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ABSTRACT 

Pavements in cold regions are prone to frost damages during winter as a result of prolong sever 

below zero temperature. Frost heave can negatively affect the performance and ride quality of the 

road. At the end of the 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 structural integrity of the pavement. Reducing the depth of frost penetration into the 

pavement structure can enable design engineers to decrease the thickness of the base/subbase 

layers; hence, reduce the use of natural aggregate and advance towards a more economical and 

sustainable design. Insulating the pavement foundation is one strategy to reduce heat loss from the 

pavement structure and maintain pavement subgrade temperatures above freezing during the 

winter months.  

While the number of test roads that are designed and constructed for in-situ measurement and 

evaluation of pavement performance are limited, there is a lack of knowledge on the effect of using 

new and recycled material on pavement. This research is designed to conduct a state-of-the-art 

investigation on the effect of using waste/recycled materials for insulation. As part of the research, 

controlled tests were performed at the full -scale test road of University of Albertaôs Integrated 

Road Research Facility (IRRF), located in Edmonton, Alberta, Canada. The IRRF test road has 

three monitoring sections with insulation made of bottom ash (100 cm) and two different 

thicknesses of polystyrene boards (5 cm and 10 cm), and a control section (CS) with no insulation. 

The sections are fully instrumented across the depths of the pavement.  

In this research, the effects of using insulation layers on the thermal regime of the pavement is 

investigated and the effectiveness of each insulation layer is quantified. The thermal and moisture 

regime of the pavement structure over time are used to divide a year into freezing, thawing and 

non-freeze- thaw periods. The thermal and moisture variation in different seasons can affect the 

loading characteristics of the pavement layers over time. In an attempt to quantify the impact of 

seasonal changes (fluctuation of different layers modulus) on the overall strength of the pavement, 

Falling Weight Deflectometer (FWD) tests were carried out on the IRRF test road and the results 

are compared with the temperature and moisture regime in the pavement.  
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The time history data collected from field FWD tests is used to identify the characteristic response 

of different sections. The structural behavior of each section is evaluated and the long term 

performance of each section is quantified in terms of fatigue cracking occurrence on the pavement 

using the elasto-plastic and stress-strain theories.  

To investigate the cost effectiveness of using insulation materials, the capital construction cost of 

the insulated roads, along with substituting the subgrade material with high quality granular base 

course (GBC) material is calculated. Recommendations are provided for optimum thickness of 

insulation material based on the distance and frost depth of the road from the location of the 

insulation material sources  

An essential part of this research is the creation of a finite element model for a better prediction of 

temperature changes in the insulated pavement system.  The model has been calibrated using field 

data collected in this research. In order to develop a predictive model, it is necessary to incorporate 

laboratory test results on material characteristics in different well-controlled environmental 

conditions. The model is constructed in the Geo-Studio software.  

Based on this research, it can be concluded that, bottom ash as a waste material can be used as an 

insulation layer in road construction. Bottom Ah, can effectively decease the frost penetration, 

while it provides a favorable load bearing capacity and pavement performance during the critical 

thaw weakening season.  

https://www.sciencedirect.com/science/article/pii/0020768377900737
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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 

applying a computational model to incorporate the external environmental 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, 2008).  Environmental conditions such 

as precipitation, variation in ambient 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 stress (Krahn and Fredlund, 1972), has a 

significant effect on the resilient modulus, stability and permanent deformation (Carlos et al., 

2011). Damage due to freezing occurs when frost penetrates the subgrade soil, increases matric 

suction in the freezing zone. Then, water moves toward the freezing front and ice lenses form. 

Ice 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). Frost heave 

can negatively affect the performance and ride quality of the road. When thawing occurs in the 

following spring, ice lenses melt, causing an increase in water content of subgrade soil, 

which cannot be discharges out of the pavement system rapidly. Consequently, the 

strength of the subgrade soil decreases, leading to structural damage, differential settlements and 

damage to the pavement structure when exposed to heavy traffic loads (Dore and Zubeck, 2009). 

These issues become critical for roads in cold regions where increased freeze-thaw cycles are 

expected in the future as a result of climate change. Frost heave and associated thaw-weakening in 

subgrade soils and unbound pavement materials are complex engineering problems that have been 

studied for several years (Qi et al., 2008).  

One strategy for minimizing seasonal effects on subgrade is using insulation layers to protect frost-

susceptible subgrade from being influenced by frost. An insulation layer controls the heat 

transfer between the ambient air and the pavement layers and delays thawing and/or freezing 

(Yang et al., 2005). The insulation layers minimize the seasonal fluctuation in resilient modulus 

of subgrade by reducing the frost penetration. They also decrease the risk of thaw weakening 
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during early spring. If the insulation layers provide an adequate load bearing capacity for the 

pavement and do not create and decrease the risk of moisture accumulation in the system, using 

them will result in reducing the depth of frost penetration into the pavement structure. Limiting 

the frost depth in pavements enables design engineers to moderate the base/subbase layersô 

thicknesses. Decreasing the thickness of structural layers, which are comprise of high quality 

crushed aggregate, leads to limit ing the depletion of natural aggregate resources and results in 

more economical and sustainable design strategies. The minimum required thickness of insulation 

material is controlled by the thermal properties of the all pavements layers and the climate (Dore 

and Zubeck, 2009). In an attempt for construction of a more sustainable and environmental 

friendly road, waste/recycle material has been introduced to be used as insulation layer in cold 

region.   

Since the 1990s, several materials were introduced and evaluated as insulation layers, including 

sawdust, tire chips, and plastic (Dore et al 1995). Polystyrene boards are one of the most well-

known insulation materials that have had a long history of application since 1965 (Myhre 1994). 

Some recycled materials have recently been introduced as thermal resistive layers. These materials 

can be a sustainable and cost-effective option while still providing the same benefits as 

conventional insulation layers. 

The main objective of this dissertation is to investigate effect of using insulation material on 

thermal and mechanical performance of the pavement. Chapters of this research is devided as 

follow:  

× Investigation thermal performance of insulation layers 

The first step of the research was to investigate the thermal performance of the insulation layers 

using the field data. At chapter 3, the temperature within depth of a test road is monitored to explore 

the effect of using insulation material in temperature distribution and frost depth of insulated 

pavement and to compare those values with the conventional pavements.   

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

of pavement  

This section of the study is focused on improving our understanding of environmental interaction 

with pavement systems to better predict the changes in pavement performance over time. Effect 
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of using insulation layer on overall structural capacity of the pavement, also its influence on the 

seasonal variation of the subgrade modulus were investigated in chapter 4 and 5. The goal is 

achieved via using FWD data and investigating the moisture and temperature data collected from 

the test road. 

× Investigate the long-term performance of using insulation material in terms of risk of 

fatigue cracking occurrence on the pavement 

At this stage of research FWD time history data was used to evaluate and compare effect of using 

insulation layers on viscoelastic behavior along with estimation of 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.   

× 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 advantages, it 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. In this way, optimizing the thickness of 

insulation layers to maximize their benefits and minimize the disadvantages is vital. This goal is 

fulfilled in Chapter 7 via investigated the cost effectiveness of using insulation layer by optimizing 

the thickness based on thermal and structural performance 

× Perform simulations of moisture and temperature variations for the different sections of 

IRRF test road with the EICM and Geo-Studio modeling software (TEMP/W and 

VADOSE/W moduli). 

Providing a predictive model to accurately simulate the temperature and moisture distribution 

within depth of 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 suggested by (Oosterbaan and 

Leonards, 1965) and the first full-scale field test road using insulation material was built in Iowa, 

Michigan, and Minnesota. Then, for the first time, frost penetration depths beneath small concrete 

slabs, which included an insulating layer of cellular glass, were measured at a test road in Winnipeg 

(Young, 1965). The next generation of insulation layers were plastic foam boards, which were 

verified to be effective in both decreasing the frost depth and extenuating the induced heave (Dore 

and Zubeck, 2009). During one year data monitoring, elevation measurements conducted at Wolf 

Creek Pass in Colorado indicated that a 5-cm Extruded polystyrene layer section experienced 14 

cm less frost heave compared to the previous winter when no insulation layer was used (Eaton et 

al., 1994). In 1972, a roadway near Chitina, Alaska was built with 5 cm and 10 cm Extruded 

polystyrene layers to prevent settlement (Esch, 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 greater 

than the 5 cm Extruded polystyrene section and 11 times greater than the 10 cm Extruded 

polystyrene section (Esch, 1972). Insulating a test road section in Alaska showed that 5-cm and 

10-cm thick polystyrene insulation layers could noticeably reduce the thaw depth from 61 cm to 

20 and 10 cm, respectively. Additionally, settlement data collected during the Alaskan study from 

July 1971 through September 1972 presented up to 9 cm less settlement in the insulated sections 

when compared to the normal sections (Esch, 1972). Gandahl investigated the frost resistance 

performance of the polystyrene boards in insulated sections of a road and showed that the water 

content of the underlying layers as well as the thickness and thermal property of the polystyrene 

considerably influence the pavement frost related damage protection. Longitudinal frost heave 

measurements collected from a test road in north Sweden indicated less heave in the insulated 

sections compared to the non-insulated sections (Gadahl, 1982). Results from a recent case study 

performed in Edmonton, Alberta showed the impact of a 5-cm thick Extruded polystyrene 

Highload 40 extruded polystyrene insulation board in reducing frost penetration into the subgrade 

by 40 percent compared to the non-insulated section. Field measurements of the frost lineôs 



   

 

6 | P a g e 

 

advancement over time agreed with geothermal modeling predictions (Tatarniuk and Lewycky, 

2011). 

Several researchers have evaluated and compared the performance of different recycled thermal 

resistant materials as insulation layers. Bottom ash, which is a byproduct of coal combustion when 

burnt in the boiler furnace of electric power plants, has recently been introduced as an insulation 

material in pavement applications. Bottom ash is mainly composed of silica, alumina, and iron and 

is utilized in highway construction, primarily in cold-mixed asphalt, embankments, and base 

courses. In 2012, approximately 52 percent of Albertaôs power was generated via burning coal. In 

addition to this, approximately 650,000 m3 of bottom ash and fly ash are produced annually 

through the provinceôs power generation process (Alberta Recycling, 2013). Albertaôs rate of ash 

production is high enough to raise concerns that insufficient disposal space will be available in ash 

lagoons by 2015. The use of bottom ash in road embankments to mitigate frost damage is a new 

concept (Alberta Recycling, 2013). Few studies have investigated the ability of bottom ash mixed 

with the subgrade and base materials in limiting frost depth. A study conducted in the City of 

Helsinki, Finland over the course of three winters revealed that frost depth in bottom ash sections 

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 hardening (Havulianen, 1987). Huang 

(1990) showed that mechanically- and chemically-stabilized bottom ash can be considered a high-

quality base material for highway applications. Experimental results concluded that most bottom 

ashes met several performance criteria, such as physical appearance, gradation, and soundness, 

which make them suitable for pavement construction (Huang 1990). The application of bottom ash 

on top of saturated silt could effectively mitigate frost heave and transverse cracking in western 

Canada. In a study conducted by Nixon and Lewycky (2011) in Edmonton, Alberta, pavement 

sections comprising a 500-mm gravel base course and a 1100-mm bottom ash insulation layer 

showed a maximum frost depth of 1.5 m, with no frost reaching the underlying silt layer, while it 

was predicted that the frost would reach up to 2.4 m below the surface in the conventional section 

(Nixon and Lewycky, 2011). 

While using the insulation layers in pavement has a long history of application, incorporating their 

effects in pavement design is still unexplored. Over time, many different methods were developed 

to integrate the effect of environmental factors on pavement. Recently, the pavement design 
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methods have evolved from AASHTO 1993 design guide, which is a pure empirical approach, to 

advanced mechanistic design procedures, Mechanistic-Empirical Design Guide (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 structure brought by changes in ambient temperature, ground 

water table, precipitation/infiltration, freeze-thaw 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., 2007). The EICM is a one-dimensional 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 operation (MEPDG 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 pavement-soil system. The program 

calculates the temperature, suction and pore pressure 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 behavior (Birgisson et al., 2000).  

The direct measurement of the moisture and temperature profiles in pavement via pavement 

instrumentation can be very beneficial to the development and verification of the EICM in the case 

of using different insulation materials and under different environmental conditions. However, it 

should be noted that there is no model defined until now to properly account for the existance of 

an insulation layer. The comparison of the field data and EICM results indicates that the EICM 

provides acceptable predictions of temperature profiles in pavement systems [(Ahmed 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 et al. 2006)]. 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 during spring.  
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3. INVESTIGATION THERMA L PERFORMANCE OF INS ULATION 

LAYERS 

This section has been published as N.Tavafzadeh, S.Nassiri, M.H.Shafie and A.Bayat, ñUsing 

Field Data to Evaluate Bottom Ash as Pavement Insulation Layer,ò Transportation Research 

Record: Journal of the Transportation Research Board 2433 (2014): 39-47 

3.1. ABSTRACT  

A common problem in cold regions is the penetration of frost into susceptible subgrade soils. This 

study investigates the application of bottom ash in comparison to polystyrene extruded polystyrene  

boards as an insulation layer at a test road in Edmonton, Alberta. 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 

were analyzed 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 trends. R-values were established at 0.13, 0.50, 

1.4 and 14.3 m2.°C/W for the Asphalt Concrete, Gravel Base Course, bottom ash and polystyrene 

Board, respectively.  

The base layer in the polystyrene section experienced higher temperatures in the summer and lower 

temperatures in the winter in relation to the bottom ash and Control Sections. Based on temperature 

measurements at depths 1.61 to 3.27 m, the subgrade in the polystyrene section showed the lowest 

variation in temperature with respect to time and depth, followed by the bottom ash and then the 

Control Section. This behavior indicates that the insulation layers obstructed the heat transfer 

between the surface and the lower layers. The use of polystyrene boards and bottom ash as 

insulation materials decreased the frost depth 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 a result of severe 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 the subgrade 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 layersô thicknesses; hence, limit the depletion of natural aggregate resources and 

advance towards more economical and sustainable design strategies. Insulating the pavement 

foundation is one strategy to alleviate heat loss from the pavement structure and maintain 

pavement subgrade temperatures above freezing during the winter months (Doré and Zubeck, 

2009).  

Several researchers have evaluated and compared the performance of different economical and 

recycled thermal resistant materials as insulation layers. Bottom ash, one material that can be used 

as an insulating layer, is a byproduct of coal combustion when burnt in the boiler furnace of electric 

power plants. Bottom ash is mainly composed of silica, alumina, and iron, and is utilized in 

highway construction primarily in cold-mixed asphalt, embankments, and base courses. Few 

studies have investigated the ability of bottom ash in the subgrade and base material in limiting 

frost depth. A study conducted in the City of Helsinki, Finland over the course of three winters 

revealed that frost depth in bottom ash sections 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 hardening (Havukainen, 1987). Huang (1990) showed that mechanically- and 

chemically-stabilized bottom ash can be considered a high-quality base material for highway 

applications. Based on experimental results, it was concluded that most bottom ashes met several 

performance criteria, such as physical appearance, gradation, and soundness, which make them 

suitable for pavement construction. The application of bottom ash on top of saturated silt could 

effectively mitigate frost heave and transverse cracking in western Canada. In a study conducted 

by Nixon and Lewycky (2001) in Edmonton, Alberta pavement sections comprising a 500-mm 

gravel base course and a 1100-mm bottom ash insulation layer showed a maximum frost depth of 

1.5 m, with no frost reaching 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 cm Extruded polystyrene insulation layer can reduce frost heave. Elevation measurements 

conducted at Wolf Creek Pass in Colorado indicated that Extruded polystyrene sections 

experienced 14 cm less frost heave compared to the previous winter when no insulation layer was 

used (Eaton et al., 1994). Insulating a test road section in Alaska showed that 5-cm and 10-cm 

thick Extruded polystyrene insulation 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 September 1972 presented up to 9 cm less settlement in the insulated sections when 

compared to the normal sections (Esch, 1972). Gandahl (1982) investigated the frost resistance 

capacity of the polystyrene insulated sections and showed that the water content of the underlying 

layers , as well as the thickness and thermal conductivity of the polystyrene, play a significant role 

in the frost resistance capacity of the insulation layer. Longitudinal frost heave measurements 

collected from a test road in north Sweden indicated less heave in the insulated sections compared 

to the non-insulated sections (Gandahl, 1982). Results from a recent case study performed in 

Edmonton, Alberta showed the impact of a 5-cm thick Extruded polystyrene Highload 40 extruded 

polystyrene insulation board in reducing frost penetration into the subgrade by 40 percent 

compared to the non-insulated section. Field measurements of the frost lineôs advancement over 

time agreed with geothermal modeling predictions (Tatarniuk and Lewycky, 2011). 

Edmonton is located in freeze-dry climatic conditions, where the average freezing index based on 

30 years of historic weather data is 1365°C.days (Environment Canada, 2013). Freezing index is 

the accumulation of daily average temperate of below 0°C (Steurer, 1989). 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 few projects in Alberta. This study investigates the field 

performance of bottom ash as an insulation layer at the University of Albertaôs Integrated Road 

Research Facility (IRRF)ôs test road in Edmonton. Bottom ash is an industry byproduct readily 

available in Alberta in comparison to the costly polystyrene boards that are commonly used as 

insulation layers. For this project, both bottom and ash polystyrene boards were used as insulation 

layers beneath the base course of the test road. The effectiveness of the bottom ash layer in 
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protecting the subgrade from freezing and thawing was compared to an adjacent, non-insulated 

Control Section and the polystyrene section. The three test sections were instrumented with 

thermistors and Time Domain Reflectometers (TDR) at various 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 (recovery) 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 IRRFôs test road facility is a new access to the Edmonton Waste Management Center 

(EWMC), located on the eastern edge of Edmonton, approximately 15 km from downtown.  

Construction of the IRRFôs test road started in May 2012, with Stage 1 paving completed in August 

2012. The test road comprises two lanes, and is approximately 500 m long. Based on the data 

collected from weigh-in-motion (WIM) systems during the spring of 2016, the road carries about 

2,000 vehicles per lane each day. During the monitoring period for this study, the pavement 

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 immediately underneath the GBC. Figure 3-1 shows pictures of the 

placement of the bottom ash layer and the polystyrene boards.  

Figure 3-2 illustrate a schematic plan view of the test sections. To facilitate a smooth transition 

from the untreated ground to the polystyrene section and to avoid deferential icing, a 20-m long 

section was constructed from Stationing 130+340 to +360, where a thin (50-mm) layer of 

polystyrene board was placed under the GBC. The adjacent section comprises a 100-mm layer of 

polystyrene boards, starting at Stationing 130+340 and ending at 130+320. This section is followed 

by bottom ash section, which stretches from Stationing 130+320 to +300 and includes a 1000-mm 

layer of bottom ash. As illustrated in Figure 3-2, the insulation layers extend 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+250 to serve as the Control Section. 
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Figure 3-1: Placement of the (left) Bottom ash and polystyrene boards (right) 

  

Figure 3-2: Plan view 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 materials are provided in Table 3-1, k is thermal 

conductivity: ñThermal conductivity represents the capacity of a material to transport heat by 

conductionò (Dore and Zubeck, 2009). Cp is heat capacity: ñrepresents the ability of soils or 

materials to accumulate heatò (Dore and Zubeck, 2009). R isthermal resistivity (R-value = D/k), 

where D is the layer thickness The R-value for the 160-mm HMA layer was established as 0.13 

m2.°C/W.  
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Sieve analysis in accordance with ASTM C 136-06 (2006) revealed that the subgrade soil and the 

base material were Clayey Sand (SC) and Well-Graded Gravel (GW) based on the Unified Soil 

Classification System (USCS). Figure 3-3 shows the particle distribution for the subgrade and base 

materials. The R-value of the 450-mm GBC was calculated as 0.50 m2.°C/W, based on typical k 

for this material. 

Table 3-1: Typical Thermal Properties of the Materials Used in the Study. 

Material  
cp 

(kJ/kg.°C) 

k 

(W/m.°C) 

D 

(mm) 

R-value 

(m2.°C/W) 
Source 

Asphalt concrete 0.92 1.21 160 0.13 

Tompson et al. (1988) GBC 0.71 0.9 450 0.50 

Subgrade soil 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 
Dow Construction 

webpage (2013) 

 

 

Figure 3-3: Grain size distribution for the bottom ash used 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 value available in literature for thermal 

properties of the bottom ash was used. The bottom ash was free of large lumps that could break 
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down under ordinary compaction equipment. Moreover, the bottom ash did not contain impurities, 

such as clay particles, and the amount of non-combusted coal particles was less than 5 percent of 

the material by weight. Also, the natural moisture content of the bottom ash was 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 the bottom ash are provided in Figure 3-4. Typical thermal properties 

for the bottom ash are reported in Table 3-1 and were used to calculate an R-value of 1.43 

m2.°C/W. 

Closed cell Styrofoam Highload 100 extruded polystyrene foam boards produced by Dow 

Chemical Company were used for this study. They have a compressive strength of 690 kPa and a 

minimum flexural strength of 585 kPa and an R-value of 14.29 m2.°C/W based on the 

manufacturerôs data sheet. 

3.5. INSTRUMENTATION AND DATA COLLECTION  

To monitor frost penetration and compare the effectiveness of bottom ash in relation to the 

polystyrene and Control Sections, all three sections were instrumented with 109AM-L thermistors 

and CS650 TDRs from Campbell Scientific Canada. The as-built depth and stationing for the 

instrumentation in each section is presented schematically in Figure 3-4. The spatial location of 

the instrumentation was provided previously in Figure 3-2. The Control Section consists of a total 

of 15 TDRs, which were installed in three groups of five: As illustrated in Figure 3-2, 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 

data measured 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 edge of the shoulder in the southbound 

lane. The total number of thermistors in the bottom ash and polystyrene sections is six (TC-BA 

1~6) and four (TC-Poly 1~4), respectively. As seen in the Figure 3-4, sensors were installed as 

deep as 2.5, 3.3 and 3.2 m in the Control, bottom ash and polystyrene sections, respectively to 

capture moisture and temperature change within depth of the pavement. Installing the sensors at 

those depths required drilling in the exiting ground with an auger (Figure 3-5, left).   
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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 15-minute intervals (Figure 3-2 and Figure 3-5, right). The datalogger was equipped 

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

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

of Alberta from the on-site computer. 

 

Figure 3-4: As-built depth of thermistors and moisture probes  

3.6. ANALYSIS OF DATA  

3.6.1. Temperature Change with Time  

Climatic data was collected from the EWMCôs closest weather station located ~700 m from the 

test road. Maximum and minimum average daily temperatures were -25.6 ęC and 23.2 ęC during 

the monitoring period (October 2012 to July 2013), and the Freezing Index was established at -

1317.5ęC-days.  
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Figure 3-5: Installing the deep sensors using an auger (left); sensorsô lead conveyed to the 

datalogger box in a trench (right) 

Figure 3-6 (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. The as-built depths of the 

sensors, as seen in Figure 3-4, are 0.65, 0.63 and 0.55 m in the Control, bottom ash, and polystyrene 

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. Figure 3-6 (a) illustrates that the base temperature in all of the sections followed the trend 

of ambient temperature. 

A general trend is noted in Figure 3-6 (a) for temperature variation in the base for all of the sections. 

Between October and February, the Control Section had the warmest base, while the polystyrene 

section, with the highest R-value (14.29 m2.°C/W), had the coldest base, followed by the bottom 

ash section, with R-value of 1.43 m2.°C/W. This trend was reversed between April and July, when 

the polystyrene showed the highest temperature records, followed by the bottom ash and then the 

Control Section. Further, the base temperature for the polystyrene section was 32ęC on the hottest 

day (June 30th) of the monitoring period. On January 31st, the base temperature for the polystyrene 

section was the lowest of all sections at -14ęC. The difference between maximum and minimum 

temperatures in the base layer of the polystyrene section was 45.7 °C, while this value was 33 and 

35°C in the bottom ash and Control Section, respectively.  

This phenomenon indicates 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 



   

 

19 | P a g e 

 

temperature was low, the base layer in the insulated sections experienced lower temperatures 

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 insulation layers will be higher compared to the Control 

Section (Doré and Zubeck, 2009). On the other hand, compared to the polystyrene boards, the 

bottom ash layer did not affect the base layerôs temperature. This behaviour can be due to the fact 

that the R-value of the bottom ash layer is 10 times less than the polystyrene layer, also the bottom 

ash layer stretches one meter below the GBC compared to the polystyrene layer. 

  
(a) 

 
(b) 

Figure 3-6: Average daily ambient temperature (a) in the base, (b) in the subgrade 

 

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

approximately 1.6 m below the asphalt surface. The as-built depths of the sensors are 1.61, 1.71 

and 1.76 m in the Control, bottom ash, and polystyrene sections, respectively. 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 January and 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 previously, changes 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 recorded at -9.5, -9.5 and -14.0ęC in the Control, bottom ash, and polystyrene 

sections, respectively. Maximum temperature records in the base for the Control, bottom ash, and 

polystyrene sections were 25.2, 23.5 and 31.7 ęC on June 30th, respectively. Based on temperature 

difference between the lowest and highest records, the polystyrene (45.8ęC) performed more 

effectively than the bottom ash (33.0ęC) as an insulation layer. The Control Sectionôs temperature 

difference was 34.6ęC, which is slightly more than that of the bottom ash. 

The deepest sensors were installed at 2.5, 3.3 and 3.2 m in the Control, bottom ash, and polystyrene 

sections. Comparing the changes in the temperature measured by the deepest sensor for all sections 

indicates that the Control Section showed maximum temperature variation from October 2012 to 

July 2013. This temperature variation is 12ęC for the Control Section; while it is 10 and 4ęC for 

bottom ash and polystyrene sections, respectively. Figure 3-7 (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 distribution is 

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 

sensors in the subgrade of each section by their distance. In the Control Section, the temperature 

gradient in the subgrade varied from -5.1ęC/m on June 30st to 3.9ęC/m on December 15th, while 

this range was -3.7 to 1.6 and -1.2 to 1.2ęC/m in the bottom ash and polystyrene sections, 

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.  

  
(a) 

 
(b)                                                                               (c) 

Figure 3-7: Temperature distribution across the depth at monthly intervals for (a) Control 

Section, (b) bottom ash and (c) Polystyrene sections from mid-October 2012 to end of June 2013 
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The Temperature-change 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 Figure 3-7 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 temperature-change rate at the deepest locations was 0.11, 0.07 and 0.03ęC/day 

for the Control, bottom ash, and polystyrene sections, respectively. This rate reveals how quickly 

the heat transferred from the surface to the subgrade. Therefore, the polystyrene layerôs 

considerably lower rate indicates that it performed better as an insulation layer.  

3.6.3. Frost Depth  

Figure 3-8 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 from mid-November to mid-April (Figure 3-7).  

The subgrade layer in the bottom ash section did not freeze at any depth, and the frost depth was 

limited to 1.7 m, which is within the bottom ash layer. Frost at this depth started in mid-December 

and had fully recovered by mid-April. 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 depths 0.6 and 1.7 m under the polystyrene layer (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 

frost depth can be directly underneath the polystyrene layer 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 and 1.7 m provides the maximum 

possible frost depth of 1.2 m (Figure 3-8).  

The frost depth criteria indicates that the polystyrene layer performed more effectively than the 

bottom ash layer, which decreased the frost depth by 0.5 m in comparison to the Control Section. 
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Figure 3-8: 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 performance of bottom ash and polystyrene boards as insulation layers. Both layers 

were easily placed and compacted (in the case of the bottom ash layer) prior to placement and 

compaction of the granular base layer. Typical thermal properties for the bottom ash were obtained 

from literature to explain the trends in 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 the polystyrene section, whose R-value is 10 times higher than that of the bottom 

ash (14.3 versus 1.4 m2.°C/W). The temperature difference in the base layer of the polystyrene 

section on the hottest and coldest days was approximately 46ęC, while it was 33 and 35ęC in the 

bottom ash and Control Section, implying that the polystyrene layer blocked the heat exchange 

between the base and the underlying layers more effectively than the bottom ash. 

2- The polystyrene and bottom ash sections showed considerably lower average temperature-

change rates in the subgrade, 0.03 and 0.07ęC/day, respectively throughout the monitoring period 

compared to the Control Section, which showed a variation of 0.11ęC/day. This behavior indicates 

that the bottom ash and polystyrene effectively blocked the heat transfer between the environment 

and the pavement under layers.  

0.0

0.5

1.0

1.5

2.0

2.5

Control Section Bottom Ash PolyStyrene

F
ro

s
t 

D
e

p
th

 (
m

)

Maximum 
possible depth 

Minimum 
possible depth 



   

 

24 | P a g e 

 

3- Higher R-value of the polystyrene boards (14.3 versus 1.4 m2.°C/W for the bottom ash) 

resulted in this section outperforming the bottom ash layer as insulation by decreasing the frost 

depth by at least 40 percent in comparison to the Control Section. The bottom ash displayed a 28-

percent reduction in frost depth. The subgrade temperature in the bottom ash and polystyrene 

sections never dropped below zero; however, frost penetrated 1.4 m in the subgrade of the Control 

Section, which remained frozen for four months. 

Based on the above observations one can conclude that bottom ash was effective in reducing frost 

penetration into the subgrade. Over the course of the monitoring period, both test sections 

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 the bottom ash layer and also 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 been published as N.Tavafzadeh, L.Hashemian and A.Bayat, ñThe Effect of 

Insulation Layers on Pavement Strength during Non-Freeze-Thaw Season,ò International Journal 

of Pavement Research and Technology, 19.6 (2018): 543-552. 

4.1. ABSTARCT  

This chapter examines 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, effective modulus and 

structural number of insulated sections were compared to a conventional control section in non-

freeze-thaw season. The durations of pavement freezing, recovering and fully recovered (non-

freeze-thaw) periods were established by monitoring the moisture 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 Layer, Bottom Ash, Polystyrene, Non-Freeze-Thaw, FWD, Structural 

Capacity, Effective Modulus, Structural Number 

4.2. INTRODUCTION:  

Prolonged low temperatures during winter in cold regions can result in the creation of ice lenses 

in frost-susceptible subgrade soils. Ice 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 affect the roadôs 

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 layers during spring thaw, which weakens the 

entire pavement structure. As mentioned in the Mechanistic-Empirical Pavement Design Guide 

(MEPDG) (2004), during the freezing period when the moisture in the soil is frozen, the modulus 

of the subgrade may rise to 13,800 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 ultimately leads 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 

settlement of the pavementôs under-layers during the spring season (Dore and 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 cm Extruded polystyrene layers to prevent 

settlement (Esch 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 greater than the 5 cm Extruded 

polystyrene section and 11 times greater than the 10 cm Extruded polystyrene  section (Esch 1972). 

The 2013 study at the University of Albertaôs Integrated Road Research Facility (IRRF)ôs test road 

in Edmonton, Alberta, Canada, showed that an insulation 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 thermal-resistive layers. These materials 

can be a sustainable and cost-effective 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 as an option for the construction of road 

embankments. In 2012, approximately 52 percent of Albertaôs power was generated via burning 

coal. In addition to this, as mentioned on the Alberta Utility Commission webpage (2014), 

approximately 650,000 m3 of bottom ash and fly ash is produced annually through the provinceôs 

power generation process (Alberta Recycling, 2013). Albertaôs rate of ash production is high 

enough to raise concerns that sufficient disposal space will not be available in ash lagoons by 2015. 

The use 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 gravel sections 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 to the bottom 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 the structural capacity 

of the insulated pavement in comparison to a conventional one during the non-freeze-thaw season, 

is vital. The thickness of insulation layers should be carefully selected since, although increasing 

the thickness provides more thermal advantages, it 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 study is 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 different insulation 

materials were investigated at a test road constructed at the University of Albertaôs IRRF in 

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 (2014), is considered to have freeze-dry 

climatic conditions (Environment Canada 2013). Hence, the road in this area may be affected by 

ground freezing damages. The insulated sections in the IRRFôs test road included bottom ash and 

two different thicknesses of polystyrene board. For the purpose of this project, three different 

periods of freeze, recovery and non-freeze-thaw season based on moisture data collected from the 

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

non- freeze-thaw 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 

Deflectometer (FWD) tests were conducted along the IRRFôs test road to evaluate and compare 

the strength of the different sections. The Effective Modulus of Pavement (Ὁ  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 IRRFôs test road facility was constructed to provide access to the Edmonton Waste 

Management Center (EWMC). Based on the data collected from weigh-in-motion (WIM) systems 

during the spring of 2016, the road carries about 2,000 vehicles per lane each day. It is worth 

mention that at the time of this study, the road was not open to traffic yet. The road itself consists 

of two lanes approximately 500 m in length. Construction of the IRRFôs test road was performed 

in two stages. 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 road. 

Figure 4-1: Plan view of the test sections 

Figure 4-1 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 (CS) are roughly 20 m in length. The insulated sections stretched from Stationing 130+300 

to 130+360, with the first section consisting of bottom ash (B.ash), followed by 10-cm polystyrene 

(Poly-10), and 5-cm polystyrene (Poly-5). 

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 GBC layer consisted 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 subgrade material can be found in 

Table 4-1. 

Table 4-1: Grain size distribution of GBC, bottom ash and subgrade soil used in IRRF project. 

Subgrade Soil GBC B.ash 

Grain Size, 

D (mm) 

Percent 

Finer (%)  

Grain Size, 

D (mm) 

Percent 

Finer (%)  

Grain Size, 

D (mm) 

Percent 

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 32.5 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 impurities. Table 4-1 shows the grain size 

distribution of the bottom ash, which had a maximum particle size of about 5 mm. The amount of 

non-combusted coal particles was less than five percent of the material weight. To maintain the 

natural moisture content of bottom ash at less 35 percent, the compaction of this layer and the 

placement of the GBC were completed on the same day (July 31, 2012). Figure 4-2 (a) illustrates 

how the bottom ash layer was wrapped in geotextile to avoid mixing with natural soil. Figure 4-2 

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

This study used closed-cell Styrofoam Highload 100 extruded polystyrene boards provided by 

Dow Chemical Company. Based on the manufacturerôs data sheet, the polystyrene boards had a 

compressive strength of 690 kPa and a minimum flexural strength of 585 kPa. The thickness of 

the boards was 5 cm; therefore, Poly-10 comprised two layers of polystyrene board while Poly-5 

was constructed using a single layer. Figures 4-3(a) and (b) illustrate how polystyrene boards were 

placed on the subgrade soil before placement and compaction of the granular base layer. The 



   

 

31 | P a g e 

 

subgrade was completely leveled (deviation of less than 10 mm at any place on a 3-m straight 

edge) before placing the polystyrene boards. To facilitate a smooth transition from the untreated 

ground to the Poly-10 section and to avoid deferential icing, the Poly-5 section is located between 

Poly-10 and the rest of the road, which was constructed as a conventional section. 

 

(a)   (b) 

Figure 4-2: (a) wrapping bottom ash in geotextile; (b) Placement of bottom ash in the test 

road 

(b) 

Figure 4-3: (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 

Designation-1 asphalt concrete mix. These mixes incorporated 20 percent Reclaimed Asphalt 
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Pavement (RAP) for the bottom 16-cm layer and 10 percent for the top 9-cm layer. The gradation 

of granular material used in this project is presented in Figure 4-4, and the physical properties of 

both mixes are presented in Table 4-2. 

 
Figure 4-4: Grain size distribution of asphalt granular material used in two different Mixes 

of HMA 

Table 4-2: Physical properties HMA mixes used in the test road  

Property 
Asphalt Physical Properties 

First Lift  Second Lift 

Max. Aggregate size (mm) 25 12.5 

Binder Grade PG 58-28 PG 58-28 

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 (µm) 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-L thermistors and CS650 Time Domain Reflectometers 

(TDRs) from Campbell Scientific Canada. Although TDRs are mainly designed 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. 

Figure 4-5 illustrates the as-built depth of sensors in each section, which are located 0.5 m from 

the inner edge of the roadôs shoulder. The TDRs were installed in the CS as deep as 2.5 m below 

the surface. The location of the deepest thermistors in the B.ash and Poly-10 sections were about 

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

 

 

Figure 4-5: Cross sections and as-built depth of thermistors and moisture probes 

A CR1000 Datalogger from Campbell Scientific Canada was programmed to collect data from the 

sensors at 15-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 

TH: Thermistor  TDR 
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installed at an onsite trailer, where a computer transmitted the data regularly to the University of 

Alberta. 

4.4. EVALUATION OF STRUCT URAL CAPACITY  

4.4.1. Identifying the Non-Freeze-Thaw Period 

The main objective of this study is to investigate the effect of insulation layers on the structural 

capacity of the pavement during a time 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 that includes frozen, thawed and unfrozen (natural) material. MEPDG outlines three 

periods of freezing, recovery and non-freeze-thaw, and the recovery period is defined as the 

required period for the material to recover from the thawed condition to normal, unfrozen condition 

(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 identifying and separating three different 

time periods of frozen, recovering and fully recovered (unfrozen) pavement. To obtain the 

abovementioned periods in the IRRFôs test road, moisture data from TDRs in different depths were 

used. Figure 4-6 shows the moisture and temperature 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 the temperature data in Figure 4-6(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 short period 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 Figure 4-6(a), the recovery period ended by 

May 20, 2014 (46 days).  

Investigating the 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 drained out of the system by July 

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

Figure 4-6(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 during winter and a sharp 

increase of about 17 percent in VWC during spring are observed. The system will get rid of all 

excess water by mid-July 2014. 

From the above discussion, it can be concluded that frost penetrated the subgrade on November 

26, 2013, and remained 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 period and the time that the 

water drained out of the system from all different depths (July 16, 2014), the recovering period 

lasted for about 103 days (Figure 4-7). According to MEPDG (2004), the recovering period is a 

function of the material properties. For the subgrade soil with the properties presented in Table 4-

1, the recommended recovery period is approximately 120 days.  

 

Based on the one year of data monitoring shown in Figure 4-7, the non-freeze-thaw season started 

in mid-July 2014, when the subgrade had recovered from the thaw effect, and lasted until 

November 2014. Thus, the non-freeze-thaw (unfrozen) period lasted for about 133 days. In other 

words, this period is more than one third of a year.  
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(a) Top of Subgrade (TDR 3)

1.0 m in the subgrade (TDR 4) 

 

(c) 2.0 m in the subgrade (TDR 5) 

Figure 4-6: Temperature and moisture distribution in three different depths of CS from Oct. 2013 

till Oct. 2014   

Frozen Period Recovering Period Non-Freeze-Thaw Period 

Frozen Period Recovering Period Non-Freeze-Thaw Period 
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Figure 4-7: Condition of subgrade layer in depth and three zones of Freezing, Recovering 

and Non-Freeze-Thaw Season  

4.4.2. Temperature Distribution in Depth during Non-Freeze-Thaw Period  

As discussed in the previous section, the non-freeze-thaw season started in mid-July and lasted 

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

the daily average temperature distribution of each insulated section in 15-day intervals is plotted 

and presented in Figure 4-8. 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 B.ash, and 2.1 and 32.1°C in the Poly-10 section. However, the temperature 

directly underneath the insulation layer of the Poly-10 section varied between 9.5 and 12.4°C. If 

this small variation underneath the Poly-10 (2.9°C) compared to the temperature variation 

underneath the GBC layer of the B.ash and CS (20.9 and 24.9°C), it can be concluded that 

polystyrene with 10-cm thickness effectively blocked 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 the B.ash, and 8.7 and 10.5°C in the Poly-10. Similar to what was 

previously established by Tavafzadeh et al. (2014), this figure also indicates that the insulation 

layers changed the temperature distribution within the sectionsô depths.  
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(a) Control Section 

 

(b) Bottom ash                                               (c) Polystyrene 

Figure 4-8: Temperature distribution across the depth for (a) CS, (b) B.ash, and (c) Poly-10 

during October 2014  
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4.4.3. Falling Weight Deflectometer (FWD) Testing 

To evaluate the structural capacity of pavement in different sections of the IRRFôs test road, FWD 

testing was conducted. The FWD is a non-destructive method of testing to evaluate the pavement 

response to a dynamic load applied on pavement surface. 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 (Stubstad, 2002). A Dynatest 8000 with a nine-sensor configuration at 0, 200, 300, 450, 

600, 900, 1200, 1500, and 1800 mm from the centre of the load plate was used. Figure 4-9 shows 

the FWD device used on the IRRF test road, also the location of the sensors are clear on the picture.  

 

Figure 4-9: Overview of FWD equipment and the location of sensors  

Based on the identified period in section 3.1., the results of FWD tests conducted on July 17, 

September 5 and October 17, 2014, were selected as representatives of the non-freeze-thaw season. 

The load was applied in 20-m intervals. The HMA layerôs temperature at 20 mm from the surface 

was 22°C, 20°C and 7°C for the tests conducted in July, September and October 2014, 

respectively. Three stress levels of 26.7, 40.0, 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 data were normalized based on the exact FWD target 

load level by multiplying the deflections by the ratio of the applied load to the targeted load. The 
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applied load was selected based on the acceptable range defined by the Long-Term Pavement 

Performance Program Manual for Falling Weight Deflectometer Measurements (Schmalzer 

2006). The resulting normalized deflections were then checked for possible irregularity in the 

deflection basin based on the method proposed by Xu et al. (2002). No irregularity was observed 

in the different section basins.  

4.4.4. Structural Performance Analysis 

Figure 4-9 (a) to (c) present the deflection basins of all sections during the tests performed in July, 

September and October 2014. It is noted that the CS and B.ash sections 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 tests are shown in Figure 4-10. The maximum deflections followed the trend of HMA 

temperature, whereby they decreased from the test performed in July (22°C) to the test performed 

in October (7°C). As mentioned previously, the CS and B.ash sections outperformed the 

polystyrene sections by exhibiting smaller maximum deflections. When the average value of 

maximum deflections of each section observed during the non-freeze-thaw season compared to 

the average maximum deflections of the CS, the Poly-10 had a 22.3 percent higher maximum 

deflection than the CS, followed by the Poly-5 with 16.6 percent and B.ash with 4.2 percent. 

4.4.5. Effective Modulus of Pavement 

The Ὁ of each section was calculated using AASHTO (1993). According to this method, subgrade 

modulus could be calculated using Equation 4-2. 

ὓ  
Ȣ

                                              Equation 4-2 

Where ὓ is the resilient modulus of the subgrade, P is the target load, Ὀ is the normalized 

deflection under load P at distance r, and r is the distance of the selected geophone from the load 

plate. Based on the AASHTO method, to back-calculate the subgrade modulus, the selected 

deflection requires a sufficient distance from the centre of the load to ensure the back-calculated 

modulus is not affected by the structural capacity of other pavement layers. For complying with 
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this criterion, the selected deflection location is compared to πȢχ ὥ , which can be calculated 

for all the sections using Equation 4-3.  

ὥ ὥ Ὀ                                       Equation 4-3 

 

(a)         (b)     

 

(c) 

Figure 4-10: 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 ὥ is the radius of stress bulb at the subgrade/pavement-interface, a is the load plate radius, 

and D 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 tests and all the sections.  

Table 4-3 presents the average D9 of each section. The values of D9 varied between 38.2 micron 

for the CS and 39.4 micron for the B.ash section. Considering all the sections, the average value 

of deflection of the sensor located at 1800 mm was 38.0 microns and the Coefficient of Variation 

(COV) was 3.9 percent. Since the deflection of different sections is similar, the calculated ὓ  

values are also similar. The average back-calculated ὓ  value of each section is presented in Table 

4-3. The average ὓ  value of all sections was 142.7 MPa with a COV value of 4.0 percent. Table 

4-3 indicates that the difference in deflections of the furthest sensor creates a similar variation in 

the subgrade modulus of each section. The obtained ὓ for each section was then applied in the 

AASHTO method (Equation 4-4) to calculate the Ὁ. 

 Ὠ  ρȢυ ὖὥ

 

ụ
Ụ
Ụ
Ụ
ợ

 
Ứ
ủ
ủ
ủ
Ủ

                                        Equation 4-4 

Table 4-3 shows the average results of back-calculated Ὁ for all the sections. Since ὓ  was 

approximately the same for all sections (COV is equal to 4.0 percent), Ὁ is an indicator of how 

the insulation layer affects the structural capacity of the section. Similar to maximum deflection 

results, the CS outperformed other sections by showing a greater Ὁ. The B.ash, Poly-5 and Poly-

10 sections exhibited 5.5, 18.5, and 27.4 percent lower Ὁ values, respectively, compared to the 

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

Table 4-3: Deflection of the sensor located at1800 mm, ὓ  and Ep  

Section D9 (micron) Mr (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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Figure 4-11: Maximum deflection (d0) projected during the test on October 17, 2014 

4.4.6. Structural Number of Pavement 

The total effect of different layersô moduli can be evaluated through comparing the SN of different 

sections. SN is an indicator of the total effective pavement thickness. It is possible to obtain the 

effective structural number of the pavement Ὓὔ , based on back-calculated Ὁ, using Equation 

4-5 suggested by AASHTO (1993).  

Ὓὔ  πȢππτυὈ Ὁ                                                 Equation 4-5 

Figure 4-11 shows that the average SN of the CS, B.ash and Poly-5 varied between 6.5 and 7.2, 

which can be considered a wide range. Table 4-3 indicates that the ὓ  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 pavement. Using polystyrene changed the SN of Poly-

10 and Poly-5 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 investigated the non-freeze-thaw 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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Figure 4-12: Structural Number (SN) of all sections. 

4.5. SUMMARY AND CONCLUSI ONS 

With the exception of the Poly-5 section that was not instrumented, other sections of the IRRFôs 

test road were instrumented using TDR and thermistors to capture temperature and moisture 

changes within different layers of the pavement through one year of monitoring from October 2013 

until October 2014. Evaluating the temperature data from mid-July until November 2014 indicated 

that all the sections were free of the freeze and/or thaw effect in this duration.  Therefore, three 

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, 2014 (103 days).  

3. The non-freeze-thaw season starts in mid-July, when the subgrade is completely recovered 

from thaw effect, and lasts until the beginning of next winter. Considering November as 
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the beginning of winter (based on the temperature data of winter 2013), the non-freeze-

thaw period will last for about 133 days, which is about one third of a year. 

4. The observed period of the non-freeze-thaw season is longer than 120 days, which is longer 

than the considered period in MEPDG.  

5. Monitoring the temperature 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 Poly-10 section was about 

2.9°C, while this value underneath the GBC layer of the B.ash and CS was about 20.9 and 

24.9°C.  

6. Although previous study (Tavafzadeh et al. 2014) indicated that Poly-10 outperformed 

other sections as an insulation layer, the pavement section constructed with Poly-10 

showed the weakest structural capacity of all the sections during the non-freeze-thaw 

season. The main reason is that polystyrene board is a soft layer, which decreased the load-

bearing capacity of the pavement. This section had approximately 22 percent higher 

deflection and 27 percent smaller Ὁ than the CS.  

7. The Poly-5 section exhibited approximately 16.6 percent higher deflection and 18.5 percent 

smaller Ὁ than the CS. 

8. The B.ash section had the closest similarity in performance to the CS, as the maximum 

observed deflection was only 4.2 percent higher than the CS. The Ὁ of this section was 

approximately 5.5 percent lower than the CS.  

Using insulation layers decreased the SN of B.ash, Poly-10 and Poly-5 by less than two percent, 

10.5% and 6.9 percent, respectively.   

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 non-freeze-thaw season, which is almost one third 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 been published as N.Tavafzadeh, L.Hashemian and A.Bayat, ñThe Effect of 

Seasonal Variation on Load Bearing Capacity of Pavements Comprised of Insulation Layers,ò 

Transportation Research Record,2016.  

5.1. ABSTRACT  

Seasonal variation in the subgrade resilient modulus is likely caused by external factors such as 

precipitation and freeze-thaw cycles. One of the strategies for minimizing this variationôs impact 

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

This study investigates the effects of using insulation layers on pavement performance in the fully 

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 adjacent conventional 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 one year 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 polystyrene boards protected subgrade soil from freezing and 

thawing effects. The minimum ratio of the back-calculated subgrade modulus of each test to the 

resilient modulus of the test performed in September was 0.94 in the bottom ash (B.ash) section, 

while the ratio of the 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, Bottom Ash, 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 deterioration. Pavement in cold 

regions often suffers from severe low temperatures in winter and multiple freeze-thaw cycles. 

During winter, when frost reaches the unbound layers, the asphalt modulus can increase to 

13.8~20.7 GPa or more (MEPDG, 2004). At the same time, 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 non-freeze-thaw condition. When the ambient temperature gradually increases in spring, the 

resilient modulus of asphalt layer may decrease to about 700 MPa. Meanwhile, the melted water 

in unbound layers creates pore water pressure that reduces the load bearing capacity (MEPDG, 

2004). The ratio of subgrade resilient modulus during spring to the value of that of a normal 

condition may vary depending on the soil type. Alberta Transportation and Utilitiesô Pavement 

Design Manual suggests a ratio between 0.625 and 0.875 (Alberta Transportation and Utilities, 

1997). However, the investigation conducted by Hein et al. in Ontario showed the ratio may drop 

to 0.20 for clay and silty-clay (Hein and Jung, 1994). A study conducted at the University of 

Waterlooôs Centre for Pavement and Transportation Technology (CPATT) test track reported a 

ratio as low as 0.51 to 0.73 (Popik and Tighe, 2005), and the collected data and the back-calculated 

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 compared to the fully recovered 

conditions (Salour and 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-

freeze-thaw condition. Because 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 reduces load bearing capacity in spring (Carlos and Zapata. ,2011), 

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 frost (Dore et. al. 1995). The estimated cost of 

repairing the pavementôs frost-related damages, excluding indirect expenses such as spring load 
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ban, exceeded 100 million CAD (Dore et. al. 1995). Another study, conducted in Quebec in 1995, 

showed that the relative damage occurred during recovering-thawing season might be 1.5 to 3 

times more than the average annual load-induced damage (St-Laurent and Roy, 1995). 

One of the strategies for minimizing the seasonal effects on subgrade is using insulation layers to 

protect the frost-susceptible 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 freezing (Zhi et al. 2005). Polystyrene is one of the common insulation 

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 cm Extruded polystyrene  section when compared to an uninsulated 

roadway (Tavafzadeh et al. 2014). Additionally, another roadway near Chitina, Alaska, 

constructed with a 10 cm polystyrene layer, exhibiteds settlement 11 times lower than the 

conventional section (Esch, 1972). Bottom ash, which is a waste material from the incineration of 

coal in power plants, is one of the materials recently introduced as an insulation layer. Mainly 

composed of silica, alumina, and iron, bottom ash is a by-product 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 three-year monitoring period (Havukanen, 1983). 

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 was limited to the bottom ash layer (Tavafzadeh et al. 2014) and (Field et al. 2011).  

Preventing frost from penetrating into frost-susceptible 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 Zubeck, 2009). 

The main objective of the following study is to investigate and quantify (1) the effect of using 

insulation 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 months on the Integrated Road Research 

Facility (IRRF) test road. Using the FWD measurements, the resilient modulus of the subgrade 
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layer and the effective modulus of pavement were back-calculated and compared with the adjacent 

normal section. The temperature and moisture collected from embedded environmental probes 

were used to justify the result and establish the freeze-thaw conditions of pavement.    

5.3. TEST ROAD DESIGN AND INSTRUMENTATION  

The construction of the IRRFôs test road facility, located in Edmonton, Alberta, Canada, started in 

May 2012 and was completed in August 2013. Based on the data collected from weigh-in-motion 

(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 pavement consists of a 25 cm dense 

graded hot mix asphalt (HMA) on top of a 45 cm Granular Base Course (GBC). As illustrated in 

Figure 5-1, the insulated layers are located between the subgrade and the GBC layer. The 100 cm 

thick bottom ash layer (B.ash) and two polystyrene layers with 10 and 5 cm thicknesses (Poly-10 

and Poly-5) were used as insulation layers. The adjacent conventional section served as a control 

section (CS).  

In accordance with the City of Edmontonôs specifications for Designation-1 asphalt concrete mix, 

this study used two types of dense-graded HMA mixes with a maximum nominal aggregate size 

of 12.5 and 25 mm based on Marshall Mix design (Roadway Design Standard Construction 

Specifications, 2012). The GBC layer, classified as Well-Graded Gravel (GW) based on the 

Unified Soil Classification System (USCS), was comprised of crushed aggregate with a maximum 

particle size of 19 mm (ASTM Standard C136-06, 2006). Sieve analysis of the subgrade soil 

classified it as Clayey Sand (SC) with a maximum particle size 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 

recommendations, the segregation potential of the subgrade soil is calculated to be more than 

ςππρπ
Ȣȍ

 (Rieke and Mageau, 1983), which is considered moderate frost-susceptible 

subgrade according to Saarelainenôs categorization (Saarelainen, Seppo. (1996).  

Bottom ash was free of large lumps and impurities with a maximum particle size of about 5 mm. 

The amount of non-combusted 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 bottom ash layer 

was wrapped in geotextile to avoid mixing with natural soil. This project used closed-cell 
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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 manufacturerôs data sheet. 

 

Figure 5-1: Cross-sections and depths of thermistors and moisture probes 

To investigate freezing, thawing and recovery condition of the pavement, all of the sections, except 

for the Poly-5 section, were instrumented using 109AM-L thermistors 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 deeper (3.5 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 obtained during the laboratory calibration. Figure 5-1 shows the location and type of 






































































































































































































