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ABSTRACT

Pavemertin cold regionsareprone to frosdamagesiuring winter as a result girolong sever

below zeraemperatureFrost heave can negativedjfectthe performance and edjuality of the

road. At the end ofhe frost season, when thawing begins in the sublayers, pore water pressure
builds up in the subgrade soil. This reduces the resilient modulus of the subgrade considerably and
degrades the structunakegrity of the pavement. Reducing the depth of frost patien into the
pavement structure can enable design engineededease the thickness thie base/subbase
layers; hencereduce the usef natural aggregate and advance towardsore economical and
sustainable design. Insulating the pavement foundetione strategy teeduceheat loss from the
pavement structure and maintain pavement subgrade temperatures above freezing during the

winter months.

While the number oftest roadghat are designed and constructed fesitn measurement and
evaluation pavement performance are limited, there is a lack of knowledtfeeeffect of using

new and recycled material on pavement. This researdasignedo conduct a statef-the-art
investigationon the effect of using waste/recycled matefi@tsnsulaton. As part of the research,
controlled tests were performed at flné-scale test roadf Uni ver sity of Al bert
Road Research Facility (IRRF), located in Edmonton, Alberta, Canada. The IRRF test road has
three monitoring sectionswith insulation made ofbottom ash (100 cm) and two different
thicknesses of polystyrene boards (5 cm and 10ama) acontrol section (CSyith no insulation

The sections are fully instrumented acrttesdepths of the pavement.

In this researchthe effects of using insulation layers otine thermal regime of the pavemest
investigated anthe effectiveness of eadhsulationlayer is quantifiedThe thermal and moisture
regimeof the pavement structure over time ased to divide a year intfoeezing thawing and
nonfreeze thaw periods The thermal and moisture variationdifferent seasonsan affectthe
loading characteristicsf the pavementlayersover time In an attempt tguantify the impact of
seasonal changéductuation of different layers noulus) ontheoverall strength of the pavement,
Falling Weight Deféctometer (FWDjests were carried oon the IRRF test roagndthe results
arecompaedwith the temperaturand moisturgegime in thepavement
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Thetime history data collected from fielWVD tessis used to identify the characteristic response
of different sectionsThe dgructural behavior of each section is evaluated @nedlong term
performance of each secti@quantified in terms of fatigue acking occurrence on the pavement
usingthe elastoplasticandstressstrain theaes

To investigate the cost effectiveness of using insulation materialsapital construction cost of
theinsulatedroads along with substituting the subgrade material with high quality granular base
course (GBC) materiabk calculatedRecommendationare providedfor optimum thickness of
insulation material based on the disteand frost depth of the roadom the location of the

insulation materiasources

An essential part of this reseailisithecreaton ofa finite element moddbr abetter prediction of
temperature changestimeinsulatedpavement systemrlrhe modehas beewalibraedusing field
datacollected in this research order to develop predictive model, itis necessary taicorporag
laboratory testresults on material characteristics different wellcontrolled environmental

conditiors. The models constructed inhe Geo-Studio software.

Based on this research, it can be concludedbtipmashas a waste material can be used as an
insulation layer in road construction. Bottom Ah, can effectively decease the frost penetration,
while it provides davorable load bearing capacity and pavement performance during the critical

thaw weakening season.
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1. INTRODUCTION

The acceptable design of a pavement system in a layered format depends on a couple of complex
tasks which normally should be performed iteratively. Two main parts of these iterative tasks are
applyinga computational model fiacorporate the externahvironmental effects over the design

life of the pavement system and, secondly, quantifying the effect of these changes on the
performance of each pavement layer (Zapata and Houston, ZB®38jonmental conditions such

as precipitation, variation in angmt temperature, and depth to the water level cause seasonal
variation in the moisture content of the unbound layers, which leads to fluctuation in resilient
modulus of different layers of the pavement (Models, 2000). Fluctuation in moisture content of
unbound material and as a result, changes in effective siesisn@andFredlund,1972) hasa
significant effect on the resilientmodulus, stability angpermanent deformation(Carlos et al.

2011). Damagelueto freezingoccurswhenfrost penetrateshe subgradesoil, increasesnatric
suctionin the freezingzone. Then, watemovestoward the freezing front andice lensedorm.

Ice lenses in fine soils continuously expand by attracting moisture from the underlying shallow
water table, resulting in froselhve at the pavement surface (Dore and Zubeck, 2009). Frost heave
can negativelaffectthe performance and ride quality of the rodthenthawingoccurs in the
following spring, ice lensesmelt, causing an increase iwater contentof subgradesoil,

which cannot be discharges out of the pavement system rapidigsequently,the
strengthof the subgradesoil decreasedeadingto structuraldamagedifferential settlementsand
damagdo the pavemenstructurewhenexposedo heavy trafficloads(Dore and Zubeck, 2009).
Theseissuesbecomecritical for roadsin cold regionswhereincreasedreezethawcyclesare
expectedn thefutureasaresultof climate changeFrostheaveandassociatethawweakeningn
subgradeoilsandunboundpavemenmmaterials arecomplexengineeringproblemshathavebeen
studiedfor severalyeargQi et al.,2008)

Onestrategyfor minimizing seasonagffectson subgradés usinginsulationlayersto protectfrost
susceptiblesubgradefrom being influenced by frost. An insulation layer controls the heat
transfer betweenthe ambientair and the pavementayersand delaysthawing and/orfreezing
(Yang et al, 2005). The insulation layers minimize the seasonal fluctuation in resiiedtlus

of subgrade by reduwny thefrost penetrationThey also decrease the risktbw weakening
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during early spring. If the insulation layers provide an adequate load bearing capacity for the
pavement and do not createdatecreasehe risk ofmoistureaccumulation in theystem, using

them will result in educingthe depth of frost penetration into the pavement structuraiting

the frost depth in pavementsnabkes design engineers tmoder at e t he Dbase/ su
thicknessesDecreasing the thickness of structueaters which are comprise of high quality

crushed aggregatéeads taimiting the depletion of natural aggregate resourcesrasdls in

more economical and sustainable design stratégmesninimum required thickness ofsulation

material is contro#d bythe thermalpropertiesof theall pavements layerand the climatéDore

and Zubeck, 2009)in an attempt for construction of a more sustainable emdronmental

friendly road, waste/recycle material has been introduced to be used as insulation tajd

region.

Since the 1990s, several materials were introduced and evaluated as insulation layers, including
sawdust, tire chipsand plastic(Dore et al 1995)Polystyrene boards are one of the most-well
known insulation materials that hakiadalong history of applicatiosince 1965 (Myhre 1994)

Some recycled materials have recently been introduced as thermal resistive layers. These materials
can be a sustainable and ceffective option while still providing the same benefits as

conventionalmsulation layers.

The main objective of this dissertation is to investigate effect of using insulation material on
thermal and mechanical performance of the pavent@mpters of this research is devided as

follow:
x Investigation thermal performance of uetion layers

The first step of the research was to investigate the thermal performance of the insulation layers
using the field dataAt chapter 3the temperature within depth of a test road is monitored to explore
the effect of using insulation matdriam temperature distribution and frost depth of insulated

pavement and to compare those values with the conventional pavements.

x Evaluating effect of using insulation layers on seasonal variation in structural performance

of pavement

This section of thestudy is focused on improving our understanding of environmeéahction
with pavement systems to better predict the changes in paveerémtmanceover time.Effect
2|Page



of using insulation layer on overall structural capacity of the pavement, alsfiuence on the
seasonal variation of the subgrade modulus were investigatethpier 4 and.5The goal is
achieved via using FWD data and investigating the moisture and tnmeedata collected from
the test road

x Investigate the longerm performancef using insulation material in terms of risk of

fatigue cracking occurrence on the pavement

At this stage of researdhWVD time history datavas used to evaluate and compare effect of using
insulation layers omiscoelastic behavialong with estimationf number of load repetition could

be applied on the insulated pavements until the fatigue cracking occurs. This objective is followed
on chapter 6, where finally the fatigue performance of insulated pavement is compared to the

conventional sections.

x  Optimizing the insulation layer thickness required for improving the environmental and

structural performance of the pavement

Thickness of insulation layers should be carefully selected since, although increasing the thickness
provides more thermal advantagesegatively affects the load bearing capacity and increases the
risk of differential icing. The design engineers should be able to evaluate and qirergffect

of insulation layer®ntheperformance of the roadn this way, optimizing the thickness of
insulation layers to maximize their benefits and minimize the disadvantages is vital. This goal is
fulfilled in Chapter7 via investigated the cost effectiveness of using insulation layer by optimizing
the thicknes based on thermal and structural performance

x Perform simulations ofnoistureand temperature variations for the different sections of
IRRF test road with theEICM and GeoStudio modeling software (TEMP/W and
VADOSE/W moduli).

Providing a predictive modeb accurately simulate the temperature and moisture distribution
within depthof a pavement in case of using insulation layer and validating the result of EICM, as

commonly used software, is one of the important parts of this research.
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2. BACKGROUND

The concept of using insulation material in the road system is suggest&bsigrpaarand
Leonards, 1965) and the first fidtale field test road using insulation material was built in lowa,
Michigan, and Nhnesota Then for the first time frost penatation depth®eneath small concrete
slabswhich included an insulating layer of cellular glagsremeasureat a test road in Winnipeg
(Young, 1965) The next generation of insulation layers welaspc foam boardswhich were
verified to be effectivén both decreasing the frost depth and extenuating the induced Beaee (
and Zubeck, 2009puring one year data monitoringeeation measurements conducted at Wolf
Creek Pass in Colorado indicated thdcm Extruded polystyrenéayer section experieced 14

cm less frost heave compared to the previous winter when no insulation layer wésaisacdet

al.,, 1994) In 1972, a roadway near Chitina, Alaska was bwith 5 cm and 10 cniExtruded
polystyrendayersto prevent settlemeEsch, 1972). Thisoadwas monitored for approximately
three yearsand he results indicated that both insulasedtiors were effective in preventing frost
penetrationThe settlement in the adjacent conventional Cor8sationwas eight times greater
than the 5 cmExtruded polystyrenesectionand 11 times greater than the 10 &xtruded
polystyrenesection (Esch, 1972)nsulating a test road section in Alaska showed thah%nd
10-cm thick polystyreneinsulation layers could noticeably reduce the thaw depth @brom to

20 and 10 cm, respectivelixdditionally, settlement data collectediring the Alaskan studyom

July 1971 through September 193i2sented up to 9 cm less settlement in the insulated sections
when compared to the normal sectiofissch, 1972)Gandahl investigatedhe frost resistance
performanceof the paystyreneboards in msulated sectiongf a roadand showed that the water
content of the underlying layers as well as the thicknedgtermal property of theopystyrene
considerably influencéhe pavement frost related damage protecti@mgitudinal frost heave
measurements collected from a test roaddrth Sweden indicated less heave in the insulated
sections compared to the nosulated section€Gadahl, 1982)Results from a recent casidy
performed in Edmonton, Alberta showed the impact of-@nb5thick Extruded polystyrene
Highload 40 extrudegolystyreneinsulation board in reducing frost penetration into the subgrade
by 40 percent compared to the Aosulatedsection. Field measements of the frost lires
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advancenentover time agreedwith geothermal modeling predictioii$atarniuk and Lewycky,
2011)

Several researchers have evaldated compare the performance of different recycled thermal
resistant materials as insulation lay@&esttomash whichis a byproduct of coal combustion when

burnt in the boiler furnace of electric power plarias recently been introduced as an insulation
material in paegment applicationdBottomashis mainly composed of silica, alumina, and iron and

is utilized in highway constructigrprimarily in coldmixed asphalt, embankments, and base
coursesin 2012, approximatel$2 percentof Albertad power was generatada burning coal In

addition to this, approximatel§50,000 m of bottom @h andfly ash are producedannually
throughthe pr ovi nce 6s pmesgeAl yerntea aRa wync | rategfash 201 3)
production is high enough to raise coneghrat ingifficient disposakpacewill be available in ah

lagoors by 2015.The useof bottomash in road embankmesito mitigatefrost damage ia new

concept (Alberta Recycling, 2013ew studies have investigated the abilitypoftomashmixed

with the subgrael and base materiais limiting frost depth A study conducted in the City of
Helsinki, Finland over the course of three winters revealed that frost ddmtttemashsections

was 40 to 60 percent of that in gravel sections. This study showed that carefully compacted ash is
not susceptible to frost due to its low permeability and hardefhliagulianen, 1987)Huang

(1990) showed that mechanicalpnd chemicallystabiized bottomashcan be considered a high

guality base material for highway applicatioBgperimental results concluded that mbettom

astes met several performance criteria, such as physical appearance, gradation, and soundness,
which make them suitabfer pavement constructiqimuang1990). The application dfottomash

on top of saturated silt could effectively mitigate frost heave and transverse cracking in western
Canada. In a study conducted Hixon and Lewycky (2011) in Edmonton, Albertapavemen
sections comprising a 58@m gravel base course and a 1-bd® bottomashinsulation layer
showed a maximum frost depth of 1.5 m, with no frost reaching the underlying sijtidter it

was predicted that the frost would reach up to 2.4 m below theceun the conventional section
(Nixon and Lewycky, 2011)

While using the insulation layers in pavemerd &déong history of application, incorporating their
effecsin pavement design is stihexplored Over time, many different methods were devetbpe

to integrate the effect of environmental factors on pavement. Recently, the pavement design
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methods have evolved from AASHTI®93design guidewhich is a pure empirical approadh
advanced mechanistic design procedures, Mecha#istfrical Design Gue (MEPDG), which

correlate the pavement structural responses from traffic loads under different environmental
conditions to pavement distresses. Therefore, diurnal and seasonal fluctuations in the moisture and
temperature profiles in the pavement streetarought by changes in ambient temperature, ground
water table, precipitation/infiltration, freetleaw cycles, and other external factors are modelled

in a very comprehensive manner by a climatic model called the Enhanced Integrated Climatic
Model (EICM) (Zapata et al., 2007Yhe EICM is a onglimensional coupled heat and moisture

flow program that simulates changes in the behavior and characteristics of pavement and subgrade
materials in conjunction with climate condition over several years of ope(MiBPDG Design

Guide, 2004)It can generate patterns of rainfall, solar radiation, cloud cover, wind speed, and air
temperature to simulate the upper boundary conditions of a paveniesystem. The program
calculates the temperature, suction and poessure without loading effects, moisture content,

and resilient modulus for each node in the profile for the entire analysis period, as well,as frost

infiltration and drainage behavi@Birgisson et al., 2000)

The direct measurement of the moisturel aemperature profiles in pavement via pavement
instrumentation can be very beneficial to the development and verification of theiktG&icase

of using different insulation materials andder different environmental conditiotdowever, it

should be oted that there is no model defined until now to properly account for the existance of
an insulation layerThe comparison of the field data and EICM results indicates that the EICM
provides acceptable predictions of temperature profiles in pavement syéédmimed et al. 2005)

and (Quintero 2007). However, the studies performed in Ohio and New Jersey revealed that the
EICM is not able to properly simulate the fluctuations in water content within depths of the
pavement [(Ahmed et al. 2005) and (Liang et28l06)]. The need for a trustworthy model for
calculating the moisture and temperature change in the pavement is particularly critical, when the
freeze/thaw cycle moisture level fluctuation can lead to sever structural performance drop,

especially duringwing.
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3. INVESTIGATION THERMA L PERFORMANCE OF INSULATION

LAYERS
This section has been published as N.TavafzadehsSsNar i M. H. Shafi e and
Field Data to Evaluat®ottom Ashas Pavement l nsul ation Layer,

Record: Journal of the Transportation Research Board 2433 (2034}: 39

3.1.ABSTRACT
A common problem in cold regions is the penetration of frost into susceptible subgrade soils. This
study investigates the applicationbmittorashin comparison teolystyreneextruded polystyrene
boards as an insulation layer at a test road in EdmoAtbarta. The adjacent normal section is
used as the Control Section. All sections were instrumented with thermistors and Time Domain
Reflectometers (TDR).

Temperature variations in the base and subgrade layers, frost depth, frozen and thawing periods
wereanalyzed for each section based on the field data available from October 2012 to June 2013.
R-Values were calculated each layer considering its thickness and thermal properties, and were
used for justifying and comparing the temperature trendslies vere established at 0.13, 0.50,

1.4 and 14.3 m°C/W for the Asphalt Concrete, Gravel Base Cours&tomashandpolystyrene

Board, respectively.

The base layer in thaolystyrenesection experienced higher temperatures in the summer and lower
temperaturg in the winter in relation to tH®ttomashand Control Sections. Based on temperature
measurements at depths 1.61 to 3.27 m, the subgradepolysg/renesection showed the lowest
variation in temperature with respect to time and depth, followetiddyattomashand then the
Control Section. This behavior indicates that the insulation layers obstructed the heat transfer
between the surface and the lower layers. The ugmlystyreneboards andbottom ashas
insulation materials decreased the fragttth by at least 40 and 28 percent, respectively compared

to the Control Section.

Key word: insulation layer, bottom ash, Polystyrene, frost depth, freezing index
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3.2.INTRODUCTION
Pavement in cold regions is prone to frost heave during the winter as @fsswiere temperature
drops and deep frost in the pavement sublayers. Frost heave can negatively impact the performance
and riding quality of the road. At the end of frost season, when thawing begins in the sublayers,
pore water pressure builds up in thébgrade soil. This reduces the resilient modulus of the
subgrade considerably and degrades the structural adequacy of the pavement. Reducing the depth
of frost penetration into the pavement structure can enable design engineers to moderate the
base/subbase ayer sé6 thicknesses; hence, l'imit the d
advance towards more economical and sustainable design strategies. Insulating the pavement
foundation is one strategy to alleviate heat loss from the pavement structureaartdin
pavement subgrade temperatures aboveziing during the winter months (Doré aAdbeck
2009)

Several researchers have evaluated and compared the performance of different economical and
recycled thermal resistant materials as insulation laetsom ashone material that can be used

as an insulating layer, is a byproduct of coal combustion when burnt in the boiler furnace of electric
power plantsBottom ashis mainly composed of silica, alumina, and iron, and is utilized in
highway construon primarily in coldmixed asphalt, embankments, and base courses. Few
studies have investigated the abilitybafttom ashin the subgrade and base material in limiting
frost depth. A study conducted in the City of Helsinki, Finland over the courseeefhnters
revealed that frost depth bottomashsections was 40 to 60 percent of that in gravel sections.
This study showed that carefully compactesh is not susceptible to frost due to isw
permeability and hardenindgdévukainen 1987) Huang (1990) showed that mechanicalind
chemicallystabilizedbottom ash can be considered a higjuality base material for highway
applications. Based on experimental results, it was concluded thabattmshashes met several
performance criterissuch as physical appearance, gradation, and soundness, which make them
suitable for pavement constructiomhe application obottomashon top of saturated silt could
effectively mitigate frost heave and transverse cracking in western Canada. In sosidagted

by Nixon and Lewycky (2001) in Edmonton, Alberta pavement sections comprisingrarb00
gravel base course and a 14@fh bottomashinsulation layer showed a maximum frost depth of

1.5 m, with no frost reachg to the underlying silt layer
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Plastic foam boards have been widely used as heat insulation layers in several countries to
extenuate frost penetration into the pavement foundation. Previous studies have shown that using
a 5 cmExtruded polystyrenénsulation layer can reduce frost heave. Hiewvameasurements
conducted at Wolf Creek Pass in Colorado indicated Ehdtuded polystyrenesections
experienced 14 cm less frost heave compared to the previous winter when no insulation layer was
used(Eatonet al.,1994) Insulating a test road seation Alaska showed that&m and 16cm

thick Extruded polystyrenasulation layers could noticeably reduce the thaw depth from 61 cm

to 20 and 10 cm, respectively. Additionally, settlement data collected during this study from July
1971 through Septemb&®72 presented up to 9 cm less settlement in the insulated sections when
compared to the normal sectioriss€h 1972) Gandahl (1982) investigated the frost resistance
capacity of thepolystyrendnsulated sections and showed that the water content ohtezlying

layers , as well as the thickness and thermal conductivity @idlystyrene play a significant role

in the frost resistance capacity of the insulation layer. Longitudinal frost heave measurements
collected from a test road in north Swederidated less heave in the insulated sections compared

to the noninsulated seamns (Gandahl 1982) Results from a recent case study performed in
Edmonton, Alberta showed the impact oferb thickExtruded polystyrenelighload 40 extruded
polystyreneinsuation board in reducing frost penetration into the subgrade by 40 percent
comparedtothenennsul ated section. Field measurement :

time agreed with gothermal modeling prediction$dtarniuk and Lewycky2011)

Edmonbn is located in freezdry climatic conditions, where the average freezing index based on

30 years of historic weather datali365°C.daysEnvironment Canad®013) Freezing index is

the accumulation of daily average temperate of below B€ufer1989). Frost penetration

leading to frost heave and spring weakening is a yearly challenge faced by the local highway
agency. As reviewed above, pavement insulation layers have been used to prevent deep frost
penetration into the subgrade of a f@wojects in Alberta. This study investigates the field
performance obottomashas an i nsul ation | ayer at the Uni
Research Facility (1 RRF) ashis ananslustry bypraddict readily Ed mo n
availablein Alberta in comparison to the costbplystyreneboards that are commonly used as
insulation layers. For this project, bdibttomandashpolystyrenéboards were used as insulation

layers beneath the base course of the test road. The effectivenessboftdim ashlayer in
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protecting the subgrade from freezing and thawing was compared to an adjacensufaied

Control Section and thpolystyrenesection. The three test sections were instrumented with
thermistors and Time Domain Reflectometers (T@RYarious depths throughout the pavement
structures. Temperature records from October 2012 to June 2013 in the three sections were
analyzed in this study. Temperature variations in the base and subgrade layers, frost depth, frozen
period, and thawing (rewery) period were established for each section in comparison to the
Control Section. As a result, the most effective layer in alleviating the effects of freeze and thaw

in the subgrade was identified.

3.3.DESCRIPTION OF TEST ROAD
The | RRF&s tyeissda new aceess tof tkecEdrhontbn Waste Management Center
(EWMC), located on the eastern edge of Edmonton, approximately 15 km from downtown.
Construction of the | RRFOs test road started
2012. The testoad comprises two lanes, and is approximately 500 m Baged on the data
collected from weighin-motion (WIM) systems during the spring of 2016, the road carries about
2,000 vehicles per lane each d&uring the monitoring period for this study, thavpment
structure for the test road comprised 160 mm of Hot Mix Asphalt (HMA) placed on 450 mm of
Granular Base Course (GBC).

In the northern section, the test road includes two successive test sections consisting of different
insulation layers placed imrd&tely underneath the GBC. FiguBel shows pictures of the

placement of theottomashlayer and thgolystyreneboards.

Figure3-2 illustrate a schematic plan view of the test sections. To facilitate a smooth transition
from the untreated ground to tpelystyrenesection and to avoid deferential icing, ar&dong

section was constructed from Stationing 130+340 to +360, where a thimniOayer of
polystyreneboard was placed under the GBC. The adjacent section comprisesrariger of
polystyrenéboards, starting at Stationing 130+340 and ending at 130+320. This section is followed
by bottomashsection, which stretches from Stationing 130+320 to +300 and includes-ant000

layer of bottom ash As illustrated inFigure 3-2, the insulation layersxéend underneath the
shoulders. Another section of the road, approximately 50 m east of the insulated sections, as shown
in the figure, was instrumented at Stationing 130+#25€erve as the Control Section
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Figure3-1: Placement of the (left) Bottomshandpolystyreneboards (right)
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Figure3-2: Planview of the test sections

3.4.MATERIALS
During the monitoring period, the pavement structure comprised 160 mm of HMA placed in
August 2012. Thermal properties of the pavement mataralprovided in Tabld-1, k isthermal
conductivity Thig&rmal conductivity represents the capacity of a material to transport heat by
conductiom (Dore and Zubeck, 2009Cp is heat capacityfrepresents the ability of soils or
materials to accumulate égDore and Zubeck, 2009R ighermal resistivity (Rvalue =D/k),
where D is the layer thickness ThevRlue for the 166nm HMA layer was established as 0.13
m2.°C/W.
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Sieve analysis in accordance with ASTM C 1852006)revealed that the subgradelsoid the
base material were Clayey Sand (SC) and \@edlded Gravel (GW) based on the Unified Soil
Classification System (USCSfigure3-3 shows the particle distribution for the subgrade and base
materials. The Rralue of the 450nm GBC was calculatedsd@.50 m.°C/W, based on typical k

for this material.

Table3-1: Typical Thermal Properties of the Materials Used in the Study.

Material Co K D R-value Source
(kJ/kg.°C) | (W/m.°C) | (mm) | (m2°C/W)
Asphalt concrete 0.92 1.21 160 0.13
GBC 0.71 0.9 450 0.50 Tompsoret al. (1988)
Subgrade soll 0.71 0.6 - -
Bottom ash 0.8 0.7 1000 1.43 Klein et al. (2003)
Styrofoam board | 1.25 0.007 | 100 14.29 Dvsgvbggg:t(rggtlig;‘

100 .
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Figure3-3: Grain size distribution for thbottomashused in the project.

Bottom ash and polystyrene foam boards were used as insulation materials in the project.
Characterizing thermal properties of the different materials in the laboratory is within the future
scope of the project. However, for this study, a typical valudablaiin literature for thermal

properties of thdottomashwas used. Theottomashwas free of large lumps that could break
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down under ordinary compaction equipment. Moreovemttmashdid not contain impurities,

such as clay particles, and theamt of noncombusted coal particles was less than 5 percent of
the material by weight. Also, the natural moisture content ditftemashwas maintained at less

than 35 percent during the compaction process, which was finalized in one day (July 31, 2012).
The GBC was placed on the same day and the road was paved on August 1, 2012. The results of
sieve analysis on samples of tiwtomashare provided in Figur8-4. Typical thermal properties

for the bottom ash are reported iffable 3-1 and were used to calculate arv&ue of 1.43
m2.°C/W.

Closed cell Styrofoam Highload 100 extrudpdlystyrenefoam boards produced by Dow
Chemical Company are used for this study. They have a compressive strength of 690 kPa and a
minimum flexural strength of 585 kPa and anrv@@ue of 14.29 rh°C/W based on the

manufacturerds data sheet.

3.5.INSTRUMENTATION AND DATA COLLECTION
To monitor frost penetration and compare the effectivenedsotddm ashin relation to the
polystyreneand Control Sections, all three sections were instrumented with 109&grmistors
and CS650 TDRs from Campbell Scientific Canada. Thieuds depth ad stationing for the
instrumentation in each section is presented schematically in RBgur@he spatial location of
the instrumentation was provided previously in Figg#& The Control Section consists of a total
of 15 TDRs, which were installed ihree groups of five: As illustrated Figure3-2, two of the
TDR groups were installed in the middle of each lane (TDR 1~5 and TDR6~10) and the last group
was installed at centerline location at Stationing 130 + 250 (TDR 11~15). Only the temperature
datameasured by the thermistor in the TDRs was used in this study. Variation in the moisture
content in different layers will be the scope of future studies. Thermistors in all of the insulation
sections were installed approximately 0.5 m from the inner eidfe shoulder in the southbound
lane. The total number of thermistors in thetomashand polystyrenesections is six (TEBA
1~6) and four (T&Poly 1~4), respectively. As seen in the Fig8ré, sensors were installed as
deep as 2.5, 3.3 and 3.2 m ire tBontrol,bottom ashand polystyrenesections, respectivelyp
capture moisture and temperature change within depth of the pavénstsiting the sensors at
those depths required drilling in the exiting ground with an auger (F8ybréeft).
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All of the sensors were wired to a CR1000 datalogger from Campbell Scientific Canada. The

datalogger, located at Stationing 130+310, was programmed to collect the data from all of the

sensors at Thinute intervals (Figur&-2 and Figure3-5, right). The dtalogger was equipped

with a spread spectrum Model RF401 radio used to communicate with an antenna Model L14221

installed on an osite trailer. Through remote desktop access, the data is retrieved at the University

of Alberta from the ofsite computer.
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3.6.ANALYSIS OF DATA
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Figure3-5:1 nst al ling the deep sensors using an au

datloggerbox in a trench (right)

Figure3-6 (a) plots the average daily temperature data measured at the bottom of the base layer
for all three sections together with the daily ambient temperature. Fheilaslepths of the
sensors, as seen in Figard, are 0.6, 0.63 and 0.55 m in the Contrbbttomash andpolystyrene
sections, respectively. The discontinuity in the data from November 6, 2012 to December 5, 2012
and from December 20, 2012 to January 9, 2013 was due to technical issues with the data collection
system. Figur@-6 (a) illustrates that the base temperainral of the sections followed the trend

of ambient temperature.

A general trend is noted in Figuses (a) for temperature variation in the base for all of the sections.
Between October and February, the Control Section had the warmest base, witlgsiyeene

section, with the highest-Ralue (14.29 rm°C/W), had the coldest base, followed by iadtom

ashsection, with Rvalue of 1.43 ri°C/W. This trend was reversed between April and July, when

the polystyreneshowed the highest temperature respfdllowed by thédottomashand then the

Control Section. Further, the base temperature fopthestyreness e ct i on was 32eC on
day (June 30th) of the monitoring period. On January 31st, the base temperatunediystiyeene

section was th lowest of all sectionsat 4 e C. The difference bet ween
temperatures in the base layer of plodystyrenesection was 45.7 °C, while this value was 33 and

35°C in thebottomashand Control Section, respectively.

This phenomenon indates that the insulation layers blocked the heat exchange between the base
and the subgrade layers, when compared to the Control Section. Therefore, when the ambient
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temperature was low, the base layer in the insulated sections experienced lower teesperatu

compared to the Control Section. This is the result of accumulated cold within the layers above

the insulation layer. In contrast, when the ambient temperature is high, heat is trapped in the base,

and the temperature of the base above the insulatyend will be higher compared to the Control

Section(Doré and Zubeck, 2009Dn the other hand, compared to gwystyreneboards, the

bottomashl

ayer

di

d

not

affect

the base | ayer 6s

that the Rvalue ofthebottomashlayer is 10 times less than thelystyrendayer, also théottom

ashlayer stretches one meter below the GBC compared foollgstyrendayer.
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Figure3-6: Average dailyambienttemperature (aj thebase (b) in thesubgrade

Within the subgrade layer, temperature measurements were available in all sections at a depth of

approximately 1.6 m below the asphalt surface. THeuds depths of the sensors are 1.61, 1.71

and 1.76 m in the Control, bottom ash, and polystyrene sectespectively. According to Figure
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3-6 (b), at this depth, subgrade temperature in the bottom ash and polystyrene sections did not drop
below zero during the monitoring period; whereas, the subgrade of the Control Section froze at

this depth in Januarynd remained frozen until the beginning of May.

3.6.2. Temperature Distribution A cross the Pavement Depth

Figure 3-7 presents the temperature data at monthly intervals in all three sections from mid
October 2012 to the end of June 2013. As discussed previolhalyges in the temperature of the

base layer can be an indicator of how effectively the insulation layer has blocked heat transfer
between the base and subgrade layers. Minimum temperature was experienced in the base on
January 31th and was recordeela®,-9.5and1 4 . 0 e C i n bottdmash &dpolystyrenke ,

sections, respectively. Maximum temperature records in the base for the Gmitorhash and
polystyrenes ect i ons were 25.2, 23.5 and 31.7 eC on
difference between the lowest and highest recordspdiestyrene( 4 5. 8 e C) perf or me
effectively than théottomash( 33. 0eC) as an i nswelcdtiiomm sl d\yanp.e

di fference was 34. 6eC, whhbottomashs sl i ghtly more

The deepest sensors were installed at 2.5, 3.3 and 3.2 m in the Ganttoohash andpolystyrene

sections. Comparing the changes in the temperature meagurexideepest sensor for all sections
indicates that the Control Section showed maximum temperature variation from October 2012 to
July 2013. This temperature variation is 12e¢eC
bottomashandpolystyrere sections, respectively. FiguBe7 (a) indicates that the temperature is
distributed linearly across the depth in the Control Section in all months, except for the thawing
months of Aril and May. However, for the insulated sections, temperature distmibist

interrupted at the insulation layer depth.

To compare the variation in temperature of the subgrade for all the three sections, the temperature
gradient was calculated by dividing the temperature difference between the shallowest and deepest
sensorsn the subgrade of each section by their distance. In the Control Section, the temperature
gradient in the subgrade variedfreln. 1 e C/ m on June 30st to 3. 9e¢C/
this range was3.7 to 1.6 andl . 2 t o 1. Dat@ ashand polystyrleresections,

respectively. When compared to the Control Section, these lower temperature gradients illustrate
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how effectively the insulation layers prevented heat transfer between layers located above and

underneath the insulation layer.
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Figure3-7: Temperature distribution across the depth at monthly intervals for (a) Control
Section, (bpottomashand (c) Polystyrene sections from r@ddtober 2012 tored of June 2013
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The Temperaturehange rate over time for all three sensor depths in the subgrade of all three
sections was determined by taking an average of the temperature difference between two
successive days provided in Fig@& divided by their time difference. The average temperature

change rate at the deepest depths in the subgrade for each section is used herein for comparison.
The annual average temperatardr ange r ate at the deepest | ocati
for the Controlpottomash andpolystyrenesections, respectively. This rate reveals how quickly

the heat transferred from the surface to the subgrade. Thereforgolystyrenel ay er 6 s
considerably lower rate indicates that it performed better asalation layer.

3.6.3. Frost Depth

Figure3-8 demonstrates a comparative frost depth chart for all sections. The figure shows that the
maximum frost depth for the Control Section was approximately 2.0 m. The frost remained in the

subgrade of this section fromidaNovember to midApril (Figure 3-7).

The subgrade layer in thmttomashsection did not freeze at any depth, and the frost depth was
limited to 1.7 m, which is within thieottomashlayer. Frost at this depth started in Allddcember

and had fully receered by midApril. Based on the data from the thermistor directly underneath
the polystyrene(1.7 m below the surface), the subgrade temperature did not drop below zero at
any depth during the monitoring period.

Due to lack of thermistors between depth8 and 1.7 m under thmolystyrenelayer (the two
thermistors were accidentally cut by the electric contractor during the final stages of construction),
the absolute frost depth for this section cannot be established. Therefore, the minimum possible
frostdepth can be directly underneath gwdystyrendayer as it is expected that the temperature
after this layer in the subgrade remains nearly constant. Considering a linear relation between the
temperature measured by the two thermistors at depths 0.6.Aamd provides the maximum
possible frost depth of 1.2 m (FiguBe3).

The frost depth criteria indicates that fhaystyrenelayer performed more effectively than the
bottomashlayer, which decreased the frost depth by 0.5 m in comparison to theICRettion.

22|Page



Control Section Bottom Ash PolyStyrene

0.0 A1

051 Minimum

possibledepth

1.0 1 Maximum

possibledepth

1.5 A

Frost Depth (m)

2.0 4

25

Figure3-8: Maximum frost depth in the three test sections.

3.7.CONCLUSIONS
The temperature data from instrumentation installed at different depths of three successive test
sections and the climatic data collected from the EWMC weather station were applied to
investigate the performancelmfttomashandpolystyrendboards as indation layers. Both layers
were easily placed and compacted (in the case dbdttemashlayer) prior to placement and
compaction of the granular base layer. Typical thermal properties footfoenashwere obtained
from literature to explain the treadn the recorded temperature. The following statements can be

concluded from the study:

1- The effect of the insulation layer on temperature distribution within the base layer was
evident only in thegolystyrenesection, whose Ralue is 10 times highe¢han that of théottom
ash(14.3 versus 1.4 AfC/W). The temperature difference in the base layer optthgstyrene
section on the hottest and coldest days was a
bottomashand Control Section, implying that tipelystyrenelayer blocked the heat exchange

between the base and the underlying layers more effectively thaottbenash

2- Thepolystyreneandbottomashsections showed considerably lower average temperature
change rates in the subgrade, 0.03 and 0.07eC/
compared to the Control Secti on, behakionmditates h o we d
that thebottomashandpolystyreneeffectively blocked the he#tansfer between the environment

and the pavemeninder layers
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3- Higher Rvalue of thepolystyreneboards (14.3 versus 1.42AC/W for thebottomash
resulted in this section outperforming thettomashlayer as insulation by decreasing the frost
depth by at least 40 percent in comparison to the Control Sectiorbdttenashdisplayed a 28
percent reduction in frost depth. The subgrade temperature ioottem ashand polystyrene
sections never dropped below zero; however, frost penetrated 1 #hesubgrade of the Control

Section, which remained frozen for four months.

Based on the above observations one can concludeattamashwas effective in reducing frost
penetration into the subgrade. Over the course of the monitoring period, bosedgshs
performed well and there has been no evidence of any distresses at the pavement surface to date.
Future studies will focus on investigating the sufficiency of the structural capacity of the pavement

section containing thieottomashlayer and alg characterizing thermal properties of this material.
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4. EVALUATING EFFECT OF USING INSULATION LAYERS ON
SEASONAL STRUCTURAL P ERFORMANCE OF PAVEMENT

This section has beegoublishedas N. Tavafzadeh, L. Hashemian an
Insulation Layers on Pavement SigghduringNon-FreezeT haw Season, 0 I nterna
of Pavement Research and Technold@y6 (2018): 54%652.

4.1.ABSTARCT
This chapterexamines the effect of integrating insulation layers, including bottom ash and
polystyrene, on pavement strength using Falling Weight Deflectometer testing data conducted on
an instrumented test road in Edmonton, Alberta, Canada. For this purpose, esffesdivius and
structural number of insulated sections were compared to a conventional control section in non
freezethaw season. The durations of pavement freezing, recovering and fully recovered (non
freezethaw) periods were established by monitoringrttoésture variations in different pavement
layers. The results indicated that using insulation layers generally reduces pavement strength, and

this reduction is more pronounced in the insulated section with thicker polystyrene.

Key words: Insulation Laye, Bottom Ash, Polystyrene, NoirreezeThaw, FWD, Structural
Capacity, Hective Modulus, Structural Number

4.2.INTRODUCTION:
Prolonged low temperatures during winter in cold regions can result in the creation of ice lenses
in frostsusceptible subgrade soilke lenses in fine soils continuously expand by attracting
moisture from the underlying shallow water table, resulting in frost heave at the pavement surface
(Dore and Zubeck, 2009). Surface heave alters the road profile and can negatively affedt ¢he roa
ride quality, especially if the heave is differential and uneven. Additionally, excessive melted water
from the ice lenses causes buildup of pore water pressure in the subgrade and subsequently
decreases the load bearing capacity of the unbound ldyeng spring thaw, which weakens the
entire pavement structure. As mentioned in MerhanisticEmpirical Pavement Design Guide
(MEPDG) (2004), during the freezing periathen the moisture in the soil is frozehe modulus
of the subgrade may rise to 830 MPa for fine grain material, while during the thaw period, the

subgrade becomes considerably weaker than the normal (unfrozen) condition. Weak subgrade
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support results in higher deflections that cause accumulation of fatigue in the pavement, which
leads to different types of cracks, including alligator cracking. When melted snow or rain seep into
the pavement through cracks, modulus of the base and subgrade layer decrease. This causes local
deficiency in load bearing capacity of pavement and ultiméelys to the formation of potholes

(Dore and Zubeck, 2009). Using insulation layers is one strategy for alleviating the
abovementioned problems in cold regions, as they decrease the frost penetration and prevent thaw

settl ement of tldyes dyirsgthe speng seasen (Dore éred Zubeck, 2009).

Polystyrene has been used as an insulation material since 1967 (Penner 1967). In 1972, a roadway
near Chitina, Alaska was built with 5 cm and 10 Extruded polystyrendayers to prevent
settlement (Edt 1972). This road was monitored for approximately three years, and the results
indicated that both insulated sections were effective in preventing frost penetration. The settlement

in the adjacent conventional control section was eight times greatethihah cmExtruded
polystyrenesection and 11 times greater than the 1Egtnuded polystyrensection (Esch 1972).

The 2013 study at the University of Al bertaods
in Edmonton, Alberta, Canada, showed #rainsulation layer of polystyrene with 10 cm thickness

can reduce the frost depth by at least 40 percent when compared to uninsulated roadway
(Tavafzadeh et al. 2014).

Some recycled materials have recently been introduced as thresisdive layers. Tése materials

can be a sustainable and ceffective option while still providing the same benefits as
conventional insulation layers. Bottom ash, a waste material produced from the incineration of
coal in power plants, has recently been presented agtamn dor the construction of road
embankment s. In 2012, approxi mately 52 percen
coal. In addition to this, as mentioned on the Alberta Utility Commission webpage (2014),
approximately 650,000 fof bottomastand fly ash is produced annusé
power genation process (Alberta Recycling, 2013 Al bert ads rate of as
enough to raise concerns that sufficient disposal space will not be available in ash lagoons by 2015.
The wse of bottom ash in road embankments to mitigate frost damage is a new concept. A project

in Helsinki, Finland, showed a 40 to 60 percent decrease of frost depth in a roadway constructed
with bottom ash insulation sections compared to traditional graggbss during three years of

monitoring (Havukainen 1987). Two different studies conducted in Edmonton, Canada, in 2001
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and 2013 illustrated that bottom ash was able to keep the frost from penetrating into the subgrade
and the frost depth was limited toetltbottom ash layer (Tavafzadeh et al. 2014), (Nixon and
Lewycky 2011).

Despite all abovementioned advantages of using insulation layers in reducing the penetration of
frost depth into the subgrade, evaluating the effect of insulation layers on tharatraapacity

of the insulated pavement in comparison to a convent@reduring the norfreezethaw season,

is vital. The thickness of insulation layers should be carefully selected since, although increasing
the thickness provides more thermal advaegad negatively affects the load bearing capacity and
increases the risk of differential icing. The design engineers should be able to evaluate and quantify

the effect of insulation layers on the performance of the road.

The objective of this studig to compare the strength of the sections containing insulation layers

with the conventional section before the freeze season, when subgrade has fully recovered from
the previous thaw and the excess water from the melted ice has drained. Two diffetatibims
materials were investigated at a test road c
Edmonton, Alberta. Edmonton, with a freezing index of 1,365°C.days based on 30 years of historic
data extracted from the Environment Canada webpage (281é)nsidered to have freedey

climatic conditions (Environment Canada 2013). Hence, the road in this area may be affected by
ground freezing damages. The insul ated sectio
two different thicknesses ofofystyrene board. For the purpose of this project, three different
periods of freeze, recovery and Aiveezethaw season based on moisture data collected from the

test road were determined. July, September and October were chosen as the represettiatives of

non freezethaw period when the subgrade layers of all sections were stable and load bearing
capacity was unaffected by possible thaw weakening or frost action. Then, the Falling Weight
Defl ectometer (FWD) tests w®ad¢o evaloatedandccongpae al o n
the strength of the different sections. Thiective Modulus of Pavemen®( and Structural

Number (SN) are calculated based on the American Association of State Highway and
Transportation Officials (AASHTO) method and evaluated for comparing the structural capacity

changes that resulted from using the insulation layer.
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4.3. TEST ROAD DESIGN AND CONSTRUCTION

The | RRFOs test road facility was construct

Management Center (EWM@Based on the data collected from weigkmotion (WIM) systems

during the spring of 2016, the road carries al#yQ00 vehicles per lane each d#tyis worth
mention that at the time of this study, the road was not open to traffic yet. The road itself consists
of two | anes approximately 500 m in | ength.
in two stags. The first stage began in May 2012 and was completed in August 2012 with the
placement of the hot mix asphalt (HMA) layer with a total thickness of 16 cm. The second stage

was completed in August 2013 with the addition of 9 cm HMA on top of the paved roa
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Figure4-1: Plan view of the test sections

Figure4-1 shows a schematic plan view of the test road. Two different materials were used as
insulation layers in this project: bottom ash and polystyrene. Each insulated section and the control
sections (CSare roughly 20 m in length. The insulated sections stretched from Stationing 130+300
to 130+360, with the first section consisting of bottom asagl.followed by 16cm polystyrene
(Poly-10), and &cm polystyrene (Pohp).

4.3.1. Materials and Construction

The subgrade soil possessed a maximum particle size of 0.5 mm, liquid limit of 25 percent and
plastic index (PI) of 9 percent. Based on the Unified Soil Classification System (USCS), the

subgrade soil was classified as Clayey Sand (SC). Meanwhile, the @8Cdamsisted of crushed
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aggregates with a maximum size of 19 mm. Based on USCS, the GBC was classified-as Well
Graded Gravel (GW). The grain distribution of the GBC and subgrederial can be found in
Table 41.

Table4-1: Grainsize distribution of GBC, bottom ash and subgrade soil used in IRRF project.

Subgrade Soil GBC B.ash
Grain Size, Percent Grain Size, Percent Grain Size, Percent
D (mm) Finer (%) D (mm) Finer (%) D (mm) Finer (%)
0.250 98.0 19.000 99.15 4.75 93.89
0.150 83.9 12.500 75.17 2.38 84.24
0.075 46.9 9.500 61.23 1.19 71.40
0.044 37.1 4.750 42.73 0.425 52.50
0.032 325 2.380 32.08 0.297 45.64
0.023 27.3 1.190 25.61 0.149 27.57
0.012 24.1 0.595 18.93 0.075 11.23
0.009 22.4 0.297 7.09
0.004 19.9 0.149 1.46
0.001 15.0 0.075 0.51

The bottom ash layer was free of large lumps and impuriligisle 4-1 shows the grain size
distribution of the bottom ash, which had a maximum patrticle size of about 5 mm. The amount of
norrcombusted coal particles was less than five percent of the material weight. To maintain the
natural moisture content of bottom ashess 35 percent, the compaction of this layer and the
placement of the GBC were completed on the same day (July 31, 2012).&R(agillustrates

how the bottom ash layer was wrapped in geotextile to avoid mixing with natural soil. &igure

(b) showshat bottom ash could be easily compacted using ordinary compaction equipment.

This study used closezkll Styrofoam Highload 100 extruded polystyrene boards provided by
Dow Chemical Company. Based on the mshadd act ur
compressive strength of 690 kPa and a minimum flexural strength of 585 kPa. The thickness of
the boards was 5 cm; therefore, Rty comprised two layers of polystyrene board while Foly

was constructed using a single layer. Figdr8¢a) and (billustrate how polystyrene boards were

placed on the subgrade soil before placement and compaction of the granular base layer. The
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subgrade was completely leveled (deviation of less than 10 mm at any placerors@maByht
edge) before placing the potysene boards. To facilitate a smooth transition from the untreated
ground to the PohLO section and to avoid deferential icing, the PoBection is located between
Poly-10 and the rest of the road, which was constructed as a conventional section.

(@) (b)

Figure4-2: (a) wrapping bottom ash in geotextile; (b) Placement of bottom ash in the test
road

(b)

Figure4-3: (a) Spreading the polystyrene boards (b) Placement of one and two layers of
polystyrene boards

Both HMA mixes in this project were prepared based on Marshall Mix design in accordance with
the City of Edmonton Transportation (2015) specification provided on their webpage for

Designationl asphalt concrete mix. These mixes incorporated 20 percerdifRedl Asphalt
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Pavement (RAP) for the bottom-tén layer and 10 percent for the toi® layer. The gradation

of granular material used in this project is presented in Figdreand the physical properties of
both mixes are presented in Tahi@.

100 o)
N
80 —=a— Gradation - Mix 1
\ O== Gradation - Mix 2
60

40 -
20 \Q\

o .

100 10 1 0.1 0.01
Grain size, D (mm)
Figure4-4: Grain size distribution of asphalt granular material used in two different Mixes
of HMA

Percent finer (%)

Table4-2: Physical properties HMAixesused in the test road

Asphalt Physical Properties
Property First Lift Second Lift

Max. Aggregate size (mm) 25 12.5
Binder Grade PG 5828 PG 5828
Reclaimed Asphalt Pavement (RAP) (%) 20 10
Binder Content by Weight of Mix (%) 4.58 5.3
Void in Mineral Aggregate (VMA) (%) 13.1 14.3
Void Filled with Asphalt (VFA) (%) 69.4 74.9

Air Voids (%) 4 3.6
Density(kg/m3) 2355 2344
Marshal Stability (KN) 17.7 16.9
Flow (mm) 2.25 2.5
Theoretical Film Thickness (um) 6.7 7.1
Tensile Strength Ratio (TSR) (%) 98 81.6
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4.3.2. Instrumentation and Data Collection

To investigate temperature changes and moisture variation in different layers, all sections except

for Poly-5 were instrumented with 109AM thermistors and CS650 Time Domain Reflectometers

(TDRs) from Campbell Scientific Canada. Although TDRs are maiebigthed for measuring
volumetric water content (VWC), a thermistor was placed in the TDR heads to allow temperature
measurement. Both temperature and moisture data from TDRs were included in the analysis.
Figure4-5 illustrates the abuilt depth of sensarin each section, which are located 0.5 m from

the inner edge of the roadds shoulder. The TD
the surface. The location of the deepest thermistors in dsh&nd Polyl0 sections were about

3.3 m from thesurface. A total of five sensors were installed in each station.

Control Bottom Ash Polystyrene Polystyrene
Section Section Section (10 cm) Section (5 cm)
HMA layer-250 HMA layer-250 HMA layer-250 HMA layer-250
250 11] mm
—700 Polystyrene-50
Bottom Ash
— 050 : 1000 mm
Subgrade soil @® 4BA2 :
Subgrade soil Subgrade soil
TR 4 .
£ @ TH-BA3 @ 1ipoly s
— 1700
—2500 @ IDRS @ THRAU @ THPoly 4
Subgrade soil
L3500 @ 1HBAS @ IH-Poly 3
W
G TDR @ TH: Thermistor

Figure4-5: Cross sections and-asilt depth of thermistors and moisture probes

A CR1000 Datalogger from Campbell Scientific Canada was programmed to coléettbdathe
sensors at minute intervals from the abovementioned sections. The Datalogger was equipped

with a spread spectrum Model RF401 radio used to communicate with an antenna Model L14221
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installed at an onsite trailer, where a comptri@nsmitted lhe data regularly to the University of
Alberta.

4.4 EVALUATION OF STRUCT URAL CAPACITY

4.4.1. ldentifying the Non-FreezeThaw Period

The main objective of this study is to investigate the effect of insulation layers on the structural
capacity of the pavement duringime when the subgrade is free from the effect of freeze and
thaw in all sections. For this purpose, using MEPDG (2004), the whole year was divided into
different sections according to the behaviour of unbound material under freezing/thawing
conditions thaincludes frozen, thawed and unfrozen (natural) material. MEPDG outlines three
periods of freezing, recovery and nfreezethaw, and the recovery period is defined as the
required period for the material to recover from the thawed condition to norrfragemcondition
(MEPDG).

Investigating the temperature data within depths reveals the launch time of both freezing and
thawing periods. However, it does not establish the drainage duration of the excess melted ice
water. Moisture data can be considered an indicator of identindgseparating three different

time periods of frozen, recovering and fully recovered (unfrozen) pavement. To obtain the
abovementioned periods in the | RRF6s test roac
used. Figurd-6 shows the moisture dnemperature variations of the CS from October 2013 until

October 2014 at three depths of (a) 0.7 m below the surface or the top of the subgrade layer, (b)

1.7 m below the surface or 1.0 m in the subgrade layer, and (c) 2.6 m below the surface or 1.9 m

in the subgrade layer. Tavafzadeh et al. (2014) established the frost depth at 2.0 m below the
surface, so the three different depths outlined above will correspond to the required depth for

investigation of frost action in the subgrade layer.

Evaluating tle temperature data in Figutés(a) indicates that the freezing period at the top of the
subgrade layer started on November 26, 2013, and the temperature at this depth remained below
0°C until the beginning of April 4, 2014 (129 days), except for a slesrog of time in March

when the temperature rose to about 0°C. As soon as the thawing period starts, the water begins to
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drain out of the system. However, as illustrated in Figué€a), the recovery period ended by
May 20, 2014 (46 days).

Investigatingthe temperature and moisture data of the sensor located 1.7 m below the surface
indicates that the frost penetrated into this layer on February 18, 2014, and the water at this depth
remained frozen until May 4, 2014 (75 days). The excess water drainefitbetsystem by July

16, 2014, indicating that the recovery period lasted for 73 days.

Figure4-6(c) shows that the temperature of the subgrade layer 2.6 m below the surface always
remains above or at 0°C. However, a 15 percent decrease in VWC dimteg and a sharp
increase of about 17 percent in VWC during spring are observed. The system will get rid of all

excess water by miduly 2014.

From the above discussion, it can be concluded that frost penetrated the subgrade on November
26, 2013, and reained in place until April 4, 2014, which is approximately four months out of

the year or 129 days. When thawing of the subgrade layer started on April 4, 2014, the water began
to drain out of the system. Considering the launch time of the thawing peddtetime that the

water drained out of the system from all different depths (July 16, 2014), the recovering period
lasted for about 103 days (Figuter). According to MEPDG (2004), the recovering period is a
function of the material properties. For thégrade soil with the properties presented in Téble

1, the recommended recovery period is approximately 120 days.

Based on the one year of data monitoring shown in Fifiirehe norfreezethaw season started
in mid-July 2014, when the subgrade hestovered from the thaw effect, and lasted until
November 2014. Thus, the néreezethaw (unfrozen) period lasted for about 133 days. In other

words, this period is more than one third of a year.
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Figure4-7: Condition of subgrade layer in depth and three zon€sexzing, Recovering
and NonFreezeThaw Season

4.4.2. Temperature Distribution in Depth during Non-FreezeThaw Period

As discussed in the previous section, the-fieezethaw season started in midly and lasted

until November 2014. For investigating the ddion of the insulated sections during this period,

the daily average temperature distribution of each insulated sectiordaylibtervals is plotted

and presented in Figu#e8. This figure indicates that during this month, the ground is not frozen

in any of the sections. The temperature in the GBC layer varied between 7.0 and 27.9°C in the CS,
4.9 and 29.8°C in the Bsh and 2.1 and 32.1°C in the Pdl® section. However, the temperature
directly underneath the insulation layer of the Ptlysectiorvaried between 9.5 and 12.4°C. If

this small variation underneath the R4 (2.9°C) compared to the temperature variation
underneath the GBC layer of theaBhand CS (20.9 and 24.9°C), it can be concluded that
polystyrene with 1&m thickness effectivglblocked the temperature exchange with the above

layers.

The temperature in the subgrade layer 1.7 m below the surface varied between 12.2 and 21.2°C in
the CS, 12.0 and 15.9°C in theaBh and 8.7 and 10.5°C in the Pd®. Similar to what was
previousy established by Tavafzadeh et al. (2014), this figure also indicates that the insulation

|l ayers changed the temperature distribution w
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4.4.3. Falling Weight Deflectometer(FWD) Testing

Toeval uate the structural capacity of pavement
testing was conducte@he FWD is a nofdestructive method of testing to evaluate the pavement
response to a dynamic load applied on pavemeaface. The aim of load application is to replicate

passing a moving vehicle on the pavement. By applying the load, the pavement response is
measured through measuring deflection of pavement surface at specific intervals from the point of
load plate $tubsad, 2002)A Dynatest 8000 with a nirgensor configuration at 0, 200, 300, 450,

600, 900, 1200, 1500, and 1800 mm from the centre of the load plate waBigaesl49 shows

the FWD device used on tliRRFtest road, also the location of the sensorslaa on the picture.

Figure 49: Overview of FWD equipment and the location of sensors

Based on the identified period in section 3tlie results of FWD tests conducted on July 17,
September 5 and October 17, 2014, were selected as representdltigasafreezethaw season

The load was appliedin26 i nt erval s. The HMA | ayer 6s tempe
was 22°C, 20°C and 7°C for the tests conductedluly, September and October 2014,
respectively Three streskevels of 26.7, 40.(and 53.3 KN were applied at each station. However,

in this study, only the results of deflections under a stress level of 40 KN were used to investigate

the structural capacity of the different sections.

Before starting the analysis, the deflection de¢sie normalized based on the exact FWD target

load levelby multiplying the deflections by the ratio of the applied load to the targetedTbad
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applied load was selected based on the acceptable range definedLlopdgiieerm Pavement
Performance Program Manual foFalling Weight Deflectometer Measuremeri&chmalzer

2006). The resulting normalizedkeflections were theohecked for possible irregularity in the
deflection basin based on the method proposed by Xu @0&2). No irregularity was observed

in the different section basins.

4.4.4. Structural Performance Analysis

Figure4-9 (a) to (c) present the deflection basins of all sections during the tests performed in July,
September and October 2014. It is noted thatGBeand Bashsections always exhibited less
deflection than the polystyrene sections.

For ease of comparison, the maximum deflections of all sections underneath the loading plate from
all three testareshown in Figure4-10. The maximum deflections folled the trend of HMA
temperature, whereby they decreased from the test performed inJi@y (8 the test performed

in October (7°C).As mentioned previously, the CS andag&h sections outperformed the
polystyrene sections by exhibiting smaller maximueiflattions. When the average value of
maximum deflections of each section observed during thefreeraethaw season compared to

the average maximum deflections of the CS, the-BOIlyad a 22.3 percent higher maximum
deflection than the CS, followed byetiPoly5 with 16.6 percent and &hwith 4.2 percent.

4.45. Effective Modulus of Pavement

TheO of each section was calculated using AASHTO (1993). According to this method, subgrade
modulus could be calculated using Equatieix

8

0 Equatior4-2

Where0 is the resilient modulus of the subgradrejs the target loadQ is the normalized
deflection under loa® at distance, andr is the distance of the selected geophone from the load
plate. Based on the AASHTO method, to baziculate the subgrade modulus, the selected
deflection requires a sufficient distance from the centre of the load to ensure tfealoatkted

modulus is not affected by the structural capacity of other pavemens.|&grcomplying with
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this criterion, the selected deflection location is comparewo & , which can be calculated

for all the sections using EquatidB.

@ @ o — Equationd-3
Location of Geophon sensors Location of Geophon sensors
0 300 600 900 1200 1500 1800 O 300 600 900 1200 1500 180C
O 1 1 1 1 1 1 1 1 1 1
_ ) O
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o - ]
5 A 5
€ 100 S
=
2150 s
2 /
o X
g 21
250 /{/
300
(a) (b)
Location of Geophon sensors
0 300 600 900 1200 1500 1800
0 1 1 1 1 1 |
50 '.14]9] #=CS
S : —4- B.Ash
Q ,
E ==
s T == Poly-10
= 200
(8}
@
© 250 —C= Poly-5
&)
300

()

Figure4-10: Deflection basin of FWD testing on top of the HMA layer on: (a) July 17, 2014
(b) September 5, 2014 and (c) October 17, 2014

Where® is the radius of stress bulb at the subgrade/paveiminface a is the load plate radius,

andD is the total thickness of pavement layers above the subgrade, comprising the total thickness
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of HMA and GBC The deflection observed at the sensor located 1800 mm from the load point

application (D9) meets the aforementioned requirement for all the tesadl #mel sections.

Table4-3 presents the average D9 of each section. The values of D9 varied between 38.2 micron
for the CS and 39.4 micron for theaBhsection. Considering all the sections, the average value

of deflection of the sensor located at 180 was 38.0 microns and the Coefficient of Variation
(COV) was 3.9 percent. Since the deflection of different sections is similar, the caldulated
values are also similar. The average begkulated) value of each section is presented in Table

4-3. The averags value of all sections was 142.7 MPa with a COV value of 4.0 peitaeble

4-3 indicates that the difference in deflections of the furthest sensor cresiteaa variation in

the subgrade modulus of each sectibime obtained) for each section was then applied in the
AASHTO method (Equatiod-4) to calculate th® .

] il

Equation 44

Table 4-3 shows the average results of baekculatedO for all the sections. Since was
approximately the same for all sections (COV is equal to 4.0 peréeny,an indicator of how

the insulation layer affects the structural capacity of the section. Similar to maximum deflection
results, the CS opérformed other sections by showing a gre@tefThe Bash Poly-5 and Poly

10 sections exhibited 5.5, 18.5, and 27.4 percent |@vefalues, respectively, compared to the

CS. The average value @ is equal to 1,207 MPa with COV equal to 14.3 percent.

Table 43: Deflection of the sensor located at1800 mmand Ep

Section Dg (micron) M: (MPa) Ep (MPa)
Cs 36.9 146.9 1,498
B.ash 40.9 132.6 1,458
Poly-10 35.9 150.8 1,225
Poly-5 38.1 142.1 1,340
Average 37.9 143.1 1,380
COV (%) 5.5 5.5 8.9
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Figure4-11: Maximum deflection (d0) projected during the test on October 17, 2014
4.4.6. Structural Number of Pavement

The total effect of different | ayerso modul i
sections. SN is an indicator of the total effective pavement thickness. It is possible to obtain the

effective structural number of the pavemeéit  , based on baekalculatedO , using Equation

4-5 suggested by AASHTO (1993).
YO T8t T i0u O Equation4-5

Figure4-11 shows that the average SN of the C&sBand Poly5 varied between 6.5 drv.2,

which can be considered a wide range. TdbBindicates that the values of the sections are
almost similar; therefore, SN could be an indicator that using a polystyrene layer may effectively
reduce the total structural capacity of the pavemdsing polystyrene changed the SN of Poly

10 and Poly5 by 10.5% and 6.9 percent, respectively. While, using bottom ash as an insulation
layer changed the structural capacity in terms of SN by less than two percent. However, this
research only investigadl the norfreezethaw season, and further investigation into the effect of
the insulation layer on overall pavement performance, especially during the recovering period, is

within the future scope of this project.
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Figure4-12: Structural Number (SN) ddll sections.

4.5.SUMMARY AND CONCLUSI ONS

With the exception ofthe Paly s ecti on that was not instrumen:
test road were instrumented using TDR and thermistors to capture temperature and moisture
changes within differedayers of the pavement through one year of monitoring from October 2013

until October 2014. Evaluating the temperature data fromJuligluntil November 2014 indicated

that all the sections were free of the freeze and/or thaw effect in this duratiorefoféethree

FWD test results conducted during July, September and October 2014 were applied to evaluate

the structural capacity of insulated sections in comparison to a conventional section. Observations

resulting from this study are summarized as follows

1. Evaluating the temperature data of the CS indicated that the subgrade layer started freezing
from November 26, 2013, until April 4, 2014 (129 days).

2. Based on the moisture data of the CS, the recovering period lasted from April 4, 2014, until
July 16, 14 (103 days).

3. The nonfreezethaw season starts in mildily, when the subgrade is completely recovered

from thaw effect, and lasts until the beginning of next winter. Considering November as

44|Page



the beginning of winter (based on the temperature data oém2l3), the noiffreeze
thaw period will last for about 133 days, which is about one third of a year.

4. The observed period of the nfneezethaw season is longer than 120 days, which is longer
than the considered period in MEPDG.

5. Monitoring the temperate data during October 2014 indicated that the temperature
distribution within the section depths is influenced by insulated layers. The variation of
temperature directly underneath the insulation layer of the-BRblgection was about
2.9°C, while this vlue underneath the GBC layer of theg&hand CS was about 20.9 and
24.9°C.

6. Although previous study (Tavafzadeh et al. 2014) indicated thatolyutperformed
other sections as an insulation layer, the pavement section constructed wit0Poly
showed tle weakest structural capacity of all the sections during thefreemethaw
season. The main reason is that polystyrene board is a soft layer, which decreased the load
bearing capacity of the pavement. This section had approxim2®elyercent higher
deflection and 27 percent smal@r than the CS.

7. The Poly5 section exhibitedpproximately 16.6 percent higher deflection and 18.5 percent
smallerO than the CS.

8. The Bashsection had the closest similarity in performance to the CS, as the maximum
obseved deflection was only 4.2 percent higher than the CSO'he this section was
approximately 5.5 percent lower than the CS.

Using insulation layers decreased the SN afsB.Poly-10 and Poly5 by less than two percent,
10.5% and 6.9 percent, respieely.

Based on the above observations, it can be concluded that although the polystyrene layers
effectively reduced frost depth and protected the subgrade soil, they also lowered structural
capacity during noffreezethaw season, which is almost ohed of a year. The section containing

the bottom ash layer performed almost the same as the conventional section.
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5. THE EFFECT OF SEASONAL VARIATION ON LOAD BEARING
CAPACITY OF PAVEMENT S COMPRISED OF INSULATION LAYERS

This section has begoublishedas N. Tavafzadeh, L. Hashemi an an
Seasonal Variation on Load Bearing Capacity ¢

Transportation Research Rec@@L6.

5.1.ABSTRACT
Seasonal variation in the subgrade resilient modulus is likely caused by external factors such as
precipitation andreezet haw cycl es. One of the strategies

on the subgrade modulus is using insulation layers to prevent frost penetration.

This study investigates the effects of using insulation layers on pavement performandeliy the
instrumented Integrated Road Research Facility (IRRF) in Edmonton, Alberta, Canada. Three
insulated sections of the test road were comprised of bottom ash (100 cm) and polystyrene boards
of two different thicknesses (5 and 10 cm), while the adjam®ntentional section was considered

the control section (CS). The resilient modulus and the effective modulus of pavement were back
calculated using the data obtained from Falling Weight Deflectometer (FWD) testing conducted
at the test road during a opear monitoring period from July 2014 to July 2015. Temperature and
moisture probes, installed across the depth of sections, were used to determine the frozen, thawed

or recovering condition of the pavement.

The study results revealed that polystyrenerd®arotected subgrade soil from freezing and
thawing effects. The minimunatio of thebackcalculated subgrade modulaeach test to the
resilient modulus of the test performed in September was 0.94 in the bottomasdh ¢B8ction,

while the ratio othe CS could decrease to 0.88 in the recovering period.

Comparison of the load bearing capacity of insulated sections and the control section indicated
that, unlike bottom ash, polystyrene boards significantly decreased the load bearing capacity of the

pavement.

Key words: Insulation Layer, Recovering Period, Resilient Modulus, Effective Modulus of
Pavement, BottomAsh, Polystyrene.
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5.2.INTRODUCTION
External factors such as solar radiation, ambient temperature, precipitation and water table
variations may directly or indirectly affect the modulus of pavement layers. This variation
influences pavement performance by causing cracks and further déi@mioPavement in cold
regions often suffers from severe low temperatures in winter and multiple -treezecycles.
During winter, when frost reaches the unbound layers, the asphalt modulus can increase to
13.8~20.7 GPa or mo(®EPDG, 2004) At the samdime, the water in unbound layers freezes,
which leads to an increase in resilient modulus of about 20 to 120 times more than that of a normal
or nonfreezethaw condition. When the ambient temperature gradually increases in spring, the
resilient modulus basphalt layer may decrease to about 700 MPa. Meanwhile, the melted water
in unbound layers creates pore water pressure that reduces the load bearing (AR&ENX,
2004) The ratio of subgrade resilient modulus during spring to the value of that araln
condition may vary depending on t hePawmoant type
Design Manualkuggests a ratio between 0.625 and 0&Vberta Transportation and Utilities
1997) However, the investigation conducted by Hein et aDmtario showed the ratio may drop
to 0.20 for clay and siltglay (Hein and Jung, 1994 study conducted at the University of
Waterl oobs Centre for Pavement and Transport a
ratio as low as 0.51 to 0.TBgpik and Tighe,2005) and the collected data and the baalculated
modulus of FWD road testing conducted during the spring thaw period in Sweden showed a 63%
reduction in subgrade and a 48% reduction in granular base layer compieéutty recovered

condtions (Salourand Erlingsson, 2013)

Because of the combination of low HMA resilient modulus and low bearing capacity of unbound
layers during spring, the pavement undergoes a considerably higher deflection than during the non
freezethaw conditionBecause of the high moisture content in the subgrade, presence of a frost
susceptible subgrade soil underneath the pavement increases the risk of frost heave formation
during winter and drastically reducesmat bearing capacity in sprifigGarlos and Zapata2011)

which also accelerates the rate of pavement deterioration. A survey conducted in Quebec
throughout the 1990s revealed that 10 to 20 percent of the 30,000 kilometre provincial road
network endured various damages induced by f{0ete et. al. 19%). The estimated cost of

repairing t h erelaed damagesneikoluding fndirecs eixpenses such as spring load
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ban, exceeded 100 million CAD¢reet. al. 1995)Another study, conducted in Quebec in 1995,
showed that the relative damage ocatirdeiring recoveringhawing season might be 1.5 to 3

times more thathe average annual lo@wduced damagést-Laurent and Royl995)

One of the strategies for minimizing the seasonal effects on subgrade is using insulation layers to
protect the frossusceptible subgrade from being influenced by prolonged winter. An insulation
layer controls the heat transfer between the ambient air and pavement layers underneath, which
also delays thawing and/or freeziffthi et al. 2005)Polystyrene is one of the conaminsulation
materials proved to be beneficial in decreasing the frost depth and minimizing the settlement. For
instance, observations at the University of Alberta test road showed a minimum 40 percent
decrease in frost depth in a 10 Extruded polystynee section when congred to an uninsulated
roadway Tavafzadehet al. 2014) Additionally, another roadway near Chitina, Alaska,
constructed with a 10 cm polystyrene layer, exhilsitedttiement 11 times lower than the
conventional sectio(Esch,1972).Bottom ash, which is a waste material from the incineration of
coal in power plantss one of the materials recently introduced as an insulation layer. Mainly
composed of silica, alumina, and iron, bottom ash is-prbgluct of coal combustion when burnt

in the boiler furnace of an electric power plant. A project in Helsinki, Finland, showed a 40 to 60
percent decrease of frost depth in a roadway constructed with bottom ash insulated sections
compared to traditional gravel sections during a tyesg monibring period(Havukanen1983)
Furthermore, two different studies conducted in Edmonton, Alberta, Canada, (2001 and 2014)
illustrated that bottom ash was able to keep frost from penetrating into the subgrade, and the frost
depth wasiinited to the bottonash laye(Tavafzadelet al. 2014)and(Field et al. 2011

Preventing frost from penetrating into frestsceptible subgrade soil leads to a stable optimum
modulus subgrade during the year, including spring season. However, incorporating a soft
insulation layer into pavement structure may cause a loss of structural capacity, which must be

considered in pavement design (Doré and Zukiz@®9)

The main objective of the following study is to investigate and quantify (1) the effect of using
insulaton layers such as polystyrene board and bottom ash on subgrade modulus variation, and
(2) pavement structural capacity in different seasons. For this reason, Falling Weight
Deflectometer (FWD) tests were conducted in different mooththe Integrated Rodglesearch

Facility (IRRF) test roadUsing the FWD measurements, the resilient modulus of the subgrade
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layer and the effective modulus of pavement were-gattulated and compared with the adjacent
normal section. The temperature and moisture collected #mbedded environmental probes

were used to justify the result and establish the fré®a® conditions of pavement.

5.3.TEST ROAD DESIGN AND INSTRUMENTATION
The construction of the I RRF6s test roamd facil
May 2012 and was completed in August 2(B&sed on the data collected from weigkhmotion
(WIM) systems during the spring of 2016, the road carries about 2,000 vehicles per lane each day
to the Edmonton Waste Management Centre (EWMC). Road paveomsngts of a 25 cm dense
graded hot mix asphalt (HMA) on top of a 45 cm Granular Base Course (GBC). As illustrated in
Figure5-1, the insulated layers are located between the subgrade and the GBC layer. The 100 cm
thick bottom ash layer (Bsh) and twopolystyrenelayers with 10 and 5 cm thicknesses (Pbly
and Poly5) were used as insulation layers. The adjacent conventional section served as a control
section (CS).

I n accordance with the City of-1dsphatcandteomxps spe
this study used two types of derggaded HMA mixes with a maximum nominal aggregate size

of 12.5 and 25 m based on Marshall Mix desigiR¢adway Design Standard Construction
Specifications2012) The GBC layer, classified as W&lraded Grave(GW) based on the

Unified Soil Classification System (USCS), was comprised of crushed aggregate with a maximum
particle &ze of 19 mm ASTM Standard C1366, 2006) Sieve analysis of the subgrade soil
classified it as Clayey Sand (SC) with a maximum plarsze of 0.5 mm. Approximately 27 and

21 percent weight of the subgrade soil passed through sieves 0.075 mm and 0.02 mm, respectively.
Subgrade soil has a liquid limit of 25 and a plastic index (PI) of 9 percent. Based on

recommendationghe segregatiopotential of the subgrade soil is calculated to be more than
CMMP T —— (Rieke and Mageaul983), which is considerednoderatefrost-susceptible
subgrade according t o(Sdralainere Seppo.n(1®I6H s cat egori z
Bottom ash was free ofilge lumps and impurities with a maximum particle size of about 5 mm.

The amount of nolcombusted coal particles was less than five percent of the material by weight.

The optimum moisture content of bottom ash material is about 35 percent. The bottayeash |

was wrapped in geotextile to avoid mixing with natural soil. This project used atedied
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Styrofoam Highload 100 extruded polystyrene boards, which have a compressive strength of 690

kPa and a minimum flexural strength of 585 kPa based on the maruface r 6 s dat a s hee

Figure 51: Crosssections and depths of thermistors and moisture probes

To investigate freezing, thawing and recovery condition of the pavement, all of the sections, except
for the Poly5 section, were instrumented usib@9AM-L themistors and CS650 Time Domain
Reflectometers (TDRs) from Campbell Scientific Canada at different depths of the pavement. The
sensors in the CS are located as deep as the maximum anticipated frost depth. In insulated sections,
the probes are installed deep@.5 m) to monitor the depth with approximate constant
temperature. The TDR probes are able to collect both unfrozen volumetric water content (UVWC)
and temperature data. The moisture data collected from the TDRs was corrected based on the

formula obtaied during the laboratory calibration. Figusel shows the location and type of

52|Page









































































































































































































































































































