high permeability and
wetting-drying cycles accelerate the prose3he other phenomenon, alkali
carbonate reaction, occurs when alkalis react with some dolomitic limestones;
the volme of gel produced is lower than original and then it is subject to swelling
under humid conditions. his leals to a breakage of bonds between aggregate
and cement paste. Howeyeeactive carbonate rocks are not vengespread,

ard this phenomenon is hékely to occur

3.1.4. Fillersand limestone Portland cement
Fillers are fineground material with uniform propés and fineness (about
the same as cement) which can be added up to a certain maximum togeaent
beneficial effects on some properties of conceetehas workability, density,
permeability, bleedig or cracking tendency. They are usually chemiat,ut
if no harm derives from their reactions, there is no disadvamagsing them
They can be either naturally occurring or processed inorganic mineral materials.

One of the most common fillerlisnestone anddifferently from other fillers
(usualy limited to 5%), it can be added up to 35%. This cement is known as
Portland limestone cemerib{ exampleCEM II/A L, CEM II/B-LL). The CaCQ@
has to be the main constituent of the limestone, above Whie clay content
has to be lower than 1.2 g/ 1§@Newman and Choo, 2003}arbonate calcium
is not chemically inertAs reported byNeville (2011) Zielinska(1972)showed
that it reacts with GA and GAF to produce 3Ca@\l.0;CaCQ11H0.
Limestone fillers can also be used in sgimpacting conete to aid cohesion in
fresh concrete

3.1.5. Rheology of fesh paste
The rheology of fresh concrete is an important topic in concrete technology
because it is strictly related to workabilignd consistency which have
gualitative meaningThe AClI Committee (2008) defined workability as the
fiproperty of freshly mixed comete or mortar that determines the ease with
which it can be mixed, placed, consolidated, and finished to a homogenous
conditiord, while consistency is definexbthe fidegree to which a freshly mixed

concrete, mortar, grout, or cement paste resists defiorma and it can
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normal, plastic and wettest stabl®ther words are used to describe flow
properties of concrete such as stability and mobility. These piepeare
obviously related to rheological propertiast, according td-erraris(1999) this
terminologyshould be tcarded in favour oparameters which have physical
meaning, as viscosity and yield str¢2<.2. Indeed, theheological behaviour

of concrete is often assumed as a Bingham,fttegcribed with Bingham plastic
model which equires two parameters. However, the most common tests measure
only one factor which iselated to these propertie& few tests can give two
parameters which are not necessarily directly related to yield stress and viscosity.
They are more expensive andtreasy to perform, so they are not commonly
used. A summary of these tests is reportgdrerraris(1999)

The rheological properties of cement paste can be also related to the
concentration of the suspensidndeed, he fresh cement paste is a highly
concentratesuspensionof solid particles in water(Banfill, 1991) whose
behaviour at initial stage,is very similar to unreactive silica suspensions
(Chougnet et al., 20083s well known, workabilityncreasesvith increasing w/c
ratio, i.e.decreasing concentraticthus decreasingeld stress and viscosiths
observed byStruble and Suii1995) the behaviour tends to be Newtonian in
dilute suspension angseudoplastic oBingham pseudoplastic in concentrated
suspesions so that viscosity decreases also with shear sti@sgheir
experimental work,Struble and Sun(1995) find the strain ratei stress
relationshipto be best fitted by a power 18&+5) and they suggest that viscosity,
at a specific stia rate, can be fitted by thi€riegerDougherty mode{2-8) with
Cs,maxvarying from 0.64 to 0.8 andh] varying from 4.7 to 0.8 at increasing shear
rate They also nd that viscosity varies from 5 to 0.01 PI, depending on water to
cement ratidby weight (w/c), type of cemeniadditivesand strain rateChougnet
et al.(2008)find that viscositydecreasewith shear strain, varyinffom 10 to
0.03PI forw¢/c=0.5 and from 60 to 0.3 favc/c=0.3. They alséind that the yield
stress (assuming a Bingham plastic behaviour) ranges from 200 Ra 40
increasingwd/c. However, assuming a ndinear model to fitdata, they findo
to be one order of magnitude low&idure2-5). These rangeare inagreement
to the values reported [Banfill (1991) that is 18100 Pa for yield stress and
0.0%1 PI for viscosity.

3.1.6. Bulk properties of cement paste
Theweight and absolute volume of anhydrous cement (i.e. the cement added

to the mix as a powder) will beermed7  and 6 j, respectively The iso
superscript implies that the volume refers to the volume ofdlé ghase. The
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super scr i pt forithe terms that neferto unhgdeatd and anhydrous
cement because they aReferemgtwolumedfjeieg t o a nd
the cementapowder,he superscript Adsymbolielas be used
to the volume of the solid phas¢encethe specific weighof the cement powder
is defined as:
"R w—h (3-8)
Wp

Given thewater to cement ratio bweight,%:vv\\//—v”, with W, . the water
Cc, a

initially added to cemenif air entrapped is neglected, the weight and volume of
cement suspensiorgspectivelyW, andV., are

. . . v
w Wi W p g W p (3-9)
W W W (3-10

whereV,, .is thevolume of water added to grout.

In the mixure, ata generic timet, a portiorx of the anhydrous ceme, ,,
combi nes with wa fThe solidaproducts of ydratigmhode at e d .
weight isWg , cgn be assumed as the sum of the water chemically combined

whose weight i8V,, . ., ang the portion of anhydrous cement that is hydrated
This portion x of the  t ot al anhydrous cement can be
hydrated cement7y;. Thehressluwal pane thegumhtydraied

cemem, W, nn

Wi WRE O (3-11)
WRR o W NW ; p wwin (312
Wi WER WR (313

It is worth noting thatcorversely to unhydrated cememtater chemically
combined and anhydrous hydrated cement are not actually present in the cement
paste, but only their products loydration exist In terms of volumes:

(3-14)

Wi Orp OR (319
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When a portion bcement is hydrated, the cement paste is composed of

unhydrated cement, hydrated cemend aapillary pores
W Wy W ® (3-16)

The termVS  refes to volume of the solid phase of the cement that is still
not hydratedThe termV. , , Jeferssto the volume of capillary pores in the
cement pasteThe termV.  isythe volume of the hydrated cement ands
composed of water anckment. Inded, & reported byNeville (2011) only a
portion of water can be regarded as free watyond the range of surface force
while another amount is held in varying states. A fraction is chemically combined
waterwhereasanother amountof water is held between the surfaces of the gel
sheets and itdés called Ainterlayero or fz
surface forces and itoés called adsorbed
cement paste is denser thanefr@ater, ocupying a lower volume than the
volume occupied before chemical reactions began. Given that, the hydrated
cement can be considered as composed of solid products of hydration and gel
water:

W WEp W @17
W W (318

From(3-11):
Wh WER W F W (319

The remaining water iwithin capillary pores (which can be either filleith
water or empty) or held as gel water:

W W W (3-20)
V cap pores Vw cap pores@Nd Ve cap poredre respectively the volume of capillary

pores, the volume of capillary pores occupied by water and the volume of empty
capillary poresHence, théalance of mass anelmebecome

W Wy Wi W
(3-21)
W R W PR W R w w
W Wy Wp ®
(3-22
W W ® W @
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An example, given biXeville (2011) isshownin Figure3-1.

TAml
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Pores
70m Copiery
Water

3 Yerw
Empty Copslory
ores

Coplores

e m
woter
&0 ™ 240m
woter el

Myarated Cement
3
|
Hycratea Cement

20
Unirporoted
Corent

Figure 3-1. Cement pastcomposition at different hydration states fa=¥0 ml and =60 ml
(Neville 2011)

These amounts are not easy to determine. Therefasaggested bi¥eville
(2011) Itds more convenient to divide the
Afevapor abl e nswpombleowatér Aatording toNeville (2011),
t hendiwmaopor abl e wat er composed of almostraleaithe past e i
chemically combined water and some water not held by chemical bbhels.
Afevaporable watero can be regarded as fr.
phase ofcementpase ; t-eeafiooabl e water o tofan be con
solid phaseThis division ismplicitly assumed when water content is determined
based on laboratory standard procedure, in which samples are oven dried at a
specific temperaturelNon-evaporablewater can be related to the weight of

hydrated (anhydnes) cemenW,  yia a goefficient) :

| @
W | WRR | @p U . (3-23
w
&) O 5 ® &) ® § ® f (3-24)
. . . . | W
W p W W p W P 0 = (3-25)
&)

30



Chapter3

The coefficient U depends on ateche degr ece
cementUis around 18 % while in a full hydrated cement is around 23 %.

If Wue, nevis assumed as part of solid products of hydratioen:

Wi ewrp W F W §F W kR W ki
REWRR W oh W Rn | W rp P Rk (3.26
wp | Wy
W WE Wy WiE P OOF P | OWp (3-27)

This means that x=0, the solid phse of cement is equal to the initial amount
of cement powder added to the paste, while the solid phase of hydrated cement
is equal to zero. When x>0, they both increase due to the amount of water
combined.

It is worth noting that the anoat of norevaporale water has a considerable
significance. It isrepresentative of theprogressof hydration and the
measurement in time of this quantity can be used as a measure of the degree of
hydration in the cement paste, which is strictly relaetthe gainn strength.As
reported byNeville (2011) Powers(1958) and thenKhalil and Ward(1973)
found a linear relationship between the heat of hydratimhthe amourof non
evaporable wateBY this way knowing the heat of hydration, it is possible to
estimate the amount of n@vaporable watefrThe amount of no®vaporable
watercan be indiectly derived by measuring the amount of evaporable water in
a sample. Findy, if non-evaporable water is assumed as the amount of water in
gel, it can beassumed as the loss of waterhe range of temperature 350
°C (3.1.1.2 andderived fromtheinterpretation of a thermogravimetric analysis

The balance of mass becomes:
W W WHE W R W R (3-28)
The volume occupied hihe solid products of hydratiody; , is equal to the

sum of volumes of anhydrous cement and water less 0.254 of the volume of non
evaporable watgiNeville, 2011) Wi t #©0.254)= ( 1

Wi Wpf p TR U W j Wi W (3-29)
®w  Wj W
Wp  Wp [0 Wi (3-30)
Wi TR WEW
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This simply states that the volume of cement is the sum of solid volume of
initially added cement, the volume of rRemaporable water multiplied Hy(to
take accounbf the reduced occupied volupehe evaporable water and the
empty capillary pores developed during hydration. This also means that the
volume of pores in the cement pastg,,, is:

Wp W W f (3-31)
The unhydrated cement, the anhydrous hydrated cement and the non
evaporable water constitute the solid phase of the cement paste. The evaporable

water is the liquid phase. The empty capillarygszonstitutethe volume filled
with gasphase.

If shrinkageis nedected and the material is seal cyrdten the volume is
constant and equal to the initial volume of censarspensionf3-10):
» W © W wirr TR OE W (3-32)
Given (3-15) and (3-32), the volume of empty capillary pores can be
expressed as:

W Wp @ O Wip TR W f 333
w fwhg W j
Dividing equation(3-24) b y w: |
W Wi Wy (339
@ ®wE O F o f W §
, p 1| @ (3-35)
p T w h ” 9] -

W
This means that if no shrinkage occurs, the volumennce occupied by
water (due to hydation) becomes an empty capillary space occupied by gas
phase. This is enough to divide fifeasesn a cement paste at different hydration
degreestepresentedy x, that is a function of time.

A comparison between the two balasjcgiven by (3-22) and (3-30), is
carried out fora better understanding of the relations between the térnes.
volume of gel water can be calculated, accordingewille (2011, as aporosity
of hydrated cemen{3-17), ny ¢ |, approximatelyequal to 28 %:
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p

3

WH R

(3-36)

The gaphical representation of volumes in cement p&stel00 g of
anhydrous cement andAe=0.5 is reported ifigure3-2.

100 —

80 —

= 60 —
g
S
> 40 -

20 —

0

a
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Ve

G Y e
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W cap pores

e cap pores

s
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Figure 3-2. Graphical representation of volumé cement paste for 100 gasthydrouscement and
we/c=0.5 assumin®we,nev=Vwe oy &) X=0, Vea=VecunhandVawe=Vweey b) X=1, Vei=Vc volume balance

given by(3-22); ¢) x=1, Vcr=Vc volume balance given by equati®30).

When x=0 (a) (and no air is entrappadl)the cement is unhydrated and all

theaddedwateris fievaporablé water. When x=1 (b and c) the volume occupied

by solid products of hydrated cement is composed of the voluraehyidrous

cement and part of the water added, theeeona p or abl e
The evaporable water, that is the liquid phase, is composed of the gel water and
the water held in capillary pores. Finally, due to the lower volume occupied by
water chemicajt combined, the volume initially occupied by water (a) is reduced

water

and if no shrinkage occurs this gagovered byempty capillary pores.

In the following, the weights and volume of the solid, liquid and gas phase,
f u gcandinitiahamounts & cemént andkwatarn d

expressed

i n

(We, aand W) are summarized:
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. : : | ®
®@ ©®F O p F— (3-39)
W
o w | W
w w F] ” p U ~ (3_40)
W
, : poT ol @
® . o (3-41)
W

In Figure3-3, two bar charts that show the mass and balance §a+¥00 g
are presented.

160 — 100 —
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— b o7 60 —
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— 80 — E e
3 > 40
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We unh
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7 Wwe, nev Wwe ey R4 Ve cap pores
A ﬁvwc, nev Vweev

Figure 3-3. Representation of weights and volumes in the cement pa$te 6100 g and w'c=0.5.
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3.2.Foam

A foam is a dispersed system of bubbles separated by liquid.l&ayaen
the gas caent is low, it can bealled emulsion and bubbles have spherical shape
when gas content goes above 50%, bubbles become polyhBdfarent
methods exist to generate foams. In condensation methods, gas bubbles are
generatedby reducing external pressuiacreasing temperateiorvia chemical
reactions. In dispersion methods, gas can be either injected directly into the
foaming solution through capillaries, porous péated gauzesr blown through
gauzes wetted with surfactant solutiolm some cases,ohlition and gas
simultaneously flow to produce foagnm which also gas can be pressurized via a
compressar However, also other different methods exist(Ekserova and
Krugliakov, 1998)

The most important parameters characterising ahgdisal foam are the
Foam Expansion Rati(FER), foam dispersity and foam stability. The former is
defined as the ratio between the volume of foamakd the volume of the liquid
content,V!«:

&)

W
"00Y —

- (3-42
w w

whereV? is the gas content of foarfihis parameterepresents the foaming
ability of the solution from which the foam is derivédidthe weight of gas phase
W?, is negligible respedo the weight ofhe liquid phasgW!, the weighof foam
Wt is equal to the weight of the liquid phase, so that:
iy @ QT [
ooY o F_oo_ e F_ (3-43)
where[  and[ are the unit weight of solution and foam, respectively.
Knowingbothi t 6s possible to det efhadensgdy t he
of liquid solution is usually almost equal to the densityatter; thus, FER
depends dy on density of foam andhe lowerit is, the higherthe foam
expansion ratio, which can go up to 1000. However, for very high FER, the
assumption that the vght of gas phase is negligible fagmd other methods
shouldbe used to measure shparameter.

Foam dispersitgdetermines many of foam properties. The kinetic of changes
in foam dispersity indicates the rate of inner destruction of bubbles. It can be
identified by bubble size distributionwhich reveals completely the foam
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dispersity) the average bubble size or the specific foam setipdefined as the
ratio of total surface area of all liquid/gas interfaces in foam to the volume of
foam (), thevob me of g gerthevolanse®f i(dJui d)).phase (U

Theability of a foam to miatain the expansion ratio and dispersity constant
with time is referred tasfoam stability.The simplest measure of foam stability
is the foam lifetime. Indeed, a foammthermodynamially unstable due tohe
increased interfacial area anoly consequere, interfacial free energythus,
sooner or lateiit is destroyed. Foams with a considerable lifetime (which can be
measured also in days) are called metastable, while they are defined as unstable
if the lifetime isa matter oseconds.

It is worth notirg that o foam can be produced from pure water, because if
a bubble is introduced in it, it bursts almost immediately, as soon as liquid has
drained away(Pugh, 1996) Thep r e s e n csaerface fctiva agént (d . e .
surfactanj in the solutionis requiredo produce a foam

3.2.1. Surfactants
A surfactant molecule is composed of polar heemlgs, vhich are the
hydrophilic (lipophobic, oleophobic) part and npalar tail groups, the
hydrophobic (lipophilic, oleophilic) part. Both structure and shape affect their
properties. The simplest one is composed of a tail and head (as soaps), as shown
in Figure3-4, but they can also have one head and two tails, two heads and one
tail or more complex structures.

Hydrophobic tail

VAVAVAVEAVANV f__ _

Hydrophilic head

Figure 3-4. Surfactant moleculsketch

Classification of surfaeints isbased on the hydrophilic group, and they can
be anionic, cationic, neionic and amphoteric. The former two dissociate in
water in a negative and a positive ged ion and the hydrophilic head is
negatively (anion) or positively (cation) chargetgspectively. Anionic
surfactants are the most common and inexpensive-idion surfactants do not
dissociate in water and the head has a neutral charge. The ampiootican
show all the behaviours above, depending on pH.
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The hydrophobic tail is genaly composed of hydrocarbon chains,
synthesised from animal fats, natural vegetable oils or petrochemicals. The
hydrocarbon chains synthesised from natural sourcesinoaven number of
hydrocarbon chains because their structuselsuilt up from ethylee (Farn,
2008) Rarely, they are fluorocarbon and silicone chains whaletexcellent
properties, but their usage is limited due to the higher cost.

3.2.2. Surface tensioand surfactargffect

A compound is called surfactant when it shows suréatieity when added
to a liquid that is,it is able to adsorb on the surface or irded of the system to
reduce surface or interfacial excess free en@fgy, 2008) The surface tension
2 is a thermodynamic propeniyhich can be defined as the amount of work dwW
required to have a unit area expansion;, dia liquidair interface it is the free
energy per unit area of the surfadecanbe also defined ashe force acting
normal to the interface per unit length of the surface at equilibrium

Qw | Qb (3-44)

Surface tension of water at 20°C is 72.8 mNJime surface tension is due to
the different interetion between molecules in the bulk fluid and at the interface.
In the bulk liquid, the molecules are subjected to unifattractive forces in all
directions with a zero net force, but at the interface the molecules on the gas side
are widely spread andheé molecular interactions are mainly between surface
molecules and subsurface liquid molecul€kis leads to a nonzero ret force
which gives to the molecules on the surfaceeacess free energy respecthe
molecules in théulk liquid; this free enagy is the surface tensioffrarn, 2008)

Conversely,hie interfacial tensin, 9ag, is the tension at the interface between
two immiscible phase#\ and B Givenoa andog the surface tension of And
B, aawtbe ingeraction energyf the two phaseger unit area, the interfacial
energy is:

r rr T (3-45)

The interfacial tension is small (andis large) if the two molecules are
similar, such as water and ethanol. At a wgias interface, the molecules of gas
are widely pacedso thatcompared to condsed phase (A)he interaction in
the gas phas@) and between gas phase and condensed oless negligible
Because of this, at a ghquid interfaceoag=2oa.

A minimumamount ofwork s requiredo have the expansion of an interface
because bulk metules should move from bulk to surface; this work per unit area
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is given by the interfacialension.When the surfactant is addesljrfactant
molecules move towards the interface, with the hydrophilic head oriented to the
liquid and the hydrophobic taibtvards the gas phasgigure3-5¢c) replacing the

polar and nofpolar molecules at the interface and destroying the cohesive forces
between them. Thme theinteraction at the interfads between hydrophilic head

and polar (lguid) molecules and between hydrophobic tail and-polar (gas)
molecules. These interactions are stronger, thus decreasing significantly the
interfacial tension and by consequence the work required to expand the interface.

The surface tension decreasa®nlinearly with surfactant bulk
concentration till a critical value, that is defined as téical micelle
concentration(CMC) that is the concentration above which the surfactant
molecules start forming aggregates called micelles. If concentratioigher
than CMC nomore reductionin surface tensiomccurs becausmterface (or
surfac@ is saturated with surfactant monomers, while a further increase of
concentration affects only micelles which have no effect on surface teAgion.
very low surfactanconentration,instead,surfactant molecules lie flat on the
surface

3.2.2.1. Surfactant effects on solid surface

Surfactants can also adsorb on solid phase, at algplid interface, due to
different causes, such as hydrophobic bonding and electrostatacirae. The
former occurs between hydrophobic tails and hydrophobic surfaces (tail down
adsorption). Hydrophobic bonding between tails of surfactant molecules
adsorbedhead downon hydrophilic solid surfaceand tails of surfactant
molecules in liquid pha&scanoccur, leading to a bilayer structund/hen the solid
surface is composed of strongly charged sites, the adsorption depends mainly on
the electrostatic interaction between solid surface and oppositely charged head
groups while orientation of surfaaht maomers makes the solid surface
hydrophobic, reducing theslectric potential of diffuse layer. At higher
concentrations the adsorptiotreasesand a bilayer structure can occwhich
reverse the potential to the surfactant head group Siggse effectslepend on
surfactant typend concentrationpn the solid phasand other conditions such
as temperaturetheir presence caimdeedaffect fine grained soil behaviour.
Recent stdies show the effects of surfactant on soil properties as plasticity
(Akbulut et al., 2012; Jones et al., 2016; Park et al., 2006; Rahman et al,, 2013)
but it goes beyond the aim of thlagudy.
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3.2.2.2. Surfactant effect in foams

Whenfoam is fomed, bubbles are dispersaddseparated by thin filmef
liquid called lamdhe, whose intersection lineform capillariescalled Plateu
borders(Figure3-5) constituing a continuous network within the foafRather
than a flow from film to film,the fluid is conveyed in the Plateu borddte to
the lowe pressurerespect tothe pressure in the adjoining lamebad, by
consequencethe thinning of film between bubbles occurs. As the thinning
continues, a pressure in lametlae to electrostatic and steric repulsion forces
between the adsorption layerstbe surfacesermed disjoining pressure, asse
till an equilibrium is reached and drainage stops.

") b) ¢)

— Film e Liquid o

| 5 i J s -1

Liquid | N a1l
R e R Platcu fi1 . | ~ .
) ( I( I borders J1\  Gas Gas - o~ fp, = Gas

A N AN A\ il 75° ol

' 7 A f 74\
I Gas | / Liuad 4+ o/ -
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Micelle Surfactant

molecule

Figure 3-5. Diagrammatical sketch @&) bubbles in foam, (b) plateau borders and (c) foam lamell

If surfactant concentration is not too low, surfactant molecules move towards
the interfacdbetween gas bubbles and liquid, so that the hydrophilic heads
towards the liquid while other molecules and micelles (if concentration is above
CMC) aredispersedn bulk (Figure3-5c). When the liquid drains from the film
to bordersthe lamella is stretchethussurfactant moleculesoncentrationin the
stretchedthinner zone lowers. This causes an increase in sudas®h in the
thinner zone and, by consequence, a surface tension gradientatoisggshe
surfacewhich is equivalent to surfactant adsorption gradients Tnadient
causes surfactant mass transfer with a diffusion flow from the bulk to the film
surface and a surfae flow in direction of theconcentratiorgradien along the
surface dragging along a layer of hydrate water in the bulk pfakgerova and
Krugliakov, 1998; Farn, 2008This beneficial, sethealing effect of surfactants
on the thin zone is referred to as Marangoni efiactit is an essentiatabilising
effect in foams. However, this effect is beneficial when compensation occurs via
the surface flow, and not by a diffusion of molecules from the bulkephas

3.2.3. Foamdrainag and internal collapse
Foam stability is related to foam drainage and mdkcollapseThe former
is the lossof liquid volume in timeg\/, due to the excess liquid content respect
to the hydrostatic equilibriumAs soon as the foam is formed the liquid starts to
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drain out in Plateu borders and through them in lower layers of, fgaverned
by gravity. As reported byEkserova and Krugdkov (1998) many equations
have been proposed to describeftieen drainageas(3-46):

Wyt
Wp (3-46)

In the equation above, \d and w are two parameters. The former can be
assumed equal to the initial liquid volume in a foam, whidekaracterises the
initial volumetric flow rate referring to a unit cressctional foanarea.

Foam drainage depends on many factors, such as viscosRy skHactant
type and concentrations etc. When the other conditions are the same, the ratio of
foam drainage wis inversely proportional to viscosity of foaming solution.
Increasing the ER (i.e. lowering the density of foajrat constant dispersityhe
foam drainage rate decreases because of the thinner radius of Plateauaiporders
Wwo is proportional to thesquareof FER. Foam dispersity also affedisam
drainageaate, which seems to Ipeoportional to the square of average radius. An
increase in surfactant concentration decreases foam drainage rate.

Internal bam collapseis the internal destruction of foams, that is the
separation of liquid from gas. diffectsfoam dispersity and itesults from two
phenomena: diffusion bubble expans&rd bubble coalescencehe prevailing
one depends on surfactant type and time from foam formati@former occurs
in polydisperse foams, due to the differayas pressure witn bubbles of
differentsize. There is a diffusion mass transfer of gas from the smaller bubbles
to the larger ones. Averagized bubbles receive gas from smaller ones and
transfer gas to largemes Coalescence is the fusion of two bubbles due to the
rupture of thin films segrating them, which occurs when the films are very
unstable. In both cases, the specific foam area decreases during process of
internal foam collapse.

It is worth noting that these phenomena (foam drainage, internal collapse)
whichaffect stability and liétime of afoano ¢ ¢ u r s fAdoetotthe int@nkid y 0
thermodynamic instability. External actions as vibration or mixing with other
suspensios (as in the lightweight cemented saiethod)can also affect foam
stability in different ways.
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3.2.4. Bulk properties
The foam is a dispersion of bubbles in a liquid solution of water and
surfactants. The solid phase corresponds to surfactants and residual solid of water
(if not distilled). However, the residual solid in foam is negligilheisit can be
regarded as coposed of liquid and gas phaseg, the solution and the air
entrapped in bubbleH.the weight of gas in bublbdean be neglectedhe weight
of foam is:

W W W W ew (3-47)
The volume of foam, ¥ can be assumed as the sum of the volume of air
bubbles in the foam, M oam, and the volume afolution, Vi:

W 0w 0y W (3-48)

Hence:

W — — (3-49)

where density of solution has been assumed equal to densitytart

3.3.Summary

Cement and foam, the two additives required to produce lightweight
cemented soil, have been described in this chapéenat main compounds and
hydration reactions of cememelated to hardeningf cement pastd.e. gain of
strength have beenshown The rheological behaviour of fresh paste, that is
mixed with soil suspension in the approach adopted in this study (sB@&ién
has been discussed andain e modelled as a Bingham fluiolid, liquid and
gas phaseof cement paste and their time evolution have been identified based
on a literature approagthe results of this analysislivbe usedo determine bulk
properties of lightweight cemented soilgaction5.1 The air foam is made of
bubbles dispersed in a surfactant solytibns a thermodynamically unstable
system andh surfaceactive agent (i.e. theurfactant) is required to produce it.
The main mechanisms of foam stabilitg. foam drainage and internal collapse),
the stabilizing effect of surfacta(ilarangoni effect) and foam propertieave
been discusskin this sectionFoam stability incresesat increasing surfactant
concentration up to critical micelle concentration above which no significant
improvements can be observed.
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4. Mechanical behaviour of ogented soils

The mechanical behaviour of soils with a ded structure is similar to that
of porous weak rock@_eroueil and Vaughan, 1990)ifferently from artificial
cause (as theddition of a bonding agent), bonds can arise from nataasges,
such aglepositionof silica at particle contacts in sandspositionof carbonates
from solution, from recrystallizationof minerals during weatherin@-eroueil
and Vaughan, 1990)

The increase of strength obtained by the addition of cement and lime has
been reported by severlthorgClough et al., 1981; Locat et al., 1990; Mitchell,
1981; Sariosseiri and Muhunthan, 2008pnsoli et al. (2007nvestigated the
effect of cemetation on a compaed cemented silty sand; they observed that
even a small addition of cement is enough to generate a significant gain in
strength, with an approximately linear increase afc@hfined Compressive
Strength (UCS)with cement content. They arwed that incresing dry density,
the effectivenessf cementation enhances due to the existence of a larger number
of contacts; indeed, they found that UCS increases exponentially at decreasing
cemented soil porosity.

The effect of cement addition on wmdined compresse strength of
cementechigh water content clays was studiedHigrpibulsuk et al. (2003)y
varying the cemerfactoron a wide rangeyém 5 to 200 %They observed that
at low cement factors, approximately below 10tB& increase in strength was
only marginal, due tohe slight amount cdivailablecementper interclustesite.

At higher cement contegtup toapproximatelyt0 %, they obserka significant
increase in strength; in this range of cement contents it was supposed to exist a
continuity in the clay fabric andiscontinuity in the hardened structure of the
cement pastet very high cement contemfabove 70 %), the authors assuime

that a continity in cement paste existed, with clay particles embedded in cement
paste. In the transition zone between 40 and 7 %arginal increment in
strength was observed.

4.1. Compressibility

The schematic representation of compressibility behaviour of a cemented
soil, as reported by different authgi@uccovillo and Coop, 1999; Lade and
Trads, 2014; Leroueil and Vaughdr®90)has beemeported inFigure4-1.
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Cemented soil
Uncemented soil - . .

. Compression of destructured soil
. from loosest state possible

PY

Structure permitted
space

Permissible space for
all structural states

In(c".), In(p') >

Figure 4-1. Schematic representation @dmpressibility behaviour of strongly cemented soil, a
Leroueil and Vaugha(l1990, Cuccovillo and Cooi§1999) PY: Primary Yield, PYCL: PosYield
Compression Lin€Rotta et al., 2003)

On the basis of experimental observations of the mechanical behaviour of
artificially cemented carb@tesandsCuccovillo and Coo1999)stated that the
effect of cementation wase increase both thgize of the elastic domain in the
stress space (i.e. the domain in which the straia reversible) and the initial
stiffness (i.e. the stiffness at small strain level), while larger strains were observed
in postyield state. Furthenore, they observedat the paths described in the
tensionvoid ratio plane by the results of edanensional (i.e. § or isotropic
compressiortests on cemented structured sand can reach points representing
states that are impossible for a reconstitutademented sample tiie same
sand. Similar results were found Bgllegrino(1968, 1970yith reference to the
behaviour in isotropic compression of Neapolitan yellow tuff, a porous weak
rock; the stresssolumetric $rain curves were characterized by a first segment
with low strains, followed by a segment with much larger strains and finally the
last segment with a decreasing gradient of the curve at increasing stress. This
behaviour was interpretl as due to the higiorosity and to som@homogeneity
of the material composing the matrix, which could lead, in singular points of the
rock matrix itself, to a stress state characterized by tensile and shear stresses even
during isotropic compressiomndeed, as stated Hyajtai (1969) the state of
stress around pore or void may varyrom one of high tension to one of high
compression even if the stressapplied at the sample boundaries atk
compressive.
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Rotta et al(2003)studied the effect of curing stress on compacted cemented
silty sands. They show thiscreasing the cumg stress before cementation begins
(simulating thus the curing of samples at different depths in a sedimentary
deposit), the isotropic yielding stress increases. They also observed that after
primary yield Figure4-1), the compessionpaths ofall specimenst different
initial void ratiofolloweda postyield compression lin@PYCL), that wasunique
for each specificement contenandat high confiningstresses (also above 30
MPa)convergd towardghe intrinsic compressiomie (ICL) of the uncemented
soil. The PYCL expands and steepens at increasing cement content. The space
betweenposyi el d compression | ine andedl CL
stat es o0, Bkesoueilland Vangbhafil99)yFinally, they found that at
decreasing initial void ratio (at same cement cdjteprimary yield stress
increases, while the relative effect of cementatienreases (increase in yield
stress respect to uncemented yield stress).

Similar results are found for artificially cemented claysrastegui Flores
and Van Impe (20093how results on aartificially cementedkaolin starting
from a slurry at a water content equal to 2 tirtesliquid limit (w); increasing
the degree of cementation, the yield stfes&o, compresionincreases, reaching
states significantly above the intrinsic compresdioe of reconstituted soil, with
a higher posyield compressibility.

A

Cemented soil
Uncemented soil — - — - —

In(c') g

Figure 4-2. Schematic representation edmpressibility behaviour of cemented clay, after
Sasanian and News@2014)

As schematically shown iRigure4-2, the void ratio at very low confining
stress can be significantly above tiree of thereconstituted soilSimilar results
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were found bysasanian and Newson (20bartificially cementedOttawa clay,
characterized by a bonded structal®oin its natural state. Both undisturbed and
artificially cemented clay (prepared at a water com&B80%, above limit liquid,
and tested after 28 days of curing) show a higher initial void raticstiffness

in preyield compression than reconstituted soil.

Horpibulsuk et al. (2004a) show the effect of water content on
compressibility of cemented Bangkok and Ariake clays, by varying the liquidity
index of slurry from 1 to 3. They show that the -greld debrmation is
negligible, and the yielding stress decreases with water contentZ8 days of
curing). However, in postield, all the samples with the same cement content
converge to the same line, for both sad®rpibulsuk et al(2004b)observe an
increase of yield stress in isopic compression on cemented Ariake clay at
increasing cement content.

The effect of curing time has been shownXmo and Le€2008) by testing
different mixtures of cement treated marine clay; they show an increase in
isotropic yield stress and a decrease in voia r@tincreasing curing time, in all
the cases.

4.2. Shear strength and triaxial coregsion behaviour

The behaviour of cemented soils in triaxial compression has been
investigated by different authors. The behaviour of weakly cemented soils was
studied byMaccarini (1987) via isotropically consolidated drained triaxial
compression tests (CID). The artificial bonded soil was produced by firing a
mixture of sand and kaolin slurry, hence bonds were given by thekéuoh. At
low confining stresspeak shear strength, corresponding to failure along a
localized shear band, was reached before attaining the maximum dilation rate,
indicating the bonded stcture as responsible of the shear estezngth rather
than dilatancy. Howeverthe postpeak ewlution of the compression tests
showed a clear tendency of the material to reach a critical state, with a strongly
dilative and brittle behaviour. At higheowfining stresses, yield was observed
before failure, which occurred at larger strains and wampanied by
significant contraction. Similar results were found also for natural soil ¢Saint
Vallier soft clay and oolitic limestone), as reported Ut®roueil and Vaughan
(1990) and byConsoli et al.(2002) which in particular studied the effect of
curing pressure on a cemented silty sand.

Lade and Overtor{1989) by studying a soitement mixture in triaxial
compression, foud that the peak shear strength and the value of the strain at
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failure increased as the confining stress was raised; while cementation was still
intact, the sessstrain relationship resulted to be almost linear, and a contractive
behaviour was observedfter yielding, debonding occurred and the strssain
behaviour was highly nelinear whereas, at increasing confining pressure, the
behaviour became morermractive.

Similar observations were reported $ghnaid et al(2001)with reference
to mechanical tests on artificially cemented sand; thewed that increasing the
cement content, stiffness and peak strength increased and maximum deviatoric
stress tended toward a constant value independent oentaion. The
volumetric behaviour was characterized by an initial contraction followed by a
strang expansion and the wienum rate of dilation was shownrght after
reaching the peak strength. They also observed an increase of the values of both
the friction angle and the cohesion at increasing cement comiégntespect to
those of the uncementedilsolhe idealized behaviour of a cemented soil is
represented ifrigure4-3.

A

q/p'

Y

Figure 4-3. Idealized behaviour afemented soil aifferent degree of cementaticafter
Cuccovillo and Coo§1999, Lade and Trad&014)

Horpibulsuk et al(2004b)studied the undrained behaviour of the cemented
Ariake clay at different cement content. Samples were pedpa high initial
water content (180 %). The strestsain curves presented the typical behaviour
of a cemented soil (behaviour 1kigure4-3), characterized by a peaklue of
the stress deviator and a subsequent softenhrey dbserved a negligible effect
of confining stress on stressrain curves, but a significant difference in pore
pressure development, which increased until peak deviator stress was achieved.
At increasing confining pressure, higher pore water pressuges measured.
After peak, a decrease in pore water pressure was observed. At higher cement
content and low confining stresses, negative pore water pressures were measured,
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showing a tendency todilative behaviour. They concluded that peak strength
was nainly due to cementation, and not due to interlocking. Similar results were
found byVerastegui Flores and Van Im{&09)on a commercigkaolin.

Sariosseiri and Muhunthg8008, 2009%studied the effect of cementation on
two soils from tle state of Washington, namely Aberdeen and Everett soils.
Samples were prepared at maximum dry density and optimum water content.
They observed an increase in peak shear strength atsmgremnfining stress
regardless of cement content. At increasinghest content, they observed an
increase in the peak of stress deviator achieved at lower strains. The stress strain
curves were characterized by a significant softening; a decrease qiepdst
deviator stress was observed at increasing cement conteom@aued by a
higher brittleness. They also observed an increase in pore water pressure until
peak strength was reached, which rose almost to the value of the total confining
pressure, sdhat the effective confining pressure dropped to near zero. The
auttors suggested that this behaviour depends on cracks forming during split
failure which transfer pressures immediately to pore water. After peak strength,
a decrease in pore water pressgrebserved, so that at low confining stresses
slightly negative par water pressure were measured.

4.3, Failure envelope and constitutive models

The adoption of MohCoulomb criterion has been extensively used to
characterize the failure of soils, but it ledsome anomalies if applied to cement
treated soils(Sariosseiri and Muhunthan, 2008Jhis is due to the Iy
curvature of failure envelope, as observe
to define a unique friction angle to describe behaviour over a wide range of
confining pressuresLajtai (1969) suggested that, at increasing confining
stresses, threeenhanisms can be identified in direct shear tests on soft rocks:
tersile failure, shear failure (both ndimear) and, at high confining stresses,
ultimate strength failure (described by Meboulomb criterion with zero
cohesion). However, this inf@etaton requiresmany tests in a wide range of
confining stresses. As perted bySariosseiri and Muhuntha(2008) other
models have been proposed to describe the failure mechanism of geomaterials,
such as Hoek and Brow(Hoek, 1988 andJohnstor(1985) The Griffith model
(Griffith, 1924) has been proposed l§yonsoli et al.(2012) to describe the
behaviour of a aaented sand. The Griffith criterion, in terms of normal stress
acting on the failure surface;, and shear stress acting along the failure surface,

t, can be represented by the followieguation:
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r T, ” (4-1)

where U; is the tensile strength. Howevernder compressive stress
conditions, closure of cracks can ogdtiit happens beforéensile stresat the
crack tip ishigh enough to initiate fracture, the shear resistancetiregditom
the contact pressure between the crack faces has to be overcome before
propagation of the crack can oc€doek and Bieniawski, 1965] o take account
of this phenomenormMcClintock and Walsl{1962)modified the original theory
of Griffith to take account of the compressive stress (while original criteaon
be applied when normal stress is tensile) and a strnghtMohr envelope
resulted, namely Modified Griffith theory:

[ ‘ ” C ” (4-2)

wheree is the coefficient of internal frictiorloek and Bieniawsk{1965)
compared the modified Griffith theory with a wide variety of materialdifig a
remarkable agreement. A good agreement was also fourghhgsseiri and
Muhunthan(2008) on artificially cemented soils. A lear expression is also
proposed byschnaid et ali2001)

Many constitutive models are available in literature to take account for
structure in soils. Thextension of Modified Cam Clay modéRoscoe and
Burland, 1968jo structured soils has been proposed by some aarter and
Liu, 2005; Horpibulsuk et 812010; Liu and Carter, 2002; Suebsuk et al., 2011)
namelyStructured Modified Cam Clay. They assume an elliptical yield surface
as the originaimodel, while the effectaft r uct ur e i s consi dered
the difference between the void ratiotbé structured soil and the void ratio of
reconstituted soil at the same stress state. The falluface is assumed parallel
to nontreatedsoil and shifted by an intercept, as also suggesté&tbgma et al.
(2000) Nguyen et al. (2014proposed a slightly different model, namely
Cemented Cam Clay, to ®kaccount of notinearity of failure envelope due to
bonding degradation under isotropic compressi@onstitutive models
characterized by mie than one surface, as the one proposeRduainia and
Muir Wood (2000) are also available in literaturAn extension to structured
soils of the model introduced Nova (1988, 1992)as proposed blyagioia and
Nova (1995) by means of) , that is the initial isotropic tensile strengtmd
n ,thatis related to the strength of the bonds in compred3asiructuration
is related only to volumetric plastic strain. Similar models were proposed by
Nova et al.(2003, Nova (2005) in which destructuration depends also on
deviatoric plastic strains.
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Pinyol et al.(2007)proposed a model for clayey rocks which took account
for both cementation and suction effects, such adlisg/shrinkage behaour
due to wettingdrying cycles, by integrating into a common framewamkelaste
plastic model for expansive materials and a damage model for the bond material
The degree of cementation is considered via the state parametarsely void
ratio of londs, defined as the ratio of volume of bonds (assumegoi@mus) to
the solid volume of clay matrix, and concentration of bonds,tl2 ratio of
volume of bonds to the total volume. The bond behaviour is modelled through
isotropic aamage theory by mean$ a scalar damage parameter, D. They adopt
the function proposed Wyarol et al(2001)in which the damage evolution, r(L),
is related to the damage variable L, that is a logarithmic function of D.

4.4. Governing parameters on behaviour of cemented soils

Some authors have tried to ideptfarameters which affect the mechanical
properties of cemented soiSchnaid et al(2001)suggest that deviatoric stress
at failure, @ can be expressed as a linear function of degree of cementation,
represented by UC@I-3). Indeed, they argued that the degree of cementat
can be identified by UCS because it takes accounldiosity, gradation, amount
and nature of cemergnd mineralogyf soil. In the hypotheses that pesitength
envelopes are linear, the friction angles of cemented and uncemented soil have
the samemagnitude, the soil in uncemented condition is-nohesive and
frictional contribution is independent of cement content, the failure surface
becomes:

& & .
%{] YO Y (4-3)

whered and pf’ are the friction angle and the initial mean effective stress,

respectivelyConsoli et al(2007, 2009, 201ligentified a relationship between
UCS and the ratio between psity, n, and volumetric cement contenty,,C
defined as the ratio of absolute volume of cement to totahelu

ﬁ

R T >
Yo XU 0 w 0— 44

where g, ¢ and @ are three constants. They suggest that using the parameter
, onecandesignthe amount of cement and tt@mpactioreffort necessary

to obtaina mixture that meets thikesignstrength However, also £ the exponent
of Gy, varies dependingn soil and cement use@onsoli et al.(2010, 2012)
suggest that also tensile strength can be related to the ratio between parbsity a
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cement content; the relationship can be substituted in Griffith criteft@hand
a falure envelope depending on porosity and cement content can be derived.

Horpibulsuk et al(2003, 2005, 20063 ug g e st the nAwater
rat i/vsbzt‘nccc(rding to the adopted notation) as a governing parameter for

compressivestrength of cemented soils, proposing a relation based on the
Abrams law(Abrams, 198). By this way, they find a generalized relationship
between strength, curing time and the water clay to cement ratio. It is worth
noting that in admixed clay at higtater content, the initial water content of soil
slurry is strictly related to porosity. Iedd, being the saturation degree equal to
one in a soil slurry, the void ratio is directly proportional to water content. In a
subsequent studyorpibulsuk et al(2011a, 2011b, 2012gyoposed slightly
different equations(4-5), (4-6), where A, B, ¢ and ¢ are four constants.
According to the authors, A depends on type of clay, liquidity index and curing
time while B is approximately 1.22~1.24.

Yo 'Y s (4-5)
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Sasanian and News@2014)studied the behaviour of cemented clays at high
water content. They investigated the undrained shear strepgt, different
curing tmes (up to 1200 days) by means of laboratory vane testotbserved
that, also after 1000 days, the cemented soil continued to gain strength. Of course,
strength increases with cement content and curing time since both contribute to
production of cementg bonds. They also observed an increase in residual
stregt h with curing ti me; however, it
strength, so that higher brittleness and sensitivity were observed at increasing
cementation. By normalizing undrained shstength by ¢at a reference time,
trer, Of 28 days, theysuggest the following expression for undrained shear
strength:

T80 0 4-7)
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They also studied the effect ofy 2 as proposed byorpibulsuk et al.

(2003) on undramned shear strength; to take account of soil mineralogyhen t
gain in strength, the authors proposed a slightly different governing parameter,
namelyb, equal to the product of soil activity, A, to the power of 3.2 and the ratio

Ej ws. According to authorghe undrained shear strength at 28 days, norethliz

respect to atmospheric pressure, is a second order polynomial fundbichey
also observed the same dependency on yield stress in oedometric loading.

4.5. Lightweight cemented soill

The effects of foam atition on properties of cemented soils have nanbe
widely investigated. Some results are reporteddiychida and Egashifa004)
The main purpose of these studies was the reuse of dredged soils in port
constructions that are characterized by a significaater content, thus
facilitating the treatment. treed, seawater was used in some laboratory tests to
investigate properties of material, while density was kept higher than density of
water so that slurry could be poured underwater. Full scale tests isere a
performed.Satoh et al(2001) report the field test in Kumamoto pdur the
construction of a new quayal to the depth of 10 m below the sea level; due to
the low bearing capacity of the extremely soft marine clay of the seabed, namely
Ariake clay, ground improvement techniques had to be considered. However, it
was proed that the possible usage of LWCSadsackfill material would have
reduced the construction costs by 20 ~ 25 %, by decreasing load and seismic earth
pressure, thus allowing to reduce the width of concrete caisson and the scale of
ground improvement teciques. The mixture was poured at 1®elow the sea
level, thus wet density had to be higher than 10 KiNfhe measured UCS, at 28
and after 1 year, wapproximately 1 MPanuch largerhan the target value of
200 kPa. B using Xray CT scannerQtani et al.(2002) show that failure of
these samples occurred with strain localization. The LWCS was used as a backfill
material at the seawall in the reconstructionjgobof Kobe Port Island, after
Kobe earthquake, and in the offshore expansion project of Tokyo Interalat
Airport, as reported byatabe et al(2009,2011) In both cases, lightweight
treated soil was covered by a layer of sand and a pavement. Toenaicontent
was below 30%, with a target density around 1InkNind minimum UCS target
of 196 kPa. After almost ten years, the lightweight cementiéd/as sampled in
both sites. In Kobe Port Island, the density profile was almost constant and
approximéaely equal to target density, except for larger values measured in the
shallowest layer (around 300 mm) due to infiltration of rainwater. No cracks were
detected; the UCS proved to be higher than target value along the entire depth
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but characterized by arger scatter compared to density vertical profile. Similar
results were found in Tokyo International Airport.

Tsuchida and Egashifa004) show that uncomfied compressive strength of
a LWCS grows almost linearly with cement content and decreases at increasing
water content of soil slurry, as widely shown for cemented soil; the secant Young
modulus at 50% of deviatorsé;is approximagly 100-200 times UCSTsuchida
et al.(2007)show that lightened cemented soil exhibits considerable volumetric
compression when subjected to shearing in triaxial compression, ascribing it to
high compressibility of air foam. Largestrains were measureat increasing
confining pressure. They also conductegiconsolidationtests via modified
triaxial apparatuby contr ol ling cell pressure so t
0.02% Ko values decliné upto 0.1 around axial strain 6f5~1%, corresponding
to consoldation yield points and implying a significant reduction of earth
pressurePermeability was studied bsikuchi et al. (2005, 2006, 2011 which
show that pags can be impermeable when air content is below 30 %; however,
at higher air contents, a dramatic increase in permeability was observed.

Compressibility of lightweight cemented soil was investigated by
Horpibulsuk et al(2013) they observed that samples with larger void ratio (due
to both waer and air foam contés) were characterized by the lower yield stress
and higher rate of destructuring. However, at high normal stresses, compression
curves tend to converge. Similar results were fountiMayabe et al(2004)on
two mixtures of lightweight cemented soil; they performed SEM and MIP
analyses on samples subjectedigloadingat differentconfining stresses; along
unloading paths, the change of void ratio was negligible. They observed that
larger pores detected by SEM, with spherical shape and a diameter of 200 ~ 500
em, were not detecteloly MIP, in which the largest pores observed were in the
range of 2660 em. All these pores were associated to foam bubbles. At
increasing normal stress, largest pores distorted into oblate spheres and then
collapsed, so that at higlorfining pressures, m@nly compression curves but
also pore size distribution coincided.

Some authors tried to identify parameters to describe the behaviour of
lightweight cemented soil, as for ndightened mixturesJongpradist et al.
(2011)suggesttoagnt t he fier dteigdeiinedcas:v oi d

Q o1 1%
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where g and w are the void ratio and water content afteing,
respectively, as introduced Hyorenzo and Bergad@®004). Based on their
investigation, theguggest that any mechanical characteristic normalized respect
to atmospheric pressur e, qgo, such as
the following expression, where A and B are two constants:

n 0Q®pOQ (4-9)
Horpibulsuk et al.(2012b) extended thir approachon cemented clays
(Horpibulsuk et al., 2011&ap lightweight cemented ssil They suggest, as a
governing paramter, the ratio between the absolute volume of voids (sum of
volumes of air and water) tde absolute volume of cement, V/IC, as a key
parameter to rule strength of lightweight cemented soil at a constant initial water
content. However, to take accounttié effect of water contentiorpibulsuk et

al.(2014a)suggest the fAwater void to cement

water content of soil slurry (defined in decimaihés V/C:

(4-10)

— , O HITo (4-11)

Teerawattanasuk et al2015) propose mix design cha to develop
sustainable lightweight pavement materials, based on cement and air contents
(related to the volume of wet soil). They varied the cement content from 100 to
250 kg/n? and the air entent from 0 to 50 % and performed unconfined
compressive t&s. Each design chart is related to a specific cement content, while
UCS decrease with foam content; thus, once cement content is chosen, based on
the required UCS, the corresponding foam cantan be derived.

4.6.Summary

A literature review on the mechaaidehaviour of cemented soils has been
shownin this sectionRegardless of grain size distribution, an increase of degree
of cementation determines an increase in yield stredsoth isotropic and
oedometric compression. Furthermore, an increase in pé&akgth and
brittlenessis observed, whereas a dilative behaviour can occur redterpeak
strength is reache®ifferentkey parametergoverningthe strength of cemented
soils have been pposed in literature and discussed in this section; they are
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generally related to the amount of cementitious material and pqribstiatter
hasa negative effect on mechanical performancsne studies on ligweight
cemented soils haveen presente®espite not being widely investigatethas
been showrthat the technique and resulting geomaterial can prove useful in
engineering practicesSome approaches describing the strengthigbtweight
cemented sts have also been discussed.
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5. Materiak andmethods

Materialsand methodaused in this study ardescribedin this chapter
Relatiors between the amousbdf soil, cement and foaosed for the mixturand
bulk properties of lightweight cemented soil, such as bulk density, water content
and porosity, are dermined These equations can be usedésign the mixture
with specificproperties thacan also be related to mechanical strength of the
resulting hadened material, as shown in chapkeBtarting from these equations,
it is also possible to determine the amounts of soil, cement and foam per unit
volume which can be useful in construction projecthie adopted mix design
approach is presented after a brief description of metheddin literature.
Finally, materials ¢oil, cemenandfoam) and mixtures investigated in this study
are presenteddicrostructuraland mechanical tests are describefippendixB.

5.1.LWCS bulk properties
The lightweight cemented soil is a mix of soil slugyputand foam. Each
component is compes of solid, liquid and gas phasBale tothe binding agent
ard subsequent chemical reactiptisese phases also evolve wiiime. In the
following, therelations between the phases of the obtained material, starting from
the initial amounts of soil, water, cement and foare derived.tlwill be
assumed that no shkage occurs, that the material is seal cured (i.e. no water
flow inward or outward occs) and there is no air entrapped in soil and cement
slurries. The superscripts Aso, Al o6 and A
solid, liguidandgasphasd&h e subscripts Asodo, Aco and Af ¢
to soil, cement and foansometerms regarding water will not be indicated by
any superscript for simplicityPresence ofjas and solid phasén water are
negkcted

The mass balance of solid angluid phase state that:

W W W Wwew (5-1)
W W W W ew W (5-2)
Substituting equationg3-37) and (3-39) in equationg5-1) and (5-2), the
weight of solid and liquid phase and water teon of lightweight cemented soil
are

W W WjH W f W p | oWy (5-3)
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0 © O 0 O
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The volume bkance of solid phase statést

W » © © W Whp T p (5-6)
From(3-38):
, , T Wl gy o, ) T g
w w p 5 i Wy 55— P U)T,,—h —h &)
, W w P I Gwp
] } (b, N )
W o 0 I 6 | R oo
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w p | wwp
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5 p | w L h ”_h

Equation(5-8) shows that the specific weight of a lightweight cemented soil
is independent on the gravimetric water to cement ratio. However, if the water
available for hydration of cement was not enough, tementc oul dndét ful | vy
hydrate and that woulaffect the pr@ress of hydratiorrepresented by x.

The volume balance of liquid phase states that:

w W W W W Wi W 5-9)
, w w | ® W
W Q ” ” p 9] ~ W
w . (5-10)
p . : w
— O P g— O
w

Due to presence of cement pastater ina lightweight cemented soil can be
held indifferentstates. Thus, the same approach adopted for cemem{hash
can be used for a cemented sanld liquid phase can be considered as the
evaporable water at a specific temperature. This is implicitly assumed if water
content is determined according to laboratory standard praeddance, the
volume of liquid phase:
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Wi o :
Wp e w W j w (5-11)

<

w

WhereWw,, apdV,, are respectively the weight and volume of evaporable
water from the lightweightemented soilThe volume balance of the gas phase:

& @ o O o 2 P ey

W W @ Wi W
, , (5-13)
W Wi W W
W | @ | ap T :
w ” ” p 9] - U — w (5-14)
W W
Finally, the weight and volume of a lightweight cementedl @ae:
W W W
. : o
O Pl awp @ p g— O (5-15)
‘ w
W w W ()
() () W
W W W W
: I T : o | W
W P - Wy W w 0 p (5-16)
, , , , , W
W oW W W W

Thesdast twoequations arquitetrivial and simply state that thetal weight
and volumeof the materiakrethe sum of weigltand volumef soil slurry,
grout and foam respectively Moreover, they are constant with time in the
hypothesis assumed (no shrinkagelsealed material). If equatidb-15) does
have to be true because it aso come from a mass balance, equatteh6)
could be contested. The sum of volumes is not necessarily equal to the sum of
volumes of each component. It would be true only if the volume of each
c o mp o n e nchange duding énix, that is, if no mutual penetration between
soil durry, groutand foam occurred. This happens when two liquids with no air
entrapped are mixed.
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Even if no foam is added (¥ 0) andair isnotentrapped in@l and cement
suspensions durg mix, equatior(5-16) is still not necessarily true. The empty
capillary pores produced during hydration reactions of cement can be filled by
water that comes fromoil slurry (i.e. mutual penetration of slurrmcacement
paste) and that could redutiee total volume. However, this phenomenon is
complex and depends on both setting time and stiffness oftmigit will be
neglected for simplicityln a cemented soil, where no foam is added, equation
(5-16) can give a good estimation of the volume of material produced.

More problems occur when foam is added, bec#usea dispersion of air
bubbles in a surfaaht solution and air is entrapped for certain. The air bubbles
can undergo collapse, so the volume of fozan decreasaipon mechanical
mixing. If the equatior{5-16) is applied, the resuitg volumeis just a theoretical
volume equal or lower than the actual volume produdeldetter estimation of
soil properties can be obtainedtie volume of foam is substituted by a corrected
volume of foamwhich takes account dhe breakage of tables. An attempt will
be shownn paragraplb.2.1.1 Summarizing the equatiordove(the subscript
A L WC S emovesl for simplicity):

) W Wi O F W P | awp (5-17)
W W W W W §
|l o (5-18)
W w P g
&)
W W W O O W Wi ® W (5-19)
I wl @ I ol pg 0g
m w p ” wFI H_ p ” ” (5-20)
h
. WR P . : | 0w
® ,, — w P g— (5-21)
W
pT I @ PP
w ” §) - w 5 . (5-22)
& I
: o o wiy -
W W W WP g ; Ol oo 629
)
W 0w oW W W wgh 0w W
: (5-24)
&) W W
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The weight and volumes of each phase have been determined, thus bulk
properties of a LWCS can be defined. However, it is comverid relate these

amounts to dry weight of soiGiven:

W Oy m W N 525
[ o W
The equation$5-17) to (5-24) become:
. . LW . . W
w w p | W T w w p p w T (5-26)
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p v (_*) P WG (5-32)
” l

By this way the volume and weights of solid, liquid and gas phase have been
written in terms of weight of solid soil and foamith Vi= 8/Ns). Hence:

w w
” (b p 0 r p ” p p | w r
- N ” ” N (5‘33)
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If only soil slurry is considered (#V=c/s=0), equation5-41) gives
obviously 1becauseat has beerassumed that no air is entrappétbwever, if
c/s>0 and x>0, even ifWs=V=0 (cemented soil), saturation degree is slightly

lower than 1. This is due the empty capillary pordsrmed in the cement paste.
fx=1,U=0Q. D 6Qsd YA 3 . 1 5=26 kNdn? ( =31.5 KN/n?):

. . w
) ) p&i— p (5-42)

w

P& P
W

P& Cr P

w
W pg ~ P

” —e " e’ (5-43)

™ =— @
W =
p p8x—,ﬁlr

The equation(5-43) states thatyegardless ot/s if the cement iswell
hydrated, the specific weight of a cemented sodgproximately equao the
specific weight of the soil itself. Indeed, the cempasteis lightened by the
presence of water combined.

In Figure 5-1 a graphical representation of equations above is shatvn
varying x from 0 (no hydration) to 1100 % of the cement hydratedhe bar
charts show on the left column the amounts of solguidi and gas phase in

LWCS and on the right column their composition
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Figure 5-1 Graphical representation of rsa and volume balances fos¥¥00 g, w=1.4, c/s=0.4,
Wo/c=0.5, U=0.

In Figure 5-2 the evolution of w, e and n, faNs<=100 g, V=0, c/s=0.4,
wd/c=0.5with progress of hydration is present&dater contentlecreasesith
time dueto waterchemically combinedthus redudng the liquid phase and
increagng the solid phase (even if no outward water flow occurs)s Bfso
justifies the reduction of voichtio and porosity.
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Figure 5-2. Evolution ofoulk propertiesat varying xandws with W&=100 g, =0, c/s=0.4, w/c=0.5.
On the leftthe water content; on the right, the solid lines refer to ereaisthe dashed lines refer to n
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Starting from equations above it is also possiblestertnine the amounts of
soil, cement and foam per unit volume by dividing them to the volume of material

r el

(5-32):
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It is worth noting that the suf unit amounts is equal to the unit weight of
material, whilethe sum ofvolumetric amountswhich can be derived dividing
the gravimetricunitamountsy t heir speci f isCcajwgidght , r esy
) is equal to 1as also shown bysuchida and Egashi(2004)
a a ap a a r (5-49)
a a ap a a
”_ ” ” ” . p (5-50)
i r
5.2.Mix proportiondesign
Some parameters were introdudedequations derived isecton 5.1 The
water content of slurry, yvis a state parameter commonly used to define the
ated. to the

amount of waterina soilslurryandt 6 s of t en
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The water to cement ratio by weightg/gy is commonly used to define the
amount of water for cement paste; however, this parameter is unnecessary when
the cement iadded as a powder to the mix/e=0). The amount of cementitious
material used to treat the soil can be related to both dry weight ofedeired to

as cement factarc/s, and to the volume of material produceeferred toas
cement contentme s (Marzano, 201} These parameters can be used for mix
design, and, based on the approatltould not be necessary to introduce a
parameter for foamekceptfof oam unifgt wei ght 2

The approach proposed bguchida and Egashira (2004 based on wna
and o . erfolcemem mtio ¥c is equal to zero because of theatment
method chosen by the authors, but the same approach can be easdpaeed
wd/c is setbeforehandThey also suggesteterminingthe optimal w based on
rheological propert® via a flow tes{3.1.5, thatshould be between 1.5 and 3
times the liquid limit.

Considering equation®-51) and(5-52), which can be regarded as a system
of two equatios, there are six vables withfour degrees of freedon©ncews
and wy/c are set, two other design parameters stay. This is a common approach
in literature, hus mix design methods usually differ for the last tasign
parameterswhich aremca ando in the case offsuchida and Egashi(@004)
Increasing re, an enhancement in mechanical properties is expected, while the
unit cost increaseslsuchida and Egashira (2004)iggest that g must be
included between 90to 300 kgm On t he ot h eneofthamaih, o
effects of foam that is lowering the density and it can be relatetbsgn
requirementsThe othemunit amountsrg, m,, 3 M, , M) can be easily obtained
from (5-51) and (5-52). Other approaches generally require a parameter to
establish the amount of foam to be atldaddifferent parametersan be used.
In some cases, the volume of foam is related to volume of soil slurry
(Teerawattanasuk et al., 2019y to the total volume of soil slurry and foam
(Horpibulsuk et al., 2012)

A similar approach was used in this study. Bothawd w/c areset The
secondone must ensura proper viscosity of cemenuspensionto allow a
homogenous mixingvith soil slurry and, subsequently, with foaithe last two
parameters adoptddr mix designarethe cement factoi/s, andn, defined as
the ratio between the volume of foam @hd volume of material produced:
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W a
_— — — (5-51)
W wr I
This parameter can be regarded as a theoretical porosity induced by foam.
Converselyto other parametersy is not directy related to the weight of soih
convenient way to determine the volume of foam to be used to obdpiecdic

nt, is to expresshe volume of foann relationof the sum of the volumes of the
two slurries:
' [ [ 3
Q - ; ; ; - (5-52)
() W w w p &

If nt is a theoretical porosity due to foasflis not a void ratio due to foam
because th denominator if{5-52) is not the solid phase of the LWCS. From

(5-32), with V¢=0:

wE MW @ ,
’ 7 U ~
. §) w ; (5-53)
w ”B ”_ a 77p ” w
[ h
) W
Q ¥ v -
. p U w p %) (5-54)
W — 7 - v H
[ h
G b0 & p Y
— — Q- — = — _w (5-59)
W [ W i A

By this way it is possible to relate directly(which hasa clearer physical
meaning tham) to the ratio between the volume of foam and the weight of dry

soil.

The approach used in this study requiresdbws, wc/c, c/s and n Then,
given the amount of dry soiltotredtl;, i t 6 s t rthieamoantsoftvater der i v e
for solil slurry, cement and water for grout wher#ss volume of foam to add
can be easily determined frq®55). From equations derived li t 6 s possi bl e
to estimate the phieal properties of the material and tineit amounts.

5.2.1.1. Volume of foam correction
Breakage of bubblesan occur de tomechanical mikig of foam with other

suspensions (i.e. soil and cememsmensions thusthe actual volume of foam
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andh e fi a g tdinadlintthe following asy, canresult to be lower than the
theoreticalvalues Given:

Vactactual volume of material produced

Vi theoretical volume of material producgd32);

oV di fference bet weretical lonewfanaterimlo! ume an
W mass weight of material produged

dactactual bulk density

o theoretical bulk densit{s-35);

o [

=4 =4 =4 4 A4 -5 -

n; can be deerminedas:
WF 0wy, Yo
[ ®» Yo

(5-56)

Assuming perfechomogeneity of miture and that no water evaporates
during mixing, then the loss in volume of the mater | oV is equal to t
volume of air bubbles, that is the variation of volume of fogo¥. Hence

o o LT &7
i i ]
*w [ [ i (5-58)
W [ I
Dividing both membex of (5-56) by Vin:
Wi Yo v . .
g O O E T & ¥y & W 59
O Yo o 0N ¥ ]
o O i

It is worth noting that; can beused in place ofsrio derive bulk properties

by usingequation(5-55); e§ can be calculated by, thus\\l/TfS can becalculated

with the same equatidoy simply substitutingns with n;. However, the ternévv—;
S

does not have to be modified because the weight of foam in the mixture does not
change. Only the vol ume lapséd of hubbkesnasiifdecr eas e
the bulk density of foangy, changedipon mixing
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5.3. Materials

3.3.1. Soll
In this experimental study twosoils were investigated A wide
experimentation wasarried outon a commercially produced fine grained soil,
the Speswhitekaolin, and a natural fingrained soil taken around Caposele
(Avellino, Italy) termed Caposele soil. Particle size distribigiand physical
properties are reported igure5-3 andTable5-2, respectively.

—o—— SW Kaolin —&—— Caposele soil

100
s I
80 — !
I
=Y | |
‘7 60 |
n
< - I
= I I
o 40
= | | |
I I
20 — | |
. I I
0 T \\\\H‘ ! T \\HH‘ T \\!\H‘ T T TTTT
0.0001 0.001 0.01 0.1 1
d [mm]
Figure 5-3. Grain size distributiorof Speswhitdaolin and Caposele soil
Table5-1. Physical properties dpeswhitéaolinand Caposele soil
KNME wi (%] wp (%] 1, (%]
SW Kaolin 25.9 70 32 38
Caposele soil  27.5 62 30 32

TheSpeswhit&kaolin isa clayey silproduced from deposits the southwest
of Englard, mainly composed of kaolinite and muscovite, with presence of
guartz, as it results from th€RD analysis(AppendixB) shown inFigure5-4.
The structure and chemical compositminthese minerals are discusseit
The main mineral groupss reported iffable5-2, are silica and aluminayhich
are the main mineral groups of kaolinite and muscowii#, a lowpercentagefo
potassium oxide (¥O), that is present in muscovig&ucture
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Kaolinite

v

Kaolinite
Muscov1te Mu\s;vltc\J %fz Musc0v1te
‘ T ‘ T T

T ‘ 1
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40
28
Figure 5-4. Results oKX-RayDiffraction analysis onSpeswhitéaolin.

Kaolinite

Table5-2. Compositia of Speswhitkaolin.

Group Percentage
Sio, 53.8
Al,O3 43.75
K,O 1.45
Na,O 0.92
TiO, 0.05
CaO 0.02

Caposele soil is a clay with silt composed of muscovite, quartz and calcite
as it derived from XRD analysiigure5-5).

WovL
K o

v v

\ \ \ \ \ \ \ \ \
0 5 10 15 20 25 30 35 40
29
Figure 5-5. Results oKX-RayDiffraction analysis on Caposele spiC: calcite, M: muscovite, Q
quartz.
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5.3.1.1. Soil slurry

SW kaolinand Caposele soivere dilutedata water content of 140 and 120
%, respectively. By this way, water content is approximately equal tdo2w
both and the arrespondingliquidity index is 2.84 and2.81 for kaolin and
Caposele, respectivelyhis value is in the range suggested by different authors
(1.5-3w). It is worth noting thatising equation§2-11), viscosty of suspension is
0.051 Pl forkaolinand 0.053°1for Caposele (viscosity of water at 20 °C is 0.001
PI), that is in the same range of grout viscoskyl.§. Fall cone test results at
varying water content are shown kiigure 5-6a. Data were fitted via equation
(2-10) (coefficients are reported itihe figure);, the bulk weight deceasesat
increasingvater contentasreported inFigure5-6b.

. Kaolin A Caposele

10 — : 18
E a) E s,=1.4 kPa A\ b)
. : 17 .
| _ Kaolin (w-140%) o lg 8 .\ A\
21 — 5. -E_ Ca_;msele?)v:lZT%) 2 16 — N A
| ﬁ .\ N
] = |
| w=a(s /p,)® \
- ' 15 — @
Kaolin '
| a=022,b-0.26,R*=0.98 1 ~
Caposele . B <
a=0.28, b=0.19, R*=0.97 ' q
0.1 L R T 14 I I I —
0.001 0.01 0.1 0.4 0.6 0.8 1 1.2 1.4
S./P. w

Figure 5-6. a) Fall conetestresults Solidlines refer tdfit curves; vertical dotted line refers to s
atliquid limit, as suggested youmoto and Houlsby2001) horizontal dashed lirerefer to water
content of soil slurry adopted for mixtsreb) Measured unit weight at varying water content.
33.2. Cement
Portlard cement was chosen as a binding agent. Specifically, a commercial
rapid hardening limestone Portland cement classified as CEM II/A LL 42.5R
was supplied by BUZZI UNICEMwas used for althe teststhe amount of
CaCQ is between 6 to 20 %. Some detait®at limestone cementsve been
discussedin 3.1.4 According to commercial datasheet, the unconfined
compressive strength after 2 and 28 days is above 2% aMPa (standard
requirements are 20 and 42.5 MP&gpectively; initial setting time is above 2
hours(standard requires at least 60 minut&)iphates (S€) and chlorites€l)
percentage are below 3.5 % and 0.08 % (standard requéntsare4 % and0.1
%), respectively.
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A gravimetric water to cement ratior grout wg/c, equal td0.5 was used for
all the mixtures The effect of cemenfiactor, c/s, was investigated on treated
kaolinwith ¢/s=0.2 and 0.4Caposele soil was treatedth c/s=04.

3.3.3. Foam
Foam was generated via an industrial foam generator, thedGBNAC
Bunker. It is composed of two independent deviegsoportional dosing pump
to produce the surfactant solution at a specified concentration, and the foam
generator, constituted afpump ér surfactant solution and a compressor to inject
pressurized air in solution producing foam.

Figure 5-7.Foam generatar

A commercial surfactanfproduced by Isoltech Srl, namely ISOCEM S/L
was usedlt is liquid, brown with a specific weighf 10.015 g/L and pH equal
to 7. It is composed of a mix of anionic and fionic surfactantsSurfactant was
diluted with tap water at the suggested concentration of 2.5 %. The air pressure
was set to 3.2 bar, pdacing a foam with a bulk density of /6 5 g/L
corresponding to a FER approximately equal te 13

The effect of foam was studied samples made up with two differamti.e.
0.2 and 0.4and compared to corresponding cemented seid{n

3.3.4. Mix propotion
A summary ofmixturestested in tis experimental study is reportedTable
5-3. The mixtures are identified by the type of €a6ilK 6 Speswhite&kaolin and
ACo for Oahecementfactospedci fi ed eleXisthedsX o

(wh

ratio in percentagegndporosity induced by foamyspe ci f i ed by fAnf Yo
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Y is the nin percentage); for example, Caposele soil treated with a cement factor
equal to 40 % andsequal to 20 % is identified by Ccs40nf20.

Table5-3. Treated soil mixture
wJc W5 [%] c/s[%] N [%]

0% K cs20
20% 20% K ¢s20 nf20
SWKaolin | 05 | 140% 40% | K cs20 nf40
0% K cs40
40% 20% K ¢s40 nf20
40% K ¢s40 nf40
0% C cs40
Caposele 0.5 120% 40% 20% C ¢s40 nf20
40% C c¢s40 nf40

In Table5-4 the theoretical amounts per cubic meter have been reported. The
symbol mur refers to the amount of concentrated surfactant additive per cubic
meter, whle my is the amount of foarhy weight that is equal to the amount of
diluted surfactant solution at 2.5 %, as specifie8.813 It is worth noting that
this amauntis always lower than 1 kger cubic meteiTheamaunts for Kcs40%
nf 0-20-40% are also reported graphicallyRigure5-8a.

Table5-4. Theoretical anouns of dry il, water for soil slurry, cement, water for cement, foam,
surfactantfor unit volume and unit weight.

msfkgl  Mus[kg] Mealkg]l Muclkgl mylkgl msurlkgl o [ K

K cs20 513 718 103 51 0 0.00 13.8
K ¢s20 nf20 410 574 82 41 15 0.38 11.2
K ¢s20 nf40 308 431 62 31 30 0.75 8.6
K cs40 473 663 189 95 0 0.00 14.2
K ¢s40 nf20 379 530 151 76 15 0.38 11.5
K ¢s40 nf40 284 398 114 57 30 0.75 8.8
C cs40 529 635 212 106 0 0.00 14.8
C ¢s40 nf20 423 508 169 85 15 0.38 12.0
C ¢s40 nf40 317 381 127 63 30 0.75 9.2

In Figure 5-8b the percentages by volumes of each componertbtaih
theoreticalvolume are rpresentedfoam volume percentage equal to f). In
this graph,the effect of foam ismmediatey clear Increasing the amount of
foam, all the other components decrease while foam contribution on total weight
is negligible.Because of this, both the amounts of cement and water per cubic
meter decrease, and the unit cost decreases as well.
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Figure 5-8. Graphical representation of theoretical composition of K cs40%21-80% (a) amounts
of each componemier abic meter byveight; (b) percentages by volume
3.3.5. Specimen preparation
The amount of soil ttreat wassetbeforehangsamples of treated Caposele
soil and kaolin were obtainedy treating 500 g of dryand 300 g of dry soil,
except for some caseBhe samples were seal cured to avoid evaporation of the
mixture water.

Thehighworkability of the fesh paste allows to prepare the sasypbairing
the mixture in moulds. A thin layer of silicone grease was put on lateral walls of
the mould to minimize the friction when the hardened material had to be
extruded.The method adopted this study has begoresented irntroduction
schematically shown idrigure 1-1. The samples for mechanical tests were
usually poured in moulds with the geometry required for the specific test, so that
disturbance on specan was minimized. The main disadvantage of this
procedure lays on samples shrinkage that may occur during the curing process.
In that case, specimen dimensions can slightly decrease, affecting the reliability
of the assumption of oedometric condition madesome tests. Due to small
dimensions requirefbr microstructural tests, the specimnsdnor these testwere
trimmed from bigger samples.
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Figure 5-9. Pictures of differenttages of specimen ma'ration. The numberreferto the stage
indicatedin this section§.3.5.
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The material was prepared following the lightweight cemented soil method:

1. the amount of dry soil Vo be treatd is mixed with distilled water
up o a specific water contentsw

2. independently, the amount of cement; \Wbased on c/s, is mixed
with distilled water W, ata specific w/c;

3. soil slurry and grout are mixed (if no foam is added, 4 and 5 are
skipped)

4. contemporarily, foam is prepared dagensity of foam is checked;

an amount of foam, Y¥based onsand equatiorf5-55) is added;

6. the mixture is poured in moulds; éasample is weighted and sealed
on top with a first layer of cling film to minimize loss in wateirithg
preparation of other samples. At the end, samples are sealed with
cling film and scotch tape and cured in a humidiytrolled
chamber.

o

5.4.Summary

In this chaptersolid, liquid and gas phases of lightweight cemented soils
have been identified. By thiway, LWCS llk propertiescan be determined
starting from initial amounts of soil, cement, water and fodhese properties
are time dependent due to progress of hydratiome evolutionis taken into
accountby meansof the amount ohon-evaporable watewhich increases with
time. The mix designimethod and parameters adopted in this experimental study
have beemlescribedThe parametersndefined as the ratio between the volume
of foam and theoretical volume of material has been introdutecan be
considered aa theoretical porosity induced boamwhich can be different from
the actual valubecause of bubbles breakage upon mechanical mixing, @hus
method to correct bulk properties afteslume of foam reductiomas been
presentedrinally, materals(i.e. soil, cement, foam), mixtures aexperimental
proceduresused in this study have been describgliktures were prepared
starting from two different clayey soils, namely Speswhite kaolin and Caposele
soil. A comnercial limestone Portland cementas used as a cementitious
material, whereabam was produced withnandustrial foam generator with a
commercial surfactant solution. Samples were prepared following the
lightweight cemented soil method, as schematically describéigjume1-1.
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6. Mineralogical and microstructural tests
The results of mineralogical and microstructural teatsed oubn mixtures
presentedi5.3.4are shown in this chapter. XRD, MIP and TGA were performed
at University of Cassino and southern Lazio whereas SEM analyses were carried
out atinstitut des Matériaux Jean RouX&VIN) of University ofNantes A brief
description of these methods is givieamAppendixB. Tests were carried out on
freeze dried samples at different curing times to study the evolution due to
progress of hydration; in order to identify the specifimpal e, t he suf fi x @ _
abpted, where (Ato is the curing time and
freeze dried at the specific curing time before performing the tests to stop
reactions.

6.1.XRD?

X-ray diffraction patterns of on-treated and treated kawlat increasing
curing time are shown inFigure 6-1. Comparing noftreated and cemented
kaolin, new reflections are detected in treated samalgsry early stage$24 h
of curing) These refictionsare attributed to formatioaf portlanditederiving
by cement hydration process, as explained in paragrapi.1 The intensities
of these peakslecrease with increasing curing time, suggesting the partial
consumption of portlandite over timeonsistet with pozzolanic reactions

(3.1.9).

This consumption isccompanied by a progressive dissolution of kaolinite,
muscovite and calcite.New peaks corresponding to calciutmono
carboaluminate hydrate 4&£CH11) are detected afte?28 days of curing. Peak
intensities of new hyaites increase with curing time.

In Figure6-2, X Ray diffraction patterns of cememipntreatedkaolin and
lightweight cemented samples at increasing curing times are represevded.
seemsiot toalter the chemanineralogical evolution of the system, both in terms
of formedand dissolveghhaseover time.

2 X-ray analyses were perfoed using a Brucker AXS D8 Advance Diffractometer with
CuKU (e-= 0.154 nm) radiation and a step size of 0.0Zh diffraction angle2d, is the angle
betweerthe diffractel beam and the transmitted beam.
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Figure 6-1. X Ray diffraction patterns of neimeatedand cementedaolin (Kcs40)at different curing
times C, K, P, M refer to calcite, kaolinite, portlandite and muscovite, respectively.
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Figure 6-2. X Ray diffraction patterns of netneatedand lightweight cementekiaolin (KcsA40nf40)at
different curing timesC, K, P, M refer to calcite, kaolinite, portlandite and muscovite, respective
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6.2. TGAS3

The quantitative interpretation of thermogravimetric analyses can be used to
study the progress of hydration. Indeed, as showararaph3.1.1.1 mass loss
can be associated to decomposition of specific phases.

In Figure6-3 TGA and DTG on nottreatedkaolin, anhydrous cement and
grout(w¢/c = 0.5), are presentedignificantweight loss observed oBpeswhite
kaolin (dotted line) in the range 500 °€600 °C is due to dehydroxylation of
kaolinite andmuscovite The anhydrous cement (dashed line) is characterized by
a significant mass loss between 700 to 900 °C, typical of Gd{S€olution. This
amount is consistent with the cemadbptedlimestone Portland cement) which
can be characterized by a pemtage by mass of CaGQp to 20 % gection
5.3.2. The TGA analysis on grout shows that a significauaiss loss occurs
below 350 °C related tdehydration of hydrate products. Between 400 and 500
°C, a significant mass loss related to portlandite decomposition is observed, with
a peak of mass loss rate at 450 °C. It is noteworthy that ranges of tenggratur
which kaolinite and portlandite decpwsition occurs slightly overlap; the rate
of mass loss of Portlandite becomes negligible above 500 °C, whereas a
significant rate is observed for Kaolinite right below 500 °C. However, at 500
°C, most of portlandé is decomposed.

In Figure6-4 a comparison between thermogravimetric analyses performed
at different curing times on Kcs40 is representdut mass loss between 100 and
350 °C (absent ikaolin) is relatedd cement hydration pducts, which increase
with curing time Due to partial overlap of kaolinite and portlandite, the peak of
portlandite cannot be appreciatétbwever, at increasing curing time, a slight
reduction of portlandite mass loss is detecteldicivis consistent wh XRD
results.Similar results are found for Kcs40nf40, as reportefigure6-5.

3 Thermaogravimetric analyse were performed with a Netzsch STA 449F3 Jupiter,
equipped with a mass spectrometer. Finely ground sample was heated at a rate of 16,°C min
under argon atmosphere, fraambient temperature to 1000 °C. The Netzsch Proteus software
has leen used to process the resuiepregnted as percentage of total weight loss versus
temperature (thermogravimetric curve), or rate of loss versus temperature (differential
thermogravimetc curve).

85



Chapter6
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Figure 6-3. Thermogravimetric analyses onlaydrous cement (CEM II/A LL 42.5Bpeswhit&aolin
and cement grout ¢¢=0.5); P and K refer to Portlandite and Kaolinite, respectively.
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Figure 6-4. Thermogravimetric analyses #s40 at different curing time§peswhitéaolin (dotted
line) and cemet grout (dashed line) are also reported; P and K refer to Portlandite and Kaolinit
respectively.
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Figure 6-5. Thermogravimetric analyses ¢ts40nf40 at different curing timeSpeswhitdaolin
(dottedline) and cement grout (dashed line) are also reported; P and K refer to Portlandite ar
Kaolinite, respectivel
.2.1. Quantitative analyses of TGA

Quantitative interpretations of TGA are represented Figure 6-6.
Neglecting the influence of kaolinite dehydroxylation, the amount of mass loss
between 390 and 500 °C can be related to decomposition of portlandite. A
gradual consumption of portlanditeobserveafter 7 days of curingconsistent
with XRD results show in Figure6-1 andFigure6-2.
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Figure 6-6. Evolution ofportlandite with curing timéy quantitative interpretation of TGA analyses ¢
Kcs40and Kecs40nf40.

As stated ir8.1.6for the cement paste, the amount of femaporable water
Wuw nev Can be derived from the results of a thermogravimetric analysite
hypothesis that neavaporable water is the water combined in gel, andre
generally, in products of hydratiomass loss of neavaporable wateoccurs
between 110 and 350 °C. This amount can be determined as the ratio between the
weight loss in tk fixed range of temperature and the weight at 110 °C. However,
standard prcedures considehé¢ weight of solid phas W° as the oven dried
weight at 105 °CThen, assuming a slightly different range of temperature, the
mass loss due to hydrates dehyidrati.e. the mass loss of n@wvaporable water
is:

W , WQWNA ¢ ipiMt@EDL L T
: v e — (6-1)
w 5 WQ@p v J

where W.ev can be regarded as the water content ofex@aporable water. It
is worth noting that this amount of water is fiete waterbut part of the solid
phase. Resultsf tests on treatelaolin with ¢/s=0.4 are represented kigure
6-7.
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Figure 6-7. Evolution of the enount of norevaporable watein timeof treatedkaolin.

Except for t=1day, the norevaporable water seems to be slightly higher in
the sample without foam. However, there is a very slight difference and the trend
is almost the same. The addition of foam seems to not affect sagnijiche
products of hydration, as alreadgserved in XRD.

These data can help to determine physical properties of soil. Indeed, to use
equations reported 8.1, it is necessary to determine the evolutidrik with
curing ime, that is the ratio between the amount of-aeaporable water and the
amount of anhydrous ceme(®-1). The norevaporable water yv can be
expressed as a function @k and c/s. Equatior(6-2) can be verified by
multiplying both members of the first expression by the weight of solid soil.

. W WhHE @
| W — . - (6-1)
Wnrr Wh W R
S B Y.
L @) —tlw , o) ©2
TP I WP p v T

The productk was calculated for Kcs40 and Kcs40nf40 at 1, 7, 28, 60 and
180 days of curing. In the hypotheghat the chemphysical evolution is the
same for both lightened and nrbghtened materials, all data waseed to fit an
analytical expression; logarithmic andlbgarithmic expressiawere proposed.
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Figure 6-8. Evolution oftk with time and best fit of data
The logarithmic function seems to fit slightly better the data. Both cannot be

applied for t=0, and the logarithmic function gives negative values for time below
half an hour; howeveno data are availableelow 1 day bcuring.
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] K ¢s20 ] K ¢s20 nf20 ] K ¢s20 nf40
0.08 0.3
@ (b)
0.06 — Reve
@
- 1 .,,@----O —
50.04 iy ol s
5 | 3
0.02 —
0 \ \ \ \ 0 \ \ \ \
0 40 80 120 160 200 0 40 80 120 160 200
t [days] t [days]

Figure 6-9. Evolution of(a) nonrevaporable water and (i with curing time on cemented and
lightweight cementekaolin.

A summary of the results of TGA tests performed on other mixtures is
represented ifrigure6-9. Results on Kcs40nf20 samples are in accordance with
results on Kcs40 and Kcs40nf40. The amount ofexaporable waterfgure
6-9a) obtained on Kcs20, Kcs20nf20 and Kcs20nf40 gdasis lower than
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observed in Kcs40. This i1 s due to t
depend on a slower kinetic. Indeed, lookingigure6-9b, the value otk is also
higher than samples treated at a cement factor, c/s, equal to 40%.

6.3. MIP*

Microstructural features of cemewtand lightweight cemented samples
have beeimnvestigated by means of Mercury Intrusion Porosimetry (MIP). Pore
size distribution curvesf@ement treated samples at increasing curing times (i.e.
1, 28 and 60 days) are showrFigure6-10.

8
Kes40 1d  ----- @
i @ Kcs40 28d ———
6 : Kcs40 60d — -%¢—

de/d(logp)
N
\

O I \HHH‘ I \HHH‘ I \HHH‘ ﬁﬁmﬁﬁw
0.001 0.01 0.1 1 10 100 1000
d [pm]
Figure 6-10. MIP on Kcs40 amples at different curing times (1, 28 and 69sja

Pore size distribution of cement treated samples is characterised by the most
frequent class of pores with modal pore diameter ranging between 0.2.4m
pm, with slight evolution over time; in the smallest pore range (i.e. entrance pore
diameters<0.2 pum), an increase of frequency is observed over curing time. A

4 MIP tests were by a double chamber Micromeritics Autopore 1l apparatus. In the filling
appaatus (dilatometer) samples were outgassed under vacuum and then filled by mercury
allowing increase of absolute pressure up to ambient one. The detected erdrargiampeters
range between 13dm and 7.3em (approximately 0.01 MPa0.2 MPa for a mercury contact
angle of 139°). After depressurisation to ambient pressure, samples were transferred to high
pressure unit, where mercury pressure was increased up {dRP®%ollowing a previously set
intrusion program.
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reverse trend is detected for largest pores (i.e. entrance pore diameters > 0.5 um),
with a decrease of frequency of pores as curing time increases, until a complete
disappearance of the qgoclass at 60 days of curinglore size distributions of
lightweight cemented samples at 1, 28 and 60 days of curing have been compared
with those of cement treated samples as shovigmre 6-11, Figure6-12 and
Figure6-13.
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Figure 6-11. (a) Cumulative intruded volumes a(ig) pore size distributions of ¢&40 (cemented
kaolin), KcsA0nf20 and KesAOnf40 (lightweight cementedadin) after 1 dayof curing

An increase of cumulative intruded mercury volume is observed as air foam
content increases, regardless of curing tifFigure6-11a, Figure6-12a, Figure
6-13a). Addition of air foam does not modify the modal pore size of cement
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treatedsampes (ranging between 0.2 u0.4 um). An increase of frequency of
pores larger than 0.5 um is detected for lightweight cemented samples
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Figure 6-12. (a) Cumulative intruded volumes a(ig) pore sizedistributions of K40 (cemented
kaolin), KcsA0nf20 and KcsAOn40 (lightweight cementddholin) after 28 daysof curing
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intruded void ratio
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Figure 6-13. (a) Cumulative intruded volumes a(ig) pore size distributions of ¢640 (cemented
kaolin), KcsA0nf20 and KcsAOn40 (lightweight cementddholin) after 60 daysof curing
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6.4. SEM®
SEM observations of netmeated kaolin and cement treatainples (Kcs40)
at increasing curing times (i.e. 1 and 60 days of curing) are shdvigure6-14.

Figure 6-1 kaolin (a, b) and cement treates@nple (Kcs40- c, d:
24h of curing; e, f: 60 days of curing)

5 SEM were performedia SU5000 Hitachi Scanning Electron Microscopyretitut des
Matériaux Jean Rouxel (IMN)f University of Nantes. A gold coating of the samples has been
performed before SEM obseti@ns.
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The effects of cement addition are clearly observed since thaheryterm
(i.e. 24h of curing), with kaolinite particles embedded int8-8 gel. At longer
curing time (i.e. 60 days) a wailbnnected matrix of hydrates and particles is
detected Figure 6-14c). SEM micrographs performed at higher magnifications
allow an insight into microstructural features of cement treated sample after 60
days of curing (Kcs40), ashown inFigure6-15, where the presence of&H
network and crystals of portlandite, even if partially dissolved and transformed
into hydrates, are clearly identifiedrigure 6-15a, b, ¢. New formation of
aluminate hydrates is also detectEdy(re6-15d).

Portlandite

e

Kaolinite
10,00V O - .’
Figure 6-15. SEM observations on

10 0%\ 213 O

Kcs40 (cemet treated sample) at 60 days of curig

SEM observations of cement treated dightweight cemented samples at 60
days of curing are comparedhigure6-16. Soil matrix is made of arrangement
of kaolinite particles or group of particles, embedded in a network-8HC
phases. Nosignificant changes of db matrix for both cement treated and
lightweight cemented samples are observed, regardless of air foam content.
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g} Kes40ni4060d
R

> s R

Figue 6-16. SEM observation oln(a, b, ¢), K:s40f2(1d, , flandKcs40nf4Q(g, h, ) after 6 »
days of curing

An insight inb the effects of foaron soil-cememwatersystenmwith respect
to distribution and size of voids is shownHigure6-17, Figure6-18 andFigure
6-19, where SEM observations of lightweight cemented samples, namely
Kcs40nf20 and Kcs4040 at 60 days of curing are respectively reported. At
lower magnification Figure6-17), the effect of air foam is clearly evidenickey
footprint of air bubbles on #lightweight samples surface as consequence of
matrix displacement during mixing, whose extent and frequency increase as air
foam content increases.

ANz

iKs40(a), Kcs40nf2Qb), Kcs40nf((c)after 60 days of curing

Figre 6-17. SEM obsrvations o
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Figure 6-18. SEM observations dfics40nf4(Q(lightweight cemented samples) at 60 days of curin
time: details of air bubble fiprint surface

Matrix
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& Portlandite
Matrix

Matrix
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Flgure6 19. SEM observations onds40nf4(XI|ghtwe|ght cemented samples) at 60 days of curing
detailsof air bubbles filled by portlandite and cement hydrates
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Soil matrix forms the duspherical limit surface of air bubbles footprints, as
shown inFigure6-18. Precipitation of portlandite crystals and hydrated phases
inside air bubble footprintss frequently observedFgure 6-19). Cavities of
different shape, also smaller than footprints of air bubbles, are often detected in
the soil matrix and filled by precipitation of aluminate hydrates and portlandite
as inFigure6-20.

00KV x2 90x SE(L) ) o ELE
Figure 6-20. SEM observationsn Kcs40nf4(Q(lightweight cemented samples) at 60 days ohgur
details of cavities filled by portlandite and cement hydrates

6.3. Discussion

Chemephysical evoltion of treated samplesegardlessf foamaddition, is
ruled by hydration of cement and pozzolanic reactibmeed. ddition of foam
to soili cement water system does not alter cheptoysical evolution of treated
samplesPrecipitation of portland# and progressive formation of cementitious
gel compounds since the very short term (i.e. 24 hours of curing) have been
clearly detected by XRD and TGA ags¢s At increasing curing time, a gradual
consumption of formed portlandite and progressive disisolwf clay minerals
(i.e. kaolinite and muscovite) seeno be consistent with development of
pozzolanic reactions. Calcite in anhydrous cement represents a further reacting
component during hydration and pozzolanic reactions, as confirmed by formation
of carboaluminate phasgse. calcium monocarboaluminateigure6-1).
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Effects of chemegphysical evolution on microstructural features of cement
treated soil have bedmghlightedby MIP results. Modal poraze sems slightly
shifted towards smaller sizes because of formation of acealiected network
of hydrates over time, which increases small pores frequency and contributes to
the progressive decrease of pore frequency betweé&ndO.én.

SEM images cdirm MIP results interpretationF{gure 6-14), showing
kaolinite particles embedded into$£H network sinceearly curing timegi.e.
24h). At longercuring time (i.e. 60 days), it is clearly visible that this well
conneted network of hydrates fills the space left around kaolinite particles or
groups of particlesHigure6-15).

Bubbles constituting foam, and the surrounding surfactant layers, are able to
displace and sustain teeil-cement slurry matrix upon mixing. Addition of foam
introduces air in the system included in bubbleslitierent sizesAir bubbles
remaining stable over cement setting and matrix hardening are responsible of
increase of porosity of lightweight cented samplesDue to matrix (i.e. soil
cement hydrates) hardening, the space left by air in the bubblesesya from
collapse under matrix overburden. This is consistent with large footprints clearly
detected by SEM observationfidgure 6-17). By inspecting the footprints
surface soil matrix is clearly visible with its characteristic pore size distribution,
being pores in the small range as well as modal pore size slightly affected by air
foam contentegardles of curing time.

As shownby MIP analyses,dotprints of air bubbles on sample surface are
not detected when their size is over the maximum size detectable by MIP (i.e.
diameter >300em); conversely bubbles inside the samples (not directly
connected withsample surface) can be detected only throtigh connected
smaller pores belonging to soil matiixaccessible from the outer surface of
samples. In this case, cumulative curves of intruded mercury show an increase of
intrusion corresponding to the mod#e of soil matrix, highlighting the volume
filling of internal bubbles, and justifying the overall higher porosity of the
samples. This mechanism is consistent with MIP results also in terms of pores
frequencywhich show a similar modal size of theHtgreight cemented samples
regardless of theam content, being this distribution characteristic of the matrix.
The higher frequency of larger voids (i.e. bubbles, cavities or pores) is ruled by
the amount of foam added to the system. The subsequentoedxfdarger pores
at increasing curing tim@.e. pore entrance diameters between 10 mm and 250
em) , more evident for sampl esiOnfdd), t h
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dependson the chemyphysical evolution of the soil system, due to the
precipitation of hydrates filling the available spac¢hi@a voids.
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7. Physical and mechanical propertiesrefited samples
Physical characterization amadechanical tests were performed at different

curing times to study the effects of chenphysical evolution of clagement

water system on properties of treated soils. A brief description of tests, performed

in geotechnical laboratory of University of Napld-ederico Il, is given in

AppendixB.

7.1. Speswhiteékaolin
7.1.1. Bulk properties

7.1.1.1. Cementedaolin

A summary of the mechanical tests performed on cemented kashown
in Table7-1. Asfor microscaletests were carried out at different curing times to
study the effect of chemical evolution on mechanical properties; in order to
identfythe speci fic sample, the suffix A_tdo I
time andh dstaysfoidays o6) . Oedometric tests are id
The other samples refer to direct shear tests; being the majority, for simplicity
they are only ideiified by confining stress at which they are perfornigdneans
oft he sukHAHax (AwhZere Z i s the «camedtadni ng str
kaolin sample with c/s=20%fter 7 days of curing tested in direct shear at a
confining stresx0 ofd 1WHOEKPad usnnAKt o refer
curing time at which test was perfoedh while A refers to the normal stress
applied. Bulk density and dry bulk density are also reported for each sample. The
former is the bulk density at t=0, i&t.time of mixture preparatiormhe average
values for Kcs20 and Kcsdfixturesare 13.7 and 14.1Ndm3, respectively,
which aresimilar totheoretical bulk weight, 13.8 and 14.2 kN/neported in
5.34

Dry density was determined as the ratio of the oven dry weight of sample
after test and volume before test was perforniedefers to a specific time,
because dry density grows up slightly along with the progressioétion, which
reduces water content and by consequence the volume of pores

The specific gravity of cementekbolin with c/s=40%was determined
according toASTM D854 It was 26 kNm?®, approximatelyequal to specific
gravity ofnon-treatedsoil; this confirmghe result 0o{5-43). Assuming this value
as constant in time, void ratio can be determined for each Sample

6 According to theoretidaequations, specific gravity of cemented soil slightly decreases
with time due to progress of hydration.
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Table7-1. Summary oflirect shear tests performed on cemented soil.

tldays] 'v[kPa] 1 1%’ iy YkN/MY] e

Kcs20 7d 50kPa 7 50 135 6.2 3.2
Kcs20_7d_100kPa 7 100 13.7 6.1 3.2

Kcs20 7d_150kPa 7 150 13.6 6.2 3.2

K Kcs20 7d 50kPa 28 50 13.9 6.3 3.1
€520 {520 7d_100kPa 28 100 137 6.2 32
Kcs20 28d 150kPa 28 150 13.7 6.3 3.1
Kcs20 7d oed 7 - 13.6 6.4 3.1

Kcs20 28d oed 28 - 13.6 6.5 3.0
Kcs40_1d_50kPa 1 50 14.3 - -
Kcs40 1d 100kPa 1 100 14.1 6.8 2.8
Kcs40 1d _150kPa 1 150 14.0 6.5 3.0

Kcs40 3d 50kPa 3 50 14.1 - -

Kcs40 3d_100kPa 3 100 14.0 6.9 2.8

Kcs40 3d_150kPa 3 150 14.2 6.1 3.3

Kcs40 7d 50kPa 7 50 14.3 6.8 2.8

Kcs40 7d_100kPa 7 100 14.0 6.9 2.8

Kcs40 7d_150kPa 7 150 13.9 6.4 3.1
Kcs40 14d 50kPa 14 50 14.2 - -
Kcs40 14d 100kPa 14 100 13.9 6.8 2.8

K cs40 Kcs40 14d_150kPa 14 150 13.9 6.8 2.8
Kcs40 28d 50kPa 28 50 14.0 6.8 2.8
Kcs40 28d 100kPa 28 100 14.3 6.7 2.9
Kcs40 28d_150kPa 28 150 14.1 6.8 2.8
Kcs40 60d 50kPa 60 50 14.0 6.9 2.8
Kcs40 60d 100kPa 60 100 14.1 7.0 2.7
Kcs40 60d_150kPa 60 150 14.0 7.0 2.7
Kcs40 90d 50kPa 90 50 14.0 7.0 2.7

Kcs40 90d_100kPa 90 100 14.1 6.9 2.7

Kcs40 90d 150kPa 90 150 14.0 6.9 2.8
Kcs40 7d oed 7 - 14.1 7.1 2.6
Kcs40 28d oed 28 - 14.1 7.0 2.7

In section5.1theoretical equations to determine bulk properties starting from
mix design parameters were deriv€g41). To apply these equations, it is
necessary to knowk(t). Two expressions for this function were proposed in
section6.2.1, derived by interpreting thermogravimetric analyses at different
curing times. The following expression will be used:

| o mrtcd 16 mrwy (7-1)

It is worth noting that according to this equatldnis equal to 0.23 at t=245
days. According tdNeville (2011) U is around 0.23 for a fu
and 0.23 would be the maximuma | ue of Ux ( beHowgverx at maxi
hydration can continue to take plateusU s houl d be ;ghisesat er t han
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limitation of the equation proposed, which was derived from data up to 180 day
Nonethelessf the equations regardeds asimplified model to derive physical
propertiesof cemented soilt canstill beapplied

A comparison between theoretical and measured values of dry unit weight
and void ratio isshown in Figure 7-1. It can be observed that dasme
approximately well fitted. Dry unit weight at 7 days for Kcs20 is slightly
overestimated (void ratis underestimated). Data from Kcs40 are well fithésb
at higher curing timg(60 and 90 days). Dry unit weight at 28 days is slightly
underestimatk (void ratio overestimated) for the 3 samples tested in direct shear,
while Kcs40_28d_oed is well fitted. In terms of dry unit weight, a significant
deviation cones only from Kcs40 1d 150kPa, Kcs40 3d_150kPa and
Kcs40_7d_150kPa, in which the error is teghthan 5% in terms of dry unit
weight and void ratio.
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8 4
| @ | ®
® 3.6 —
— ’ Y. .—: — — 8 __' .
“ o
E L B 32 B i
Z 6 i.. L 1.. “.
B _ 2.8 %8 @ _ o— _ 8 N
>~ | @
> 24 —
| ] K ¢s20 ’ [ K ¢s20
® Kocs40 ] °® K cs40
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\ \ \ \ \ \ \ \
0 20 40 60 80 100 0 20 40 60 80 100
t [days] t [days]

Figure 7-1. Comparison between estimatetlaneasured value of (a) dry unit weight and (b) void ratic
different curing time. Dotted and dashed knrefer to theoretical values.

By knowing dry weight and the weight before test, water content can be

determined at time t. In the hypothesis of seaing, total weight should be equal

to the initial total weight. However, evaporation can occurifthenp | e it s not
perfectly sealed. In order to compare theasuredvater content to theoretical

value, the water content of the seal cured materialuahg time t can be

estimated by usingnitial total weight and the dry weight at time t. The

comparisoris shownin Figure7-2a. In this case, the error is more pronoed.

As for dry unit weight and void ratio, thé&arger deviations occur for
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Kcs40 3d_100kPa and Kcs40 7d_150kPa in which measured water content is
significantly different compared to theoretical valugddhe error is above 10%

In Figure 7-2b, data from samples preparemdmeasureoven dried (OD)
water content at varying curing time are compared with theoretical values. Data
from freeze driedsamples (FD) used for microstructural anab/sare also
reported. The water content of Kcsgdimpless well fitted, whilewater content
of Kcs20samplesappears to be slightly overestimated.

------------------ Kes20 — —  — Kecs40
1.4 1.4
B Kcs20 B Kcs20-0D
13 ® Kcs40 1.3 @® Kcs40-0D
e Kcs40-FD
1.2 7“. 1.2 ]
— 12 T g = mg @ T u
[— @ o [— | m
z . s
1.1 —‘\0 = 1.1 —:\.
] 7. — _ _ -
1—..'\ - — 8 | . H B
(@) (b)
0.9 ] \ \ \ 0.9 ‘ \ \
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t [days] t [days]

Figure 7-2. Water content ofemented soil at different curing titr(@) Data fromsamplesafter direct
shear test; (b) data from oven driadd freezedried samples
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7.1.1.2. Lightweight cementedkaolin
A summary of the mechanical tests performedlightweight cemented
kaolin is given inTable7-2.

Table7-2. Summary afests on lightweight cementkdolin.

tldays] ' [kPa] 1 1%’ iy YKN/m?] e

Kcs20_nf20_7d_50kPa 7 50 12.8 5.7 3.5

Kcs20 nf20 7d 100kPa 7 100 12.3 55 3.8

K cs20 Kes20_nf20_7d_150kPa 7 150 12.9 6.2 3.2
Kcs20 nf20 28d 50kPa 28 50 13.0 5.8 35

nf20 Kcs20 nf20 28d 100kPa 28 100 13.0 5.8 35
Kcs20 nf20 28d_150kPa 28 150 12.5 5.6 3.6

Kcs20 nf20_7d_oed 7 - 12.5 5.8 3.5
Kcs40_nf20_7d_50kPa 7 50 12.6 6.0 33
Kcs40_nf20_7d_100kPa 7 100 12.8 6.1 3.2

Kcs40 nf20 7d_150kPa 7 150 12.8 6.1 3.3

K cs40 Kcs40_nf20_14d_50kPa 14 50 12.5 6.0 3.4
0 Kcs40 nf20 14d 100kPa 14 100 12.8 - -
n Kcs40_nf20 14d 150kPa 14 150 12.9 59 34
Kcs40 nf20 28d 50kPa 28 50 12.5 6.1 3.3

Kcs40 nf20 28d 100kPa 28 100 13.0 6.2 3.2

Kcs40 nf40 28d_150kPa 28 150 13.0 - -

Kcs20 nf20 7d_50kPa 7 50 10.2 4.7 4.6
Kcs20_nf20_7d_100kPa 7 100 10.2 4.4 4.9

Kcs20 nf20 7d_150kPa 7 150 10.4 45 4.8

Kcs20  Kcs20 nf20 28d 50kPa 28 50 10.2 45 438
nfA0  Kcs20 nf20 28d 100kPa 28 100 10.2 45 4.8
Kcs20 _nf20_28d_150kPa 28 150 10.4 4.3 5.1

Kcs20 nf40 14d oed 14 - 10.2 4.7 4.5
Kcs20_nf40_28d_oed 28 - 10.2 4.7 4.6

Kcs40 nf40 1d 50kPa 1 50 10.3 438 4.4
Kcs40_nf40_1d_100kPa 1 100 10.0 4.6 4.6

Kcs40 nf40 3d 50kPa 3 50 10.5 438 45
Kcs40_nf40_3d_100kPa 3 100 10.6 4.7 4.6

Kcs40 nf40 3d_150kPa 3 150 10.5 4.7 4.5

Kcs40 nf40 7d_50kPa 7 50 10.1 4.7 4.5

Kcs40 nf40 7d 100kPa 7 100 10.7 4.9 43
Kcs40_nf40_7d_150kPa 7 150 10.8 5.3 3.9
Kcs40 nf40 14d 50kPa 14 50 10.4 4.9 43

K csa0 _Kcs40_nf40_14d_100kPa 14 100 10.0 4.7 45
Kcs40 nf40 28d 50kPa 28 50 10.3 5.0 4.2

nf40  ~Kcsao nfao 28d 100kPa 28 100 10.6 5.0 4.2
Kcs40 nf40 28d 150kPa 28 150 10.0 - -

Kcs40 nf40 60d 50kPa 60 50 10.8 5.0 4.2

Kcs40 nf40 60d 100kPa 60 100 10.8 5.1 41
Kcs40 nf40 90d 50kPa 90 50 10.3 5.1 41

Kcs40 nf40 90d _100kPa 90 100 10.7 4.8 4.4
Kcs40_nf40_90d_150kPa 90 150 10.9 - -

Kcs40 nf40 7d oed 7 - 10.2 5.0 4.2

Kcs40 nf40 14d oed 14 - 10.3 5.1 4.1
Kecs40_nf40 28d_oed 28 - 10.2 5.0 4.2
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The same approach used for cemetkialin was used to determirge dgry,
e and wof lightweight samplesin this case, the measured unit weight is higher
than theoreticavalue ¢espectively 11.2 and 8.6 kN?nfor Kcs20nf20 and
Kcs20nf40, and 11.5 and 8.8 kN¥for Kcs40nf20 and Kcs40nf40Table5-3).
Indeed, he aveage values of measwranit weightsare 12.8 and 10.3 kN/hfor
Kcs20nf20 and Kcs20nf40, and 12.8 and 10.5 kNfor Kcs40nf20 and
Kcs40nf40.This differencedepends mainly on the breakage of foam bubbles
upon mechanical mixing. In this case, theoreticabperties derived from
equations (5-33) - (5-41) would deviate significantly from data. In order to
conmpare data with theoretical values, the approach presere?l iInlwasused.

It is assumed that the difference between theoretical and measured unit weight is

only due to the breakage of fodmbbles
i a ct uvareferred vaasei. By this way,
theoretical unit weight is matched to the measured unit weight and the &ctual
is determined for each sample. The averaigealues are 9 % and 28 % for

Kcs20nf20 and Kcs20nf40, and 11 % and 29 % for Kcs40nf20 arndDKEAD.
The theoetical values of bulk properties showhereafter are determined with

determinedand,hencet h e

the average values of .

t hen

an

@ Kcs40 (D Kes40nf20 O Kcs40nf40‘

_7*08*.“3"_1—_—'
g Te g - — - — -
£6184
= 700 ; .
5 — 8. — 8 —--¢
g0 8 0
4 \ \ \ \
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factual O

5
(b)
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-O.
o O — -Q —
e} o)
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t [days]

Figure 7-3. Comparison between estimatetdameasureda) dry unit weight and (b) v ratio of
Kcs40nf0-20-40 at varying curing time. Dashed lines refer to theoretical values.

The comparison between measured and estimated values (after volume

correction) of unit dryveight and void ratio are showmFigure7-3a andFigure

7-3b, respectively. Data regarding Kcs40 are also reported. The lightweight
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material has a significantly lower (highery unit weight (void ratio), especially
comparing Kcs40 and Kcs40nf40. Batare well fitted, esept for
Kcs40nf40_7d_150kPa and Kcs40nf40_90d_100kPa. The same can be observed
in Kcs20 nf 020-40, as shown ifigure7-4; the void ratids slightly higher than

Kcs40 nf 020-40 (comparing samples with the same This is dudo the lower
amount of cement, which reduces the solid phase.

B kcs20 [ Kes20nf20 | ] Kes20nf40

8 5 =
i (@) O — g
7 |
("'}_| 4 1
E | W H u
Z ¢ | u T — e o
= ° _ . B O ) o
g 7 m o e W .
>3 3
5 |
i ) D__ . _D ______ E _
B = (b)
4 \ \ 2 I T ‘
0 10 20 30 0 10 20 30
t [days] t [days]

Figure 7-4. Comparison between estimatettdameasureda) dry unit weight and (b) void ratio of
Kcs20nf 620-40 at varying curing time. Dashduhes refer to theoretical values

————— Kesd0 — - — - — Kes40n20 — - - — - - Kcs40n40
1.4 1.4
1o @® K cs40 | @ Kcs40-FD O K cs40 nf40 - FD
® K ¢s40 nf20 @ Kcs40-0OD @ K cs40 nf40 - OD
1.3 70 O K cs40 nf40 1.3 — @ K ¢s40 nf20 - FD
T o |
— 1.2 —15¢ @ — 1.2 -
‘é‘ o e © ? 49 .
- @) C— - - L
L1 \g@’\@-—-@—»-_ 1.1—1\@_\ 8 -
g8 ST e g IR
1.0 — . o ° ® 1.0 —
(a) (b)
0.9 ] T T ‘ 0.9 T ‘ ‘
0 20 40 60 80 100 0 10 20 30
t [days] t [days]

Figure 7-5. Water contentime evolutiorof Kcs40nfé20-40.
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In terms of watecontent, data from samples of Kcs40-2f®40 subjected
to mechanical tests are highly pessed between 100 and 120 Big(ire 7-5a).
However, data from freeze drisamples for microstructural and mineralogical
tests, and data from oven dried samples prepared for this purpose are well fitted
(Figure7-5b). The samescattemwvas obsrved in Kcs20 nf20-40 (Figure7-6).

1.4
1.3 ; X
' 7D\ - -E- ——————— g
B e =
12 o e LT T
- img @ X 'é
= 7 + =
Z
1.1 — +
1 - B Kcs20-0D +  Kcs20nf20
[ Kcs20nf20-0OD X Kcs20 nf40
71 O Kes20nf40 - OD
0 10 20 30

t [days]
Figure 7-6. Water content time evolutiari Kcs20 nf@20-40 oven dried saphes
Finally, it is worth noting that saturation degred lightened sampless
significantly lower than 1 because of air bubbledjile saturation degree of
cementedaolin is almost 1(98% on average for both Kcs20 and Kcs40). The
averagedegree of saturatiofor Kcs20nf 2640 is 90% and 70%, respectively,
while for Kcs40nf 2040is 87% and 69%, respectively.

7.1.2. Mechanical tests

7.1.2.1. Direct shear tests
In the following section, direct sheagst results on cement&peswhite
kaolin are presented.hE effects of cementfactor, curing time and confining
stress on mechanical behaviour of cemehadin will be highlighted.

In Figure7-7 results of tests performedter 7 days of curing are shown. At
increasing cement/soll ratio (c/s), both peak strength and stiffaess increase.
The volumetric behaviour of Kcs40 is dilative for both confining stresses;
confining stress of 5@Pa, the behaviour is initially contractive, and it becomes
dilative only after peak is reached, which is sistentwith results & Schnaid et

" The adopted shedrox apparatus is a standard odd. direct sheartestshave been
performed at aisplacement rate of 0.005 mm/min. Micrometed deuges with a resolution of
0.001 and 0.01 mm have been respectively used to measure vertical and horizontal displacements.
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al. (2001) For Kcs40 samplest increasing confiningtress, failure occurs at
higher deformations, but a brittle behaviour is observed in both cases. Non
linearity of stressstrain curve occur just before peak strength is reached.
Conversely, the behaviour of Kcs2@ea 7 days of cung is contractive and
ductile, similar to noftreatedkaolin (dotted and dashed lines Fgure 7-7).
Increasing the confining stress, there is no change in initial stiffneseadan
increasen peak strength is observed. Ivw®rth noting thapeakstrength ofall
these samples is higher than ricgatedkaolin.

Kcs20, Kcs40 (7d)
—#— Kcs20 7d 50kPa @ Kcs40 7d 50kPa
—4— Kcs20 7d 100kPa ——&—— Kcs40 7d _100kPa

200 —

160 —

@
\
10
1.5 —
. @
— 0.5 — O
g o
EI 0 Amﬁ‘_f v‘ e ¥ ‘ L 4 ‘ I ‘ I ‘
N U R ey
05 ;\2\\,\,*\" :\-}:1 ------------- R 8 o
4 =y d, [mm]
1
-1.5 —

Figure 7-7. Direct shear test®n Kcs20 and Kcs40 at 7 dayscofing. Dotted and dashed lines refer
tests at 5&Pa and 100 kPan nontreatedkaolin, respectively.
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Similar results are observed on samples tested at 28 days of curing, as shown
in Figure 7-8. At increasing cement content, both peak strength and stiffness
increase. e behawur of Kcs40 is brittle and dilative. In this case, a softening

stage at high deformations is observed also on Kcs20 samples;

a slight dilatancy

is observed at a confining stress of 50 kPa, while it is contractiije=at00 kPa.

Kcs20, Kcs40 (28d)
— B Kcs20 28d 50kPa @
—4—— Kcs20 28d 100kPa

Kcs40 28d 50kPa
—&—— Kcs40 28d_100kPa

200 —
160 —
1
=120 — /0
A 1/ N
= | & =
e 80 1 g o *
/ / @ “\””’”\4
¢/ @ ~— g
40 7/ o B __
!/, [8) —B 9
| / /
o &
\ \ \ \ \
0 2 4 6 8 10
d, [mm]
15 —
1 |
®
—l \
8 10
1 - d, [mm]

-1.5

Figure 7-8. Direct shear test®n Kcs20 and Kcs40ftar 28 days of curing

The effect of curing timatdifferent cement contesis evidencedn Figure
7-9. From 7 to 28 days an increase in bothakpstrength and initial stiffness is
observed at both cement factors. A constant value iagtoévedn any of the
tests, but the curves seem to converge towards the same value, with different

rates.
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Kcs20, Kcs40 (100kPa)
— % — Kcs20 7d 100kPa  —— 44— Kcs20 28d 100kPa
— % — Kcs40 7d 100kPa  ——@—— Kcs40 28d 100kPa

200

8 10

-1.5
Figure 7-9. Direct shear tests on Kcs20 and K@st, =100 kPa at 7 (dashed lines) and 2®ld
lines) days of curing

Comparing tests on Kcs40 at 28 days respect to tests at 7 days of curing, a
higher brittlenesss observd; with reference to Kcs® softening is observed
only & 28 day=f curing. Howevera lower displacement was achiexad days
of curing thussoftening could have occurred also at 7 dal@gferdeformations
were reached. At increasing oug time, the volumetric behaviouebomes more
dilative for Kcs40 and less contractive for Kcs20.

In Figure7-10resultsof tests at 1, 3, 7 and 14 dayscuringat a confining
stress of 50 kPa are shown. The initial stiffness seems to be similar at varying
curingtime, except for the test at 1 dayanfring. At increasing curing time, the
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peak strength increases, and it is achieved at lower deformations. However,
stressstrain curves seem to converge towards a unique value, regardless the
curing time, which resutin an augmented brittleness. The woddric behaviour

is dilative at all curing times, but an increase in dilatancy is obsateedwith

the progress of hydration.

Kes40 _S0kPa (1, 3, 7, 14 days)
Kcs40 1d_50kPa Kecs40 7d_50kPa
Kcs40 3d_50kPa Kcs40 14d_50kPa

120 —

80 —

1T [kPa]

E)
E 0 =TT | | | |
"d>

05 4 8 12 16
] d, [mm]

-1.5 —
Figure 7-10. Direct shear tests on Kd0at,, 8-50 kPaat earlystages of curingl, 3, 7, 14 das).

Results of direct shear tests at the same curing time&%nd 50 kPa are
shown inFigure7-11. Increasing curing time, an increasetiesgth is observed,
except for t=14 days. However, respect to tests performed at 50 kPa, the increase
in strength is less pronounced, with a moretitRibehaviour. The volumetric
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behaviour is always contractive, and (except for Kcs40_1d_150kPa) it kecome
slightly dilative only at large deformations after failure occurs.

Results afi = 150 kPa, at longer curing times (28, 60, 90 days) are plotted
in Figure7-12 along with the result at 7 days of curing. Except for the test at 60
days, an increase in strength is observed at increasing curing timeuJdests
that hydration progresses significantly even after 28 days. Again, the volumetric
behaviour becomes much more dilative at increasing curing time.

Kcs40_150kPa (1, 3, 7, 14 days)

------------ Kcs40 1d 150kPa — — — - Kcs40 7d _150kPa
— - -— Kecs40 3d 150kPa  ——— Kecs40 _14d _150kPa
200 —
P N
| e N
< 120 — p TS - Tl
(=5 | - IRy
4 / A ~
— [ ~ - ~—
- 80 | 1/ —
| l’,/
40 7,/
0 | | | | |
0 2 4 6 8 10
d, [mm]
1.5 —
1 _
— 0.5 —
E |
g 0 =1 | IS
> — —_ —T I —————— = = = . — - -
T 95 T 4 6 8 10
S PR d, [mm)]
1 —
-1.5

Figure 7-11. Direct shear tests on Kcs40,, 6-150 kPaat early stages of curingl, 3, 7, 14 das).
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Kecs40_150kPa (7, 28, 60, 90 days)

------------ Kesd40 7d_150kPa — — — - Kes40 _60d_150kPa
— - -— Koes40 28d 150kPa —— Kcs40 90d 150kPa
200 —
160 — Mo
:l ,"N- \‘\ \\
Ry
= 120 — ,/¢ \\\
Qq ) ~ .
ﬁ | /"'I \\\ = <-
o 80 — [ Tt
— I T T — — —_ —_ =
40 —/
0 | | | | |
0 2 4 6 8 10
d, [mm]
1.5 —
1 1
— 05 —
£ S
s V=g =T | |
- I St Y
< g5 2 4 6 8 10
. d, [mm]
-
15 —

Figure 7-12. Direct shear tests on Kcs40,, 6-150 kPaat differentcuring times (728, 60, 90days).

7.1.2.2. Oedometric tests
The results of acometric tests at different curing times and cement factors
are represented Figure7-13in the plandl-logli. Beow yielding stressstrains
are very low with a slight increase in stiffness with cement factor. The ygeldin
stress increases significantly with cement con@nipbserved bgther authors

8 The apparatus used in laboratory is a standard device with controlled inakloadt
Specimen diameter is 55 mm with a heighPO mm. Vertical displacements are measured via a
Linear Variable Differential Transducer (LVDT). The load increment is applied when the 100%
of primary consolidation is supposed to be reached
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(S. Horpibulsuk et al., 2004; Sasanian, 2014} larger stresses, large
deformationoccur. The curves at different curing time and same cement factor

are quite simidl

ar .

| t § the weldingt diressni®t i ng t h

significantly above thenaximumverticalstress adopted in direct shear tests (150
kPa). Conversely, in Kcs20, nmegligible strains are observed at 150 kPa,
which means thatomparedo Kcs40direct shear tests are performed at an initial

stressstate closeto yielding surfae

0 B——

0.05

ol
7

0.15

0.2 e

Kes20 7d
—— B Kcs20 28d — @ Kcs40 28d

— — @ — Kcs40 7d

0.25 —

10 100

1000

10000

o, [kPa]
Figure 7-13. Oedometric tests ond&20 and Kcs40 at 7 and 28 days of curidpg ,, °)

In Figure7-14the results are plotted in the plang(t0). The two samples
are characterized by different physical states in the stress field investigated. The
initial void ratio of Kcs20 is slightlyigher than Kcs40, but after yielding stress,
situation is reversedue to the higher yielding stress of tager. The comparison
between the cementd@olin sampleand the nosireated one is represented in
Figure7-15. The initial void ratio, at very low confining stress, is much higher in
cemented sample. The physical states observed up to 2 MPa are impossible for

nontreateds oi | . Il n t

he

r a nrgptepossilile tosdeterieesifs app !l i e d

cemented sample, after yielding, tends towards the intrinsic compression line of

nontreated one.
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3.6

— — B — Kcs207d — — @ —  Kces40 7d
— @B Kecs20 28d @ Kcs40 28d

2 \\\\\H‘ \\\\\H‘ T T T TTT
10 100 1000 10000
o, [kPa]
Figure 7-14. Oedometric tests ond$20 and Kcs40 at 7 and 28 daysofing (elog , 9).
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Figure 7-15. Comparison between oedometasts on cemented andn-treated laolin (dotted line).

7.1.2.3. Lightweight cementedkaolin
The effect of foamadditionon cemented soil was stedi for both cement
factorsat different curing times. IRigure7-16 andFigure7-17 resultsof tests at
28 days of curingat different vertical stresen Kcs20nf40 and Kcs40nf40
respectivelyare shown. In both cases, the petkrgyth increases at increasing
confining stras, while volumetric behaviour is contractive and ductile in all the
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tests, except for a slight softeningat large displacementin
Kcs40nf40_28d_50kPa. The volumetric behaviour of the three samples of
Kcs20nf40is almost the sameharacterized byarge vetical displacements
whereaghe behaviouof Kcs40nf40becomes gradually more contractive as the
verticalstress increases.

Kcs20nf40_28d
—{ 1+ 50kPa —()— 100kPa —%— 150kPa

120 —

T [kPa]

8 10
1 J—
\ \
8 10
d, [mm]
2 0

Figure 7-16. Direct shear testen Kcs20nf40 after 28 days of curing at differesttical stress.
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Kecs40nf40 _28d
O 50kPa —O— 100kPa 5% 150 kPa

120 —
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Figure 7-17. Direct shear testen Kcs40nf40 after 28 days of curing at differesitical stress

In Figure 7-18 the results of direct shear tests on Kcs40, Kcs40nf20 and
Kcs40nf40 at aerticalstress of 50 kPa and after 7 days of curing are represented.
Increasing the amount of foam, the init&iffness slightly dcreases, while a
significant reduction of peastrength is observed, that it is still higher than-non
treated sample even for Kcs40nf4the volumetric behaviour, that is slightly
dilative in Kcs40 sample becaones contractive with theddition of foan;
Kcs40nf20 sample is already characterized byrdraotive behaviour even if a
slight softening isstill observedincreasing the amount of foam, the behaviour
becomegradually more ductile and contractive, so thattical displacemest
largerthan nonrtreatedsoil are observedn Kcs40nf40sample
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Kecs40, Kces40nf20, Kces40nf40

100kPa, 7d
—— Kcs40 7d 100kPa —— Kes40nf40 7d 100kPa
—©— Kcs40nf20 7d 100kPa  -------- Kaolin_100kPa
160 —
120 — \‘\\
S
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o)
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d, [mm]

d
/]
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-1.5

iy
Figure 7-18. Direct shear tests on Kcs4Rcs40nf20 and Kcs40nf4Q,, 6-100 kPaafter 7 days of
curing.

Similar results are foundn Kcs20, Kcs20nf20 and Kcs20nf&amples
Increasing the amount of dm, compared to Kcs40the reduction of peak
strength idess evidentthe peak strength of Kcs20 and Kcs20nf20 is almost the
same. A lower peak strength is ebged in Kcs20nf40, but still higher than ron
treatedkaolin. The volumetric behaviour is alwaysontractive, wh larger
settlementsobservedat increasing amount of foam, higher than +ated
kaolinin all the cases.
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Kcs20, Kcs20nf20, Kes20nf40

100kPa, 7d

—4—— Kcs20 7d_100kPa — -()—-  Kcs20nf40_7d_100kPa
— —)— - Kcs20nf20 7d 100kPa -------------- Kaolin_100kPa

160 —

120 —

T [kPa]

o
A L L

-1.5
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Figure 7-19. Direct shear tests on K28, Kcs20nf20 and Kcs20nf4Q,, 6-100 kPaafter 7 days of
curing.

d
o
I A

The results of directear tests performed after 28 days of curingvatrical
stress of 100 kPa asbownin Figure7-20andFigure7-21. Asfor samples teste
after 7 daysof curing at increasing amount of foa(starting from Kcs40Figure
7-20) peak strengttand stiffness decrease, ehthe behaviour becomes more
ductile and contractive.
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Kcs40, Kcs40nf20, Kes40nf40

100kPa, 28d
—49— Kcs40 28d 100kPa —— Kcs40nf40 28d 100kPa
—0— Kcs40nf20 28d 100kPa  -------- Kaolin_100kPa
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Figure 7-20. Direct shear tests on Kcs4Bcs40nf20 and Kcs40nf4@,, °=100 kPaafter 28 days of

curing.

The decrease in strengtl lightened samples with c¢/s=208&tincreasing
amount of foamcompared to tests at 7 day&gure7-19), is more pronounced
after 28days of curingFigure7-21); indeed, in this case, a significant reduction
of peak strengtlis observedetweenKcs20 and Kcs20nf20Che behaviour of
Kcs20nf4Q in terms ofstressstrain curveis quitesimilar to nontreated sample,
although it is charaetized bylarger vertical displacement&loreover, the
strength of Kcs20nf 4 (Gluabatdis stibincreasiogat eve a ¢
the maximum displacemergached in test.
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Kcs20, Kes20nf20, Kces20nf40
100kPa, 28d
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Figure 7-21. Direct shar tests on K0, Kcs20nf20 and Kcs20nf4@,, 6-100 kPaafter 7 days of
curing.

In Figure7-22resultsof direct shear tests after 28 days of curing\adréical
stress of 5&Pa on Kcs20, Kcs20nf20, Kes40 and Kes40rdd®represented. A
higher peak strength and initial stiffnesskafs40nf40 respect to Kcs20nf40 is
observed. The two lightweight cemented samples (Kcs20nf40 and Kcs40nf40)
seem to converge towards the same valustress higher thamonlightened
materid (Kcs20 and Kcs40)husshowing a more ductile behaviour. Itatso
clear that the behaviour becomes more contractive and ductile adding foam
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and/or reducing the amount of ceménirthermorethe volumetric behaviour of
Kcs20 and Kcs40nf4i3 quite simlar.

28d, 50kPa
—— Kcs20 28d 50kPa —@ — Kcs40_28d_50kPa
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Figure 7-22. Direct shear tests gt®=50 kPa after 28 days of curing on Kcs20, Kcs40, Kcs20nf20
Kcs40nf40.

The same is observed avertical stress of 150 kPa. The lightened samples
(Kecs20nf40 and Kcs40nf40) show a more ductile and contractive behaviour.
Again, thebehaviourof Kcs20 and Kcs40nf4{3 quite similar.
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28d, 150kPa
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Figure 7-23. Direct shear tests gt®=150 kPa after 28 days of cugron Kcs20, Kcs40, Kes20nf20 ar

Kcs40nf40

The effect of curing time on strength evolution of Kcs40nf48vislenced
thereafter. IrFigure7-24, direct shear testdtar 1, 3, 7 and 14 daysf curingat
averticalstress of 50 Ra areshown The same initial stiffness abservedand
the curves appear to converge towards a unique ultimate value with a ductile
behaviour, except for Kcs40nf40_14d_50kPa that shows a very slight softening
with a peak strength a little higher théne oneobserved at 7 days. From 1 to 3
days, nonlinearity of stressstrain curves occur at larger displacemeritse
volumetric behaviour is contractive in all the teststh decreasingvertical
displacemersifrom 1 to 7 days.

126



Chapter?

Kcs40nf40_50kPa
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Figure 7-24. Direct shear test on Kcs46f40at,, 8-50 kPaat earlystages of curingl, 3, 7, 14 das).

At a verticalstress of 100 kPd{gure 7-25) the behaviour is always ductile
(also at 14 days no softening is observed). The final strength, in this case, is
slightly lower &ter1 and 3 days of curingo difference is observed in tes of
volumetric behaviour.
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Kcs40nf40_100kPa
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Figure 7-25. Direct shear tests on KcsdfA0at ,, 6-100 kPaat earlystages of curingl, 3, 7, 14 dag).

A comparison of tests performed at 7, 28, 60 and 90 daysiring on
Kcs40nf40 is presented Figure7-26 andFigure7-27. At averticalstress of 50
kPa Figure7-26), the behaviour is still ductile even at high curing tameith a
slight softening observed only at large displacements. However, at increasing
curing time a significant change in volumetric behaviour is observed, that is
contractiveat 7 days of curing andilative at 90 days. Curves tend towstde
same valemeasuredt early stages of curing
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Figure 7-26. Direct shear tests on KcsdfA0at ,, 6-50 kPaat differentcuring times (728, 60, 90
days).

Similar resultsverefound at 100 kPaHigure7-27). The curves tend towasd
the same value, while peak strength slightly increase from 28 to 90 days, so that
a small softening can be sdrved at 90 days of curing. The behavidir
contractive, conversely tests at the same curing time and lowertical stress.
Except for the test at 90 days, at increasing curing time the volumetric behaviour
becomes mordilative.
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Figure 7-27. Direct shear tests on KcsAfi0at,, =100 kPaat differentcuring times (728, 60, 90

days).

7.1.2.4. Oedometric tests

Oedometric testresults on lightweight samplaseshownin the following.
In Figure 7-28 a comparison betvem tests on Kcs40 and Kcs40nf40tab
different curing times ishown In the pland}logti® the reduction of yiel stress
due to addition of foam (respect to Kcs40) cartlearlyobserved. At 7 days of
curing, the yield stress @pproximatelyequalto 150 kPa, but nenegligible
strains are observed also at lower stresses (50 and 100 kPa). At 2ghdays,
Kcs40nf40sample showsignificant deformations above 220 kPa, with very
large strains above 300 kPa.
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Figure 7-28. Comparison between oedometests on Kcs40 and Kcs40nf4fdes 7 and 28 days of
curing.

This significant reduction of yield stress can be explained by the increase of
porosity, especially in terms of void ratio. Indeed, thiial void ratio of
lightweight sampless significantly larger thamonlightenedones In Figure
7-14 results of oedometric tests on Kcs20, Kcs40, Kecs20nf20 and Kes40nf40 at
28 days are presented. The same reduction in yield ,stespect to Kcs20is
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observedon Kcs20nf40sample in which nonnegligible strains occur above 50
kPa and very large strains occur above 150 kPa.

—B——— Kcs20 28d —@®—— Kcs40 28d
— —[F — Kcs20nf40 28d — — O —  Kces40nf40 _28d
a)
0.3 \\\\\H‘ \\\\\H‘ T T TTTT
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5
-0 - —= b)
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- - - - o
\OO
4 o N
\ \
: —__—O———Q——q__\o
\
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& @ 00 00 mg
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o, [kPa]
Figure 7-29. Comparison between oedometests on Kcs20, 20nf40, Kcs4@nd Kes40nf40 feer
28 days of curing

The behaviour of Kcs20 and Kcs20nf40 is quite similar in terms of strains
(the same similarity was found in direct shear téstgjre7-22 andFigure7-23);
however, the physical states are different. The initial void ratio of Kcs40nf40 is
approximately 1.5 times the initial void ratio of 0.
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It is also worth noting that yield stress of Kcs40nf40 is higher than
Kcs20nf40, while void ratio of the fmer is only slightly lower than thiatter.
In Figure 7-30 a comparisorwith compressioncurves of nortreated kaolin
(dotted lines)is shown The void ratio of lightweight samples is highly above
nontreated soil so that theyeaalmost incomparable in the plantog(o.

Kcs20 28d — — — — Kes20nf40 28d
Kes40 28d — — — — Kes40nf40 28d
0 - —_ 5
N N\
i ‘ \ \\ \ i
0.1 — N 4 —
| S - N ,
02 — . 3 -
o | — = _\ i i
> o
© 03 2
04 — T B,
0.5 T \HHH‘ T \HHH‘ T \HHH‘ T T TTTTIT 0 T \HHH‘ T \HHH‘ T \HHH‘ AL
1 10 100 1000 10000 1 10 100 1000 10000
o, [kPa] o, [kPa]

Figure 7-30. Comparison between oedometigsts on cemented andn-treated laolin (dotted line).

7.2.Influence of degree of cementation

Relationships based on index properties and mix design pamtepredict
the strengthof cemented and lightweight cemented soil, usually in terms of
unconfined compressive streng(yCS), have been proposed by different
authors, as discussedsaction4.4. These equations show a stgpdependency
on cement content and water content (or porosity). The purpose of these
eqguations is usually to have, at least, a reduafarumber of tests required to
design the material, or even an estimatidrthe expected strength when the
mixtures @ae designedAn attempt to describe the evolution of mechanical
strengthdue to investigated variables (cement factor, curing time, foam) is shown
thereafter.

7.2.1. Cemented soil
To take accountf cementationthe vad ratio of bonds, i a state parameter
introduced byPinyol et al.(2007)in a constitutive modeldescribed in section
4.3), was chosen. It is defined as the ratio of bonds volume (assumgadrors)
to the solid volume of clay matrix and it is used to take account of the volume of
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bonds in a soft clayey rockf the volune of bonds is equal to the volume of
hydrated cement, then this parameter can be expressed as:

, S g | PR QW | R
() wﬁ 7 n rn 7

w w w_ w_ (7-2)

All the symbolshave been already introduced. The fraction x of cement that
is hydrated cabe derived by dividing the equati¢nrl)  b(the ratio by weight
of the water held inydrated cement and tla@hydrousydrated cemer(8-23),
equal to 0.23 in a well hydrated padtet 6 s w o that & is independengof
the amount ofoam. It increases with cement factor, c/s, and curing, ttes
representing the degreéa@mentation.

Assuming the MohCoulomb criterion and that cohesion depends on the
volume of bonds expressed via then:

t o , OAd  QqQ , OA{ (7-3)

where tim, C a nd sHlear astreegth, cohesion and friction angle,
respectivelyTo understandhe effect of gon peak strengtlthe results of all the
tests on cementekholin were plotted in the plaat, ;-§ot ali-4,, as shown
inFigure7-31. By this way, the effect of confining stress was subtrastethat
theevolution of cohesion withs&ould be observed. At firsthe friction angleof
non-treated soil, equal to 22°, was considered. 6 s wort h noting t ha
different curing time and cement factor are considered together. A linear function

between cohesion and éassing through agin, so that no cohesion exists
without bonds) waassumed. Hence:

t »Q , OAd (7-4)

where g is a parameter that takes account of the effect of bonds on cohesion
anddi is the friction angle.
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Figure 7-31. Effect of vad ratio of bonds on peak strength of cememaalin, assuming =22° (non

treated kaolin)

The friction angleof a cemented soit not necessarily equal to the friction
angle of nortreatedsoil; thus it can be assumed asitig parameter. The best
fit of the two parameter&s, (i) was carried out minimizing the residual sum of
squares on all data on cemented kaolin (Kcs20, Kcs40), obtdinig6° and
Cb=215 kPa. The results are showrFigure7-33.
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Figure 7-32. Effect of vad ratio of bonds on peak strength of cemeritaalin.
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In Figure7-33, direct shear test results are reported in theegldi-dn. It is
expected thaat largedisplacementsg;ohesion goes to zero due tdodeding and
curves converge towards a critical v@lso thatt /G0 is equal to tafi. It appears
that27.6° seems to beonsistentvith the angle of friction atiltimate srength.

best fitting (27.6°) — — — - non-treated Kaolin (22°)

14
2.5 - d, [mm]
. Kcs20
2 ]
o 1.5 i
B -
05 Wf=— _ - - - - - - - - - - - - - _—_—_—_
0 \ \ \ \ \ \ \
0 2 4 6 8 10 12 14
d, [mm]

Figure 7-33. Direct shear testasults on cementda@olin in ¢/ -dn plane.

A limit of this approach is that the influence of porosity is not considered;
many authors have shown the negative etdéporosity on the strength (usually
the UCS) of a cemented soil. The porosity of the cemented soil, when soil water
content is above liquid limit (so that it can be treated as a slurry without air
entrapped), depends significantly on the initial wat@ntent of slurry itself.
Thus, he effect of water contenfand porosity) annot be appreciated in these
tests because the water content of soil slurry is constant and there is only a slight
change in porosity with cement factor and curing time. Howesgecially for
a lightweight cementeday, the purpose dahe high soil slurry water contens
the reduction of viscosity. It has been observed that the lower the water content,
the higher the strength (except for very low water cogfetitus the wate
contentcan be sebeforehandased a literature suggestions or via rheological
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tests(Tsuchda and Egashira, 2004) water content iset as it is in this case,
the change in porosity is not so emphasiteasit can be neglected.

Another assumption is that cohesion depends only on volume of bonds,
which is dependent on both ceméattor and curing time. The peak strength at
higher curing time and lower cement factor can be equal or higher than the
strength of cemented soil at lower curing time but higher cement factor. In other
words, it is assumedhat themechanical behaviour de not depend on the
amount of cement, but only on the volume of hydrated cementhe degree of
cementation Because of this, results of both Kcs20 and Kckd0e been
interpreted together.

7.2.2. Lightweight cemented soll
The same approach was usedstady the effect of foarmon sheasstrength
Theeffect of foam on friction angle was neglectddysi was assumed equal to
nonlightened soil one7.69. The ak strengtlof Kcs20nf20 and Kcs40nf20
sampleskigure7-34) and Kcs40nf40 and Kcs40nf40 sampléig(re7-35). was
plotted in the plaa(t, ; A O Agl)-e, and 6 was determined.

100
4 O Kcs20nf20 50kPa
30 — <& Kes20nf20 100kPa
= ¢  Kes20nf20 150kPa
A | @ Kcs40nf20 50kPa
= 60 )
N ® Kcs40nf20 100kPa
g 7 4 Kcs40nf20 150 kPa
=
- > —
5 40
1 _
[ =27.6°
¢
20 — ' _
T- 6, tang= 133e¢,
] N of data used = 15
0 | | | |
0 0.1 0.2 0.3 0.4 0.5

€
b
Figure 7-34. Effect ofes on lightweight cementekholin with n=20%.
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Figure 7-35. Effect ofe, on lightweight cementedholin with ni=40%.
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Figure 7-36. Effect ofes on cemente#ladlin and lightweight cementddolin at varying in

The bestfits of cemented and lightweight cementeablin are plotted in
Figure7-36. The coefficient gof lightweight cementedampless equal to 133
and 73.4 kPa forsrequalto 20 % and 40 %, respectively. As expected, the
coefficient ¢ decreases withyjthus dower peak strengtis observeat the same

& at increasing amount of foam.
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To take accourtf the effect of foam on cohesion, studies on cellular material
were cosidered (Gibson, L. J., Ashby, M. F. and Triantafillou, 1989;
Triantafillou and Gibson, 1990)n these studies, assumingracrostructure
composed of cells (i.e. cellular structyri)e authors derive a theoretical failure
surface for brittle foamsfifoamo is intended in the broader sense of cellular
material) subjected to multiaxial loading; they adopt the relative density, defined
asthe ratio of bulk density of the lightweight material to the densitygelf
materia] as a parameter to describe the effecthefincreased porosity. The
failure surface is derived for very low vakief relative densitybelow 0.3),
which can occyrfor example, in foam concrete with tnhigher than 60%.
However, in alightweight cemented soil, du® the highlyporous cell strut
material the amount of foam cannot be so high. Thius relative density is much
higher than @ and the resulting materiebuld not have a weltlefined cellular
structureDue to this, the same failure surface cannot be;usatkthelesshe
same parameter was adoptbg,using the relative dry bulk densifywhich is

independent of water conten———, to describe the effect of foam
According to(5-38) and(5-54):

¢ m op 0 o p Vg o P Q@9
@ P

Thi s rati o dcuigtingtbutddepeads dnonthe volume
of foam and, by consequence, onhDue to breakage of bubbles, it has been
shown that the fiactual o volume of foam i s
be different for each sample. However, it would be much mongenient to
have a unige value to characterize th@xtures Due to this the average values
of nf (9 % and 11 % for Kcs20nf20 and Kcs40nf20, and 28 % and 29 % for
Kcs40nf40 and Kcs40nf4@yereconsideredThe ratio ofdry bulk weights was
calculatel, giving respectively 0.91na 0.89 for Kcs20nf20 and Kcs40nf20, and
0.72 and 0.71 for Kcs20nf40 and Kcs40nf40. It seems reasonable to use the
average values, 0.90 for nf20 and 0.71 for nf40.Figure 7-37 the ratio
Co(Nnf)/coo(ni=0) (where @o is the coefficient ¢ of nonlightened mixture)is
plotted against relative dry density.
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I 5 Fit Results -9
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Figure 7-37. Ratio of bondcoefficient &/coo against relative density. The dashed line is thenftti
curve.

Data were fitted with the following power |af#-6):

@ [

(7-6)
() [

where gis a fitting parameter, equal to 3.54tims case. Hence, the failure
surface becomes:

[

o p & Q , OAd
The first term of equation(7-7) states that cohesion decreaséth an
exponential lavat increasing porosity induced by foam abyg,consequenceat
increasingoverall porosity. A similar expression wadoptedby Kearsley and

Wainwright (2002)for foamed concrete, starting from the Balshin equation for
concretgBalshin, 1949)

Q , OAd
(7-7)

Y6 YYEY p & (7-8)

where n is tk porosity, UCS is the unconfined compressive strengthoUCS
is the unconfined compressive strength at zero porosity and c is a c¢akbant
to G). By fitting results ofunconfined compressive teste foamed concrete
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(after 1 year of curingyith varying porosity (from 0.3 to 0.7), thdound c=3.6
similar tothe value of cdetermined fotightweightcemented kaolin.

In the following, a comparison between measured and calcutated
dependenpeak strength ishown with parametersg = 27.6°,co0 = 215 kPa, ¢
= 3.54. InFigure 7-38, the surfaces at constaif are plotted in the spacs-

o) o)
. d'Y_t, while in Figure7-39 the surfaces at constagﬁfLyare presented. This
dry, 0 dry, 0

parameter can be a little tricky: increasing the amount of feam; decreases;
h

increasing——, the amount of foam is reduced.
h

In Figure 7-38, it is clearthat decreasing the— ratio, the effect of
h

decreases as well and cohesion increaksvly in time even if the progress of
hydration is the same.

7 [kPa]
& g 8 g &

[~

Figure 7-38. Representation of failure surfaces at constaﬁ‘t(SO'l' 1007 150 kPa) given by7-7) for
3 =27.6°Coo= 215 kPa, €= 3.54
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Figure 7-39. Representation of failure surfacasconstant—— (0.717 0.97 1) given by(7-7) for 3 =
h
27.6°,co0= 215 kPa, €= 3.54.
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Figure 7-40. Comparison between measuretl@stimatedim in time (Kcs40)
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Figure 7-41. Comparison between measuret@stimatedtim in time (Kcs20)
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Figure 7-42. Comparison between measurai@stimatediim in time (Kcs40nf20)
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Figure 7-43. Comparison between measuret@stimaed fim in time (Kc40nf4Q)

Figure 7-44. Comparison between measurai@stimatedsim in time (Kcs20nf20)
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