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Abstract

A laboratoryscale experimental study was performed to extend the available knowledge on the
hydraulic and mechanical performance of censtabilized soils in cold region&xperiments
wereperformed on soitement(3 percent or 6 percent cement content by dry weight of gil)
different mix proportions before and after exposure to freeze/thaw cidesontrol specimens
(i.e. no freezghaw), experiments showed more improvement in hydraulic conductivity when
conmpacted at optimum and wetof optimum water content standard proctoonditions
Experiments showed increase hydraulic conductivityafter freeze/thawcycling. Freezéhaw
damageelated tohydraulic performance wasbserved to benoreat optimum moistue content
(i.e.maximum densityyompared to dry and wef optimum compaction water conteanditions
Unconfined compressive strengdiso showed alecreaseafter exposure tehree freeze/thaw
cycles.

To furtherstudy the mechanisms of freeze/thdamage, thin sections were obtained from control
and exposed sedement specimens. Thin secomere examined using an optical microscope to
study the structural changes of soil cement specimens due to exposure to freeze/thaw cycles.
Mercury Intrusion Porosimetry (MIP)test wasalso used to examine the changes in porous
structure of the soitement due to changes in moisture and cement congantgell as due to
exposure to three freeze/thaw cyclEsin section results shagalack of ice lenssin thesamples

after freeze thaw and the formation of both cracks and matrix disruption after freeze thaw. MIP
results comparing both before and after freeze thaw failed to show major chanmges size
distribution ofthe soitlcement samples which tends toeggwith the hypothesis that most of the
damage observed from hydraulic conductivity testing is likely due to cracking and macroscale pore
changes.
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Chapter 1: Introduction

1.1General

Some soils dondét have the requiredThecogmoneer i n

practice for problematic soils is to replace a soil layer by another layer of better engineering
properties. This is not always a cost effective or a practical solution. Moreover, there is an
environmental impact of disposing large amountsodfan another site. Geotechnical engineers
introduced soi#cement as a feasible solution to improve engineering properties of problematic
soils and make them suitable for the project requirements.

Soil-cement is the process of stabilizing soil by the taldiof cement. The soil is strengthened

and made resistant to softening by the addition of cement, though some admixtures may be added
with the cement for various conditions (Andrews, 196@g soil layer can be matiss permeable
throughthe addition 6cement which fill the voids and improsbonding between soil partide
Soil-cement can be further defined as a material produced by blending, compacting, and curing a
mixture of soil/aggregate, Portland cement, possibly admixtures including pozzoidngater to

form a hardened material with specific engineering properties. The soil/aggregate particles are
bonded by cement paste, but unlike concrete, individual particles are not completely coated with
cement paste (AC Institute 19938pil-cement waséirst being used almost hundred years ago. The
focus of early studies was on the mechanical properties when most of the applications were
roadway construction. Sedlement hydraulic properties were studied when applications of
hydraulic barriers and contamant containment start bgj used almost sixty years aghs

discussed by the AC Institute (199'Hete are several reasons te cement as soil stabilizer:



1) Cement stabilization improves soil strength and stiffness which leads to less deflections
causedy traffic loads. This delays fatigue cracking and extends pavement structure life.

2) A thinner cemenstabilized layer can reduce stresses more effectively than a thicker un
stabilized layer of soil by providing uniform strong support which results instessses
on the subgrade. This reduces-gmade failure.

3) Cementtreated bases have less risk of pumping subgrade fines due to lower hydraulic
conductivity.

4) Cement stabilization improves moisture resistance to keep water out of the base material,
resultig in higher structuraktrengthand semi impermeable soil cemdayer (PCA
2013).

Design of soHcementrelieson the construction applications and the final intended engineering
propertiesThis research will focus on the hydraudicd mechanicglerformancs of soil cement

and its durability This researchvill examinethe use ofow cementcontent(3 percent cement or

6 percent cement) farhich not many studies have discus$exkezethaw durability with respect

to hydraulic conductivitydespie the wide use of sedement stabilization

Exposure to multiple freeze thaw cyclean causesoil cementto undergohydraulic and/or
mechanicadamagedue to expansive forces created by water freeZidgmpsey & Thompson
1973. The addition of cement can prevestil swelling and softening from absorption of the
moisture and from freeze and thaw effects as the cement increases the shear strength and minimizes
the water holding capacity o$oils (Guyer 2011) This research wilktudy the hydraulic and
mechanical damag@eccurreddue to exposure multiple freeze/thaw cycless avell as studying

the mechanisms of the damage kgrainingthe structural changed soil cement specimens after

exposure to freeze/thaw cycles



1.2 Reseech Objectives

The goalof this researcls to enhance the knowledge of hydraulic and mechanical performance
of soil-cementand assess its durabilitymder freezeéhaw conditionsThe nain objectives of this
researchnclude
1 Assessg the impact of using low cement contg¢Btpercent or 6 percent cement by dry
weight of soil)on the hydraulic and mechanical performance of soil cement by performing
laboratory testing osoil-cement mixest different cement conterasddifferent moistue
contentgdry of optimum water content, optimum water content, and wet of optimum water
content).
1 Evaluatingthe freeze/thaw damage on socgment of different moisture and cement
contents by performing laboratory testing on exposed soil cement.mixes
1 Examiningthe mechanisms of freeze/thaw damage by studying the structural changes and
pore size distribution of control (not exposed to freeze/thaw) and exposed soil cement
mixes Jamshidi (2014) showed that for high cement contents (>10%), damage to soll
cement was caused primarily by cracking of the material via matrix and aggregate/cement
contact while Othman and Benson (1992) showed that for compacted clays, damage under
freeze thaw was caused by paree increases, redistribution and frost len3éss thesis
will explainwhat happens to sedement at low cement conteaid if it is going to behave

similar to a high cement content stabitizsoil or similar to a rawnpn-stabilized) soll.



1.3 Thesis Organization

This thesis contains four chaptersia@pter lhas providedn introduction to the research subject
and specied the main objectives of the research. Chaptef this thesisprovides a literature
reviewon soitcement stabilizatiotechology and mechanismesf freeze thaw damage. Chapter
3 describes the materials and testing procedurestasedry outthe research objectives. Chapter
4 explains testing results and soil cement performance under the difteraitions examined.

Chapter Hrovidesconclusions and recommendations for futuoeky



Chapter 2: Literature Review

2.1 Soil CementMixing Methods

The addition of cement to soil can be perforreéter by wet mixing or dry mixing. Wet mixing
is performed on dry soilwithout sufficient water content for the cementreact withthe soil
Cement is thereforadded in grout form during mixingKempfert and Gebreselassi 200Byy
mixing is performed on high moisture content soils whigne cement has sufficiemtaterreact
with the soil Hence cemenis added in dry fornduring mxing (Kempfert and Gebreselassi 2006).
Soil-cement can be mixed in place or in a central mixing plEmtre are different types of-in
place mixers such as transverse sirgliaft mixer and windrowype pugmill. Common types of
central mixing plant equipant are continuous flosype pugmill, batckype pugmill and rotary

drum mixer (AC Institue 1997).

2.2 Basics ofSoil CementStabilization

As with concrete, soitement hardenings a chemical process whidbuilds strong linkage
between the soil minerals and soil aggregagssilting in a stiffestructure(Andromalos et al.
2000) Equations 2.1 and.2 show the hydration reactions of tricalcium silicate and dicalcium

silicate of Portland cement of water (Miess et al. 2003).

2(3Ca0Si 02) + 11 H2BiO28M203+G@a(H) 2.1)

al ite + wa-sileatehydratesg@S-#)i +caitium hydroxide



2(2CaBSi 02) + 9 H-2SWD28§H2G €Ca®H) (2.2)

belite + wastieatehydrates @3-H) + aaloium hydroxide

A series of strong bonds form between the particles, making a network in whailtharticles

are trapped. In order for the sogment to gain strengtbufficientwater must b available for this
chemical reaction to happen (Bofinger 1978). Sufficient curing will restiftabest engineering
performance for soil stabilization. Weather and moisture are two critical factors affecting curing
that can have a direct influence dehydraulic and mechanical performarafehe stabilized base
(Caterpillar 2006).

Based on mixing proportions arequiredfinal propertiessoil-cement is designed to be classified

as one of the following categories

Cementmodified soilsis a term useavhenaddinglow cement content. However the scdment
material will have slightly improved strength and reduced hydraulic conductivity when compared
to initial soil being(Portland Cement Association 2011).

Compacted soilcementis a term used when usirggwater content close to the optimuvater
contentin the mix design of the sedement which provideshe maximum densy when
compacted on sitdhe ®il-cement product is hardened due to hydration of cement. The firal soil
cement product will have sigitantly higher strength than the raw soil (Portland Cement
Association 2011).

Plastic soilcement (flowable mortar)is a term used when using very high moisture content. It
is a selfcompacting soitement. Plastic sedement requires higher cement t@nt in the mix

than compacted sedement and cememodified soils due to the high water cont6hCI 1999)

I n this thesiesmenttlbe itserum efds dihlroughout to avoi



2.3 History of Soil CementStabilization

According to the AQnstitute (1997),he earliestocumenteapplication ofstabilising soil with
cementwas 1915when a street in Sarasotapftla was constructed using a mixture of shells,
sand, and Portland cemenixed with a plow andvas subsequentiyompacted. Sincéén,soil-
cement has become one of the most widely used formsoibfstabilization for highway
construction. More than7D,000 kilometersof equivalent7.3 metermwide pavement using seil
cement have been construtigetween 1915 and 199AC Institute 1997). In severe weather
conditiors and different climateghistechnology has verfew failures(less than 1 percent of the
pavement argaThese failure weremainly due tothe inexperience of the construction methods

and inadequate appreciation of #@ls and soicement propertieAndrews1960).

In Europe the leader in soitement construction was Germany.ring the war, the scale of seil
cement construction work was comparable to that of the United Sthere machinery for the
soil-cement construction work was specially manufactured. In Holland, the scalié-oésent
construction has been higince 1956 due toonstruction materials shortage whic Enginees

to seelkalternatives to earthemmaterids (Andrews1960).

Following World War 11, there was a rapid expansibmvater resource projects in the Great Plains
and South Central regions of thenled StatesRock riprap of satisfactorguality for upstream
slope protection was nddcally available for many of these projeci®he cost of transporting
riprap from distant quarries to the water resource projects \ghsand that high cost threatened
the economic feasibility of some projecthie U.S. Bureau of Reclamation (USBRuncheda

major research effort to study the scément as a propealternative to conventional riprap.



Laboratory studies were performed amiking cement made with sandy soithe applicéion
being as an efficient durable erosioesistant facingThe USBR consticted a fullscale test
section in 195XAC Institute 1997)Tests were performed on a tssiction along the shaef
Bonrny Reservoir in eastern Coloradoorlitionssuch asvaves, ice and more than 100 freeze
thaw cycles per yeamight have impaedthe performance of seitement Soil-cement proved to
be efficient throughout ten years of testing in this site bd#d@RBB specifithe soitcement as an

efficient alternative to ripgafor slope protection in 1961 (AC Institute 1997).

2.4Various Soil Cament Stabilization Applications

One important aspect of s@ément is thaitts cost compardsvorably with that of granuldbase
pavement. When built for equdbad carrying capacity, sodcement is almostlways less
expensive than other lewostsitetreatment or pavement methodse use or reuse of-place or
nearbyborrow materials eliminates thmeedfor hauling ofpotentiallyexpensive, granuldrase
materials; thus both energy and materéatks conserve@PCA, 2013)). Soil-cement haslso been
used as conventional riprap altermatin projects requiringlope protection including dafacing,
channels, spillways, railroad embankments and embankments for inland resasvei®wyn in
Figure 21. Soilcement facindhas been shown to hdvigh durability resistance to moderate and

severe wave actiofAC Institute1997).
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Figure2.1 Soil-Cement Slop@rotectionShowing Layered Bsign(AC Institute1997)
Soil-cement has been used to form liners around contaminated sites such as rafiddaedfills
as it can prevent contaminant migration through the soil-ceoilent liners proved to be efficient
for a long term against exposure to various hazardous and toxic matg@alastitute 1997)
Mixing weak soils with cemertan alsgrovide an efficienfoundation stabilizatioalternative to
installing piles as sotcementcan significantly improve weak soil strength under the structure
insteal of utilizing piles which nay addto the high costs dhe projec{AC Institute1997)

The use of soitement has been expanded over the years to include:
1 Airports
1 Parking areas
i Storage areas
1 Reconstruction and recycling of failed flexible pavements

1 Channel and ditch liningg*CA 1995)



2.5 Typical Mix Design Proportions

The purpose of @oil-cementmix design is toestablishthe proportions of cemersnd water
required to stabilize soil to its designeg@roperties. These properties are inhererglgted tohe
level of compaction to achieve the maximum dry density and optimum moisturtert that

goverrsfield control (Andromalot al.2000)

The soitlcement mix design proportionsill vary basedon the properties of a soibnd the
particularapplication of soHcement.Strength properties are usually determined by performing
unconfined compressive strengdsts of the soitement specimensnder study and they are a
function of wder to cement rativhich typically rangesfrom 0.9 to 1.3 by weightligher cement
ratio ard/or cohesiorless soils lead to upper limits of sheaesgth propertiewhile lower limits
areusually obtained for lower cement ratio and/or coreesbils Settlement properties are usually
determined by performingoosolidationand standard penetraticdests on the sceitement

specimensAndromaloset al.2000)

Portland cement type | and Il are the most common cement ayfpstland cemertteing used

in soil-cement mix designsement content varies based on local soil pt@srsoitcement
application and additives being added to the mix. The typical cement content proportion ranges
from 3 to 86 for mosttransportationapplicatiors (Halsted 2011). The US Army Corps of
Engineers frequently increases cement content by 1 or 2 percent to accountdoiatienof soil
propertiesoverthe site(AC Institute1997).For containment applications, this amount of cement

can be higher to achieve target hguaic conductivity.
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2.6 Common Additives in Soil CementMix Designs

There are multiple soil stabilization additss¢éhat can beitilized in amix designto meet the
required engineering soil properties. The selection of these additives is based on soil granularity,

plasticity, texture anthe engineeringroperties to be improved in the mix design.

Portland cemensithe most common additive in a mix dgsand it has been provembe efficient

with most type of soils except plastic saiGBuyer 2011) The more plastic the soil,ithe less
desirable to use cemeittigh plasticity soils are difficult to be pulverized aadiformly mixed

with cement. For highly plastic clay soils, hydrated lime or quicklimmay sometimes be used as

a pretreatment to redupdasticity and make the soil more friable and susceptibfrilverization
prior to mixing with cemenfAC Institute 1997)Well-graded granular soithat possess sufficient
finesresult in better performanad Portland cement in stabilizing the sailme is another type

of stabilizerwhich can perform well with soils of medium to high plasticity and produce a mix of
decreased plasticity, higher worklitly, reduced swell and increased strength. Lime can also be
used with different types of weak soils and etagvels; stabilizing them to perform well as a base

courseg(Guyer 2011)

Fly ash is a pozzolonic material thstalmost always mixed with limstabilizers in soils that have
little or no plastic finesOther types of traditional additives are bitumen and cement kiln dust

(Guyer2011).There are some nemaditional additives such as:

1) Polymers Based Productesan be used for stabilization aedosion control of poorly
graded sands

2) Copolymer based productsan be used for soil stabilization and dust control
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3) Fiber Reinforcementhave a high resistance towards chemical and biological degradation
and do not cause leaching in the soll
4) Calcium Chloide: mainly used in highway constructions, dust control and maintenance

(Al-khanbashi and Abdall2006).

2.7 Testing and Performance Criteriaof Soil Cement

Performance tests are carried ¢witinvestigate the suitability of setement application. It is
essential to prove that the contradtass produced a constructed matenahccordance with the
design and specificationBerformance tests hatree ability to evaluate the damage of weathering
conditiors including wettingdrying and freezinghawing on sodcement.The following sections

provide a brief overview of these performance tests.

2.7.1Leaching Tests

The main purpose of leaching tedtw soilcement materialds to obtain aqueous phase
concentration of constituentsvhich are released frosolids whenplaced in a land disposal unit.
Leaching potendl for the same chemical can dpaite different @pending on a number of factors
such as characteris$ of the leaching fluid, formef the chemicaln the solids, and thdisposal
conditions ASTM has developed atdard leaching tests which wséernate leachingdid with

very little additionaldifference in the test methodolo{@ertioli et al. 2008)

There are different types of leaching tests such as Laboratory Badibrium (ASTM D5233-
92(2009), Laboratory ColumitASTM D4874- 95(2014) andSolubility BasedASTM D7190-
10(2011). Leaching testcanbe used te@stimate themigration of the contaminants through the

soil and assess the subsequent risk of contamination. This can provide important parameters in the
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design of enviromental protection such as soément liners around landfills and contaminated

sites(Centioli etal. 2008.

2.7.2Hydraulic Conductivity

The hydraulic conductivity test ia commorsoil and sodcement testlt reflects he rate of water
flow through the soil osoil-cemenimaterials Hydraulic conductivity tegtg is very important in

all soil-cement applications especially as liner around landfills and contamsitggdn roadway
constructionhydraulic conductivity testan be used testimate the amau of water penetrates

the soitcementbase under the pavemt.

For watersaturated porous medidere are two general hydraulic conductivity tests, Constant
head and falling head tests. The constant head test is used for permeable soils of hydraulic
conductivity greater than ¥@m/s and falling head test forsk permeable soils of hydraulic
conductivity less than 10cm/s(ASTM D243468 (2006). Sample preparation fetandard soH

cement pecimenis provided inASTM D243468 (2006)

In this researcihconstant heatlexible wall permeametgASTM D508410 (2010) wasused to
determine the hydulic conductivity of the scitementspecimes. Theadvantagesf aflexible-
wall cell includecompletecontroloverthe stateof stressexistingwithin the test specimen and the
ability to backpressure saturate amonsolidate the specimen prior to membréesing. The
disadvantage of flexiblevall cells included higher cosigakageproblems between the flexible
confining membrane, and the needaply significant confining pressures when testing soil

specimens wther high hydraulic gradient®éniel & Trauwein 1994).
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2.7.3Unconfined Compressive Strength

Unconfined compressive strength is the most widely referenced property-oéismht and it is
usually measured according to standard test methods for compressive strength of molded soil
cement cylindergASTM D1633(2007). The test is used to assesoi-cement compressive
strengthandhencethe degree of reaction of s@ément water mixture. Setlement compressive
strength is one of the more commuparameters to determine the minimum cementirements

for soil-cement mix design proportioriBhis isoften related to the application (i.e. pavement, etc.)
however,unconfined compressive strength can be affected by the degree of compaction and water

content

Cement corgnt is one of the most importdattorstheunconfined compressive strengtha soit
cement materialLaboratory test results show thatreasing the cement content genergliyes a
higher compressive strength sodment mixture. This increase in compressive strecaytivary
according to the soil grain size. Another fact@ttcan have a significant impact on the-seiinent
compressive strength is the curing time. Longer curinggimeanonger time allowed for the
cement and water to reaamd better bonding between the soil and cement particles which result
in a strongeand less permeable saikément mix. The typical curing times for the ASTM standard
unconfined compressive strength test are 7 and 28 Biayses2.2 and 23 show the curing time

and cement content relations versus the uncedficompressive strength sbil-cement(AC

Institute1997).

14



2500 2800

o COARSE - GRANED SOILS WITH 10% CEMENT © COARSE - GRANED SOILS

® FIE -GRANED  SOLS WITH 10% CENENT o] 1'( UNCONFINED COMPRESSIVE
= 24000 _ STRENGTH
g C= CEMENT CONTENT
£ 200
g g
&, E 2000—
:
w = w
% 1500 2 ool
i £

- 2 200
8 1 :
& g
= ~
l.z.l. g 800—
g - "
=
-

l 400 —

0
1 1 100 1000 0 ! I \ |
0 5 10 15 20 25
CURING TIME (days) CEMENT CONTENT (% BY WEIGHT)
Figure 22 Curing timevs 28days UCS Figure 23 Cement contents UCS
(AC Institute1997) (AC Institute1997)

Also, freezhg and thawings one of thefactorsthat havesignificant impacton thelong term
compressive strenggherformancef soil-cement.To evaluatehis effect, solcement specimens

in this research will undergo unconfined compressive after exposure to threetlimezsydes.
Jamshidi (2014) performed testing on smiment specimens after exposure to multiple
freeze/thaw cycles and noticed a significant impact after only three freeze/thaw ldgsleser,

the Alberta Department of Transportation (2004) recommended testing after exposure to 12

freeze/thaw cycles when most of the damaasoccurred
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2.8Freeze Thaw Performance of 8il, Concreteand Soil Cement

2.8.1Soil Freezingand Ice Lens Formation

Given that soils understructuresare susceptible to freetdledw cycles, it is very important to
understand theithermal andsubsequentmechanicalbehavior Thermal changes tdrost
susceptiblesoil will often lead to irreversible restructure of the system inguthermal stress
relaxation and creep deformatifiWatanabel 999) When sd-temperaturés cooledbelowl C
water beginsto solidify or freeze Two conditions should exist for soil freezing to happen;

sufficient cold weatheand a soil that has sufficiemtoisture conteniNixon et. al 1998)

When soilis exposed to subero temperature conditioning, pore water freezes and subsequent
heave occurs due to ice lens formation. Nigbral(1998 state that a suction gradientiwievelop

due to water freezing resulting in water migration from the unfrozen soil through the frozen fringe
where it accumulates and freezes. The frozen fringe is a zone of soil located between the active ice
lens and the unfrozen soilhe frozen fringe acts as a zone of flow obstruction caused by partial
freezing of pore water. Water in the soil flows through the frozen fringe in a thin layer of unfrozen
water that remains close to the soil particlwsien soil freezes, water expands up to nine percent
causing heave in the frozen setich could lead to cracking of pavement ongbhgace as shown

in Figure 24 (Nixon et. al 1998)

16



Crack may form from uneven support \

Ice lens begins to form from lce lens grows as it is fed from water
free moisture in the soil by capillary movement through frost
sus ceptible soil causing pavement
to heawve and sometimes crack

Figure2.4 Formations of Ice Lens and Frost Heave (American Cométavement Association

2013).

Konrad and Morgenstern (1980) mentioned that for-fireened soils, if rapid change in
temperature occurred acrose tsoil depthit will create irvisible ice lenses. Thin ice lenses will
appear when the freezing froatlvances and the temperature gradient decreases. When the
temperature becomes constahe frost front will stop advancing and a final lens will fofsee
Figure 2.5). In Figure 2.5, Tc and Tw represent the cold and warm temperatures. Ts and Tp
represensegregation freezing temperature and gogezing temperature respectively (Konrad

and Morgenstern 1980).

When frost penetration happens at slow rates, a linear temperature profile could be maintained
throughout the soil while in very quick frost pendtratrates, the thickening frozen fringe will
prevent or delay heat flow through the fringe developing a bilineaparature gradient (see

Figure 25) (Konrad and Morgenstern 1980).
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Figure 25 Schematic of Ice Lens Formation (Konrad and Morgenstern 1980)

2.82 Physial Processes Responsible for Moisture Movement in Frozen Soils

The existence adnice phase significantly enhances the transfer of moisture artdetperature
gradientFree water migrates through the soil to a forming iceb@cgause the®rming ice lens is
a higher suction are@hismigration of water can be as far@sfor certain fost susceptible soils
(Andersland and Ladanyi004) When soil water freezes, a suctiomadjent will develop which
canlead to water movemenipward from a deeper unfreen zone to the lowdgemperature
freezing zone, which will cool down and fregaéixon et. al 198). The ate of water flow in the

soil goes down as theistemperature goes down (seiglire 26).
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0 C(Hoekstra2010)

In poraus media and any flow system, water transfer from high energy area to low energy areas to
achieve equilibriumThe energy varies due to different temperateleyationspressiresand ion
concentrationthroughout the soil layer§he vapoifrom water content of warmer underlying soil
layers has greater vapor pressarel movesupward to acooler, lower vaporpressurdayer,
condensed into water and ultimately crystallizesicgoSalts in pore cavities dased in freezing
water expelsutside the pore cavity o adjacent unfrozen watereating a regiomf high ion
concentration in underlying soil layefherefore, water will flow from higher ion concentration
region upwad tothe frost heave where therel@sver ion concentration region. This mechanism
called osmosis. The last mechanisroagillary rise, lefore soil freezing, water on the surface of
soil particles and in the pore space forms a network of channels featbeto flow. As freezing
front passes through the soil, ice crystals form in the water betsaleparticlesas shown in

Figure 27 (Guthrieet al.2007).
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Figure 27 Schematic ofsrowing Ice LengGuthrieet al.2007).

Thereare two theories of moisture movement in frozen soils. The first thedgs steat water

moves througlunfrozen films existing on the surface of the soil particles. The pore pressure and
the gravitational potential are the dominant dmyviforces The second theory of moisture
movement states that water moves through frozen soils is referred to as regelation. Regelation is
the phenomenon of melting under pressure and freezing again when the pressure is reduced. In
Regelation, the mechanism responsilde hoisture movement is the heat transfer with phase

changgKane & Stein1983)

2.8.3 Physical Changesand Damages of Frozen Soils

The volume of water in the soil will increase after freezing which leads to increase in soil volume
that can cause cracksd deformations in foundations, pipelines and roadways. The volume
changecan leado differential settlement and change in soil density. To solve those engineering
problems it is important to study tiee lensmechanism in freeze and thaw conditioné@than

the solil, other porous mediavolving soil-cement and concrete are also susceptibiles lensing

problem (Watanab&999).1t is more usual thggavemerg undergo cracking and straining during
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the thawing period of the underneath soils. Insidfitinternal drainage or no drainage can lead
to significant reduction in the strength of the underneath active soil layers. The usual difference in
soil characteristics over the pavement results inruroform heave which leads to unacceptable

deformatims and uncomfortable drivinfAndersland and Ladanyi 2004)

Andersland and Ladanyi (2004)iggesthat repeated freeze/thawycles produce an increase in
effective void ratio which result in increase of the soil hydraulic conductivity. Konrad (1989)

detecedprimary change in hydraulic conductivityiing the first three freezivaw cycles.

2.84 PhysicalChanges andDamagesof Frozen Concrete

Similar to soil, concrete moisture content is also susceptibgdysical changes frorfteezing

When water freezes, it expands 9% by volume which produces pressure in the pores of the
concrete. The cavity will dilate and rupture wttee pressure due to volume change exceeds the
concrete tensile strengtiThe accumudtive effect of multiple freezé#law cycles and the
disturbance of concrete constituents can eventually lead to expansion and cracking, scaling, and

crumbling of the concte (PCA, 2013).

D-Cracking of concrete pavements is one ofdbemon cracks caused by freekalv effect on
concretg(see kgure 28). D-cracks are closely spaced crack formations parallel to transverse and
longitudinal joints. Naturally, watesccumulates under the pavements in the base and subbase
layersand saturateghe agyregates. After multiple freezbAw cycles, crackingf the concrete

starts in the saturated aggregate layer at the bottom of the slab and progress upward until it reaches
the concrete pavemenithis problem can be mitigated by using egggtes more resistant to
freezethaw effecs or by designing a more effective drainage system to avoid water accumulation

under pavementé&nothe concrete damage due to freelzalv effectss the concrete scalingee
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Figure 29). Concrete scaling is local flaking or peeling of a finished surface of hardened concrete

due totheexposure to freezitdaw cycles PCA 2013).
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Figure 28 D-Cracking (PCA2013) Figure 29 Concrete Scaling (PCA 2008
Concreteair entrainment technology improvesethoncrete resistance to fre¢haiv effectsThe
tiny entrained air voids act as empty chambers in the freezing and migrating water, thus relieves
the pressurén the pores angrevents concrete damage (P@813). Mixing cement with soill

can prevent those damagess soilcement has very low permeability that can prevent water

accumulation and subsequent freeZiRGA 2013).

2.85 Physical Changes and Damagexf Frozen Soil Cement

Soil-cementcharacteristics represent amtermediate between concrete and soil and its mix
proportions can be set according to its purpbseold regions, it idikely that the quality of the
soil-cement may be reduced due to egcbf freezkhaw of water in soitement. Soitement
bases are designed to have very low permeability that em tke water away from the soil
cement base so under freezing condgina ice lens can be formed (PQA05).Guthrieet al.
(2007) provided testing results to show teabilizing the soil with sufficienamount of cement
provel to be effective in improving the resistance to frost heave. However, adding insufficient
amount of cemertdanlead to a frost heave of greater thiaattoccurringn untreated soil samples.

This behavior was associated with the ingress of a substantial amount ofwviatemprovedn

22



further testing to be the reason behind the changes in suction and permeability prégeHies.
cement ésting resultshow that freezéiaw testing have to be one of the controlling factors in
determining th@mount of cement needed in sodment mixureas too much cemenbntentmay
cause shrinkage crackingater ingress and structural deterioratdnle too little cementontent
may causéce lens formation an@orse frost heave behavior than in untreated san(g¢eEigure
2.10). More ice lens formation means greater th&tvaining and deformation in the exposed

pavement layer during spritigne (Guthrieet al.2007).
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Figure 210 Cement Contents. Frost Heave (Guthrieet al.2007)

(Jamshidiet. al2011) examinedhydraulic conductivity and UCS performanta& soil-cement
samplesof silty sand soil,10% of cementnd 2.28 water to cement ratidfter 7 freezethaw
cycles, testing resultsshowedan increase in hydrdic conductivity of up to twoorders of

magnitude a well asdecrease in UCS value@USEPA 1997) gates amaximum hydraulic
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conductivity value of 18 m/s in the design of sedement liners. The initial values of hydtia
conductivity inthe Jamshidi et. a(2011) researclaveragedl.2x10'° m/s After 4 cycles of

freezethaw the values approached ®h@s as shown in ifure 211
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Figure 211 Number of Freezédhaw Cycles vsHydraulic Conductivity (Jamshidit. al2011)

Guthrieet al.(2007) carried out UCS, hydraulicoaductivity andfrost heave testingprocedures

on a silty subgrade soil mixed with 2, 3.5 and 5% cement contdints1g soil with 2% of cement
showedhigher permeability results than with untreated samples. However, at higher cement
contents, results showedl significant decrease in hydraulic conductivity valu&se higher
hydraulic conductivity results detected 2% of cement reflected more frosekie impacwhile

less values of hydraulic conductivity at 3.5 and 5% of cement showed a significant decrease in or
almosteliminated the frost heave phenomena in theaoshown onigure 2.10(Guthrieet al.

2007).
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The Interstate Technology and Regulatory Coudi€RC (2011) explained the mechanism o
inelastic deformation of sedement due to cycles of freezing and thawing. The constrained
expansion of porgvater upon freezing can lead to significant stress in bsittlallpore material

such as soitement. The stress caused by the increase in molar volume of ice over water causes a
strain within the pore structure. If this strain was greater than the strength of the material, the
material will deform inelastically bgracking. The internal stresses and resultant ergakue to
freezethaw cycles lead to increase in hydraulic conductivity and decireasenpressive strength

of soil-cement(ITRC 2011) At soil-cement of low cement content, less voids will be filledHzy
cement. Pressure developed due to water freezing and expansion will lezahsmik particles to
move, rearrange and consolidate similar to soils with no cement contkah ice lenssmelt,

micro cracks andnacro cracks remain in the seg#ment sucture leading to an increase in the

hydraulic conductivity of the exposed mate(i2ahniel& Kim 2001).
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2.9 Freeze Thaw Damagé&valuation

As discussed earlier, mechanical and hydraulic performance -afesoént can be damaged under
freeze/thaw conditioning. So far, there is no standard method to detect changexémsaoil
performance in cold regions. Durability studies of Stegemar@®6& (1996)and Paria & Yuet

(2006) suggested percent mass loss as an indicator of acceptability for performanescofaoil

in cold regions. Percent mass loss may sufficiently indicate changes in strength parameters
(Shihata & Baghdadi (2001)) bdamshidi(2014) showed that it may not be a reliable method for

predicting changes in hydraulic performance of-seihent.

2.9.1Resonant Frequency Measurements

Resonant frequency was usedhis researclas a nordestructive test to evaluate the hydraul
damage of freeze/thagycles. Resonant frequenisyastandard technique for concrébeestimate

the changes in dynamic modulus of elasticity due to weathand@ther potential deteriorations

It has also been used to monitor the developmediyonémic elastic modulus of concretath
increasiyg maturity of test specimenASTM-C215 (2008). There are factors such as
manufacturing conditions and moisture content that can affect the results. Jamshidi (2014)
performed longitudinalesonant frequency testing cantrol and exposed saiement specimens.
Testing resultsby Jamshidi (2014)showed conformance with structural deterioratiemd

subsequent increase in hydraulic conductiditg to freeze/thaw exposure.

2.9.20ptical Micro scope
Optical microscope is a useful method to observe fracture surfaces of thin sections that can be
obtained from soitement specimens. Through optical observation, several changes due to

freeze/exposure can be noticed such as cracking and matrix tidisrupifferent types of
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microscopes can be used to look at different characteristics -afesnént specimen&oskiahde

(2004) examined the structural changes of concrete due to frost damage using micrographs taken
by optical microscope. Horpibulsuk (2012) used the electron microscope to study the microfabrics
of cementstabilized clay Jamshidi(2014) used optad microscope to examine the structural

changes of scitement under various curing and exposure scenarios.

2.9.3 Mercury Intrusion Porosimetry (MIP)

Mercury Intrusion Porosimetry is a standard method for determination of pore volume distribution
of soil and rock (ASTM D4404 (2010))Previous study bWinslow & Lovell (1981)examined

pores size distributions in cements, aggregates argveloille Lawrence (1977) studied pore sizes

in fine-texture soils.The range of pore diameter for which this test method is applicable is
determined by the operating pressure range of the testing instrivieeodry can béntruded into

the pores by the application of external pressure. The size of the pores thatidegliistinversely
proportional to the applied pressure. MIP method only determines the volume of intrudable pores

that are open to the outs (ASTM D4404 (2010)).
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Summary

Cement stabilizedbases are improved soil matesiahat havebeen treated wiit different
proportions of Portland cement based on local soil properties and weather conditions. The
objective of the treatment is to improve specific soil prope(ties hydraulic conductivity and

UCS)based orintended soil properties for a specifioject

The improvement of engineering soil properties due to cestabilization can be measured by
different methods of testingcludinghydraulic conductivity andnconfinedcompressivestrength

(Halsted 2011).

The addition of cement content at specific design proportions can minimize the effects of
freeze/thaw conditioning. The addition of cement at specific proportions can decrease the
hydraulic conductivity of the soil significantly that can prevent ice lewisfeost heave formation

by leaving no space for the water to accumulate and freeze in the soi(@atkeseet al.2007)

Another soil property that can be improved significantly by the addition of cement and water is
compressive strength. Theactionbetween soicementcomponents providestronger bonding
between the particles that lead to increase in compressive strength of the soil layer (AC Institute

1997).

To study mechanisms of freeze/thaw damage on soil cement, macro andtmictaral changes

can be studied using a thin section of -seinent specimen under the microscope. -Bae
distribution can also be used to evaluate the damage of freeze/thaw as it can directly affect the
hydraulic and mechanical behavior of soil cem@atwvrence 1977)Techniques of other porous
media such as resonant frequency for cono@iéd be a good methddr soil-cement to evaluate

freezethaw damage on hydraulic performari@amshidi 2014)
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Chapter 3: Materials and Methods

3.1 Materials Description

All soil cement mixes in this thesis utilized soil, cement and tap water. The soil was manufactured
in the lab by blending two different soils, referred to as soils A and B in this thesis, at the
proportions shown in Table 3.1. This soil blend shown in Table BWed comparison of results

to that obtained by Jamshidi (2014). Soil A is glactalgyived silty sand from the Timberlea area

in Halifax, Nova Scotia that was initially air dried and sieved through a 9.5 mm (A34943

(2004)) mesh to remove oversize erél. Soil A was then separated into the proportions shown

in Table 3.1 by passing the soil through 4.75, 1.2, 0.3 and 0.08 mm sieves. Any soil remaining on
the 0.08 mm sieve was washed through this sieve to minimize the fine content in the soil and then
dried at 110 °C. Soil Bvas used to provide sufficient amount of fines in the soil blend. Ssil B

the dust waste bgroduct of a Nova Scotia quarry operation that was prepared by air drying and
sieving through a 0.08 mm mesh with any oversize materiafldiscarded. The various soil
proportions described above were then stored in separate plastic bags to be used for future blending
according to each mix. The blended soil is classified as silty sand (SM) by the Unified Soll

Classification System (USCS).

Table 3.1: Proportions of soils A and B used
soil 0).
Soil B (weight
Soil A (weight as percentage of total) as percentage USCS
of total) classification of
blended soil

9.54.75 mm 4.751.20 mm | 1.20:0.30 mm | 0.300.08 mm <0.08 mm

11% 36% 25% 13% 15% Silty Sand
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To provide information on the compaction characteristics of the soil when blended with mixtures
of cement and water, standard proctor moisture density tests (A¥HBEE (2011)) were
performed at each of the two cement contents (ie. 3% andwvBih are low cement contents
compared to (>10%) cement contents used by Jamshidi (2B&dgral use Portladonestone
cement (CSA type GUL) was used as the binding agent for all theesnént specimens in this
research. The first compaction test involved blending the soil with 3% cement at water contents
ranging from 6 to 14 percent. A second compaction test with 6% cement was repeated with water
contents ranging from 6 to 14 percenteTdompaction curves of both tests are shown in Figures
3.1 and 3.2. As shown in the figures, the optimum water content was approximately 10% for both
tests with maximum dry densities of 2016 kd/amd 2010 kg/rhfor the 3% and 6% cement

mixtures respectivg.
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Figure 3.1: Compaction curve of soil with 3%  Figure 3.2: Compaction curve of soil with 6%
cement content cement content

Previous work by Jamshidi (2014) showed that silica and aluminum are theaxidg@s present
in both soils A and B, which represent more than 80% of the entire composition, as shown in Table
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3.2. Xray diffraction tests performed by Jamshidi (2014) on soils A and B showed quartz and

feldspar as the main mineralogical componentha$e soils.

Table 3.2: Mineral oxides analysis of soils used in this research (Jamshidi 2014)

Mineral Oxide Soil A Wt. % Soil B Wt. %
Al203 14.57 15.31
CaO 0.49 1.85
FesOs 2.66 5.66
K20 3.27 4.02
MgO 0.61 1.6
MnO 0.09 0.12
NaO 3.03 3.08
P20s 0.23 0.39
SIO 71.82 65.65

LOI(1000°C)* 2.41 1.17
Total 99.18 98.85

*LOI: Loss on ignition

3.2 Specimens Preparation for Soil Cement Mix Designs

After a review of the compaction test results presented in section 3.1, a total of six mix designs
wereused in this research as shown in Table 3.3. At the 3% and 6% cement contents, three different
moi sture contents (i.c¢e. 6 %, 10% (OWC) and 14%¢9
and fAwetdo compaction conditi onsyprépsratiensdfadd!| e 3.
and cement as well as tap water are shown in Table 3.3. Also shown in Table 3.3 are the calculated

water to cement ratio of the six mixtures used.
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Table 3.3 Soil cement mixes proportions used in this research

Mix Soil A (g) Soil | Cement | Cement | Water | Water | W/C
ID B (g) * % (9) * 0% (ml) | Ratio
95 | 475 | 1.2 | 0.3 | <0.08
475 | 12 | 0.3 | 0.08| mm
mm | mm | mm | mm
A 1760 | 5760 | 4000 | 2080 | 2400 3% 480 6% 960 2
B 1760 | 5760 | 4000 | 2080 | 2400 3% 480 10% | 1600 | 3.3
C 1760 | 5760 | 4000 | 2080 | 2400 3% 480 14% | 2240 | 4.7
D 1760 | 5760 | 4000 | 2080 | 2400 6% 960 6% 960 1.0
E 1760 | 5760 | 4000 | 2080 | 2400 6% 960 10% | 1600 | 1.7
F 1760 | 5760 | 4000 | 2080 | 2400 6% 960 14% | 2240 | 2.3

Note:*expressed as a percentage of the dry soil.

3.3 Testing Procedure

After compaction, all specimens were cured for at least 28adagem temperaturd he first five

days of curing were spent inside the mold covered with a damp cloth inside a Iptastic

minimize water evaporation. After these first five days, specimens were extruded from the mold
and stored in a moist room for the remaining 23 days. Specimens were then subjected to the testing
plan shown in Figure 3.3. A total of 60 specimens hasen used in this research (6mixes x

10specimens). The following sections will describe in detail the various tests that were performed,

as described in Figure 3.3.
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Figure 3.3: Testing procedure performed on 10 specimeagioEn mix design

3.3.1 Hydraulic Conductivity Testing Procedure

Duplicate specimens (Specimens 1 and 2 in Figure 3.3) were used for hydraulic conductivity
testing. After 28 days of curing, the duplicate specimens underwent flexible wall hydraulic
condudivity testing according to ASTMD5084 (2000) for 4 days including saturation,

consolidation and permeation stages (i.e. prior to freeze/thaw)-@Baskure saturation of 524kPa

was performed under an effective confining pressure of 35kPa, followed bylication under

an effective confining pressure of 138kPa. The 138kPa was used for an attempt to keep sidewall
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leakage to a minimum. Permeation was then performed withirdé water under a hydraulic
gradient of approximately 30. Specimens 1 and 2 wexe éxposed to three freeze/thaw cycles
before hydraulic conductivity test was again performed on both specimens. Each cycle of
freeze/thaw consisted of thrdémensional freezing of the specimens for 24 hourd @€ (+1)
followed by thawing for anoth&24 hours at 22Q(+1) similar to freeze/thaw conditions used by

Jamshidi (2014).

3.3.2 Resonant Frequency Testing Procedure

Resonant frequency testing covers measurement of the fundamental longitudinal resonant
frequencies of soil cement cylinders. Resdarieguency is a nedestructive test widely used to
predict the dynamic properties of cementitious materials. It has been used in this research to detect
the damage of freeze/thaw conditioning as discussed by Jamshidi (2014). It was performed
according tASTM C215 (2008) on duplicate specimens (specimens 1 and 2 in Figure 3.3) before

and after each freeze/thaw cycle.

To prepare specimens for resonant frequency testing, a thin square steel sheet of 1cm by 1cm
dimensions and a thickness of 1Imm was gluetherface of each specimen end. The reason to
steel sheet allows a magnetic link of an accelerometer at one end and act as a stiff material at the
other end of the specimen to receive the applied impact. Impact was applied using a steel ball of
9.5mm diamter attached to a plastic rod. The combined weight of the plastic rod and the steel ball

is 5.3g. During the test, specimens 1 and 2 were placed on a sponge box of 22cm x 9cm x 7cm.

The response signals were obtained using a PCB model 353B02 accelerattestbed
magnetically to the square steel tab on the other end of the specimen which transfers the signal to

an amplifier and computer (Freedom NDT Data PC Platform, Olson Instrument Inc.) similar to the
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way used by Jamshidi (2014). The signal was prodessby t he comput er 6s sof
Fourier Transform to calculate the longitudinal resonant frequency. Five replicates of resonant
frequency readings were taken and averaged for each specimen before and after each freeze/thaw

cycle.

3.3.3 UnconfinedCompressive Strength (UCS) Testing Procedure

Unconfined compressive strength testing was used to compare the strengticefmsnt before

and after three freeze/thaw cycles. After 28 days of curing, duplicate specimens (3 and 4 in Figure
3.3) were expad to 3 freeze/thaw cycles which took 6 days while duplicate specimens (control)

(5 and 6 in Figure 3.3) were stored in the moist room for the same period to ensure testing was
performed on the same day. At an age of 34 days, unconfined compressivd sastiyg was
performed on the four specimens according to ASIM33 (2007). The displacement rate used

to acquire UCS results was 0.5mm/min for all specimens. Specimens used have an average length
of 116.5mm which is not a standard length for UCS tesatmusimilar to all other specimens used

in this thesis for the results to be comparable.

3.3.4 Thin Sections of Control and Freez&haw Exposed Specimens

Thin sections were taken from exposed specimen 1 and control specimen 7 (see Figure 3.3) to be
usedunder the optical microscope to examine the mechanisms of freeze/thaw damage as well as
studying macre and micrestructural changes of exposed soil cement specimens. Thin section
samples were prepared by a specialized laboratory at the Geology anddisartdeSDepartment

of Dalhousie University. Specimens 1 and 7 were initially resin impregnated before thin sections

were obtained from horizontal and vertical planes of those two specimens.
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3.3.5 Saturation Measurement of Control Specimens
To obtain infornation on the degree of saturation of specimens not subjected to saturation in
freezethaw testing, specimen 8 in Figure 3.3 was used to estimate the saturation value of each

mix. Equation 3.1 was used to calculate saturation as follows:

S= ( W x Gs) Equation 3.1
Juw (GsT 1a)
Jd
Where:

S: Degree of saturation of s@ément specimen.

w: Moisture content of specimen after curing. Specimen weight was recorded after curing for 28

days, then over dried for Turs before being recorded again to calculate moisture content.

Gs: Specific gravity of the specimen measured by specialized laboratory at the Civil and Mineral

Resources Engineering Department of Dalhousie University.

J d: Dry density of soilcementspecimen after 28 days of curing.

3.3.6 Optical Microscope

Transmitted light optical microscopy was used on thin sections obtained from control and exposed
soil-cement specimens to examine the mechanisms of freeze/thaw damage. To achieve this goal,
micros®pic pictures were taken at different magnifications (i.e. 0.25mm, 1.25mm, 2.5mm and
6.25mm) to study the micr@and macrestructural change due to exposure to three/freeze thaw

cycles. Nikon OptiphePol polarized light microscope was used in this thdgigroscopic
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pictures were taken using a 12 megapixel digital scanning camera (Kontron ProgRes 3012)

equipped with the microscope.

3.3.7 Mercury Intrusion Porosimetry (MIP)

Mercury Intrusion Porosimeter tests was performed on control specimen 9 anddesqpaseen

10 from each soitement mix as shown in Figure 3.3. MIP test was used to examine the changes
in porous structure of the saiement due to changes in moisture and cement contents as well as
due to exposure to three freeze/thaw cycles. To aehiesy goal, MIP test was performed on soil
cement specimens under different cement and water contents, before and after exposure to
freeze/thaw cycles. MIP test was performed according to ASTM D4404 (2010). Pore Master GT
(model number: PM33) was usedat perform this testing method. After curing and exposure,
compacted soitement specimens were oven dried for 48 hours before MIP testing was performed.
MIP testing method consist of generally two stages, low pressure and high pressure. Each
specimen wenthrough those two stages and followed the same exact procedure. Changes in pore
size distribution parameter due to changes in cement and water contents, and exposure to

freeze/thaw cycles were examined by this testing method.
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Chapter 4: Results

This chapter presents the results of smiment testing at cement contents of 3% and 6%; at
optimum water content, 4% below optimum and 4% above optimum water content. In addition,
results also include testing performed on-seiinent specimens exposed tot@ytles to examine

the physical damage due to f/t conditioning. As discussed in Chapter 3, observations of physical
damages was observed by testing hydraulic conductivity, unconfined compressive strength,
resonant frequency and mercury intrusion porosyneh the samples. Electron microscopic
photographs were also taken to examine maaral micrestructural states of sedement

specimens at these different water and cement contents and under f/t conditioning.

4.1 Hydraulic Conductivity Results

Hydraulicconductivity results of the control sa@ement specimens (i.e. without freezing) for each

mix design are presented in Table 4.1. As discussed in Chapter 3, fieziblaydraulic
conductivity testing was performed on two replicate specimens to shoimngpeariation. Table

4.1 presents the results for each specimen as well as the average of both tests. Figure 4.1 plots the
average hydraulic conductivity as well as the range (denoted by error bar) for control specimens
at 3% cement content and 6% ceneonitent for each water content of the mixes. As discussed in
Chapter 3, the moisture contents of the tested specimens represent optimum water conditions (10
%), dry of optimum water conditions (6%) and wet of optimum water conditions (14%). Data
points atLl0% and 14% water content in Figure 4.1 has no visible error bars which means the error

in the two samples is relatively small.
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Table 4.1 Hydraulic conductivity results under control conditions

. Cement Water | Water/Cement| HydraulicConductivity, K (m/sec)
Mixture 1D .
(%) (%) Ratio , i
Specimen 1| Specimen 2| Average
A 3 6 2.00 9.6E08 4.3E07 2.6E07
B 3 10 3.33 2.1E08 1.7E08 1.9E08
C 3 14 4.67 4.5E08 4.4E08 4.4E08
D 6 6 1.00 1.1E07 5.4E08 8.2E08
E 6 10 1.67 3.1E10 2.4E10 2.7E10
F 6 14 2.33 3.7E10 4.1E10 3.9E10
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Figure 4.1 Variation of hydraulic conductivity with soil compaction moisture content
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4.1.1 Effect of Soil Compaction Water Content and Cement Content on Hydraulic
Conductivity

Testing results in Table 4.1 and Figure 4.1 shwat compaction water content plays an important
role in the hydraulic conductivity of the soil cement specimens. Examining either the 3% cement
or 6% cement content specimens in Figure 4.1 shows that optimum water content provided the
minimum hydraulic coductivity of the three water contents examined. Under dry of optimum
conditions, the highest hydraulic conductivity was observed which is likely due to a combination
of inadequate water necessary for cement hydration as well as inadequate water &biolu lamcl
subsequent densification during compaction leading to creation of more voids in the specimen (i.e.
more space for water to go through). At wet of optimum water condition conditions and 3%
cement, the average hydraulic conductivity is 132% higtean that at optimum water condition
which is likely due to the existence of additional voids due to excessive water. However, this
hydraulic conductivity at 3% cement content is 83.2% lower than that at dry of optimum condition
which could be due to sutient water for cement hydration. Similar trends can be seen for wet of
optimum condition and 6% cement, where hydraulic conductivity is 44% higher than that at
optimum water content. Jamshidi (2014) saw that wet of optimum water content gave the lowest
hydraulic conductivity which is likely due to the use of high cement content that requires more

water for hydration process.

Figure 4.1 shows that at a given water content, increasing the cement content leads to a decrease
in hydraulic conductivity which ages with sodcement studies done by Hammad (20E&)i &

Abrams (1957) and ACI (1990The addition of cement fills more voids in the smiment mix

leaving less space for water flow. At dry of optimum conditions, adding 3% cement resulted in

minimal reduction of hydraulic conductivity when compared to optimum and wet conditions. The
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reason may be that the water at dry conditions is not sufficient for all the extra cement to hydrate,

resulting in less improvement in hydraulic conductivity.

4.1.2 Changesn Hydraulic Conductivity Due to Three Freeze/Thaw Cycles

After performing hydraulic conductivity tests on control condition specimens (i.e. without freeze
thaw), specimens were exposed to three f/t cycles before repeating hydraulic conductivity tests, as
discussed in Chapter 3. Table 4.2 and Figures 4.2 and 4.3 compare hydraulic conductivity results
of control and f/t exposed conditions. As previously discussed for control specimens, Figures 4.2

and 4.3 display the average hydraulic conductivity as welieasange (i.e. error bars).

Table 4.2 Hydraulic conductivity results comparison between control and f/t exposed conditions

Mixture Control K (m/sec) Exposed K (m/sec)
ID Spe(iimen Spe;imen Average Speiimen Spegimen Average %)%K
A 9.6E08 4.3E07 | 2.6E07 | 6.5E07 6.9E07 | 6.7E07 2.6
B 2.1E08 1.7£08 | 1908 | 8.5E08 8.5E08 | 8.5E08 4.5
C 4.4E08 44E08 | 44E08 | 1.2E07 1407 | 1.3E07 3.0
D 1.1E07 5.4E08 | 8.2E08 | 1.3E07 1.2E07 | 1.3E07 1.6
E 3.1E10 2.4E10 | 2.7E10 | 7.7E10 6.5E10 | 7.1E10 2.6
F 3.7E10 4.1E10 | 3.9E10 | 8.7E10 1.1E09 | 9.8E10 2.5
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Figure 4.2 Variation of hydrauliconductivity with soil compaction moisture content before and

after freeze/thaw exposure at 3% cement
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after freeze thaw exposure at 6% cement
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Figures 4.2 and.3 show an increase in hydraulic conductivity for both the 3% and 6% cement
contents when sedement specimens are subjected to three cycles of freeze and thaw. Figures 4.2
and 4.3 also show similar hydraulic conductivity trends with compaction wateentdor 3% and

6% cement specimens as those developed before f/t exposure. Figures 4.2 and-pl8tted ne

Figure 4.4 to show hydraulic conductivity ratio (Exposed K/Control K) with respect to moisture
content. Hydraulic damage due to f/t exposyspeared to be consistently less for 6% cement
specimens than 3% cement specimens which is likely due to the existence of more cement that
provides better resistance to internal stresses created by f/t exposure. Hydraulic damage was less
at dry of optimum onditions (highest hydraulic conductivity) than at optimum and wet conditions.
The reason for this could be that at dry of optimum conditions, more pores space exists for water
to expand when frozen. And hence, less internal stresses created in the rspécsheuld be

noted that less than an order of magnitude damage resulted for all compaction water content

conditions for the soitement examined.
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Figure 4.4 Variation of hydraulic conductivity ratio with soil compaction moisture content
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Jamshidi (2@4) also used a similar silty sand soil but with higher cement contents and 12 f/t cycles
instead of three. Jamshidi (2014) testing results showed more hydraulic damage due to f/t
exposure. The first reason could be that at higher cement contents, tessgpavided for the

water to expand when freezes. Therefore, more stresses could be created. Secondly, exposure to
more f/t cycles leads to creation of more stresses. However, Jamshidi (2014) also noticed most f/t
damage occurred after3lcycles of f/t Guney et al. (2006) examined sodment compacted at
optimum water content with 5% cement. After exposure to eight f/t cycles, results showed an

increase of 20 fold in hydraulic conductivity.

4.2 Unconfined Compressive Strength Results

Unconfinedcompressive strength (UCS) results of the controlcihent specimens are presented

in Table 4.3 and Figures 4.5 and 4.6. Similar to hydraulic conductivity testing, UCS testing was
performed on control specimens at dry of optimum water content, optimater and wet of
optimum water content compaction conditions after a curing time of 28 days. UCS testing was
performed at cement contents of 3% and 6%, as discussed previously. Figure 4.5 plots the average
and range of unconfined compressive strength testdntrol specimens at 3% and 6% cement

contents relative to soil compaction moisture content.
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Table 4.3 UCS results at control condition

Mixture | Cement | Water | Water/Cement | Degree of Control UCS (KPa)
ID (%) (%) Ratio Saturation ) )
Specimen 1| Specimen 2| Average
A 3 6 2.00 0.46 512 622 567
B 3 10 3.33 0.81 740 894 817
C 3 14 4.67 0.89 102 92 97
D 6 6 1.00 0.42 2320 1124 2222
E 6 10 1.67 0.79 3178 3131 3155
F 6 14 2.33 0.91 1479 1489 1484
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Figure 4.5 Variation of unconfined compressive strength with soil compaction moisture content
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4.2.1 Effect of Soil Compaction Water Content and Cement Content on Unconfined
Compressive Strength (UCS)

Figure 4.5 shows how UCS results follow the same traadiseir moistur@ensity curves for each
cement content. For a given cement content, reduction of UCS values at dry of optimum water
content conditions are likely due to limited water for cement hydration as well as inadequate
lubrication of soil parties during compaction. Reduction of UCS values at wet conditions is likely
due to excessive water content in the-seinent mix that could lead to bleeding in the paste and
consequently create high porous areas and lowers the density. Jamshidi (201)epetd€S

tests on similar type of soil (silty sand) at cement contents of 10%, different water contents and
different curing ages. Jamshidi (2014) showed a similar trend in UCS with the maximum UCS
values occurring at compaction moisture contents closptimum, as well as showing that the

UCS values tend to decrease as additional water is added during compaction.

Figure 4.5 shows a significant increase in UCS values by increasing cement contents from 3% to
6%. Adding extra cement resulted in improvedding and link between soil particles due to the
chemical reaction between cement and water which increases the resistance ofcémaesil
specimen under an applied compressive load. The percent increase in UCS values due to increased
cement content preated in Figure 4.4 was more at wet conditions (1424%) than at dry conditions
(290%) which is likely due to the existence of more water for cement hydration at wet conditions.

At dry conditions, the water content was probably not sufficient for all themtto react which

resulted in less improvement in UCS values.
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4.2.2 Changes in Unconfined Compressive Strength (UCS) Due to Three Freeze/Thaw Cycles
To further examine the physical damage of-seiinent mixes after three f/t cycles, UCS testing
was repead on specimens exposed to three f/t cycles. Table 4.4 shows comparison of UCS results

between control and exposed condition.

Table 4.4 UCS results comparison between control and exposed conditions

Mixture Control UCS (KPa) Exposed UCS (KPa)
D Spe;imen Spe;imen Average Speiimen Spegimen Average %}%
A 512 622 567 422 376 399 0.7
B 740 894 817 476 549 513 0.6
C 102 92 97 74 74 74 0.8
D 2320 2124 2222 1779 1650 1714 0.8
E 3178 3131 3155 2860 2743 2801 0.9
F 1479 1489 1484 1415 1396 1406 0.9

Figures 4.6 and 4.7 show the difference in UCS values between control and exposed specimens at
3% and 6% cement content respectively. It also showed that at all cement and water contents, UCS
values decreased after exposure to three f/t cycles. Although, residual strengths of 6% cement
specimens are still high. Degree of saturation (S) was cadulatexamine any possible relation

to strength performance and f/t damage. There was no relation observed.
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Figures 4.6 and 4.7 are-pdotted in Figure 4.8 to show the unconfined compressive strength ratio
(Exposed UCS/Control UCS) with regpeéo soil compaction moisture content. Figure 4.8 shows
more damage at dry and optimum conditions than at wet conditions which is likely due to the

ductile behavior of wet specimens.
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Figure 4.8 Variation of unconfined compressive strength ratio witltgmipaction moisture

content after three f/t cycles

4.3 Resonant Frequency Results

Resonant frequency (RF) testing was used as a technique to monitor theporasity changes

at each f/t cycle. As shown by Jamshidi (2014), it is also a useful techoidquaek damage of
soil-cement specimens during freeze f/t exposure. Figures 4.9 and 4.10 show the variance of

resonant frequency over three f/t cycles at 3% and 6% cement contents respectively.
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Figure 4.10 Resonant frequency variance over three f/t cycles at 6% cement content
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Figures 4.9 and 4.10 show that for both the 3% and 6% cement contents, specimens at 10%
moisture content had the highest RF readings while 6% meistntent specimens showed
second highest RF readings and the 14% moisture content specimens showed the lowest RF
reading. These specimens compacted at optimum water contents exhibited the highest UCS values
at each cement content prior to freeze/thawsefond observation is that the RF readings are
considerably higher at 6% cement content compared to readings at 3% cement content (i.e. similar
to UCS values). Also RF readings show a decrease with increased number of f/t cycles which
indicates a progresa increase in damage. Figures 4.9 and 4.10 also show that most change in RF
with increase in f/t cycles occurred at optimum water content (i.e. compared to wet and dry of
optimum conditions) which is similar to the observation in the hydraulic condyctaesults.

Figure 4.11 shows generally that more hydraulic damage lead to more resonant frequency damage

both after three f/t cycles.
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Figure 4.11 Variation of resonant frequency ratio compared to the hydraulic conductivity ratio
after three f/t cycles
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Jamshidi (2014) compared resonant frequency ratio to hydraulic conductivity ratio both after 12
f/t cycles and showed a similar trend to Figure 4.11. Figure 4.12 shows that resonant frequency

ratio generally followed the same trend as unconfined compressargyth ratio.
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Figure 4.12 Variation of resonant frequency ratio compared to the unconfined compressive
strength ratio after three f/t cycles

4.4 Optical Microscopy

An optical microscope was used at different magnifications (see Figure 4.13)attearpt to
investigate the macro and miestructural changes of the sagment specimens due to exposure

to three f/t cycles. Figure 4.13 shows an example for the available magnifications in the optical
microscope used in this research. The blue colibremmicroscopic photograph represents the pore
structure that was filled with the resin used during preparation of thin sections. A 0.25mm

magnification did not give a clear picture.
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Figure 4.13 Optical mrographs at different magnifications for speemmixed at 3% cement

content and dry of optimum water condition

Figures 4.14 and 4.15 show differences in structure of the pores under various moisture contents
at 3% and 6% cement content respectively. Mixes A, B and C were all mixed at 3% cement content
while D, E and F were all mixed at 6% cement content as discussed in Chapter 3. In figure 4.14,
mix A (dry of optimum condition) and mix C (wet of optimum condition) tended to show more
visible presence of the blue resin than mix B (optimum moisture mree to the existence of

more voids in the soil at wet and dry conditions. Similar observations was made of the 6% cement
content samples in Figure 4.15. Those observations agree with higher hydraulic conductivity

results at wet and dry of optimum cotioins when compared to optimum water condition as
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discussed in section 4.1. More voids at dry and wet conditions represent less density which could
verify the observation of low UCS compared to optimum condition where maximum density and
maximum UCS achiead. The right side of Figures 4.14 and 4.15 represent theesognt mixes

exposed to three f/t cycles. Exposed specimens generally showed more blue resin concentration
than control specimens which could be due to the expansion of water inside theyorgs d
freezing. In exposed specimens, blue resin generally appeared between the aggregates and cement
paste which represents the cracks that occurred when excess pore water pressure due to freezing
exceeded the bursting strength of the material. Theseabmbservations verify the damage
observed in hydraulic and strength performance. On the right side of Figures 4.14 and 4.15, blue
resin is more visible at optimum and wet of optimum water conditions which suggests more
damage than at dry of optimum watendition which tends to agree with hydraulic conductivity
results. Figure 4.15 generally show less blue resin concentration than Figure 4.14 due to existence
of more cement that fills more voids and improves resistance to f/t exposure which is likely the

reason behind improved strength and hydraulic performance.
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A control

Figure 4.14 Typical micrographs from vertical planes of specimens at low cement content of 3%
and under various moisture contents: A (dry), B (optimum), C (wet)
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Figure 4.15 Typical microgrdys from vertical planes of specimens at 6% cement content and
under various moisture contents: A (dry), B (optimum), C (wet)
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At higher magnification for control and exposed specimens from mixture A, it was noticed that
cracks occurred not only in the sogment matrix but also on the surface of the soil particles due

to f/t exposure (see Figure 4.16).

Control f/t exposed
Figure 4.16 Matrix damage and cracks in-saiment specimen A (3% cement, 6% water) due to
exposure to three f/t cycles

At times, exposure to f/t conditioning resulted in matrix damage in theawmiént specimen as

shown in Figure 4.17. Figure 4.17 also points to the cracks that occurred between aggregates and
cement paste due to damage of three f/t cycles.

To examine theresence/absence of frost lenses in the soil cement samples, the entire thin sections
were compared before and after freeze thaw using a light table and front light source, as was done
by Othman and Beson (1992) for compacted clays example is showrof the 3% cement and

14% water sample in Figure 4.18he continuous blue color might represent ice lens formation

due to f/t exposure. Ice lens formation is observed at the optimum and wet of optimum conditions
of 3% cement which is likely due to the erisce of more pores and sufficient water. The dry of
optimum condition of 3% cement and the dry, wet and optimum water conditions of 6% cement

have not shown ice lens formatigkdditional photos are provided in Appendix A.
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Cracks between aggregates
and cement paste

Matrix damage

Figure 4.17 Cracks and matiilamage in soitement specimen Al due to exposure to three f/t
cycle

N

Figure 4.18 ¢e lens formation shown on a thin section of-seiinent specimef (3% cement

and 1446 water contentafter exposure to three f/t cycles
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4.5 Mercury Intrusion Porosimetry

Five MIP tests were initially performed on the same soil cement specimen (3% cement and 10%
water content) to examine the variability of the test (see Figure 4.19). Figure 4.19 shows some
variability throughout the same sa@ément mix. However, even thglu the magnitude of pore
volume is variable amongst the samples, Figure 4.19 shows consistently a peak at 1um where
significant pore volume is recorded. The consistency is likely due to random sampling of the
samples and having several samples in the MI&en at the same time during testing (averaging).

Any dominant peaks that are present in this process would expected to be consistent, as noted in

Figure 4.19.
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Figure 4.19 Variation of incremental pore volume with pore size for exposed specimen at 3%

cement and 10% water content
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4.5.1 Effect of Water and Cement Content on Pore Size Distribution

MIP tests were performed under all compaction moisture contents and cement contents to examine
the effect of water and cement content on pore size distribotithie soilcement specimens. At

dry of optimum water condition (specimen A9 in Figure 4.20), larger peaks were observed at 10um
diameter than at optimum and wet of optimum water conditions. Larger peaks at dry of optimum
condition represent motargepores that allow more space for water to go through which agrees
to hydraulic conductivity results. At optimum water content (specimen B9 in Figure 4.20), pore
sizes found to be the smallest which agrees to minimum hydraulic conductivity observed at
optimum water condition. In Figure 4.20, less difference was observed in pore sizes between
optimum and wet conditions than between optimum and dry conditions which also agrees with the
magnitude of difference between hydraulic conductivity results. A similar isestiwn on Figure

4.21 for 6% cement conteritess accurate results appear to be recorded below 0.1 pum which is

likely due to deformation in the specimen caused by pressure required to intrude the mercury.
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Figure 4.20 Comparison of incremental poréuwee with pore diameter due to change in

compaction moisture contents (i.e. A9: 6%, B9: 10%, C9: 14%) at 3% cement content
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Figure 4.21 Comparison of incremental pore volume with pore diameter due to change in

compaction moisture contents (i.e. A9: 6%, BO%, C9: 14%) at 6% cement content
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Results in Figures 4.20 and 4.21 arglated in Figures 4.22, 4.23 and 4.24 to show the changes

in incremental pore volume due to change in cement content for the same compaction water
content. Similar trends are ayged at 6% cement to 3% cement content. Howewerg pores

are observed at 1um and 10um at 6% than at 3% cement content. The influence of more cement
was not captured because probably some of the pore volume is isolated within the cement matrix

(i.e. inaccessible pores).

Based on hydraulic conductivity testing, one would expect more difference in MIP plots. However,
macro pores are probably dominating flow for 3% cement content and macro structure could be

the reason behind higher hydraulic conductiaity3% cement content than at 6% cement content.
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Figure 4.22 Comparison of incremental pore volume with pore diameter due to change in cement
content (3% & 6%) at optimum water content
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Figure 4.23 Comparison of incremental pore volume with pore diahe¢eto change in cement

content (3% & 6%) at wet of optimum water content
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Figure 4.24 Comparison of incremental pore volume with pore diameter due to change in cement

content (3% & 6%) at dry of optimum water content
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4.5.2 Effect of Freeze/Thaw DamagenoPore Size Distribution

MIP testing was also performed on so@ment specimens after exposure to three f/t cycles
(Figures 4.25 4.30). At first examination, there appears to be only minimal changes in the
poresize distributions when comparing MIP résblefore and after three f/t cycles. At 3% cement
content, there appears to be shifting of pore size to larger sizes in the control samples after f/t.
Mixture A shows a loss at the 10um to 100um sizes, probably the creation of macispmies
measurabldy the MIP.In this thesis, macropores defined as pores that are large2@bam

Mixture B shows the loss of poresize in the 0.01um and 10um sizes and some development of
poresize in the 10 pm range. Mixture C shows some loss of poresize at the range of 0.01um to
1pum range as well as at the 8um to 80um range. There is no signifaiannhgoresize volume
suggesting the creating of macropores. For the 6% samples Mixture D shows only minor gains in
poresize at the 0.02um to 0.06um range after freezing and some gain in poresizeratahge

and 30pum to 200um range. The general distidn of thecurves did not appear to changed

some loss at the 0.01um and 0.1um ramiggervedMixture E shows a consistent loss of pore size
between 0.01um and 1um as well as between 5um and 180um without any corresponding increase
in poresize in thé/t exposed samples. This is likely the development of macropores. Mixture F
shows the loss of poresize between 0.3um and 10um and some increase between 16um and
200um.

Although MIP results show some shifting of poresize in tod@m to 200um range, theeis no
consistent poresize range that develops after f/t which suggests that the main mechanism
responsible for hydraulic damage due to f/t exposure is cracking which is similar to the mechanism
responsible for damage of se#ment at high cement content>10%) that was reported by

Jamshidi (2014).
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Figure 4.25 Comparison of incremental pore volume with pore diameter due to exposure to three

f/t cycles at dry of optimum condition and 3% cement content

0.3 0.3
-------- 3% Cement, OWC, Control
g 0.25 ||— 3% Cement, OWC, 3 f/t cycles 0.25
O
£
5 0.2 0.2
S
)
5 0.15 0.15
o
<
£ 0.1 0.1
=
o
2 0.05 0.05
0 : - 0
0.001 0.01 0.1 1 10 100 1000
Pore Diameter (um)

Figure 4.26 Comparison of incremental pore voluwta pore diameter due to exposure to three

f/t cycles at optimum water condition and 3% cement content
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Figure 4.27 Comparison of incremental pore volume with pore diameter due to exposure to three

f/t cycles at wet of optimum water condition and 3% cencentent
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Figure 4.28 Comparison of incremental pore volume with pore diameter due to exposure to three

f/t cycles at dry of optimum water condition and 6% cement content
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Figure 4.29 Comparison of incremental pore volume with pore diameter due susxpmthree

f/t cycles at optimum water condition and 6% cement content
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Figure 4.30 Comparison of incremental pore volume with pore diameter due to exposure to three

f/t cycles at optimum water condition and 6% cement content
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Chapter 5: Conclusions

As discussed in Chapter 1, the goals of this research was to enhance the knowledge of hydraulic
and mechanical performance of scéiment mixes and assess its durability. More specifically, the

main objectives of this research were to:

1) Assess the impact of img) low cement content (3% to 6%) on the hydraulic and mechanical
performance of soil cement by performing laboratory testing onceaient mixes at
different cement contents and moisture contents under standard proctor compaction
conditions. In additionthe freeze/thaw damage on these soil cement samples were
evaluated in terms of hydraulic and strength performance testing.

2) Examine the mechanisms responsible for the freeze/thaw damage observed by studying the
micro and macrecale changes in the sangpléesing thin section and microscope imaging
as well as mercury intrusion porosimetry testing to assess possible changes in poresize
distributions.

The materials used to assess these objectives were a silty sand soil of a defined gradation,

General use Ptiandlimestone cement (CSA type GUL) and tap water. Prior tecgoiient

testing being performed, two standard proctor moisture density tests (ASBEI (2011))

were performed to provide information on the compaction characteristics of thees@iht

mixture. Based on these results, six-seinent mixtures were selected to represent a range of

moisture conditions (below optimum water content, at optimum water content and above

optimum water content) that might be expected in the field.
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5.1 Summary ofHydraulic Conductivity Testing

Flexible wall hydraulic conductivity testing (ASTHA5084 (2000)) was used to evaluate the
influence of cement and water content on the hydraulic performance -@eso#int both before

and after f/t cycling. The minimum hyddauconductivity values were observed at optimum water
conditions for each cement content. A lower hydraulic conductivity was observed at wet of
optimum water condition than at dry of optimum water condition with the following order of
hydraulic conductiuy observed: Kwe < Kwet< Kary. It was generally found that increasing cement
content improves (decreases) hydraulic conductivity ofcitent (Kyscemen< Kazvcement at all

the water contents. It was hypothesized that the addition of more cememidfitsvoids in the
soil-cement mixture, leaving less space for water flow. The least improvement in hydraulic
conductivity occurred at dry of optimum conditions where water is insufficient for the cement to
react. Jamshidi (2014) observed that wet of optimwater content gave the lowest hydraulic
conductivity, which is likely due to the use of high cement content that requires more water for

hydration process in addition to the water required to achieve maximum compaction.

Exposure to three freeze/thaw B& showed general increase in the hydraulic conductivity
values. The least amount of damage was recorded at dry of optimum water conditions where more
space is available for the water to expand when frozen, compared to optimum and wet of optimum
water comlitions. At higher cement content, better resistance to stresses created by water freezing

and subsequent expansion was observed.

5.2 Summary of Unconfined Compressive Strength (UCS) Testing
Unconfined compressive strength (UCS) test was performed inajeaszordance to ASTM
D1633 (2007) teevaluate the influence of changing cement and water contents and freeze/thaw

conditioning on the strength performance of-sainent. Maximum UCS values were observed at
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optimum water conditions where maximum denstgchieved. Higher UCS values were observed

at dry of optimum water condition than at wet of optimum water condition §iCSUCSyry >

UCSyet). Reduction of UCS values at dry of optimum water content conditions is likely due to
limited water leading to Bdequate lubrication of sedement mixture during compaction.
Reduction of UCS values at wet conditions is likely due to excessive water content in-the soil
cement mixture that could lead to bleeding in the paste and consequent decrease in density.
Significant improvement in UCS was observed after increasing cement content from 3% to 6%
(UCSswcement> UCSswcement due to improved bonding between smiment particles. Ikcement

and water contents examined showed a general decrease in UCS valiegatere to three f/t
cycles, however residual strengths of 6% cement specimens were still high. More damage was
observed at dry of optimum and optimum water conditions than at wet of optimum water condition
which is likely due to the ductile behavior oktvspecimens. Less damage was observed at 6%
cement content than at 3% cement content which is likely because 6% cement content provides

better resistance to stresses created by water freezing and thawing.

5.3 Summary of Resonant Frequency (RF) Measurement

RF measurements method was used according to ASTM C215 (2008) to evaluate the macro
porosity changes due to freeze/thaw exposure and variation in cement and water contents of the
soil-cement mixtures. Testing the so#ment specimens at different watentents shows the
highest RF measurements at optimum water content and the lowest RF measurements at wet of
optimum water condition (Rkimum > RFiry > RFwe)which agrees to UCS results. Higher RF
measurements are obtained at higher cement contegit£Rdn> RF%cement Which also agrees

with UCS results. RF measurements show gradual decrease with increased number of freeze/thaw

cycles which indicates a progressive increase in damage. Most change in RF measurements with
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increase in f/t cycles occurred optimum water content compared to wet and dry of optimum

water conditions which agrees to the observation in the UCS results.

5.4 Summary of Examination of Mechanisms Responsible for Freeddhaw Changes of

Soil- Cement Samples at 3% and 6% Cement Contén

After studying the strength and hydraulic performance of soil cement under different conditions,
an attempt was made to examine the mechanisms responsible for the obtained results. Longitudinal
thin sections were obtained from soément specimens amcamined under the microscope to
investigate the structural changes in the-seihent mixture due to f/t conditioning and variations

in cement and water contentse lens formation is observed at the optimum and wet of optimum
conditions of 3% cement wth is likely due to the existence of more pores and sufficient water.
The dry of optimum condition of 3% cement and the dry, wet and optimum water conditions of
6% cement have not shown ice lens format®anerally, more voids and cracks were observed

in freeze/thaw exposed specimens which verified the higher hydraulic conductivity results after
freeze thaw exposure. S@é&ment specimens with higher cement content showed less pores which
verified the lower hydraulic conductivity results at 6% cement cardempared to 3% cement.

Least pores were observed at optimum water condition compared to dry and wet of optimum water
conditions which also verified the hydraulic conductivity results.

MIP testing method was used to evaluate the microstructural chahget-@ement specimens

due to changes in water and cement contents and exposure to three f/t cycles. Pore size distribution
curves obtained by MIP testing show more pores at dry of optimum water condition than at
optimum and wet of optimum water conditiadnich agrees to hydraulic conductivity results. At
optimum water content, minimal pores were observed which also agrees to hydraulic conductivity

results (Kwe < Kwet < Kary). Similar trend observed at 6% cement to 3% cement content. However,
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more pores bserved at 1um and 10um at 6% than at 3% cement content. The influence of lower
hydraulic conductivity with increasing amounts of cement was not captured because probably
some of the pore volume trapped in the cement matrix (i.e. inaccessible porespplies that

macro pores are probably dominating for 3% cement content and macro structure could be the
reason behind higher hydraulic conductivity at 3% cement content than at 6% cement content.
After exposure to three f/t cycles, results did not showgrifecant change in the pore volumes.

This suggests that the main mechanism responsible for hydraulic and strength damage due to f/t
exposure is cracking which is similar to the mechanism responsible for damagecehseiit at

high cement contents (>1Q%at was reported by Jamshidi (2014).

5.5 Conclusions

The results of soitement testing in this thesis demonstrated the following:

1 Cement content, water content and exposure to freeze/thaw cycles are key parameters in
controlling the hydraulic and strgtin performance of sedement

1 Mixing soil-cement at optimum water condition results in maximum UCS and minimum
hydraulic conductivity because at optimum water condition;caitent particles are closest
to each other leaving less space for water flowatdeving maximum density.

1 Atdry and wet conditions, more voids are created inside theasmient specimen leading to
increase in hydraulic conductivity and decrease in UCS values

1 Addition of cement increases UCS and decreases hydraulic conductifiitingynore voids
and providing better linking and bonding between soil particles.

1 Exposure to freeze/thaw conditioning lead to increase in hydraulic conductivity and decrease

in UCS of the soitement
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It was observed that the main source of f/t damaghe cracks occur in the sa@ément
mixtures that was observed by the optical microscope while minimal changes in the
microstructure was observed by performing mercury intrusion porosimetry te$tieg.
formation of ice lens observed by thin sectiontpbat the wet and optimum water conditions

of 3% cement could be another source of f/t damage.

5.7 Recommendations for Future Work

Future work that could be performed to improve the knowledge base of this work includes:

Perform similar testing methods at dapd wet conditions but closer to optimum water
condition to get a more accurate hydraulic and strength curve

Evaluate the influence of changing the curing age at low cement contents

Addition of common soitement admixtures and examine its influence orhtftgaulic and
strength performance due to freeze/thaw damage

Performing fieldscale experiments to examine the reliability of observations under controlled
laboratory conditions

Examine the validity of the observations on different types of soils

Evaluatethe influence of the interaction of contaminants in the soil structure with the changes

in soil-cement performance due to freeze/thaw exposure
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Appendix A Photos of Longitudinal Soitcement Thin Sections Before and

After Exposure to Three f/t Cycles

L s Control o : o Exposed

Figure A.1No ice lens formation shown on a thircBen of soitcement specimen (3% cement

and 66 water contentafter exposure to three f/t cycles
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Figure A.2Ice lens formation shown on a thin section of-seinent specimeB (3% cement

and 10% water contemfter exposure to three f/t cycles
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Figure A.3Ice lens formation shown on a thircgen of soilcement specimen (3% cement

and 14% watecontenj after exposure to three f/t cycles
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Figure A.4No ice lens form

cement and 6% water conteafter exposure to three f/t cycles

81



Figure A.5No ice lens formation shown on a thiecion of soHcement specimen % cement

and 10% water contemfter exposure to three f/t cycles
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