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ABSTRACT

There are uncertainties related to the mechanical behaviour of highway embankments where
frozen soil is used as fill material and experience natural thawing and settlements during the first
thawing season following construction. Side slope sloughing;raltking, and development of
localized thaw settlements underneath the embankment shoulders and side slopes typically occur
due to thawing of the frozen soil and permafrost foundation. Test sections were constructed and
instrumented with temperature angmlacement sensors along the InaViktoyaktuk Highway

in the Northwest Territories, Canada to assess the thermal and mechanical performance of frozen
fill embankments. One of the test sections was reinforced with layers of wicking woven geotextiles
at its side slopes to provide reinforcement against lateral movemedtmstabilitieduring the

thawing season. This is the first research where woven geotextiles were used for slope
reinforcemenof initially frozen fill in Arctic regions. Significant latat displacements occurred

in the summer following endf-construction for the control (unreinforced) and reinforced test
sections, with the reinforced section showing reduced lateral movements. Temperatures in the
embankment and permafrost foundation haleo been increasing due to warming air
temperatures, leading to additional displacements as the previously compacted frozen fill thaws.

Largescale direct shear and pullout tests were conducted on the soil and woven geotextiles,
respectively, under diffent moisture contents and environmental conditions to quantify their
influence on embankment performance. The most critical condition, based on the tests conducted,
occurs during the onset of the first thawing when the ice bonding in the soil matrix Tiedts
interface properties obtained from the pullout tests showed that the wicking geotextile has higher
interface friction properties compared to a fwioking geotextile at comparable strain levels.

Thermal modelling and coupled thermméchanical modelling were carried out using
commerciallyavailable finite element software TEMP/W and ABAQUS, respectively, and were
calibrated with recorded field data. Climate modelling scenarios were also usedluatev
performance under neggrm and longerm conditions. The coupled models confirmed the benefit
of using woven geotextiles in reducing displacements when used as reinforcement in thawing
slopes. With confidence on model results for the test secparametric studies were conducted
to investigate the influence of embankment thickness, slope inclination, reinforcement length, and
reinforcement spacing on the thermal and mechanical performance of these embankments. The
monitored field performance, usé woven geotextiles as slope reinforcement, and numerical
modelling considering the effects of climate change presented in this thesis will help improve the
existing design guidelines fbighwayembankments in Arctic regions.

Keywords: highway embankmés, winter construction, permafrost, frozen fill compaction,
reinforced slopes, wicking geotextiles, interface resistance, shear strengtiscllsgdirect shear
test, pullout test, numerical modelling, climate change
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CHAPTER 1

INTRODUCTION

1.1. Research Background

There are numerous challenges associated with constructing highways in the Arctic. Embankments
are typically constructed during the winter months to preserve the permafrost foundation and
minimize environmental impacts. Placement of embankment fill mbiegasier when the frozen
natural ground surface makes movements of construction equipment most effective (Savage 1965).
Fill material is placed by end dumping, and construction vehicles are prohibited from traveling on
or damaging the vegetation mat bag the limit of the fill footprint itself (McHattie and Esch
1983).In their studies on the influence of vegetation cover on permafrost, Yi et al. (2007) reported
that even a thin presence of peat greatly retards ground thaw. Peat has higher porositethan

soil which allows larger storage for water (De Guzman and Alfaro 2018). Peat provides insulation
to the underlying permafrost because it requires more latent heat to achieve the same depth of thaw
compared to mineral soil. Removal of the actiweetaand replacing it with either coargeained

or fine-grained soil will only accelerate permafrost degradation (Yu et al. 2012, Sengupta et al.

1990).

Non-frost-susceptible materials (e.g., gravel) suitable for embankment construction are not
always avdable in construction sites in the Arctic (Berg and Esch 1983, Saboundjian 2008).
Construction is only done in the winter with locadlyailable frozen soil from nearby borrow
sources. Frozen soil when used as fill material is very difficult to compswib-aéro temperatures.

They are relatively strong while they remain frozen but become soft and compressible upon



thawing. For a comparable compactive effort, a frozen soil will have a lower dry density at a given
water content than a soil in the unfrozate. The maximum dry density at an optimum water
content typically observed for unfrozen soil cannot be achieved in frozen conditions (Burwash and
Clark 1981, De Guzman et al. 20L8Vhen the water content of the frozen soil increases, the dry
density ad workability of compacting the frozen soil decreases. In addition to the potential for
development of settlements once the soil thaws there is also a significant reduction in shear
strength (De Guzman et al. 2018)kire et al. (1976)lsonoted that gotential problem related

to construction of embankments using frozen fill is the relatively slow rate of thawing and

associated development of settlements following the construction.

Embankment thickness (fill height) varies along a project site dueréonteonditionsThey
are typically designed to provide adequate ground insulation and minimize permafrost degradation
(Argue et al. 1981) under known climatic conditiohise construction of embankmemtgvitably
resultsto thermal disturbance of the derlying permafrostThe permafrost will degrade if the
insulating effect provided by the embankment fill is less than the insulating effect of the original
active layer. On the other hand, the permafrost can rise into the embankment if the insulating effe
of the embankment fill is greater than the insulating effect of the original active layer. The thermal
regime in the active layer and the underlying permafrost mainly depends on the thermal properties
of the foundation soil and the interaction betwdenatmosphere and the ground (Gold 1967, Yu

et al. 2012, Wu and Niu 2013).

Thick embankments (also called hifilh sections) act as a wind break favouring significant
snow accumulation on the embankment shoulders and toes, which insulates the grooad surfa

decreases heat loss in the winter, and prevents further ground freezing (Fortier et al. 2011). Snow

" Chapter 3 of this manuscript.



accumulation on the side slopes of an embankment can either be natuvally (precipitation,

snow drifting due to wind gusts) or mechanicallyven (snow ploughing from road surface).
Progressively deeper thawing generally occurs beneath-sowsved roadway side slopes (Esch
1983) and can cause problems of side slope sloughing and spreading as the side slopes subsid
into the thaw channel that forrbelow the toe of the slope (McGregor et al. 2010). This results to
longitudinal embankment cracking in addition to thawing of compacted frozen fill in the summer
months. Frequent snow removal from the side slopes helps minimize the insulating effeat of sno
cover during the winter months (McHattie and Esch 1983, Malehfpéage and Doré 2010) but

may not always be economical for an entire highway system and at thick embankment sections

with steeper slopes where equipment mobility is restricted.

Climate chage has been a global driving force in recent years as a design consideration in
assessing how structures built now will perform in the future. Linear infrastructure such as
embankments built iArctic regionsare especially vulnerable to climate changglalsal warming
will affect the seasonal activayer, that is, the activéayerwill grow deeper and thawing of the
permafrost will lead to increased deformations in the embankment. Smith et al. (2010) reported
that permafrost across North America hasnbgenerally been warming. This warmitygnd in
thepermafrostiue taincreasingambientair temperaturemay lead to the embankment instabilities

mentioned earliefJgrgensen and Ingemahelsen 2012)

There are uncertainties related to the mechanicavbelr of embankments that were initially
compacted with frozen fill and then experienced natural thawing and settlements during the first
thawing season following construction. Settlements and lateral spreading can lead to serviceability
problems impactig overall embankment performance which may lead to embankment failure

(Saboundjian 2008) and ultimately affect economic productivity and safety (Regehr et al. 2013).



With these knowledge gaps and performance issues of embankments constructed under winter
conditions, this research aims tovestigate the operating mechanisms causing instabilities and
deformations of th&e embankmerst and contribute in improving overall embankment

performance.

1.2. Inuvik -Tuktoyaktuk Highway: First and Only Canadian Highway tothe Arctic Coast

The completion of the Inuvik to Tuktoyaktuk Highway (ITH) has been a long standing goal of the
Town of Inuvik, the Hamlet of Tuktoyaktuk, and the residents of the Inuvialuit Settlement Region
(Environmental Impact Review Board 2011). Tloastruction of the ITH helps address the goals

of Northern economic development, supporting future natural resource exploration, development,
and production (such as the natural gas and oil reserves in the Mackenzie Delta and Basin), and

reinforcing Canadin sovereignty objectives (Infrastructure Canada 2015).

Detailed road alignment, environmental data gathering, and engineering design were
conducted in the 1960s and 70s and had been continuously revised to address the concerns of loca
communities and o#r stakeholders during an extensive environmental review process, leading to
the development of the route alignment alternatives in 2009. The highway has been identified as a
priority development by the Government of Canada and Government of the Norflenrésties

(GNWT). The ITH, which extends the Dempster Highway past the Inuvik to the Arctic Coast, is

an alweat her transportation |ink and compl ete
Atlantic, and to Arctic coast§ig. 11s hows t he designed alignment
and filld techniques that are often employed

not used along the ITH in oed to protect the permafrost terrain along the highway alignment
(Environmental Impact Review Board 2011) and to minimize, if not completely eliminate, the

possible instabilities. To comply with vertical geometry requirements, embankment fill thickness



ranged from 1.5 to 12 m. The recorded warming trend in air temperatures due to climate change
in the Northwest Territories is expected to render stability problems to be more prevalent when
the frozen fill thaws (McGregor et al. 2010, Intergovernmental Ramélimate Change 2014).

A partnership was developed between the University of Manitoba, Université Laval, and the
Department ofnfrastructureof the GNWT in constructing and instrumenting tests sections along
the ITH toinvestigate and addre$ise issuegpresented earlieOne of these test sections was
reinforced with layers of woven geotextiles at its slope to reduce side slope sloughing and fill
crackingT o t he aut h ohisidthe fikshresealcle pogram that usedengeotextiles

as slopeeinforcemenbf initially frozen fill in Arctic regions

1.3. Problem Statement

The problems associated with embankments in the Arctic that this research aims to address are

summarized in the following unknowns:
1. Effects of using frozen soil in embankment peniance
2. Length of timethe frozen soilised to construct the embankmetilt remain frozen

3. If taliks*will form, if there are instabilities associated with its developpeent if it will affect

embankmenperformance
4. How wovengeotextilescontributein reducingembankmeninstabilities and,

5. Impact ofclimatechangeon the performance ofinreinforced and reinforced embankments

ATalik i a layer or body of unfrozen ground in a permafrost area



1.4. Research Hypothesg

1.

Shortterm stabilityof highway embankments in the Arct&cgoverned by thawing of frozen
soil and corresponding decrease in shear strength at the slopes where significant lateral

displacements and settlements occur during the subsequent summer after winter construction;

Longterm stability is governed by climatehangeconditions where the depth of tha
penetration in the embankment fill and foundation soil increases over time contributing to
additional displacements and the formation of taliks can lead to instabilities which may

compromise performance; and

Geotextiles with wicking function when used atope reinforcement reduce lateral

displacements and improve the skerim and longerm stability of embankments.

1.5. Research Objectives

The following objectives of this research are as follows:

1. Understand how the use of frozen soil during winter construcaffects embankment

performance duringhe subsequent summéollowing construction, at servicegnd under

climate changeonditions;

Quantify the benefit of usingvoven geotextiles (wicking and newicking) as slope

reinforcement in reducing laterabpiacements for embankments constructed with frozen soil;

Determine the effect of thin and thick embankments on the thermal regime of the permafrost

foundation and how this impacts embankment stability;

Investigatethe instabilities associated with the nga of temperature and strength in the

embankment fill and foundation soil; and



5. Based on the findings of objectivestlrecommend design and construction guidelines for

new linear infrastructure built on continuous permafregtons

1.6. ThesisOrganization

This chapter (Chapter 1) presented the background, hypotheses, and objectives of this research.
Chapter 2presents theonstruction andield performance of the embankment test sections. A

comprehensive analysis of the field data (temperatiisplacements) are discussed in this chapter.

Chapter 3 and Chapter 4 presents the laboratory testing program conducted on the soil and the
wovengeotextile(wicking and norwicking), respectively, under differentoisture contents (wet
and optimum) and efronmental conditions (frozen, thawed, and cyclic freieav). Chapter 3
focuses on the shear strength of the soil using a large scale direct shear test. Chapter 4 focuses ol

theinterface strength between the woven geotextiles and thigsuibullouttests

Thermal numerical modelling was conducted on the thin and thick embankasamgs(1)
thermal modifiers and (2) surface energy balance model calibrated witddiaiilom Chapter 2
andthe resultsare comprehensively presented in Chaptek Seres of neaterm (modelled to
year 2025 and year 2038hd longterm (modelled to year 210®)limate change models were
applied on the thick embankment sectioRarametric studies were performed on different
embankment geometries and boundary conditiorssutdy their influence on the thermal regime

of embankmentand underlying permafrast

To quantify the mechanical performancdte embankments in Chapter 2, soil and geotextile
properties obtained from Chapters 3 and 4, respectively, were used intedigueoupled and
fully-coupled thermamechanical models and the results are presented in Chapter 6. Only the

thermal modifier approach was used in the coupled modelling. Parametric studies were also



conducted to investigate the influence of embanknteckness, slope inclination, reinforcement
length, and reinforcement spacing on the thermal and mechanical performance of these
embankmentsA summaryof theresearch work donis presented in Chapter The hypotheses

and objectives aralso revisitedto provide overall conclusiondAreas of fiture research are

provided as recommendations in this chapter.

During the course of this researdeveral publicationdiave been prepared foechnical
journals and conference proceedings. These submissions arghpoiré have been identified at
the beginning of each chapter as a footnbierearesectionsaanddiscussions that are overlapping
in between chapters and care was exercised to clearly identify these in each Elxaparfor
Chapter 1 and Chapter &nd the material provided in the research background, each chapter has
at least one technical journadperassociated with it. Relevant review of literatarepresented
in eachchaptelas part of the technical journal publishing procedurablesfigures, and notations

and acronymsare found at the end efchchapter.

1.7. Original Contribution s

By understanding the operating mechanisms causstghilitiesand excessive displacemeiris
highwayembankments cotrsicted under winter conditions, improvements on the guidelines for
the design, construction, artbeir maintenance can be made for future linear infrastructure
developmentin Arctic regions The following original contributions of this research progeaen

as follows:

1. This is the first research program that usexvengeotextiles as slope reinforcemersing
initially frozen fill in the Arctic By understanding the contribution of geotextileseducing

lateral displacementscritical embankment heightsac be supported adequately without



compromising stability and steeper slopes can be achieved without sacrificing the thermal

integrity of the embankment and the foundation soil.

. The largescale direct shear tests investigated the shear strength of taelengmt soil. Most
studies in the literature account for the shear strength of the permafrost foundation and how it
affects the stability of the overlying embankment. However, limited study has been made on
the mechanical strength of coagmined frozersoil from locally-available borrow sources

used for embankment construction. The results from this study showed how different
environmental conditions reduces the shear strength of the embankment material and should
be taken into account in the preliminasgages of design and developing ldagm

maintenance strategiestbeseembankments.

. The thermal modelling of theestsections provide a baselinghermalcondition after winter
construction.Field data supports evidence that climate change is affethie thermal
performance of treeembankmentsven though the embankments are still providing adequate
insulation to the permafradiearterm and longerm conditions were assessed using climate
models available for the regioAdequate design can be neagrior to construction for new
infrastructure while mitigation strategies can be optimized for existing ones for continued

thermal performance.

. Both sequenti$-coupledand fully-coupled analysesereconducted to determine the thermal
and mechanical eftts onembankment performanc&hese models werealibrated against
field data Parametric modelgonsidering the influence of embankment thickness, slope
inclination, reinforcement length, and reinforcement spaemege investigatec&nd results

provide reasonable estimates of performance with improved confidence.



Fig. 11. Alignment of ITH in Northwest Territories, Canada and location of research
emkankment test section (map courtesy of DGNWT).
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CHAPTER 2

FIELD PERFORMANCE OF HIGHWAY
EMBANKMENTS IN THE ARCTIC 12

2.1. Introduction

The research background in Chapter 1 presentediffimilties associated with embankments in
Arctic regions.The literature for example Sun et al. 2005, Qi et al. 2007, Saboundjian 2008, Ma

et al. 2008, Wu et al. 2010, Ma et al. 2012, JgrgenseingadthanNielsen 2012, Yu et al. 2013,
Batenipour et al. 2014) has provided a wealth of information on embankment performance
attributed to permafrost degradation. HowevVienited work has been done on the thawing of the
frozen soil used in the construatiof the embankment fill and how this influen@asbankment
performanceAs mentioned previouslyhére are uncertainties related to the mechanical behaviour
of embankments that were initially compacted with frozen fill and then experienced natural

thawingand settlements during the first thawing season following construétidhis chapter,

1 This chapter has been submitted, accepted, apdiished in peereviewed journals and/or conference proceedasgsllows
De Guzman, E.M.B, Alfaro, M., Doré, G., Arenson, L.U., and Piamsalee2@20.Performance of highway embankments in
the Arctic constructed under winter conditions. Canadiasté&anical Journabgceptell

De Guzman, E.M.B, Kaluzny, S.W., Stafford, D.M.J., Alfaro, M., Arenson, L.U., and Doré, G. 2B@0ryear monitored
performance of a geotextileei nf orced fill sl ope al onihPaaAniericaniCentenencé o Can a
on Geosythetics. Rio de Janeiro, Brazil

Parent, M., Doré, G., Lemieux, @e Guzman, E.M.B, and Alfaro, M. 2019. Relative Importance of Mechanical
Degradation of Permafrost Embankment. 18th International Conference oR&ptzhs Engineering. Quebec, QC.

De Guzman, E.M.B, Alfaro, M., Doré, G. and Arenson, L. 2017. Performance of instrumented sections along a highway in
the Canadian arctic. 19th International Conference on Soil Mechanics and Geotechnical EngineefjrgpBbd(orea.
pp. 19791982.

De Guzman, E.M.B, Piamsalee, A., Alfaro, M., Arenson, L., and Doré, G. 2016. Performance of a Reinforced Highway
Embankment along the Inuvikuktoyaktuk Highway, Northwest Territories, Canada. 11th International Confewance
Permafrost, Potsdam, Germany. pp. 1115.

De Guzman, E.M.B, Piamsalee, A., Alfaro, M., Arenson, L., and Doré, G. 2015. Geotdxéileforced Fill Slope Along a
Highway to Canada's Arctic Coast. 3rd Pmerican Conference on Geosynthetics. FloridaAUsp. 16141626.

De Guzman, E.M.B, Piamsalee, A., Alfaro, M., Arenson, L., Doré, G., and Hayley, D. 2015. Initial Monitoring of
Instrumented Test Sections along the Intiiktoyaktuk Highway. 68th Canadian Geotechnical Conference. Quebec, QC.
2 A list of notatons and acronyms used in this chapter are found in page 62.
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the monitored field data are used to describe the thermal and meclhaaiourof the thick
embankments as well as the thermal behaviour of the thin embantoresgess embankment

performance.

2.2. Embankment Construction

Two test sectioneach 20 m longyere constructed along ITid April 2015 The completed test
sections, which lengths were constrained by local conditions, are shéwgn #1la. The firsttest
section(STA 82+380 to STA 82+400) was constructed and instrumented to serve as the control
section. The secontest section(STA 82+400 to STA 82+420), referenced herrafis the
reinforced section, was similarly instrumented as the control section but its side slopes were
reinforced with wicking woven geotextiles. Both embankment test sections are 5.3 m thick with
embankment slopes 3H:1¥i). 22a shows the crossection of the instrumented embankment).
Nonwoven geotextiles 6 m in length were placed at the toe towards the interior of the embankment
as a separator betee the natural ground surface and the embankment fill material along the whole
stretch of the highway. Frozen fill material as showhRim 23 taken from the nearest borrow pit
source (Pit 174) was used to construct the embankment tests sections with an average moisture
content of 16%In Chapter 3the physical properties of thisibas well as its shear strength
properties using a larggcale direct shear box at different environmental conditiwese
determinedThe soil has fines content ranging from 11% to 13%, an average plastic limit of 16.4%,
an average liquid limit of 24.6%nd a plasticity index of 6.6%. About 72% passing the 0.075 mm
(No. 200) sieve was of silt fraction based on the results of the hydrometer test. The soil is classified
as weltgraded sand with silt and gravel to silty sand with gravel based on the U&died
Classification System (USCS). The foundation soil is predominantly organic (peat) based on

frozen soil cores obtainaa March 201 7#rom the centreline and at an offset from the embankment
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toe. The organic mat is approximately 7 m thick. This is dagteby highly plastic clay with some
presence of cobbles based on visual inspection of the grab saiplesd test section was
instrumentedat its midslope Kig. 21a) in April 2017 to determine the influence of thin
embankmentgdesigned thickness for permafrost insulation) permafrost temperaturebhe
thickness of this embankment is 1.8Wmlike the two thick embankmeséctiors constructed in
April 2015, the hin embankment is purely monitoring temperatuféss thin embankment section

was already built during the 2015 construction season.

The woven geotextiles installed at the side slopes of the reinforced section have drainage
capabilities (wicking) in addibn to their reinforcement function. It was conceptualized they will
provide drainage paths for thenelt water during spring and summer seasons when the
embankment undergoes thawing. The wicking yarns are hydrophilic and hygroscopic, which
means that thewttract water molecules and transport water, respectively. In the past, wicking
geotextiles have been used in the following applications: (1) mitigating differential frost heaves,
(2) minimizing the effect of swelling and shrinkage of expansive subgr@jesihancing lateral
drainage in areas with high water tables, and (4) minimizing moisture accumulation within the
base course and/or subgrade. Some properties of the geotextile in thelirecs:n are
summarized iffable 21. This type of geotextile has been successfully used in the Dalton Highway
Beaver Slide Area in Alaska to act as a capillary barrier and prevent the occurrence of frost boils
(Zhang et al. 2014)A similar successful application was used in the Pioneer Scenic Byway in
Montana to prevent the occurrence of frost heaves along the highway (Sikkema and Carpita 2016).
For these studies the wicking geotextile were only used for its drainage and segaretions.

Here, the geotextiles were laid out on the side slopes during construction as skayvi2 4a to

provide reinforcement. These geotextiteae an overhang of 0.5 Rig. 24b) to allow water to
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flow out of the embankment. The length of the geotextile installed in the embankment is 8.4 m to
intercept the potential failure surface when the embankment thaws aaodghsig occurs. The
geotextiles were spaced at every 900 mm of elevation. In the é&kmmwledge, this is the first
application of using a wicking geotextile fabric with reinforcement as the primary function-and in
plane drainage asecondary andising geotextiles as slope reinforcement for embankments in
Arctic regions. Geogrids have previously been used as basal reinforcements for embankments in
permafrost regions (Kinney and Connor 1987, Kinney and Connor 1990). However, they were
usedin polygonal goundsto bridge the development of voids when ice wedges thaw underneath
the embankment3.he interface strength properties between the woven geotextiles and the soil at

different environmental conditions are presented in Chapter 4.

2.3. Field Instrumentation and Installation

Installation of instrumentatiorfer the thick embankment®mmenced on April 14, 2015 and was
completed on April 20, 2015. The temperature on site during construction range@Htnto

-2 A @iith an average temperature-48°C during il material end dumping and compaction.
Construction was halted when air temperatures were ad@V€. The road surface became wet
closer to-5°C with ruts developing due to construction traffic. Prior to construction ahible
embankmentest sectios and installation of instrumentation, an initial lift of 600 mm was placed
on the research site. Only snow along the road-offatay and at the toe of the embankment
where the data acquisition system was installed were removed during constructionafereats

taken to avoid stripping of the natural ground surface to protect the underlying permafrost. The
control and reinforced embankment test sections were both instrumented with thermistor strings
for temperature monitoring and ShapeAccelArrays (SAAspeasure lateral displacements and

settlements. These instrumentations were connected to a data acquisition(Bys@nat an
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offset from the toe of the embankmefig. 21a, b) which can be remotely accessed through
satellite connection. Remote monitoring was done continuously fromFebduary to mid
November when the solar panels can charge the batteries supplying powdAQtHeatafrom

the DAQ weremanuallydownloaded from midNovember to mieFebruary of the following year
depending on site access conditiareen the batteries have to be manually recharyeditional
instrumentationsvere installed at the research site in April 201vtmitor the temperature &
thin embankmensection Fig. 21a) and the displacements occurring at the toe of the thick
embankment section@ig. 21d). Although not presented herBredlundthermal conductivity
sensorsvere installed in the field to measure suction in the embankimestablish a correlation
with theunfrozen watecontentas the embankmenhdergoeshawing. Unfortunately, the sensors
were embedded in the frozen core andneaningful resultwere recorded during the monitoring
period. ®me of the cable sensonad also beeninadvertently damaged durirgnow clearig

operations.

2.3.1. Thermistor Strings

Thermistor strings were installed at different locations in the embankments and underlying
foundation soil Table 22). Thermistor strings in the control section are labelled a€ BRdare
labelled TSR for the reinforced section. Two thermistor strings were laid out horizontally at the
top (TSC1, TSR1) and along the base (¥S2, TSR2) of the embankments, and another two
vertically installed through the foundation at the centreline@BSTSR3) and at the toe (FS4,
TS-R4) for each test section. A schematic diagram showing the locations of thessttivestnings

and their nodes are shownhkig. 22a. The base thermistor is 600 mm above the natural ground
surface, while the top thermistor is 500 mm below the roafhsei The additional vertical

thermistor strings installeid April 2017 at the foundation soil (T-€5, TSR5) are also shown in
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Fig. 22a. The thermistor string instad at the midslope (FS) of the thin embankment section is

shown inFig. 22c.

2.3.2. ShapeAccelArrays

Vertical and horizontal ShapeAccelArrays (SAAs) were installed at apdsind midheighof
boththick embankmergections to monitor lateral displacements and settlements, respectively, as
shown inFig. 22a and summarized ifable 22. SAAs in the control section are labelled as

S A AC andSAA-R in the reinforced section. The vertical SAAs (S&A, SAA-RV) are located

at an offset of 12 m from the embankment centreline, with its first node 400 mm below the slope
surface. The vertical SAAs were anchored at the frozen foundation soil. Similerlyorizontal

SAA (SAA-CH, SAA-RH) were anchored inside the embankment either sitting on top of
compacted frozen soil at the core of the embankment or below the 0°C isotherm. The outer ends
of the horizontal SAAs are 12 m away from the embankment centré@lieefirst nodes of the
horizontal SAAs are 400 mm below the slope surféagditional SAAs were installed at the
foundation closé¢o the toe of the thick embankmemt#April 2017. One vertical SAA (SAACVT)

was installed 3.5 m away from the toe of tbatcol section, and two vertical SAAs were installed

at 0.5 m (SAARVT1) and 3.5 m (SAARVT2) away from the toe of the reinforced sectidbhese

vertical SAAs have their first nodes above ground and were encased with PVC pipes to prevent
damage. A 12 m lanhorizontal SAA (SAACHT) was installed 0.5 m away from the toe of the
control section to a depth of 0.5 m below the ground surfacaddition to displacements, the

SAA nodes also provide temperature measuremdrnt carsupplement the thermistor reags.

2.3.3. Strain Gauges

Strain gauges were installed on geotextile strips 4.2 m in whilgh Z2b) parallel to the direction

of wicking to measure the development of reinforcement strains as the embankment undergoes
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thawing.The strain gauges can provide an insight to the effectiveness of the geotextiles in reducing
lateral displacementthe slopeThe strain gauges were attached to the geotextiles following the

recommendtions by Warren et al. (2010).

The wicking geotextilewereinstalled in the fieldalong the20 m longreinforced test section
Fig. 25 shows the installation of the strain gauge on geotextiles using an adhesive in between the
wicking strandsKig. 25a), the installation of connection terminals to the strain getigeZ5b),
silicone rubber applied to the strain gauigig(25c) to protect it and the connection terminal from
installation damage, and placement of the instrumented geotextile strip in th€ifle25d). The
geotextile strip was instrumented in the laboratory prior to installation in thebkeluse ofhe
workability and setting time for the adhesive used with the strain gasigefieved in a more
controlled emironment (e.g., temperature, dust, moistwempared to that at the site. Only a
narrow strip of geotextile was instrumented insteathefwhole geotextile widtho makethe
transportation of the fabric fno the laboratory to the field practical addcreasehe risk of
damaging the strain gauges. There is a 1.0 m overlap between timstnomented geotextile and

the instrumented one as recommed by the geotextile supplier.

The wicking geotextile layers were laid out horizontally at every 900 mam finitial
placement of fill material on both sides of the embankment. Only half of the embankment was
instrumented with strain gauges and the instrumented geotextile layers installed at Els. 22.564 m
(GT-E1.8), 23.464 m (GE2.7), and 25.264 m (GE4.5). A total of nine strain gauges were
installed per geotextile layéFig. 22b): seven at the top and two at the bottom. The strain gauges
at the top of the fabric werastalled every 1.0 m with the first strain gauge installed 1.5 m away
from the edge of the slope. The lettersFog. 22b indicate the ID of the strain gauge and are

different from the letters used dfig. 22a. The strain gauges at the bottom of the fabric were
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spaced by 3.0 m with the first strain gauge installed 3.5 m away froedgeeof the slope. The
two strain gauges at the bottom of the fabric were installed directly underneath the strain gauges

at the top of the fabric to account for possifiects ofbending o the geotextile strains

2.4. Monitored Results and Field Performane
2.4.1. Air Temperatures

Fig. 26 shows the mean daily air temperatures recorded by Environment and Climate Change
Canada (ECCC) weather stations for Inuwikl & uktoyaktuk, and from National Aeronautics and
Space Administration (NASA) satellite data for the research site from January 1, 2015 to July 31,
2018. An automatic weather station (AWS) was installed at the research site in Mar¢kig017
2.1c) and monitored temperatures since installation are also shokig.i@6 (solid line). Table
2.3 summarizes the locations of the ECCC weather stations and at the resedfap 2ieshows
a comparison of the mean daily air temperature at one location compared to another from the
period of March 17, 2017 to July 31, 2018. The fits showed good correlation with the slope of the
fitted line B in Fig. 2.7a toFig. 2.7d) almost or equal to 1.0. The intercepdrt Fig. 27a toFig.
2.7d) indicate the temperature difference betweetits. The temperature in Inuvik is 3.2°C
(Fig. 27a) and 2.0°CKig. 27b) warner than Tuktoyaktulandthe research site, respectively.
Tuktoyaktuk is 1.2°C colder than the research &iig. (2.7c). Satellite data obtained from NASA
for the reseixh site was also compared with the local weather stafign2.7d) and showed that
using satellite data for this site is reliable in determining local conditions in the absence of local
data. Teryear historical data (2006 2016) from ECCC weather stations in Inuvik and

Tuktoyaktuk show there is an average warmin@.a26°C/year.

18



2.4.2. Observations after Construction

Fig. 28 shows photographs of observations at the start of the first thawing geégo@8a shows
longitudinal cracks that had developed at the crest of the control section in July 2015. The
reinforced section only showed thin cracks during the same period. Water draining from the
embanknent slopes during the first thawing ponded at the toe of both sections in October 2015
(Fig. 28b). Fig. 28c shows a photo of the west side of the embankment (upstream side) when the
culvert close to the research site got clogged during spring thawing on May 18, 2016. Two key
issues were noted with the clogged culvert and the watetipg at the toe of the embankment:

(1) accelerated thawing of the frozen foundation soil; and (2) water seeping into the embankment
towards the frozen core of the embankment. During previous site visits in April 2016 and April
2017, the depth of snow caweas approximately measured using a survey rod with 20 mm at the
crest of the embankment, 450 mm at the-slape, 705 mm at the toe, and 610 mm at the natural

ground surface 10 m away from the toe.

2.4.3. Temperature Readings
2.4.3.1.Phase 1Thick Embankmerst

The temprature readings recorded by the thermistor strings and SAAs for both control and
reinforced sections were similar with measured temperature difference between them ranging from
0.05°C to 0.4°C; therefore, only the recorded readings from the controhnsagipresentedhe
temperatures recorded for the reinforced section are presented in Appd(fdix Al). Fig. 29

shows the temperature readings from the horizonlaitlythermistor strings at the topif. 29a)

and baseKig. 29b) as well as the verticaliaid thermistor strings at foundation centreliféy(

2.9c) and toeFig. 29d) of the embankment. They are plotted at different times. Thihémistor

(TS-C1) shows that there is uniform warming and cooling across the road surface in response to
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the ambient air temperatures. The warmest temperatures recordedQly W&e between the
months of July and August. It can be seen that the tetopesdor August 2017 were warmer than

in August 2015 and 2016. The base thermistor-CE$ shows that from the embankment
centreline to about 11.5 m towards the toe, the core of the embankment has remained frozen since
endof-construction, while beyondighdistance the seasonal temperature fluctuations occur on the
embankment slopes. T&-C was below 0°C in August 2015. It has since been experiencing

warming and the extent of the frozen core decreasing.

The temperature readings (3) show that the fowdation at the centreline remained below
-3°C for the thregrear monitoring period. The month of December for each year waswBer3
recorded the warmest temperatures due to seasonal lag. Warming in the foundation was observed
in December but the thickas of the fill material for the test sections provided adequate insulation

preventing permafrost thaw from the centreline to the shoulder.

The thermistor string at the toe (T3}) recorded the same warming trend for the months of
August. It should be notettiat the seasonal thaw depth at the toe is ranging between 0.5 and 1.5
m from the natural ground surface and not where the line crosses the 0°C ordir@teAe®d
TS-C4-B are 1.0 m apart which only provides temperature at these depths and not imlibevee
nodes. This warm temperature at the toe during the winter months may be attributed to the reduced
extraction of heat as snow accumulated near the toe. It was observed during installation of an
additional sensor at the test site in late August 2014t the frozen groundt the toe of the

embankment was approximately at 0.53 m below ground surface.

Fig. 210 shows the temperature readings from the verti€g. (210a) and horizontalKig.
2.10b) SAAs installed mieslope and mieheightof the control section, respectively. Similar to

TS-C1 and TSC2, the SAAs recorded the warmest temperatures in August of each year close to
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the slope surface. The seasonal temperature fluctuation has reached to 1.7 m-fov &AM

the slope ground suida in August 2017, compared to the 1.2 m depth in August 2015. The
temperatures recorded by SAZV confirm that the foundation soil is still frozen at this offset
from the embankment centreline and that the SAAs are properly anchored at this demh. In
2.10b, SAA-CH showed that until October 2016 the core of the embankment fill has remained
frozen up to a height of 2.7 m from the base of the embankment and 5.0 fin@awég centreline
towards the slope. For tti@rd monitoring year, the nodésat used to be below 076G A AC (P 5
SAA-CH-P10)have experienced warming as high as 2.5°C in August 2017. This contributed to
the decrease in the thickness and extent ofrtzen core as was observed with the temperature
readings from TSC2. The temperatures recordédm SAA-RV and SAARH in the reinforced

section aralso shown in Appendix A (Fig. A2)

Fig. 211 shows the comparison of temperature nodes close to the embankment $tgface (
2.11a) and in the foundation sofFig. 211b) with the mean daily air temperature at the research
site using NASA satellite data. Fig. 211a, the temperature nodes closest to the embankment
surface respond quickly to the ambient air temperature during the spring (transition) and summer
months, but exhibit a seasonal lag duringviver monthgor the SAA nodesThe SAA nodes
closest to the slope ground surfa@AA-CV-P1, SAARV-P1) are slightly cooler than the
thermistor nodes close to the road surface because of the insulation provided by the snow cover on
the slopes resultinffom both snow clearing to maintain accessibility as well as natural snow
drifting. There are data gaps in December of each year due to issues with powersgpplylb
shows temperature nodes in the foundation soil 1.5 m below the natural ground suH@8eB TS
has reached a maximum temperature36°C throughout the threeear monitoring period.

S A AC (P 1 warmed as high a&.5°C. These two nodes are at the sa®pth in the foundation.
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The thermistor node at the centreline has the full thickness of the embankment at 5.3 m, compared
to the midslope SAA node which only has 3.1 m.-T&-B (1.5 m below the natural ground
surface at the todjas its maximum tempetae at-1.2°C for the first and third year but warmed

as high as0.8°C in the second year, possibly due to remnant effects of water ponding due to the

clogged culvert on the west side of the embankment in May 2016.

The warming trends observed in the temgiure nodes (thermistors, SAAs) in the embankment
fill and foundation soil are attributed to two factors: (a) warmer and longer summer months
recorded from the AWS led to deeper thaw penetration in the slopes and foundation soil, and (b)
heat extractiomluring the winter months was attenuated because of the snow accumulation at the
embankmenslopes. Wu and Niu (2013) had similar observations indicating that there is an
overlapping influence of warming air temperatures and thermal disturbance on théqsrma
underneath the embankmelmntlater chapters, pure heat transfer (Chapter 5) and coupled thermal
mechanical (Chapter 6) numerical modelling were conducted to further investigate how changes

in ground temperatures impact the lelegm performance ofmebankments in Arctic regions.

With warming air temperatures, the depth of thaw penetration will increase and the maximum
depth of refreezing will be shallower since snow cover minimizes heat extraction during the winter
months. With thighermal conditiontalik growthmay occur as has been reported in the literature
(McHattie and Esch 1983, Yu et al. 2012). Once taliks form, additional heat source in the ground
causes further thawing of the permafrost and an unending cycle of thawing will be initiated,

eventually leading to embankment failure (Esch 1988).

The frozen core of the embankment is by definition permafrost as the soil has remained
continuously below 0°C for at least 2 years. It should be pointed out that the embankment is an

engineered structuresimg frozen soil. The environment (winter conditions) when the embankment
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was constructed with frozen soil means the thermal regime was below 0°C. Under these conditions,
the permafrost table aggraded into the embankment fill. The frozen core of the smabgnk
however, has been shrinking since completion of the test sections based on the measured grounc
temperaturesThe shrinking of the frozen core is an important consideration in the context of

climate changas will be presented in Chapter 5.

2.4.3.2.Phase 2Thin Embankment and Addition&bundationThermistors

Fig. 212 shows the temperature distribution at the midslope of the thin embankment s¢ction
different times. In comparison to the thick embankn®nhbe fill material has completely thawed
following the embankmentconstruction at this locationfThere was a slight decrease in the
thickness of the active layer from 0.5 m to 0.3 m, which confirms that the embankment is providing
some insulation to the permafrost foundation. The warming tpeesented eber were also
observed in the thin embankment sect®reliminary thermal numerical models by De Guzman

et al. (2019 reflected that the permafrost table is at the natural ground surface at the centreline of
the embankment. The original desmnjective of preserving the permafrost was achieved for both

embankment thicknesses at the research location.

Fig. 213 shows the temperatiwweecorded byTS-C5 installedat a3.5 m offset from the
embankment toe of the contragction Similar to the observations made at-T8, the depth of
the permafrost table is somewhere in between the 0.1 m anddefithsfrom the natural ground
surface.The SAA nodal temperaturesin SAA-CVT are compared witlfS-C5 (Fig. 214) at
different time steps in October 2QIhetemperatures recorded by t8AA are showingimilar

trendsthroughout its deptikompared to the thermistor string. Timslicates temperatureson

3 Chapter 5 of this manuscript
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SAAs can be relied upon in the absence of thermistor strings. SAAs provide displacement
measurements thatre unavailable fronthermistor stringsFrom Fig. 214a, it shows that the
extent of the seasonal thaw depth is near at the 0.5 m dlaptie. are no thermistor strings installed
beside the SAAs installed at the midslope of the thick embankmentsCSASAA-RV), but the

lateral displacements rected that will be discussed in the following section support that

movements occur close to 0°C.

2.4.4. Lateral and Vertical Displacements
2.4.4.1.Phase 1: Embankment HiBAAs installed in April 2015)

Recorded lateral displacements for both control and reinforced sections are sHagn2ih5.

The lateral displacements recorded in the reinfossation Fig. 215b) are less than that of the
control sectionFig. 215a). The largest displacements occurred at the SAA node closest to the
slope surface during the first thawing season after construction. The lateral displacements in the
reinforced section are consistently less than that of the ¢setrttion. The mobilization of tensile

forces in the geotextile reinforcements reduced the lateral movements of the embankment slope as
expected. Although the temperature of the SAA nodes P6 and P7 were recorded to be between
-1 A é&nd 0°C Fig. 210a), there have been movements observed in the-yiesgemonitoring

period, particularly larger for the control section. The thickness of the soil from teeobdse
embankment that has not moved in the control section is approximately 0.62 m and 0.75 m for the
reinforced section based on the SAA readings where the temperatures are [€Xthss will

be presented and discussed in Chaptéasr@escale diect shear tests of compacted frozenl
unfrozensoils from the test sitehowedthat there is a significant reduction in shear strength and
shear stiffness after the first cycle of thawing (e.g., thawing following embankment construction)

and thus leadimto lateral displacements.
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In the following discussion, three nodes at both test sections were selected along the length of
the vertical SAA Fig. 215). Fig. 216a shows the lateral displacements of P1 and P3 during the
first spring thawing, following embankment construction. The lateral displacements are similar for
both test sections until displacements at P1x and P3x were reached. For P1x, about 30 mm of
displa@ments were mobilized before the force in the geotextile was mobilized. As air temperatures
were warming, the seasonal depth of fluctuation increased and thus started displacing at deeper
nodes. For both P1x and P3x, initial displacements were requirectlibé geotextile fabric can
provide resistance against lateral movemdfits.216b shows the lateral displacements over the
threeyear monitoring period for threefférent nodes at different elevations (P1, P3, and P5) for
both test sections. The geotextiles provided the most resistance against lateral movements during
the first thawing after construction. There are minimal to almost no displacements during the
winter months until the spring season of the following year. Since@&odnstruction of the test
sections, the embankment was able to consolidate for three thawing seasons before the highway

was officially opened to traffic in November 2017.

Table 24 summarizes the lateral displacements for the control and reinforced sections from
spring thawing (ST) to winter freezing (WF) at different elevations. Thgesar lateral
displacements occurred during the first spring thawing and, as expected, were recorded at the top
of the vertical SAAs. Contrary to initial expectation that the lateral displacements would decrease
over time, the increased displacements dutiregthird year (ST3 to WF3) were slightly larger
than the second year, except for P3 of the reinforced section. This is attributed to the warmer
temperatures recorded in the rsidpe of the embankment for the third ydaig( 210a). Frozen
soil provides anchor support to the vertical SAAs. In the case of P5, the once frozen soil during

ST1 and ST2 experienced warmer temperatures above 0°C in ST3 atidnaddateral
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displacements were mobilized, propagating to the slope surface. The displacement at P5 in the
reinforced section is significantly less than that of the control section during ST1, but has gradually
increased during the monitoring period dtee warming air temperatures. Although these
displacements are increasing due to thawing at the slopes, the cumulative displacements of the
reinforced section at different elevations are considerably less than that of the control section,
confirming that he geotextiles are providing reinforcement to the high fill section. Rham
summer site visits conducted bHye author, there are other high fill sections along the ITH that
have shown distress in the form of side slope sloughing and shoulder craggagialy at
locations where air temperatures are warmer. Different design configurations (slope inclination,
reinforcement length, reinforcement spaciragg investigatedn Chapter 6using numerical

modellingto study heuseof geotextiles as slope réorcement in Arctic regions.

Table 25 summarizes the difference between the lateral displacements of the control and
reinforced sections for each year of the monitoring period. The average lateral displacement
recorded in the control section during the winter freezing and spring thawing/&-g.to ST2)
is subtracted from the average lateral displacement of the reinforced section during the same
period. The largest difference between the two sections occurred during the third year where
thawing of the previously frozen soil contributed taligidnal displacements. Both test sections
are still displacing due to thawing at the slopes, but the addition of woven geotextiles helped in
mitigating slope movements. The rate of lateral displacements with respect to time during spring
thawing are summized inTable 26 for both test sections. P3 and P5 of the control section have
rates increasing from ST2 to ST3, and similarly for P1 and P5 of the reinforced d8atied.on
these observations, there are two possible scenarios: (1) the development of lateral displacements

will eventually decrease over time, or (2) the development of these lateral displacements will
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increase over time due to the effects of warmingrevipeevious compacted frozen soil begins to

thaw in the embankment and possible loss of toe support as the seasonal thaw depth in foundation
soil increases. The deformation of the embankment is closely related to the thermal changes in the
embankment filland foundation soil. The embankment fill affects the thermal behaviour of the
foundation, and any increase in the foundation temperature can lead to compression of the native
soil, which affects embankment stability. Proactive maintenance operationsijew.clearing

during the winter months) should be planned accordingly to reduce the heat trapped in the winter.

Fig. 2.17 shows the vertical settlements of the confFad. 2.17a) and reinforcedrig. 2.17b)
sections. Most of the settlements ocedrduring the first year of thawing. At the end of the first
year of monitoring, both horizontal SAAs at the outermost node recorded 275 mm of vertical
settlement. The range of settlements in the third year of monitoring is between 225 and 325 mm
in the cantrol section, and between 275 mm and 325 mm in the reinforced section. Unfortunately,
the temperature recorded at the anchor point (@AAP17, SAARH-P17) has experienced above
0°C temperatured=(g. 210b) in the third year which could have slightly affected the settlement

readings.

2.4.4.2.Phase 2: Foundation S¢8AAs installed in April 2017)

Fig. 218 shows thdateraldisplacements at the foundation dodm SAA-CVT (Fig. 218a) and
SAA-CHT (Fig. 218b). The displacements are occurring to a depth of 4 m for-GXA& in
between 15 mm and 20 mm. Although these are not significant, it indicates that movements on the
permafrost are occurring. Compared to SRXT2, there is a natural channel close to SBXT

(Fig. 21d) which may be influencing its behaviour.Rig. 218b, an average of 240 mm of lateral
displacement as recorded. The movement at this location is influenced by the possible

movements happening at the toe of the embankment as well as the seasonal freezing and thawing
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at the active layeil he nonuniform displacements indicate that heterogeneous natthre native

soil and the backfill used for the sensor.

Fig. 219 shows the lateral displacements at the foundation soil from-BXA1 (Fig. 219a)
and SAARVT2 (Fig. 219%). The first node of these SAAs are close to the ground surface. The
top of the SAA and its communication cables are protected by a PVC pipe cap. These pipe caps
are free to move because thentonite backfill used to hold it in place become wet from the
snowmelt. The PVC pipe cap has been moved in previous site visits to keep the pipe in the vertical.
It is practical to evaluate the movements of the SAA at a location where pipe movement due t
alignment can be isolated from the movements of the foundation due to the embankment loading.
The displacements &AA-RVT2 are negligible compared to the slight movements happening at
0.5 m from the toe JAA-RVT1). The influence of embankment loading tre permafrost

foundation is somewhere between 0.5 m and 3.0 m.

2.4.5. Strain Gauge Readings

Fig. 220 shows the strain gauge readings for the three layegeatextile at Els. 22.564 m

(G FE 1 ,FR). 220a), 23.464 m (GIE2.7,Fig. 220b), and 25.264 m (GE4.5,Fig. 220c). All

wire connections of the strain gauges onE&lI'8 stopped working after Febrye2016 as they

were damaged due to accidental snow clearing. Similar to the observations with the vertical SAAs,
the largest strains (mobilization of forces) in the reinforcements occurred during the first thawing
season. There were also minimal to naiatng recorded during the winter months. From the latest
recorded readings (April 20, 2018), the strain gauges were reading between 0.0005 to 0.0023%
elongation. Although these are not significant strains, these plots confirm the relative mobilization
of tensile forces that reduced lateral displacements at the slopes. As indicated, the design of the

embankment was not modified for the reinforced section. The slopes were graded (3H:1V) to
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minimize the potential of slope instabilities and provide adequaenti insulation to the
permafrost foundation. The use of geotextiles can provide reinforcement to build steeper slopes
and minimize required fill material to construct the embankment. It has been observed however in
the literature that steeper slopesdetimental to the thermal stability underneath the embankment
shoulder (McGregor et al. 2010). The economic benefit of using geotextiles to build steeper slopes
and using geotextiles to reinforce slopes that protect the underlying perraadéiosestigated in

Chapter 6

2.5. Chapter Summary and Conclusions

Threeinstrumentedest sections were constructed along the ITH to monitor the perforroénce
highway embankmerst constructed duringhe winter season One of the test sections was
reinforced withwicking woven geotextiles at its side slop&se general thermal behaviour of the
embankments providemew insight into the thawing of frozen fills placed in the winter and the

deformation behaviour revealed some interesting effects.

1. The temperature sems have shown a warming trend in the embankment fill and foundation
soil for both thick(5.3 m)and thin(1.8 m)embankmentsThis is attributed to warming air
temperatures and the heat trapped in the embankment during the winter months when the
embankmenslopes are covered in snow. The core ofttiiek embankmersthasremained
frozen in the monitoringeriod buthas reduced in size since eoidconstruction. The thaw
depth at the embankment toes have also increased during this period. Thawing of the
previously compacted frozen soil may lead to reduction in shear strength available to resist
traffic loading and development of larger lateral displacements and settlements. The increasing
seasonal thaw depth at the toe might also lead to loss of suppaawselinstability in the

embankment sloped.he thin embankment shows that there is a slight aggradation of the
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original permafrost table at the midslope location indicating that the embankment is providing

insulation.

2. Largest lateral displacements wereaeled in the summer following construction of thiek
embankments and attributed to the thawing of the frozen soil at the slopes. The embankments
were allowed to drain for three years to overcome the development of lateral displacements,
which can othewise affect performance if the highway was opened to traffic right after its
construction. Although lateral displacements that occurred on the second and third year of
thawing were less than that at emfdconstruction, the seasonal thaw depth at the slbpee

gone deeper and led to additional displacements.

3. The addition of the woven geotextiles with wicking as secondary function to its primary
purpose of reinforcement has reduced the lateral displacements as the embankment slope
experiences seasonalémng and thawing. The control section remains stable even without
slope reinforcement, but development of longitudinal cracks and settlements can eventually
lead to serviceability problems as the depth of thaw penetration increases due to climate

change.

The monitored field result®r these test section®gether with the results of the laboratory
tests conducted on the s@hapter 3and the geotextil@Chapter 4)will be usedn Chapter 6o
calibrate a coupled thermalechanical modeland investicate the operating mechanisms
contributing to the performance of the embankment test seclibagotential behaviour of these
embankments under climate chamggmditionsis also being investigated via thermal numerical

modelling which will bepresentedn Chapter 5.
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Table 21. Properties of the wicking woven geotextile fabric (provided by TenCate).

Mechanical Properties Units Minimum Average Roll Value
Tensile Strength (at ultimate) kN/m 78.7
Tensile Strengtifat 2% strain) kN/m 13.1
Tensile Strength (at 5% strain) kN/m 56.9

CBR Puncture Strength N 10235

Permittivity sec! 0.24
Apparent Opening Size mm 0.43
Wet Front Movement (vertical) inches 6.0
Wet Front Movement (horizontal) inches 73.3
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Table 22. Summary of nodes and spacing for thermistor strings and SAAs.

Instrumentatior Label Location Orientation Description
TS CUTSR1 Top Horizontal 4 nodes spaced @ 2.0 m
TS C2ITSR2 Base Horizontal 7 nodesspaced @ 3.0 m
Thermistor TS C3ITSR3 Foundation Vertical 4 nodes spaced @ 1.0 m
Strings TS C4TSRA4 Toe Vertical 4 nodes spaced @ 1.0 m
TS CYTSR5 Toe Vertical 7 nodes spaced @ 1.0 m
1SS Midslope  Vertical 13nodes spaced @5m

SAA-CV/SAA-RV Midslope  Vertical 16 nodes spaced @ 0.305 1
SAA-CH/SAA-RH Midheight Horizontal 16 nodes spaced @ 0.500

SAAS SAA-CVT .
SAA-RVT1 Toe Vertical 11 nodes spaced @ 0.500 |
SAA-RVT2
SAA-CHT Toe Horizontal 25 nodes spaced @ 0.500 |

" All instrumentations are in thdcinity of the thick embankment sections, except forS'S
installed at the midslope of the thin section
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Table 23. Location of the research site and weather stations in Inuvik and Tuktoyaktuk.

Location Classification Latitude Longitude
Inuvik ECCCWeather Station 68A1806. 133A284¢
Research Site AWS and NASASatellite 69 A®BA 6K 133 A®6 4
Tuktoyaktuk ECCCWeather Station 69A26060(133A0106
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Table 24. Lateral displacements different elevations for control and reinforced sections at
differentseasonal stages.

Lateral Displacements (mm)

Section  Elevation (M) g1y \wr1 ST2to WF2 ST3to WF3  Cumulative
23264 (P1) 1904 575 63.0 310.9

Control  22.8654(F3) 1245 42.4 49.7 216.6
22 244 (P5) 54.8 28.7 36.4 119.9
23.64 (P1) 147.0 453 47.9 240.2

Reinforced  22.864 (P3) 73.9 35.6 25.2 134.7
22 244 (P5) 6.1 15.0 32.4 53.5
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Table 25. Difference between lateral displacements of controlrandorced sections.

Lateral dsplacements (mm)

Elevation (m) Year 1 Year 2 Year 3
March 02, 2016 March 06, 2017 February 16, 2018

23.%64 (P1) 44.9 57.1 75.3

22.%4 (P3) 51.7 58.5 86.2

22.244 (P5) 49.8 63.7 70.4
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Table 26. Rate of lateral displacements with respect to tthaeng spring thawing for control
and reinforced sections.

Rate of lateral displacements (mm/day)

Season Control Section Reinforced Section
23.464m 22.854m 22244m 23.464m 22.854m 22.244m
(P1) (P3) (PS) (P1) (P3) (PS)
ST1 2.46642 1.66029 0.76302 1.88587 0.85729 0.10196
ST2 1.04318 0.68625 0.45298 0.70630 0.54902 0.16035

ST3 0.99781 0.79191 0.66251 0.97060 0.49394  0.59466
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Fig. 21. Site photos: (agerial view of the completed test sections along the high{tiagatellite
and DAQ at the toe of the embankment, (c) weather station close to the research site
and (d) locatiosof additional instrumentatiarinstalled in April 2017

\' : »
THIN ey u.,,’ SECTION :
EMBANKMENT N \,/’

WEST
SIDE

Satellite and DAQ

Satellite

Solar
Panels

37



Fig. 21 (continued)
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Fig. 22. Instrumentation installed in thrembankmerst (a) crosssection ofthick embankment

section with wicking geotextiles installeb) strain gauge layout in geotextile fabric
and (c) crossection of thirembankmensection All units in metres
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Fig. 22 (continued)
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Fig. 23. Frozen soil used from borrow source pit (Pit 174) during embankment construction at
KM 82+38Q
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Fig. 24.

Wicking geotextiles in the reinforced embankment secijajinstallation ofwicking

geotextiles and (b) geotextile overhang for wicking function
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Fig. 25. Strain gauge attachment on wicking geotextile: (a) resin placement on the underside of
strain gauge, (b) soldering of connections to communication cables, (c) epoxy coating
added for strain gauge protection, &dylgeotextile installation in the field
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Fig. 26.

30

Mean daily air temperatures recorded at different locations along ITH

20

-
o

o

T T T T T T T T [ T
®  ECCC Inuvik ® ECCC Tuktoyaktuk A NASA Satellite —.AWS Research Site

Temperature (°C)

44



Fig. 27. Comparison of recorded mean daily @imperatures (MDAT) from March 17, 2017 to
July 31, 2018: (a) ECC Inuvik vs. EGCC Tuktoyaktuk, (b)ECCC Inuvik vs. AWS
Research Site, (c) EXC Tuktoyaktuk vs AWS Research Site, and (d) NASA Satellite
vs.AWS Research Site
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Fig. 27 (continued)
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Fig. 28. Field observations after construction: (a) longitudinal cracks along the crest of control
section in July 2015, (b) ponding at the toe of the embankment section in October 2015,
and (c) flooding on the west of embankment section in May Z1@o in (a) courtesy
by L. ArensonPhotos in (b) and (c) courtesy by D&INWT.
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Fig. 29. Temperature readings at different time steps at different locations in the control
embankment section: (app, (b) base, (c) centreline, and (d) t&OC: endof-
construction and EOY: erof-year.
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Fig. 29 (continued)
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Fig. 210. Temperature readings from (a) vertical and (b) horizontal ShapeAccelArrays at different
time steps at different locatioris the control embankment sectioBOC: endof-
construction and EOY: erof-year.
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Fig. 211. Comparison of temperature nodes (a) close to embankment surface and (b) in foundation
soil with air temperature
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Fig. 212 Temperature readings at different time steps in thesitmbankment section
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Fig. 213. Temperature readings at different time stepthe foundation so@t 3.5 m away from
the toe of the control section
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Fig. 214. Comparison of temperaturescorded by SAA and the thermistor strivgh depth at
different time steps
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Fig. 215. Lateral displacements at different time steps at midslope: (a) control and (b) reinforced

sectionsEOC: endof-construction and EOQY: eraf-year.
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Fig. 216. Lateral displacements with time at different elevations: (a) first spring thawiagrsea
after construction and (Ihonitoring perial.
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Fig. 2.17. Vertical displacements at different time steps at midslope: (a) control and (b) reinforced
sectionsEOC: endof-construction and EOQY: eraf-year.
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Fig. 218. Lateral displacementst different time steps &be of the controkection (a) vertical
SAA-CVT at 3.5 m offset and (b) horizontal SABHT at 0.5 m offset
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Fig. 219. Lateral displacements at different time step®atof the reinforcedection (a) vertical
SAA-RVT1 at 0.5 m offset and (b) vertical SARVT2 at 3.5 m offset
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Fig. 220. Strain gauge readings with time at different locations: (a) 1.8 m, (b) 2.7 m, and (c) 4.5
m from embankment base
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Fig. 220 (continued)
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List of Notationsand Acronyms in this Chapter

AWS Automatic weathestation

DAQ Data acquisition system

ECCC Environment and Climate Change Canada
EOC End-of-construction

EQY Endof-year

GT Geotextile layer

MDAT Mean daily air temperatures

NASA National Aeronautics and Space Administration
SAA ShapeAccelArrays

ST Spring tlawing

TS Thermistor string

WF Winter freezing
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CHAPTER 3

SHEAR STRENGTH OF EMBANKMENT FILL 12

3.1. Introduction

As the frozen soil in the embankment warms up, the shear strength of the soil decreases
significantly until it reaches its minimum just above 0°C after which it remains constant with
increasing temperature (Ladanyi 1996). For {gnained frozen soil, a major contributor to its
mechanical strength is ice cementation, i.e. cohesion. An igcieademperature increases the
unfrozen water content in such soils and decreases the ice cohesion (Ladanyi 1996, Arenson and
Springman 2015). Ladanyi (1996) also indicated that the frozen soil will steadily weaken and
eventually, on complete thawing, lcsléadditional strength from ice cementation. However, there

is limited study on the mechanical strength of naturally occurring coaaseed frozen soil (soil

mixture ranging from welgraded sand with silt and gravel to silty sand with gravel) useddor

or railway embankment construction.

The shear strength of the soil used to consthexmbankmentpresented in Chaptenaries
throughout the year as the embankment is subjected to seasonal temperature and moisture change
and freezeghaw cyclesgspecially for the soil on the slopes exposed to ambient air temperature

and high solar radiation (Barker and Thomas 2013). Shear strength is therefore an important

This chapter has been publishia peefreviewed journals andonference proceedings follows
De Guzman, E.M.B, Stafford, D., Alfaro, M., DoréG., and Arenson, L.U. 2018. Lar@zale Direct Shear Testing of
Compacted Frozen Soil under Freezing and Thawing Conditions. Cold RegiomseSaiel Technology. 151:1-387.

Stafford, D.,.De Guzman, E.M.B, Alfaro, M.C., Doré, G., and Arenson, L.U. 205hear Strength of Soils under Frozen and
Thawed Conditions using a Large Direct Shear Box. 70th Canadian Geotechnical Conference. Ottawa, ON.

De Guzman, E.M.B, Alfaro, M., Arenson, L., and Doré, G. 2016. Laigmle Direct Shear Testing of CompactedzEn Soil
under Freezing Conditions. 11th International Conference on Permafrost, Potsdam, Germany. pp. 1077.
2 A list of notatons and acronyms used in this chapter are found in page 96.
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parameter in assessing the ldegm stability of embankment slopes constructed in theewin

using frozen soil. Aside from slope failures due to the reduction in shear strength of the
embankment slopes, base failures can also occur because of permafrost degradation in the
foundation in response to construction induced changes in the groumdlthegime (Andersland

and Ladanyi 2004).

Shear strength of compacted frozen soil during winter construction and subsequent natural
thawing in the spring and summer is an important consideration for the {hukikyaktuk
Highway (ITH). Most researchers@ount for the shear strength of the permafrost foundation and
how it affects the stability of the overlying embankment (Crory 19aBqg et al. 2015, oria et
al. 2017. However, only limited research is available on the strength of embankments due to
winter construction. In order to describe what effects the changing shear strength of the fill material
may have on the embankment stability, a series of dscgke direct shear tests was performed

under different environmental conditions.

3.2. Methodology

A series of direct shear tests was carried out on remolded frozen soil to determine its shear strength
under frozen, thawed (upon phase change), and cyclic fteaweconditions using the University

of Manitoba largescale direct shear equipment. The samplepgmadion and temperature
conditioning as well as details of the-sgt and the test procedure are discussed below. Testing
was initially carried out to determine the time to reach thermal equilibrium in the environmental
chamber for each phase of the tdsf is, temperature at the shear plane during each test condition
and the change in temperature in the shear plane during compaction, phase change, and freeze

thaw stages.
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3.2.1. Soil Preparation and Conditioning

The material used for testing was from an achatow source used for the ITH embankment
construction. Grab samples, consisting of small volumes of disturbed soil, were taken from the fill
and from the nearest borrow source (called: Pit 174) during a site visit on March 31, 2015.
Additional grab sampls were collected during construction of the embankment (ApHrl2}

2015). Grab samples were transported to the university laboratory where moisture contents were
determined on the thawed samples. The average measured moisture content obtaindueduring t
construction of the embankments is 16%g. 31 presents the graisize distribution curves of the

fill material obtained from Pit 174 and the grab samples (EG&)glembankment construction.

The field variability required that a representative mixture be selected for the direct shear tests for
consistency. A series of composite mixtures was prepared from Pit 174 material and the average
grain size distribution (CMt in Fig. 31) was chosen for testing. All laboratory samples were
prepared with this mixture at a moisture content of 16% that had a fines content ranging from 11%
to 13%, an average plastic limit of 16.4&h average liquid limit of 24.6%, and a plasticity index

of 6.6%. About 72% passing the 0.075 mm (No. 200) sieve was of silt fraction based on the results
of the hydrometer test. The mixture ranged fromgedided sand with silt and gravel to silty sand

with gravel based on the Unified Soil Classification System (USCS).

Dry soil for the composite mixture was prepared from material passing the 19.0 mm (3/4")
sieve and screened to achieve a grain size distribution close to ted®ttibution Fig. 31).
Soil mixtures at different moisture contents were prepared in a series of pans and frd@&@.at
The frozen mixtures were crushed afterwards with an ordinary haamdescreened passing the
22.5 mm (7/80) sieve. Compaction testing was

diameter Proctor mold following Method C of ASTM D628 (2012). Frozen soil chunks were
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compacted at10°C. The compaction temperaguof -10°C was selected because this is the
minimum operable temperature of the lasgale direct shear equipment. Although the frozen soill
chunks were prepared larger than the maximum aggregate size allowed for the method, it was

intended that this woulldest mimic the winter embankment construction conditions.

As shown inFig. 32, the dry density linearly decreased with increasing moisture content. The
results confim observations by Burwash and Clark (1981) who completed standard Proctor tests
for sand, silt, and clay soils below 0°C. The optimum dry density observed for unfrozen soils was

not observed below freezinglQ°C for the testing program).

Johnson and Sakrg (1962) noted that for a comparable compaction effort, a frozen soil will
have a lower dry density at a given moisture content than a soil in the unfrozen state. The
workability during compaction also decreased as the moisture content of the fréaecrsased.

It was noted that up to a moisture content of about 16%, the frozen soil chunks could be compacted
and densified. However, at moisture content greater than 20%, the individual chunks were only
displaced when the hammer was dropped and compaests poorly achieved. In consequence

no optimum moisture content exisi&d. 32). The moisture content of 16% was selected with the

dry density of 13.75 kN/fbecase this corresponds to the average moisture content in the field.
Fig. 32 also demonstrates that the dry density bef@C is significantly lower than that at room

temperature.

3.2.2. Largescale Direct Shear Box

Alfaro et al. (2009) provide a schematic of the lasgale direct shear box used in this research.
The box has inner dimensions of 1200 x 600 x 400 mm (L x W x H). The bottom half of the box
is 250 mm deep and theper half is 150 mm. A circular cresgction with a diameter of 590 mm

was used for this testing program. The upper half of the box is connected to a load cell to measure
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the horizontal (shear) load, and a servomotor to move the upper half of the Ispeeifiad shear

rate. The displacement rate was selected to be 0.35 mm/min (strain rate of 5154 )18s this

rate is the lowest speed the motor can be set to uh@&€ conditionsThe displacement rate
derived from theSAA installed midslope of theontrolsectionin Chapter Zhowed slower rates
during the thawing seaseanging from 0.4 to 0.9 mm/day (2.7 x-4Go 6.25 x 184 mm/min).

The displacement rate was checked manually at different time steps to ensure thmaated
constant throughout the duration of the test. A horizontal strain pot was attached to the front and
back end of the direct shear box, with the front end being measured from the movement of the load

cell.

Three linear variable differentiatansformers (LVDTSs) were installed on top of the box to
measure vertical displacements during the test. An air pressure gauge installed on the top cap
measured the normal stress applied. Normal stresses of 25, 50, and 100 kPa were selectec

correspondingd the vertical stresses expected in the field.

Details of the preparation of the soil and the direct shear box for testing inside the
environmental chamber are showrfig. 33. The frozen chunks were first sized passing the 22.5
mm sieve and weighed to determine the equivalent weight required to achieve a desired
compaction heightqig. 33a). Material was added in 50 mm lifts, except for the shear plane where
a 100 mm lift was placed. The final lift was 20 mm. A 30 mm thick sand buffer was placed on top

to prevent possible punching of the membrdig.(3.3d).

A hammer drill was used={g. 33b) to compact the frozen chunks to specific heights. Each
lift was scarified to ensure a proper bond with the previously compacted lift. The full height of the
compacted frozen soil is shownkig. 33c. A polyethylene plastic membrane was used to separate

the soil material from the sand buffer. The sand buffer was intentionally humped in the middle
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anticipating settlements expected during the phase chaddesanethaw tests. The rubber gasket

(Fig. 33e) was greased with higlacuum seal to prevent air leakage during application of the
normal stresRubber matting was then rolled over its top. The top cap was added to seal the upper
half of the box Fig. 33f). The brass rods were pushed in on tofhefrubber matting for contact

and the LVDTs placed afterwards. Finally, the normal stress was applied through the air valve and
the direct shear box was checked for air leakafjésensors were connected to a data acquisition

system outside the envinoental chamber.

3.2.3. Thermal Equilibrium Testing

One of the key issues in conducting the direct shear tests was to determine how long it took for the
shear box temperature to equilibrate to steady state temperatures. Temperature sensors could no
be embedded ithe soil during the shearing phase as this would have damaged the communication
cables. Separate thermal equilibration testing therefore was conducted during the consolidation
phase to determine the variation of temperature along the shear plane dmpagton, phase
change, and freezbaw stages. The results were used to determine when to conduct the shearing
phases of a test after the consolidation phase. Thermocouples were installed 50 mm above and
below the shear plane at the centreline of thectishear boxFig. 34 shows typical thermal
equilibration test data during compaction, phase change, and-freszestages (Summary see

Table 31). All tests were compacted frozen and equilibrated firsl@C. The environmental
chamber temperature at the top and bottom of the direct shear box was also recorded. The
compaction of frozen chunks to full test height (370 mm) required an average of 2 hours. The
normal stress for the test was applied during equilibration. The compacted frozen soil achieved

t her mal equilibrium (1| abeEid. B4 th 274 lobrs Mhe efrozenc o n d

condition tests (C1 ifrig. 35) were performed atl0°C at this stage (point A). The observed
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fluctuation in the chamber temperature (~1.5°C) during conditioning was attributed to the

defrosting of the environmental chamlben.

Transitional (phase change) tests (C2) followed the same conditioning path as C1. However,
once in equilibrium (point A irFig. 34), the environmental chamber svaurned off and the soil
was allowed to thaw. Shear tests were conducted when both thermocouples read temperatures
close to-0.5°C (point B). The temperature during this test condition was constant for 5 hours. The
duration of the shearing phase was aloiburs to reach a displacement of 100 mm at a shearing
rate of 0.35 mm/min. Note that the thermocouple 50 mm below the shear plane remained below

0°C for another 6 hours even though the other thermocouple was already above 0°C.

Freezethaw condition test (C3) were set up the same as C1. However, once equilibrium was
achieved the environmental chamber was turned off and the soil could thaw and warm to 18°C
(point C inFig. 34). After thawing for 2 days, the environmental chamber was turned on again to
reach-10°C. A delay of about 3 hours was observed before the temperature in the soil started to
drop whereas the environmental chamber is alreacy0&€C. As shown irrig. 34 it took another
2 days of freezing for the soil to read®°C. The last thawing could reach closeG®°C (point

D in Fig. 34) before the shearing phase was initiated for this condition.

Tests were conducted close-t5°C for both C2 and C3 conditions to quantify the shear
strength near the interface of the frozen andazaein soil at critical field temperature conditions.
It was conceptualized at the start of the testing program that embankment instability would happen
at the interface of th&ozen soil core of the embankment and the soil exposed to the seasonal
freezingand thawing cycles. From temperatures meastn@d the SAAs in the control and
reinforced sectiondateral displacementsccurred at temperatures ranging fredrb to-0.8°C.

No movements were observed below these temperatures which further suppelgdtien of the

69



-0.5°C test temperature for C2 and €ally, room conditions tests (C4) were conducted at a
temperature of 18°C with moisture content of 16% to determine the shear strength of unaltered,

unfrozen soil.

The measurement of soil suctiofllviaelp in establishing correlation with the unfrozen water
content as the frozen soil undergoes thawirgdlund thermal conductivity sensors used in the
field to measure soil suction weaésoinstalledin thedirect shear boxn contact with the frozen
soil during thermal equilibratiofior C1, but unfortunately the cerampart of the sensor was
damagediuringcompactiorof the frozen soilHowever, this does natfluence the interpretation

of the shear strength propertieegented in the following section.

3.2.4. Peak and Critical States

The shear strength of each condition tested was analysed using the method provided by Atkison
(2007). Unfrozen dense soils tend to exhibit a rapid increase in shear stress at low shear strains
followed by strairsoftening with increasing shear strain until reaching critical state shear stress
(Budhu 2011). Dense soils will initially compress until they reach a point of no change in
volumetric strain, followed by dilation. The dilation is an increimssoil volume as the soil is
sheared and causes the shear strength to increase due to the additional stress required to increas

volumetric strain of the soil under the applied normal stress.

In a typical shear strength analysis, using the traditiondirM@ulomb failure criterion, the
failure shear strength (critical state) is determined and plotted against the normal stress. Under
different normal stresses, the failure shear strength is recorded and a line is fitted across these
points to determine theritical state friction angle. However, the critical state is only achieved at
| arge strains. I n Atkinsondés met hod, t he cr

where the soil is shearing at constant volume where the dilation angle depeees. There is a
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point during the initial stage of the test where the solil is neither compressing nor dilating; thus, the
stress required to shear the soil at that instant is equal to the stress required to shear the solil a
critical state. The peakiftion angle is determined when the slope of the vertical displacement to
the horizontal displacement is maximum, corresponding to the maximum stress ratio. The dilation
angle is taken as the difference between the peak friction angle and the crigcfictian angle

based on Atkinsondéds met hod.

3.3. Results and Discussion

Results of the largscale direct shear tests conducted under different test conditions and normal
stresses are presented below. Results of the frozen-tE3t€) are first discussed,limwved by
the tests under transitional (phase change) conditied®°C) then freezéhaw (0.5°C)

conditions, and finally tests under room conditions.

3.3.1. Case 1 (C1)Erozen Conditions

Fig. 35a shows the plot of the stress ratio vs. the horizahsplacement for the frozen tests at

-1 0 AQ@). The stress ratio for €5 kPa is higher compared to the other two normal stresses as
expected. A peak state can be identified in26kPa Fig. 35a) corresponding to the maximum
slope of the curve of the same tesEig. 35b (the slope tangent to the curve between 7.5 and 12.5
mm in vertical égsplacement, and between 20 and 25 mm in the horizontal displacement, projected
to Fig. 35a between the same horizontal displacement), but this stapeates as the applied
normal stress increases. It can also be seen thatstifééming was noticeable at lower pressures.

Fig. 36a plots stress ratiagainst the logarithm of normal stress. A line was fitted for both peak

and critical state stress ratios. From these fittings, an average valuai'pgwas determined to

be 1.28 ('C F52.T). The large difference between the peak and critical sti@es ratios is caused
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by the large dilation that the soil experienced during the tests. This is attributed to the angularity

of the frozen soil chunks during the test.

Swiderski (1976) reported that the shear strength of a cohesionless material snorédate
degree of angularity. The high degree of angularity in the frozen soil chunks may be responsible
for the high shear strength of the soil that developed under frozen condtign37 shows the
shear plane after a test when the soil was removed and the upper half of the box returned to its
original position. About 10 mm below the shear plane, the angularity of the material was noted
posttest.It can be hypothesized that during the shearing process, the shear force being recorded
is for a block of interlocking frozen chunks of soil, rather than a shear plane being created by the
upper and lower boxes. This rigid movement resulting in highear gteesses supports the idea
that frozen soil derives its strength mainly from mineral bonds and internal friction of the frozen
soil chunks (Ladanyi 1996). In terms of embankment slopes, the high critical state friction angle
does not necessarily meanathsteeper slopes can be achieved. The limitations related to
compaction at sufreezing temperatures still exist. Flatter slopes are typically preferred for
thermal protection of the permafrost foundation or for practical reasons, allowing equipment to

compact and grade the slope.

3.3.2. Case 2 (C2): Transitional (Phase Change) Conditions

Fig. 38a shows the stress ratio vs. the horizontal displacement ftratisitional (phase change)

tests at0.5°C (C2). The stress ratios and vertical displacements are considerably lower than that
of C1. This confirms that a significant amount of shear strength is lost during the thawing process.
The initial response of theoil is also less stiff compared to that of C1. The point where the soil is
neither dilating nor compressing based on A

Cl. In C2 this is reached between 20 and 40 frign @8b). Unlike C1, where noticeable peak
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strengths were observed, the stress ratios for each normal stress were still increasing at a horizonta

displacement of 100 mm. The stress ratios0&t mm were selected for ac'p A line was fitted

for both peak and critical state stress ratioBign 36b. An average value of ac'p Js determind

to be 0.67 ('C = 33.6) which is 18.5° less than the critical state friction angle for C1. Although

the tests were performed-@t5°C, the reduction in shear strength is attributed to the thawing and
softening of the frozen soil chunks, reducing thgudarity during shearing, and the presence of
unfrozen water during the thawing process. Unfrozen water also influences the shear response at
warmer temperatures, further reducing the shear strength (Yasufuku et al. 2003). After the initial
thawing of theembankment following winter construction, this considerable loss in shear strength

is important to be accounted for as slope failures may occur if not sufficient shear strength can be

mobilized to maintain stability.

3.3.3. Case 3 (C3): FreezEhaw Conditions

Fig. 39a shows the stress ratio vs. the horizontal displacement for the-theszéests at0.5°C

(C3). Peaks are noticeable for all normal stressesle8ito C1, the point where the soil is neither
dilating nor compressing occurred between 2 to 15 mm. The dilation angle observed for C3 is
higher than that of C2. This may be attributed to the fact that C3 was allowed to fully thaw, drain,
and consolida for an entire cycle before being subjected to freezing temperatures again and then
thawed afterwards to the transitional temperature. It is also possible, that as the test was
progressing into C2 conditions, the frozen soil chunks at the transitionrature were breaking

down and compressing under the applied normal stress. The unfrozen water content in C2 reduced
its dilative behaviour. However, the unfrozen water in C3 was allowed to drain from the shear

plane, leaving a denser structure at thespane before shearing.
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A line was fitted for both peak and critical state stress ratios (Figure 6b). An average value of
t acm's determined to be 0.51'6(52 27.0) which is 6.6° less than that of C2. Although the critical

state friction angle isower in C3, the stiffer behaviour of the soil provides stability after cycled

conditions and provides additional shear strength.

3.3.4. Case 4 (C4): Room Temperature at Wet Conditions

Fig. 310a shows the stress ratio vs. the horizontal displacement for the test carried out at room
temperature (C4). It is noticeable that the behaviour of the C4 was comparable to the initial
response of C2, but for all cases Itk a lower stress ratio. This can be attributed to the fact that
the soil was very wet and the effect of consolidation was therefore only small. C4 still exhibited
some dilation during the first 30 mm of testirigg. 310b). A line was fitted for both peak and

critical state stress ratios Kig. 36b. An average value df ac'(p Js determined to be 0.36;( =

20.0°) which is 13.6° and 7.0° less compared to those for C2 and C3, respectively.

The conditions as to which C4 were compacted are unlikely to be implemented in southern
regions as embankments are normally built at 95% of the optimum moisture content, which in this
case is at 9.4%. C4 was rather difficult to compact because of itsnfogdture content. As
indicated earlier, embankments in cold regions are often constructed during the winter to minimize
the thermal disturbance to the foundation. The test conditions in C4 are still valuable in this study
because it provides comparisonshvehear strengths of the soil when not subjected to any freezing,

thawing, or cyclic freez¢haw conditions, but under similar moisture content.

A summary of the stress ratios and corresponding dilation angles is provitiaolén32. As

the normal stress increasddg. 36), the fitted lines for the peak stress ratio will everyual
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intersect the critical state stress ratio. The corresponding normal stress at the intersection of the

two lines will envelope where the peak stress ratios are no longer present at higher normal stresses.

3.4. Numerical Modelling

It is recognized that direchear tests have limitations and have been criticized founibarm
distribution of stresses and strains, and for the progressive failure within the sample (Dounias and
Potts 1993). However, most geotechnical engineers prefer conducting direct shdmdasse it
provides a quick estimation of the average ratio of shear to normal stress acting in the shear band
providing a direct measure of the angle of internal friction (Zhang and Thornton 2007). The
numerical models in this study provide an overvaiow the strength values obtained from the
testing program can be used during preliminary design (e.g. stability analyses) and discuss the
limitations and cautions that must be exercised in interpreting the results. A commercially
available finite diffeence program FLAC 8.0 (2016) was used as the modelling platform. The
construction of the numerical model and the assumptions made are discussed first, followed by a
comparison of the numerical modelling results with the experimental results under different
boundary conditions. No attempt was made to simulate the freezing and thawing process during
the consolidation phase of the test as this is currently not possible. The model is manually adjusted
to accommodate these effects by using the shear strengiheabfrom the experimental results

with respect to these conditions.

3.4.1. Model Parameters

The numerical model has a mesh size of 12 x 16 elements with a fidiedciion boundary
condition applied from the base of the model to a height of 0.25 m on both sides and a fixed xy
boundary condition at the base. A velocity boundary conditiordirgction was applied from

0.25 m to 0.40 m on both sides of the model to simulate the movement of the upper half of the box

75



during shearing. This velocity was equivalent to the average rate of shearing: 0.35 mm/s

(5. 94 11§

A summary of the propertiesed in FLAC 8.0 to run a direct shear test using an efdasbic
constitutive model (MohRCoulomb model) is provided ifable 33. The densities used in the
model wee derived from the height of the soil inside the box before shearing, following
consolidation, the equivalent dry soil mass before fraz@npaction, and the average moisture
content recorded after the test above and below the shear plane. The sheas if@@dwas

selected as the secant modulus at a shear Sf@irwrresponding to linear response of the curve
in theUvs. y plot for each test. Davis and Selvadurai (1996) suggested that the shear strain can

be approximated by dividing the horizontigplacementdx) with the height of the direct shear

box. However, because of the nonuniformity of both stress and strain fields, Davis and Selvadurai
(1996) recommended caution when usd)aff3is hi s
assumed. Therig little to no differencén model resultsyh en t he Poi ssonds r a
0.2 or 0.25. The bul k modulus ( K) was deriv

follows:

2 G(31)+

The critical state friction angle;()sland dilation angley() were determined from the results of
the largescale direct shear tests for each condition presented earlier. The dilation angle is the

difference between the peak'DI and critical state '(Ie ) friction angles for each stress and test

condition.
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3.4.2. Expermental vs. Numerical Results

The comparison of the experimental results with the numerical simulations is shBign3d.1.

It can be noted that the edr stress response of the numerical simulation using the properties
obtained from the tests is considerably lower than that of the experimental results, although the
initial response is reasonably modelled. The difference can be attributed to the themstitalel

used. The MohRCoulomb failure (yield) criterion treats the relationship between shear stress and
normal stress as linear, related by the friction angle. Once the soil reaches its yield condition, the

soil behaves perfectly plastic, thus showangonstant shear stress (horizontal lineSign 36).

The discrepancy between the simulated and measured mobilization of shear resistance may
also beattributed to the test setup where the shear plane has a circulasexrtiea that behaves
threedimensionally while the simulation assumed plane strain conditions. Because of the circular
geometry of the shear plane, the middle portion already expesiesignificant shearing and
therefore dilation, while the edges experience little or no shear deformation. The consequence of
a 3D condition in shearing is the effect of restrained dilatancy that can mobilize dilatant stresses

on and near the edge of thane of shearing (Kim 2007).

The -6hear ed a r-dilaidg zons that dtte as a testraint against dilatancy in the
restraining zone. This generates shear stresses at the interface between the dilatindikiohgon
zones and results in arciease in normal stresses at both edges. A 3D condition develops at the
edges while the middle section experiences a 2D behaviour. Restrained dilatancy near the edge
results in an increase in normal stress (dilatant stress) on the shear plane (Alfaihak@@05).
Essentially, the normal stress in the numerical model needs to be increased to match the

experimental results (Kim 2007). This does not, however, invalidate the selection of the critical
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state friction angle used in the model as the valueomstant even at higherormal stresses

(Fi g6). 3.

Table 34 summarizes the increased normal stresses due to restrained dilatancy inputted in
FLAC to match the behaviour of the experimental results (also showig.iB11and labelled as
RD, dotted lines). Now the increased normal stress due to restrained dilatancy shows better
agreement with the experimental results versus the original simulatignn@imal stresses. The
effect of restrained dilatancy is greatest at lower normal stresses, especiallydore@3hat it is

the most dilative test condition

3.5. Chapter Summary and Conclusions

The shear strength of soils is an essential material propbey assessing the stability of road
embankments. IArctic regions embankments are often constructed during winter when the soill

is frozen to minimize environmental impacts and for the ease of access. The shear strength of a fill
placed frozen changes the embankment thaws and then refreezes seasonally. This can affect the
stability of the embankment. To quantify this behaviour, lmgge direct shear tests were
conducted on remolded frozen soil samples at frozen, transition (phase change), axntidveez
conditions. Tests were also conducted on unfrozen soils under room temperature at similar

moisture content. The following conclusions can be drawn from the testing:

1. The frozen soil samples exhibited significant shear strength as long as they defrezan,
but upon thawing close to phase change and upon fteawecycling the shear strength is
reduced by up to 50%. The most critical condition, based on the tests conducted, is during the

onset of the first thawing when the ice bonding in the sattimmelts.
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2. Compaction in the field during embankment construction plays an important role because there
is no optimum condition as to which frozen soils should be compacted. The higher the moisture
content of the frozen soil matrix the more challenghmgcompaction. Although fill material
for embankment construction is taken from locallailable sources and thus have high
variability both in composition and moisture content, it is practical to keep the moisture content
below 20% to benefit from higheompaction densities and to minimize thaw settlements

during the onset of the first thawing following winter construction.

3. The experimental results were simulated using a finite difference program and it is
demonstrated that restrained dilatancy affdatgesults of the numerical model, but maintains
the critical state friction angle for increased normal stresses. This confirms the validity of the
critical state friction angles obtained via laboratory tests for each test condition by assuming
that the dtical state stress ratio at the initial stages of the test corresponding to a no change in

volume is approximately the same at | arger

Theshearstrength properties obtained will be used in Chapter Giloraang coupled thermal

mechanical models to simulate the embankment behaviour presented in Chapter 2.
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Table 31. Summary of test conditions for direct shear tests

Test temperature i EnvironmentalCondition/
Test Label L
shear plane Test Description
Frozen Compacted frozen, tested at constant freezing
-10°C
(C1) temperature.
Transitional 05C Compacted frozen, allowed to thaw and consolidal
(C2) ' close t0-0.5°C, and tested at that temperature.
Compacted frozen, allowed to fully thaw and
EreezeThaw consolidate close to 18°C, subjected to freezing at
(C3) -0.5°C -10°C until equilibration, allowed to thaw and
consolidate again close 10.5°C, and tested at that
temperature.
F\(’gzgn 18°C Room compaction and tesg).
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Table 32. Summary of stress ratios and dilation angles at different test conditions

Environmental Condition tand'cs tandp y (°)
C1-25 kPa 6.11 28.6
C1-50 kPa 1.28 3.70 22.8
C1-100 kPa 2.58 16.8
C2-25 kPa 1.19 16.2
C2-50 kPa 0.67 1.11 14.4
C2-100 kPa 0.94 9.5
C3-25 kPa 1.88 35.1
C3-50 kPa 0.51 1.52 29.7
C3-100 kPa 1.00 18.0
C4-25 kPa 0.70 14.9
C4-50 kPa 0.36 0.59 10.6
C4-100 kPa 0.54 8.5
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Table 33. Summary of properties used in the numerical model at different test conditions

Environmente  Stress J G K Ces p Y
Condition (kPa) (kg/m?) (kPa) (kPa) (°) (®) (°)
C1-25 kPa 26.4 1625.0 7635.3 16543.2 80.7 28.6
C1-50 kPa 52.7 1625.0 8864.6 19206.6 521 749 228
C1-100 kPa 102.4 1625.0 11410.2 24722.1 68.8 16.8
C2-25 kPa 30.2 1631.1 559.8 1212.9 49.8 16.2
C2-50 kPa 58.7 1723.9 909.3 1970.2 336 48.1 144
C2-100 kPa 107.7 1679.3 1576.0 3414.7 43.1 9.5
C3-25 kPa 29.2 1822.6 1172.1 2539.6 62.0 35.1
C3-50 kPa 57.3 1831.4 1704.5 3693.1 27.0 56.7 29.7
C3-100 kPa 103.6 1834.5 2242.6 4859.0 45.0 18.0
C4-25 kPa 27.8 2269.6 1167.9 2530.5 349 149
C4-50 kPa 57.8 2299.4 1486.2 3220.1 2000 30.6 10.6

C4-100 kPa 104.7 2313.7 1725.3 3738.2 28.5 8.5
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Table 34. Summary of increased norngtesseslue to restrained dilatancy

Environmental Actual Normal Restrained Normal Stres Ratio

Condition Stress (kPa) (kPa)

C1-25 kPa 26.4 475 1.8
C1-50 kPa 52.7 79.1 1.5
C1-100 kPa 102.4 133.1 1.3
C2-25 kPa 30.2 39.3 1.3
C2-50 kPa 58.7 70.4 1.2
C2-100 kPa 107.7 118.5 1.1
C3-25 kPa 29.2 64.2 2.2
C3-50 kPa 57.3 97.4 1.7
C3-100 kPa 103.6 145.0 1.4
C4-25 kPa 27.8 50.0 1.8
C4-50 kPa 57.8 98.3 1.7
C4-100 kPa 104.7 167.5 1.6
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Fig. 31. Grainsize distribution curve of borrow source material (Pit-Xy4&nd embankment
grab samples (EG$) used during highway embankment construction, and composite
mix (CM-4) used irdirect shear tests
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Fig. 32. Compaction curve of composite mix (GA) at room and below’C.
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Fig. 33. Largescale diect shear preparation and testi(g) placement of frozen soil chunks in
the direct shear box, (b) compaction of frozen soil chunks to specified density using a
hammer drill, (c)finishedcompacted frozen soil to test height, (d) placement of sand
layer on top of polyethylene plastic) {@acement of rubber matting on top of gasket,
() complete test saip before shearing
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Fig. 34. Recorded temperature in the soil and environmental chamber (EC) during compaction,
thawing, and freezthaw stages
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Fig. 35. Shearing and dilation under frozen conditions (C1)
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Fig. 36. Uln vs. logln for peak and critical states f¢a) frozen and (b) phase change, freeze
thaw, and room conditions
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