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Project Summary 

Extreme weather conditions play a vital factor in the deterioration of the national transportation 

infrastructure including pavements. Freezing and thawing of the pavement sections is one of the 

most critical processes resulting from these extreme weather conditions. In addition to negatively 

impacting the structural integrity of the pavement layers, frozen pavement surfaces increase 

highway risks and decrease mobility of people, goods, and first responders. It is, thus, recognized 

that reducing and potentially eliminating pavement freezing is crucial to increase the resiliency 

level of the national infrastructure and reduce highway risks. 

This report presents a feasibility study investigating the use of a hydronic heat exchange loops 

installed in the aggregate base layer to de-ice pavement surfaces. The concept of using similar 

heat exchange loops was previously investigated and the thermal effectiveness was confirmed 

for loops installed in the surface layer, either asphalt or concrete. However, construction 

difficulties and performance challenges resulted from the installation of these loops in the surface 

layers including compaction difficulties, concentrated stresses and strains, and pavement surface 

cracks. Therefore, this study considered relocating the heat exchange loops in the base layer, 

beneath the surface layer, to avoid such construction and performance challenges. 

This study consisted of experimental and modeling components. First, the thermal 

performance of the proposed technique was validated experimentally. In this experimental work, 

a pavement section provided with heat exchange loops in the aggregate base layer was 

constructed inside a freeze chamber where the ambient air temperature was precisely controlled. 

Two experiments were performed: the first one considered low ambient air temperature without 

snow or ice on the pavement surface, while the second had initial icy pavement surface. Heated 

fluid was circulated inside the loops in the two experiments with temperature measurements 

recorded at various locations within the pavement section and at the surface. The results of this 

experimental program confirm that burying the heat exchangers in the base layer provides 

enough heat to the pavement surface that keeps it ice free, despite the significant downward-

propagating heat losses.  



xi 

The results of the experiments were then used to predict the thermal performance of 

pavements provided with heat exchange loops in the base layer at different weather conditions 

using numerical models. Energy balance at the pavement surface was implemented in these 

models to consider the various weather conditions at each location. First, three-dimensional (3-

D) finite element models were developed mimicking the experiments; these models were used as 

a validation of the ability of the finite element method to accurately predict the performance of 

the pavements. Along with the validation, these preliminary models showed that the heat 

propagation in the pavement section used in the experiment occurred mainly in the vertical 

dimension suggesting that 2-D finite element models can be adequately used. Thus, 2-D models 

were used to consider three U.S. locations: Buffalo, NY; New York City, NY; and Washington 

D.C. The weather conditions for each of these locations were obtained from the TMY3 database 

and were implemented in the respective model. The results of these models suggest that the 

proposed technique to bury the heat exchange loops in the base layer will potentially be able to 

deice typical pavement surfaces at all the considered locations. 

Additionally, finite element models were developed to predict the effect of the heat exchange 

loops on the stresses and strains within the pavement section and at the pavement surface. The 

complexity of these mechanical models was increased gradually. Firstly, the displacement and 

stress fields in the pavement with an elastic HMA layer subjected to a static tire load was 

considered. Then, viscoelasticity was introduced to the HMA layer and the displacements and 

stress fields were analyzed. Compared with the elastic HMA layer, the pavement with 

viscoelastic HMA layer developed less stresses and displacements indicating that the design of 

self-heated pavements (e.g. loop geometry and material) can be accurately performed considering 

an elastic HMA layer. After that, the response of pavement under moving load was modeled. For 

simplicity, the contact between the tire and the pavement was simulated using a uniformly 

distributed stress over a circular loaded area mimicking the tire on the pavement surface. No 

explicit relationship was found between the surface deformations and the loop depth for 

pavements with HDPE tubes, while for pavements with aluminum loops the differential surface 

deformations above and between the loops decrease and converge to zero with increasing the 

loop depth. 
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At the end and based on the results of the experimental and numerical models performed in 

this project, burying heat exchange loops in the pavement base layer appears to be a feasible 

technique to de-ice pavement surfaces from both the thermal and mechanical perspectives. This 

finding, however, needs to be validated using an actual full-scale pavement with potentially a 

thicker asphalt layer compared to that considered in this study.  
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1 Introduction 

During winter, pavements in New York State and other northern states freeze forming icy 

surfaces that: (1) reduce highway capacity due to slow moving vehicles or lane closures as a result 

of snow accumulations or accidents. Depending on the snow falling rate, up to 30% reduction in 

highway capacity may occur (U.S. Department of Transportation, 2018) due to icy surfaces. (2) 

Crack asphalts and loosen aggregate layers due to the thermal expansion of water upon freezing. 

(3) Increase the fuel consumption of vehicles due to the slow moving or blocked traffic, and the 

high tires/cracked-pavement frictional resistance. In fact, a 10% increase in pavement roughness 

(due to cracks) increases vehicles’ fuel consumption by 2% wasting, on an annual basis in NY 

State, about 30 million fuel gallons and introduces 8 million tons of carbon dioxide (CO2) to the 

atmosphere (Calwell 2002, Evans et al. 2009, Friedrich 2002). Moreover, (4) increase the number 

of transportation-related fatalities and injuries due to losing vehicle’s control. At the national 

level, over 150,000 crashes occur annually due to icy pavements with about 45,000 injuries, and 

600 fatalities—averaging four times the fatalities from natural disasters (U.S. Department of 

Transportation, 2018).  

Attempting to reduce these negative impacts of icy pavements, NY State spends $1.6 billion 

annually for roadway de-icing (Henry 1991) by spraying various types of deicing salts on 

pavement surfaces to keep these surfaces ice-free. The impact of the deicing salts extends for a 

limited time. Moreover, these deicing salts deteriorate pavement materials (Balbay and Esen 2010, 

Shi 2008) and increase the chloride concentration in NY fresh water streams to about 25% of the 

concentration in seawater (Jackson and Jobbagy 2005, Kaushal et al. 2005, Novotny et al. 2008). 

Therefore, there is an urgent need to develop sustainable and clean techniques to de-ice 

pavements, or even better prevent freezing. 

1.1 Current pavements de-icing techniques 

Initially, asphalts resisting ice formation were thought to be the way to overcome the hazards 

associated with icy pavement surfaces. Highly-permeable asphalt mixtures, for example, assure 

faster drainage of surface water reducing the potential to form ice in winter. However, the high 

asphalt porosity decreases the asphalt effective thermal conductivity leading to a significant 
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increase in the pavement temperature in summer. Such high asphalt temperatures in summer 

increase the potential for plastic flow of the asphalt under vehicles tires — an asphalt deficiency 

known as rutting. Further, in addition to their relatively expensive costs, highly-permeable 

asphalts lose their ability for quick water drainage as fine particles block the porous structure 

over time. Therefore, these asphalts form icy-roads at a delayed time during their lifespan.  

Recently, various techniques to heat pavements were developed including the use of resistive 

heat from the flow of an electrical current through metallic cables embedded in the pavement 

(Havens et al. 1978, Hoppe 2001, Kumagai and Nohara 1988, Liu et al. 2006a, Liu et al. 2006b, 

Minsk 1999, Spitler and Ramamoorthy 2000). Despite the feasibility of these techniques to keep 

pavement surfaces ice-free, their practical applications were very limited due to the high 

associated operational costs (Liu et al. 2006b). Additionally, the use of hydronic systems that 

circulate a heated fluid within a pipe network in the roadway or bridge was proven to be efficient 

for pavement de-icing (Ramsey et al. 1999, Rees et al. 2002, Hamada et al. 2007, Lund 1999). In the 

original hydronic systems, the fluid was heated using gas-fired or electric boilers, which had 

significant heat loses that constrained the widespread of these techniques.  

As an effort to reducing the reliance on external heating sources for heated pavements, the 

Netherlands has proposed the use of geothermal energy stored in the shallow ground layers (<500 

ft.) to heat pavements (Spitler and Ramamoorthy 2000, de Bondt et al. 2003, 2006). This technology 

was implemented in a field experiment by circulating a geothermal fluid between loops installed 

in the asphalt layer and geothermal wells drilled at the sides of the highway. Based on the 

experimental results, this technique was successfully able to keep pavement surfaces ice-free 

throughout the winter (de Bondt 2003, de Bondt and Jansen 2006, Loomans et al. 2003, Sullivan 

et al. 2007, Van Bijsterveld and de Bondt 2002). 

The Dutch system, however, required the use of a specially formulated, expensive high-

crack-resisting asphalt mix and a three-dimensional polypropylene geogrid to limit asphalt 

cracks from severe stress concentrations around the loops (de Bondt 2003, de Bondt and Jansen 

2006, Loomans et al. 2003, Sullivan et al. 2007, Van Bijsterveld and de Bondt 2002). These 

modifications to the asphalt mix increase the materials’ costs significantly. Further, installing the 

loops in the asphalt layer necessities implementing special construction techniques to limit the 
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asphalt temperature at paving time to the maximum allowed by the loop manufacturer and 

achieve proper asphalt compaction around the loops (Van Bijsterveld and de Bondt 2002). These 

construction challenges coupled with the excessive material costs severely limited the adoption 

of the Dutch technology in the U.S. 

1.2 Proposed self-heated pavement technology 

To overcome the high material costs and construction challenges associated with the Dutch 

system, this study investigates the potential to bury the heating loops in the base layer beneath 

the asphalt, rather than to embed the loops directly within the thin asphalt layer as shown in Fig. 

1. Placing the heating loops in the base layer allows the use of standard, inexpensive thin asphalt 

layers without special construction precautions or geogrids to limit asphalt cracks.  

Fig. 1 Sketches of (a) the Dutch heated pavement, and (b) the proposed technology. 

The overall proposed technique consists of, as shown in Fig. 2: (1) a pavement loop installed 

in the pavement base layer, (2) geothermal ground loops installed at the sides of the highway 

(Abdelaziz et al. 2015, Olgun et al. 2012), (3) circulation pumps to circulate a geothermal fluid 

between the pavement loop and the ground loops, and (4) a solar system to pore the circulation 

pumps. This solar system includes photovoltaic solar panels, converters, batteries to store the 

electricity generated during the day for use at night, and controllers to manage the system 

operation. The use of a solar system to operate the circulation pumps extends the applicability of 

the technology to U.S. highways in remote areas away far from electrical sources. 
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Fig. 2 Different components of the proposed self-heated pavement technology. 

1.3 Research goals  

The overall goals of this study are to 

1. Experimentally investigate the feasibility of using heat exchange loops buried in the base 

layer to de-ice pavement surfaces. 

2. Determine the viability of the proposed system (i.e., heating loops buried in the base layer) 

to de-ice pavements at different weather conditions. 

3. Determine the effect of the buried loops on the stresses and the strains in the pavement 

section. 

Aiming to address these goals, Chapter 2 of this report provides the background underlying 

the different components of the research, Chapter 3 discusses the performed laboratory 

experiment, Chapter 4 generalizes the results of the laboratory experiment at various weather 

conditions, Chapter 5 discuss the effects of the pavement loop on the stresses and the strains 

within the pavement section, and Chapter 6 summarizes the findings of the research and outlines 

future directions. 
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2 Background for the Surface Energy Balance of Pavements 

Since the focus of this study is to keep pavement surfaces ice-free throughout winter times, it is 

important to understand the thermal energy balance at a pavement surface. Thus, this chapter 

focuses on surface energy balance relations for pavement surfaces. The background needed to 

analyze the loop-induced stresses and strains in the pavement section is presented at the 

beginning of Chapter 5.  

2.1 Energy Balance Relation at Pavement Surface 

Pavement surfaces are subjected to diurnal temperature variations that depend on a number of 

weather-related factors such as solar radiation, wind velocity, air temperature, groundwater and 

others. Out of the total amount of the instantaneous incident solar radiation (I), in W/m2, that fall 

on a pavement surface, and depending on the surface albedo (), a significant amount of this 

radiation is reflected at the surface back to the atmosphere. The un-reflected solar radiation is, 

then, divided into four different thermal fluxes (W/m2): conduction (G), convection (H), long-

wave emission (L), and evaporation (E). The former two heat fluxes (i.e., conduction and 

convection) are well known. The long-wave emission represents the heat due to absorbing the 

incoming short-wave radiations and emitting long-wave radiations; while the evaporation heat 

flux is the flux required to evaporate a fluid mainly due to evapotranspiration. Unlike grassland 

and trees, pavement surfaces have almost no evapotranspiration; thus, the effect of the 

evaporation (E) can be neglected. Therefore, the relationship between these various heat fluxes 

and the amount of the un-reflected solar radiation can be developed, using the law of energy 

conservation, as given by the energy balance equation shown in Eq. (1). 

(1 − 𝜌) ∙ 𝐼 − 𝐺 − 𝐻 − 𝐿 = 0  1 

The progress of the conduction heat flux into the ground (G) depends on the thermal 

conductivity of the ground (k) and the thermal gradient (dT/dz). Solving the heat conduction 

relation in Eq. (2) at the pavement surface (i.e., z = 0) will, therefore, allow estimating the 

conduction heat flux (G). 
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𝐺 = −𝑘
𝑑𝑇

𝑑𝑧
  (𝑧 = 0)  2 

Moreover, the convection heat flux at the pavement surface (H) depends on the wind velocity 

(v) and the difference between the temperature of the pavement surface (Ts) and the air 

temperature (Ta) as given in Eq. (3). 

𝐻 = ℎ𝑐 ∙ (𝑇𝑠 − 𝑇𝑎) 3 

where Ts and Ta are in K; and hc is the heat convection coefficient, in W/ m2∙K, that varies with the 

wind velocity (v) as given by Eq. (4) (Bentz 2000). Since Eq. (4) is an empirical relation, the wind 

velocity in Eq. (4) should be in (m/s) and the resulting heat convection coefficient is in (W/ m2∙K). 

ℎ𝑐 = {
5.6 + 4 ∙ 𝑣   for 𝑣 < 5 m/s 

 
7.2 𝑣0.7     for 𝑣 ≥ 5 m/s

  4 

Finally, the long-wave emission (L) can be approximated from Eq. (5). 

𝐿 = ℎ𝑟 ∙ (𝑇𝑠 − 𝑇𝑠𝑘𝑦) 5 

where Tsky is the sky temperature in K; and hr is the irradiative coefficient in W/ m2∙K. 

The sky temperature (Tsky) can be approximated by factoring the air temperature (Ta), as per 

Eq. (6). The relating factor (𝜀𝑠𝑘𝑦) is the sky emissivity, which is defined as a function of the dew 

point temperature (Td) in Eq. (7). 

𝑇𝑠𝑘𝑦 = 𝜀𝑠𝑘𝑦
0.25 ∙ 𝑇𝑎 6 

εsky = 0.574 + 0.0044 Td  7 

The dew point temperature (Td) in °C can be estimated using Eq. (8) and Eq. (9). 

𝑇𝑑 =
237.7 ∙ 𝛾

17.3 − 𝛾
 8 

𝛾 =
17.3 ∙ 𝑇𝑎

237.7 + 𝑇𝑎
+ 𝑙𝑛 (

𝑅𝐻

100
) 9 

where RH is the relative humidity and Ta is given in °C. 

The irradiative coefficient (hr) in Eq. (5) is typically estimated using Eq. (10). 

ℎ𝑟 = 𝜀 ∙ 𝜎 ∙ (𝑇𝑠
2 + 𝑇𝑠𝑘𝑦

2 ) ∙ (𝑇𝑠 + 𝑇𝑠𝑘𝑦)  10 
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where 𝜀 is the surface emissivity, and 𝜎 is the Stefan-Boltzmann constant (5.67 x 10-8 W/ m2∙K4). 

2.2 Energy Balance for the Proposed Pavement De-icing System 

The energy balance relation, shown in Eq. (1), accounts for various effects of the atmosphere on 

the pavement temperature; it does not consider any heat source within the pavement itself. 

Therefore, the pavement surface temperature varies with the weather condition causing freezing 

in winter time. Since the proposed system relies on providing a heat source within the pavement 

section using the hydronic pavement loops in the base layer, the energy balance equation for the 

pavement should account for this additional heat (qloop) as shown in Eq. (11). 

(1 − 𝜌) ∙ 𝐼 − 𝐺 − 𝐻 − 𝐿 + 𝑞𝑙𝑜𝑜𝑝 = 0  11 

The magnitude of the heat provided by the pavement loop (qloop) determines the ability of the 

proposed system to keep pavement surface ice-free during winter time. It should be noticed that 

the system performance also depends on the ambient conditions; the loop heat increases to de-

ice pavements at colder weathers. Therefore, this study focuses on determining the feasibility of 

the proposed pavement loop system to de-ice pavement surfaces by validating finite element 

models using the results of controlled laboratory experiments, then utilizing the validated models 

to consider the system performance at different weather conditions.  
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3 System Thermal Performance: Proof of Concept Using a Laboratory Experiment 

This chapter aims to assure that installing heat exchangers in the base layer of pavements can 

deice the pavement surface. The proof-of-concept in this chapter was performed using a 

laboratory experiment in which a pavement section, with pre-installed loops in the base layer, 

was constructed inside a freeze-thaw chamber. The pavement surface was subjected to freezing 

temperatures, while a heated fluid was circulated in the loops. The temperature of the pavement 

surface as well as at different depths were monitored throughout the experiment. The equipment, 

the experimental setup and procedure, and the results are presented in this chapter. 

3.1 Pavement Section and Experimental Setup 

This section presents the different components incorporated in the laboratory setup used for the 

experiment. As shown in Fig. 3, the experiment was performed on an instrumented pavement 

section with pre-installed heat exchange loops. The following sections describe the materials and 

geometry of the used pavement section, climate control (freeze-thaw) chamber, fluid temperature 

control system, and instrumentations.  

 

 

Fig.  3 Pavement section used in the experiment: (a) half-width 3-D view, (b) mid-plane cross-

section X-X, and (c) the used heat exchange loop at tube plane (section Y-Y). 

3.1.1 Instrumented Pavement Section 

Referring to Fig. 3, the pavement section was constructed inside a 600 mm square wooden box 

with inner dimensions of 560 mm. This size was the maximum that can fit inside the freeze-thaw 
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chamber. The bottom and the sides of the box were insulated using 25 mm (1 inch) foam 

insulation panels on the inside. The used foam insulation was a Super TUFF-R polyisocyanurate 

with an R-value of 6.5.  A 50 mm (~ 2 inch) hole was drilled through one side of the wooden box 

and the insulation 0.56 m (~ 22 inch) from the bottom. This hole was used to pass the inlet and 

outlet loops and the instrumentation cables. 

The box was placed inside the freeze-thaw chamber where the various pavement layers were 

compacted. The compaction was performed using a 10-kg hammer free-falling from a 100-mm (~ 

4 inches) a total of 100 times. As shown in Fig. 3(a), the pavement section consisted of a 300 mm 

(~12 inches) subgrade layer, a 150 mm (~6 inches) sub-base layer, a 150 mm (~6 inches) base layer, 

and a 100 mm (~4 inches) asphalt layer. The asphalt layer was a cold asphalt mix (Latexite Super 

Patch) purchased from a local store; the other aggregate layers were made of gravel and sand 

mixtures in accordance with NYSDOT Type 1 Subbase (NYSDOT 2000).  

Prior to the compaction of the pavement section, several temperature sensors were installed at 

the center point of the pavement section at the bottom of asphalt (THMA), half-depth of the base 

layer (TB,center), the bottom of the base layer (TB,bottom), the bottom of the subbase layer (TSB), and 

bottom of subgrade layer (TSG) as shown in Fig. 3(b). Additionally, a 12-mm (~0.5 inch) heat 

exchange W-shaped loop (Fig. 3(c)) was installed at the mid-plane of the base layer, i.e., the 

centerline of the loop was 175 mm deep from the pavement surface, as shown in Fig. 3. The 

spacing between the W-shaped legs of the loop was 165 mm (~6.5 inch) as shown in Fig. 3(c). It is 

worth noting that while the pavement loop used in the experiment was manufactured from PVC 

tubes, PVC is not recommended in actual pavements due to the high rigidity of PVC, which may 

reduce the tube life under vehicle dynamic loads. Rather, high-density polyethylene (HDPE) or 

metal-based tubes are recommended for actual pavements due to their higher resistance to 

dynamic loads. The thermal properties and wall thickness of the PVC tubes and HDPE are 

comparable.  

The thermal properties of all materials used in the experiment were measured using a portable 

thermal properties analyzer (KD2 Pro). A total of ten measurements were recorded for each layer 

at different locations and depths; while three measurements were taken for the pipe material and 
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working fluid. Overall, the variability in the thermal properties was less than 2%. The average 

thermal properties for the different materials are summarized in Table 1. 

 

Table 1  Thermal Properties of Materials used in the validation analysis. 

Thermal Property Asphalt Base Subbase PVC pipe Working Fluid 

Density, kg/m3 1500 1920 1920 1040 1037 

Thermal conductivity, W/m  K 1.00 1.30 1.30 0.16 0.35 

Specific heat, J/kg  K 700 1700 1700 1050 3570 

 

3.1.2 Climate Change (Freeze-Thaw) Chamber 

To control the environment surrounding the experimental setup, the wooden box was housed 

inside a Caron 6241 freeze-thaw chamber. This chamber has a temperature range between –25 °C 

and 70 °C with ±0.1 °C temperature step-size. A 3-wire RTD temperature sensor was used to 

measure the chamber temperature. Two pre-manufactured access ports in the chamber walls 

were used to pass the instrumentation wires and tubing to the chamber inner space. The chamber 

was also provided with a drain to remove water that condenses on the chamber inner surfaces. 

3.1.3 Fluid Heating Unit 

A Polyscience 6000-Series temperature control unit was used to heat and pump a mixture of 50% 

water and 50% propylene glycol in the pavement loops. This temperature control unit has a 2.9 

kW capacity and a fluid temperature setpoint between –20 °C and 70 °C. The unit has a magnetic 

centrifugal pump with a maximum flow rate of 4.1 gpm.  

3.1.4 Data Acquisition System 

A Campbell Scientific CR10-XPB0 data logger was used to record the pavement surface 

temperature, the temperature within the pavement section at various locations, the ambient 

temperature and relative humidity inside the freeze-thaw chamber, and the inlet and outlet fluid 

temperatures. Data were collected in 15-minute intervals. The air temperature and relative 

humidity above the pavement were also recorded. The various sensors used in this experiment 

were: 

Embedded Temperature Sensors: The temperature sensors embedded within the pavement 

section were RioRand type DS18B20 that have a measuring range of -55 °C to 125 °C with ±0.5 °C 
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accuracy. These sensors were used to measure the temperature at various locations within the 

pavement layers as well as the inlet and the outlet fluid temperatures. As shown in Fig. 3(b) for 

the temperatures within the pavement layers, the sensors were installed during the compaction 

of the pavement section at the bottom of the asphalt layer (THMA), at the center (TB,center) and at the 

bottom (TB,bottom) of the base layer, at the bottom of the subbase layer (TSB), and at the bottom of the 

subgrade layer (TSG).  

To measure the fluid temperature four RioRand DS18B20 temperature sensors were attached 

to the external wall of the pipe at both the inlet and the outlet using a silicon adhesive paste. After 

installation on the tubes, the sensors were insulated to minimize heat loss to the ambient. The 

maximum difference between the four fluid temperatures at the inlet and the outlet of the tube 

was less than ±0.5 °C; thus, the average temperature of each four sensors were used to determine 

the inlet and the outlet fluid temperatures which is considered acceptable.  

Temperature and Relative Humidity Sensor:  A Campbell Scientific CS-215 sensor was used to 

measure temperature and relative humidity in the ambient air in the environmental chamber. 

The sensor measures the relative humidity, with 0.03% resolution and 2% accuracy over a 

temperature range from –20 °C to 60 °C, while temperature is measured with 0.01 °C resolution 

and 0.3 °C accuracy. 

Surface Temperature Probess:  manufactured by Campbell Scientific 110PV with a range of -40 

°C to 135 °C and ±0.2 °C accuracy. Three probes were used as shown in Fig. 3(b): one attached to 

the pavement surface above the inlet leg of the pavement loop (TS,in), the second was attached 

above the center (TS,center), and the third probe was attached above the outlet leg of the pavement 

loop (TS,out). These locations were chosen to investigate the uniformity of the pavement surface 

temperature at different locations with respect to the pavement loop length. These probes were 

attached to the pavement surface using Kapton tape with Silicone adhesive paste. 

3.2 Experimental Procedure 

Two sets of experiments were performed in this study.  The first represents the condition of 

freezing conditions in which no ice or snow on the pavement surface was initially placed on the 

pavement surface.  The second condition includes a layer of ice on the pavement when the heating 
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system was turned on. The testing procedure for these two experimental cases was the same, 

except that a 25-mm (~1 inch) layer of ice cubes was placed on top of the pavement surface for 

the second set before circulating the heated fluid in the pavement loops.  

The procedure followed in the experiments started with setting the air temperature inside the 

freeze-thaw chamber to –10 °C for 48 hrs, which is the time required for the system to reach steady 

state. After this time, the pavement surface was found to have stabilized at about –7.0 ± 0.2 °C. 

During this period the tubes were filled with fluid, however no fluid circulation in the pavement 

loop took place. After the pavement temperature profile reached steady state, the circulation of 

the heated fluid inside the pavement loop was initiated with the inlet fluid temperature set to 

31.5 °C (88.7 °F). The fluid circulation was initiated immediately after the stabilization of the 

pavement temperature for the case without ice on the pavement.  The fluid was started after 

placing the ice layer for the second experimental set, i.e. without reaching steady state condition 

between the placed ice and the pavement surface.  While this step complicates the data processing 

of the experimental results, it is believed to better replicate the actual conditions of snow falling 

on the pavement surface. The fluid circulation was continued until the measured temperatures at 

the considered locations on the pavement surface and within the pavement section stabilized. 

3.3 Experiment Results and Discussion 

3.3.1 Experimental Set 1: Cold Pavement Surface without Ice 

The evolutions of the temperature of the pavement surface at the three considered locations, i.e. 

TS,in, TS,center, TS,out in Fig. 3(b), in the first experiment are presented in Fig. 4. The pavement surface 

temperature before starting the circulation of the 31.5 °C fluid in the pavement loops was – 7 °C 

at all locations as shown in Fig. 4 at time = 0 hr. Over the first two hours of the circulation of the 

heated fluid, the pavement surface temperature at all locations decreased to about -8 °C. This 

initial reduction in the pavement surface temperature is believed to be independent of the heated 

fluid; it was rather caused by the heat exchange between the pavement surface and the -10 °C 

cold air inside the freeze-thaw chamber. Moreover, this reduction in temperature could also be a 

result of the initially cold fluid since, as stated earlier, the tube was filled with the fluid during 
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the initial thermal stabilization time. After that, the pavement surface temperature continued to 

increase as the heated fluid injected heat into the pavement section.  

While it was expected that the temperature sensor placed above the inlet tube (TS,in) should 

experience a higher rate of temperature increase compare to the other two sensors due to the 

higher inlet fluid temperature, Fig. 4 shows that the initial temperature increase rate for the 

temperature sensor at the center (TS,center) is the highest, while the temperature sensors above the 

inlet (TS,in) and the outlet  (TS,out) loops experienced the same temperature change rate over the 

first 10 hours. This unexpected behavior may have occurred due to potential shifts in locating the 

sensors right above the respective loop leg, which is supported by the observed increase in the 

temperature change rate for TS,in after 10 hours.  

At about 11 hours, the two temperature sensors above the inlet loop and at the center exceeded 

the freezing point, while the sensor above the outlet loop exceeded the freezing point after 16 

hours.  This period defines the mandatory heating phase, which is required to bring the pavement 

Fig.  4 Pavement surface temperature for first experimental set:  –10 °C air temperature and 

31.5 °C inlet fluid temperature 
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above freezing. Heating was continued after the pavement temperature exceeded the freezing 

temperature, with a minor increase in the pavement surface temperature observed at all locations 

over next eight hours. The expected temperature distribution from hot-side to cold-side (𝑇𝑆,𝑖𝑛 >

𝑇𝑆,𝑐𝑒𝑛𝑡𝑒𝑟 > 𝑇𝑆,𝑜𝑢𝑡  ) was observed during this period. After approximately 24 hrs a steady-state 

temperature distribution was achieved and no further changes in the recorded pavement surface 

temperatures were observed. 

In Fig. 3, it is noted that the surface temperature above the fluid inlet to the heating loop 

stabilized at a higher temperature (~ 2.5 °C) compared to that achieved at the center (~ 1 °C) and 

above the outlet loop (~ 0.5 °C). This variation in the pavement surface temperature implies that 

the critical location along the pavement is closer to the exit loop as the circulating fluid gets colder. 

Thus, a reliable design of the pavement loops requires confirming that the minimum surface 

temperature at the exit loop always remains above freezing. Moreover, the results of this 

experiment confirm that installing heat exchange loops in the base layer will facilitate 

maintaining the pavement surface above freezing, thus providing excess heat to melt snow and 

ice, while avoiding freezing of any surface water on the pavement. 

While the pavement surface temperatures shown in Fig. 4 are promising, a critical aspect of 

the proposed concept is to minimize heat conduction down into the soil, as this represents a loss 

of heat that could otherwise be made available to the pavement surface. Fig. 5 shows that the heat 

injected to the pavement section via the heat exchange loops also increased the temperature at 

the interface between the base and the subbase layers (TB,bottom), which indicates that heat 

propagates in all directions. The temperature increase at the bottom of the asphalt layer (THMA) 

is about 22.5 °C, which is higher than the 11 °C temperature increase observed at the bottom of 

the base layer (TB,bottom) suggesting that more heat propagated upward towards the pavement 

surface. This suggestion is supported by the fact that the temperature change at the pavement 

surface is much higher than those observed at the bottom of the subbase (TSB) and the subgrade 

(TSG) as shown in Fig. 5. 

The fact that the temperature change at the bottom of the base layer is almost half of that at 

the top of the layer suggests a considerable heat flow downward. To quantify the magnitude of 

this downward heat losses, the amount of heat delivered to the top and to the bottom of the base 
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layer are calculated and compared to the heat provided from the pavement loops. The fluid 

heating is calculated from Eq. (12) using the measured inlet and outlet fluid temperatures and the 

thermal properties of the fluid presented in Table 1:  

𝑞 = �̇�𝐶𝑝𝑓(𝑇𝑓,𝑖𝑛 − 𝑇𝑓,𝑜𝑢𝑡) 12 

where �̇� is the mass flow rate of the fluid in kg/s, Cpf  is the heat capacity of the fluid in J/kg∙K, Tf,in 

is the inlet temperature in °C, and Tf,out is the outlet temperature in °C.  

Fig. 6 shows the estimated heating over the duration of the experiment, and indicates 

presents that the total calorimetric power applied to the pavement section stabilizes at about 2,300 

W. 

 

 

Fig. 5 Temperature change in different pavement layers for -10 °C air temperature and 31.5 °C 

inlet fluid temperature. 
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Fig. 6 Inlet and outlet fluid temperatures and heating rate applied to the pavement section 

for -10 °C air temperature and 31.5 °C inlet fluid temperature. 

The amount of heat required to raise the temperature at the top and at the bottom of the base 

layer, i.e., THMA and TB,bottom, were estimated using Eq. (13) for all time increments, assuming one-

dimensional heat propagation. 

𝑄𝑗 = 𝐴𝜌𝑏𝑎𝑠𝑒𝐶𝑝,𝑏𝑎𝑠𝑒∆𝑥 ∑
∆𝑇𝑎𝑣𝑔,𝑗,𝑖

∆𝑡𝑖

𝑁
𝑖=1  13 

where Qj is the heat required to heat layer j, which is either the top half or the bottom of half of 

the base layer, A is the cross-sectional area of the pavement section (i.e., 0.56 x 0.56 m), base and  

Cp,base are the density and the specific heat capacity of the base layer, respectively (Table 1), x is 

half the thickness of the base layer, Tavg,j,i is the average temperature change in layer j for time 

increment i, ti is the duration of time increment i, and N is the total number of time increments. 

Fig. 7 shows the evolution of the heat required to raise the temperature of the top and the 

bottom halves of the base layer based on Eq. (13), and the heat supplied from the pavement loops 

from Eq. (12). As shown in this figure, the total heat absorbed by the two halves of the base layer 

0

500

1000

1500

2000

2500

3000

-15

-10

-5

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35 40

C
o
lo

ri
m

e
tr

ic
 P

o
w

e
r 

(W
a
tt

s)

F
lu

id
 T

e
m

p
e
ra

tu
re

 (
 C

)

Time (hr.) from the beginning of the circulation of the 31.5  C heated fluid

Inlet Fluid Temperature (Tf,in)

Outlet Fluid Temperature (Tf,out)

Calorimetric Power (Eq. 12)



17 

converged to the heat power estimated from the fluid temperatures using Eq. (13), confirming 

the accuracy of the calculations.  

More importantly, Fig. 7 shows that about 58% of the fluid injected heat propagated upward 

(QB,top), while 42% of the total heat propagated downward. This considerable downward heat 

propagation indicates that significant losses are expected to occur despite the promising use of 

heat exchangers installed in the base layer to de-ice pavement surfaces. Therefore, it is 

recommended to install an insulation layer below the heat exchange loops to minimize these heat 

losses. Minimizing the downward heat losses will allow reducing the total heat required to deice 

pavement surfaces and will facilitate increasing the loop spacing resulting in a reduction in cost. 

However, the mechanical performance of the pavement with the recommended insulation layer 

needs to be assessed. 

 

 

Fig. 7 Heat supplied to various pavement layers for –10 °C air temperature and 31.5 °C inlet 

fluid temperature. 
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3.3.2 Experimental Set 2: Ice Cubes on Pavement Surface 

While the results of the first experiment demonstrated the ability of a heating loop installed in 

the pavement base layer to maintain the pavement surface temperature above freezing, it did not 

consider the latent heat of fusion required to melt snow and ice already present on the pavement. 

The latent heat of fusion is the heat required to change frozen ice/snow into liquid water. To 

include the heat of fusion in the experimental program, a second experiment was performed 

following the same procedure as the first experiment, except that a 25 mm (~ 1 inch) ice layer was 

placed on top of the pavement surface before the circulation of the heated fluid.  

Fig. 8 shows the pavement surface temperature measured at TS,center in Fig. 3 with ice placed 

on the pavement surface. For comparison, the pavement surface temperature at the same location 

from the experiment with no ice on the pavement surface is also plotted. Fig. 8 shows that the 

heat injected into the icy pavement was sufficient to raise the pavement surface temperature 

above freezing in about 10 hours; this observation proves that installing heat exchange loops in 

the pavement base layer provides adequate heat to deice any icy pavement surfaces.  

Interestingly, Fig. 8 shows that the temperature of the icy pavement surface is higher than 

that of a cold pavement surface without ice from the first experiment, even though the same 

amount of heat was supplied to the pavement in the two experiments. The observed higher 

pavement surface temperature in the icy pavement experiment is believed to be due to the system 

attempt to reach thermal stability. The ice layer begins to melt as it adsorbs heat from the heat 

exchange loops producing water at a temperature higher than the preset air temperature (–10 °C). 

The temperature difference between the resulting water and the surrounding air initiates an 

evaporative cooling process, i.e. water evaporation in attempt to reduce the temperature of the 

liquid water to stabilize with the surrounding temperature. As the evaporative cooling process 

continues the heat of fusion (phase change from liquid to vapor) is released to the surrounding 

raising the temperature of the air, which is shown in Fig. 9. This increase in the air temperature, 

in comparison to the constant   –10 °C air temperature in the first experiment, is believed to cause 

higher overall pavement surface temperatures in the icy pavement experiment. Despite this 

effect, the experimental results confirm that the proposed installation of heat exchange loops 



19 

inside the base layer provides enough heat to the pavement section used in the experiments, 

which needs to be confirmed with field experiments in the future. 

 

Fig.  8 Pavement surface temperature for –10 °C air temperature and 31.5 °C inlet fluid 

temperature with and without ice on pavement surface. 

  

Fig.  9 Air temperature inside the chamber when ice is placed on the pavement surface. 
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3.4 Conclusions of the experimental work 

The results of the laboratory experiments presented in this chapter show that: 

1. Installing the pavement loops in the base layer beneath the asphalt layer is a feasible 

technique to de-ice pavement surfaces. 

2. A significant percentage of the heat applied in the heat exchange loops is lost downward 

since heat transfer occurs in all directions around the pavement loops. While not included 

in the experiments, these energy losses can be minimized by installing an insulation layer 

underneath the pavement loops. The insulation layer will facilitate more heat transfer in 

the upward direction. However, the effect of this insulation layer on the mechanical 

behavior of the pavement needs to be investigated. 

3. Since the experiments were performed in controlled laboratory environment, the behavior 

of the proposed self-heated pavements under actual weather conditions should be 

investigated. 
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4 System Thermal Performance: Numerical Modeling 

While the experimental results presented in Chapter 3 proved that installing heat exchange loops 

in the aggregate base layer underneath the asphalt layer is sufficient to de-ice pavement surfaces, 

these results were obtained for a unique pavement section under fully controlled lab 

environment. Therefore, we need to explore the validity of the proposed technique for actual 

weather conditions applied on different pavement sections. Thus, the main objectives of this 

chapter are to (1) develop and validate numerical models using the experimental results 

presented in Chapter 3, and (2) use the validated numerical models to investigate the efficiency 

of the proposed pavement de-icing technique subjected to different weather conditions. 

4.1 Model Development, Validation, and Possible Simplification 

The aim of this section is to develop and validate a finite element numerical model capable of 

predicting the response of the proposed self-heated pavement technology. Therefore, we start 

this modeling task by developing a three-dimensional (3-D) finite element model mimicking the 

laboratory experiments discussed earlier in Chapter 3. The experimental results are thus used to 

validate the finite element model.  

4.1.1 3-D Finite element model of the experiments 

COMSOL Multiphysics (COMSOL 2014) is used to perform all finite element (FE) models 

performed in this Chapter. Fig. 10 presents the developed COMSOL model with the heat 

exchange loop highlighted. In this model, the dimensions of each layer and the heat exchange 

loops were taken from the experiments as shown in Fig. 3. Furthermore, the thermal properties 

assigned to each material are the same as those presented in Table 1.  

Moreover, three distinct heat exchange processes were incorporated in the FE model. These 

processes are: 

(1) Fluid/pipe convective heat exchange: This represents the heat exchange between the 

circulating fluid and the inner surface of the pavement loops. 

(2) Conductive heat exchange within various materials: This heat exchange represents the heat 

transfer through the walls for the pavement loops and through the various pavement 

layers. 
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(3) Air/pavement heat exchange: This heat exchange occurs at the pavement surface and it 

represents the heat exchange between the ambient air and the pavement section.  

 

Fig.  10 Three-dimensional (3-D) COMSOL finite element model for the laboratory 

experiments.  Note: front and side wooden box and insulation are hidden to show pavement 

layers and the loop. 

The technique adopted to incorporate each of these heat exchange processes in the developed 

FE model is presented in the following sections. 

a. Fluid/Pipe convective heat exchange 

The convective heat transfer between the fluid flowing in the loops and the inner surface of the 

loops was modeled following the procedure developed by Ozudogru et al. (2014). In this 

procedure, the 3-D pipe and fluid flow inside are simplified using 1-D linear elements accounting 

for the heat exchange between these 1-D elements and the surroundings. This simplification 

allows reducing the computational time significantly, while maintaining high accuracy of the heat 

exchange results. 

The simplification adopted by Ozudogru et al. (2014) relies on solving two sets of differential 

equations simultaneously: the equations for the fluid flow inside the pipe and the heat transfer 

equations along the pipe and between the fluid and the surroundings. It should be noticed that 

while the fluid flow equations are not directly related to the considered heat transfer process, 
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considering the fluid flow is critical to obtain accurate heat transfer results since the velocity 

vector of the fluid along the pipe is used in the heat transfer equation to determine (i) the heat 

dissipation due to viscous shearing of the fluid and (ii) distribution of the fluid temperature along 

the pipe, as discussed later. 

To explain the importance of the fluid flow velocity vector on the heat transfer analysis along 

the pipe, the differential equation for the analysis of the heat transfer in the pipes is considered. 

This heat transfer equation relies on the energy equation for an incompressible fluid flowing in a 

pipe as given in Eq. (14). 

𝜌𝑓𝐴𝑝𝑖𝑐𝑝𝑓
𝜕𝑇

𝜕𝑡
+ 𝜌𝑓𝐴𝑝𝑖𝑐𝑝𝑓𝐮 ∙ 𝛻𝑇 = 𝛻 ∙ 𝐴𝑝𝑖𝑘𝑓𝛻𝑇 + 𝑓𝐷 ∙

𝜌𝑓𝐴𝑝𝑖

2𝑑ℎ
|𝐮|3 + 𝑞𝑤𝑎𝑙𝑙

′  14 

where f, cpf, and kf are the density, specific heat capacity, and the thermal conductivity of the 

flowing fluid, respectively; Api is the inner cross-sectional area of pipe, T is the temperature, t is 

the time, fD is Darcy friction factor, dh is the hydraulic diameter of the pipe, u is the velocity field 

along the pipe, and q’wall is the heat transfer through the pipe walls. 

As shown in governing heat exchange Eq. (14), the velocity field of the fluid appears in the 

second term on the left-hand side as well as the second term on the right-hand side. The former 

term provides the fluid temperature distribution along the length of the pipe, while the latter 

term corresponds to the friction heat dissipated due to viscous shear. Thus, solving the fluid flow 

momentum and continuity equations, Eq. (15) and Eq. (16), is necessary to model the fluid heat 

transfer in the pipe adequately. 

𝜌𝑓
𝜕𝐮

𝜕𝑡
= −𝛻𝑝 − 𝑓𝐷

𝜌𝑓

2∙𝑑ℎ
𝐮|𝐮|  15 

𝜕𝐴𝑝𝑖𝜌𝑓

𝜕𝑡
+ ∇ ∙ (𝐴𝑝𝑖𝜌𝑓𝐮) = 0  16 

Darcy friction factor, fD in Eq. (14) and Eq. (15), can be estimated using the Churchill (1997) 

equation, which is valid for any flow condition, i.e. laminar or turbulent, as given in Eq. (17). 

𝑓𝐷 = 8 ∙ [(
8

𝑅𝑒
)

12
+ (𝑐𝑎 + 𝑐𝑏)−1.5]

1/12

 17 

where ca and cb are given by Eq. (18) and Eq. (19), respectively. 
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𝑐𝑎 = [−2.457 𝑙𝑛 ((
7

𝑅𝑒
)

0.9
+ 0.27

𝑒

𝑑ℎ
)]

16

 18 

𝑐𝑏 = (
37530

𝑅𝑒
)

16
 19 

where e is the absolute surface roughness of the pipe which is 0.0015 mm for plastic pipes, and 

Re is Reynolds number that can be calculated using Eq. (20). 

𝑅𝑒 =
𝜌𝑓𝐮𝑑ℎ

𝜇
 20 

where  is the dynamic viscosity of the fluid. 

Using Eqs. (18) through (23), the fluid velocity field is first estimated then used in Eq. (17) to 

calculate the fluid temperature and the heat exchanged with the surroundings. This heat 

exchanged with the surroundings is incorporated in Eq. (17) using the q’wall term, which is given 

by Eq. (21). 

𝑞𝑤𝑎𝑙𝑙
′ = (ℎ𝑍)𝑒𝑓𝑓 ∙ (𝑇𝑒𝑥𝑡 − 𝑇) 21 

where Text is the temperature of the pipe surrounding, i.e. the base layer, that is estimated using 

the heat conduction model, and (hZ)eff is the overall heat transfer coefficient per unit length of the 

pipe, which is given by Eq. (22). 

(ℎ𝑍)𝑒𝑓𝑓 =
2𝜋

2

𝑑𝑝𝑖∙ℎ𝑖𝑛𝑡
+

𝑙𝑜𝑔 (
𝑑𝑒
𝑑𝑖

)

𝑘𝑝

 22 

The first term in the denominator represents the heat resistance due to the internal film 

between the fluid and the inner pipe surface through the internal film resistance heat transfer 

coefficient (hint) which is estimated using Eq. (23) and Eq. (24). The second term in the 

denominator accounts for the thermal resistance due to the heat conduction through the pipe wall 

that has an inner diameter of di, an outer diameter of de, and a thermal conductivity of kp.  

ℎ𝑖𝑛𝑡 = 𝑁𝑢
𝑘𝑓

𝑑ℎ
 23 

𝑁𝑢 =
(𝑓𝐷 8⁄ )(𝑅𝑒−1000)𝑃𝑟

1+12.7(𝑓𝐷 8⁄ )1/2(𝑃𝑟
(2 3⁄ )

−1)
 24 



25 

Therefore, solving the fluid flow and the fluid heat transfer equations at the same time allows 

the estimation of the heat rate applied from the pipe to the base layer in the model. To solve these 

coupled fluid/pipe heat transfer and flow equations, the inlet fluid temperature used in the 

experiments, i.e. 31.5 °C, was assigned at the pipe inlet in the model. The pipe inlet in the model 

was also assigned the mass flow rate used in the experiment, i.e. 4.1 gpm, which is used to 

calculate the inlet fluid velocity. Further, the pipe heat transfer model was coupled with the 

conductive heat exchange model (the following section) using Text in Eq. (24). 

b. Conductive heat exchange with various materials 

The heat propagation in the solid domains including the pseudo tube walls (Ozudogru et al., 

2014), the base layer, the asphalt layer, the subbase and subgrade layers is expected to be 

conductive in nature. Any convection heat transfer in these layers due to potential groundwater 

flow is ignored. Thus, the heat conduction in the solid layers is governed by Eq. (25). 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+ 𝛻 ∙ (−𝑘 ∙ 𝛻𝑇) = 0  25 

where , Cp, and k are the density, the specific heat capacity, and the thermal conductivity of each 

of the respective materials. 

The conduction heat transfer equation, Eq. (25), is solved for the temperature (T). This 

conduction heat transfer model is coupled with the fluid convective heat transfer (previous 

section) by assigning the temperature outside the pipe from this model as Text in Eq. (24). It must 

be noticed that while generating the model geometry, the internal pavement loops were 

constructed as separate domains so that the pipes’ external surfaces can be assigned appropriate 

boundary conditions. 

c. Air/pavement heat exchange 

The interaction between the pavement section and the cold air in the freeze-thaw chamber is 

performed by applying the various heat fluxes typically present in the energy balance relation as 

presented earlier in Chapter 2. The considered heat fluxes include irradiation (I), convection (H), 

long-wave emission (L), and conduction (G). The latter heat flux, i.e. conduction, is calculated 

using the heat conduction Eq. (25), while the former three fluxes are signed as boundary 

conditions on the pavement surface.  
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4.1.2 3-D FE Boundary Conditions, initial values, meshing, and numerical solver 

As discussed in the previous section, the top surface of the pavement was assigned the three heat 

fluxes representing the energy balance equation of the pavement surface, i.e. convection, long-

wave emission, and irradiation, as estimated using the mathematical formula in Chapter 2. To 

mimic the experiments, the modeled irradiation was set to zero throughout the model since the 

pavement section was housed inside the freeze-thaw chamber away from the sun. Furthermore, 

the air velocity in Eq. (4) was also set to zero throughout the model. Thus, the convective heat 

transfer coefficient for the model was constant at 5.6 W/ m2∙K which was used to calculate the 

convection heat transfer using Eq. (3). Moreover, the long-wave emission heat flux was calculated 

using Eq. (5) through Eq. (10) based on the measured relative humidity and air temperatures 

inside the freeze-thaw chamber throughout the experiments. Additionally, the sides of the 

wooden box were assigned an insulation (no heat flux or Neumann) boundary conditions since 

the presence of the thermal insulation prevented any heat exchange to take place through these 

walls. Finally, the inlet fluid temperature measured during the experiments (Fig. 6) was assigned 

at the inlet of the modeled pipe. 

The initial temperature assigned for each layer mimicked the average temperature recorded 

in the considered layer before the beginning of the fluid circulation. The assigned initial 

temperatures for the asphalt layer, the base layer, the subbase layer, and the subgrade layer were 

-7.1 °C, -4.5 °C, -3.5 °C and -3.5 °C, respectively. These values match those shown in Fig. 5 at time 

= 0 for each layer. Furthermore, the assigned initial fluid temperature was -6 °C mimicking the 

measured temperature as shown in Fig. 6 at time = 0. 

The mesh selected for the analysis was varied in preliminary models to ensure that the results 

are mesh-independent. Based on these preliminary models, it was found that adequate mesh is 

made of triangular elements with minimum and maximum element sizes of 3.7 mm and 51.7 mm, 

respectively, with an element growth rate of 1.4 and 0.7 refinement in narrow regions. Therefore, 

these mesh properties were used in the analysis reported here. Fig. 11 shows the selected mesh. 

Finally, a time dependent analysis was performed to predict the temperature within the 

pavement section and the fluid temperature throughout the modeled experiment. This analysis 
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was performed for a total of 150 hour with results stored every 15 minutes. The analysis was 

performed using the COMSOL built-in GMRES iterative solver.  

 

 

Fig. 11 Discretization of the 3-D finite element model for the experiments. 

 

4.1.3 3-D Model Validation 

The validation of the developed model was two-fold: the first is validating the implemented 

energy balance equations at the pavement surface, while the second is validating that the 

developed model is capable or mimicking the experimental results. This section presents the 

details of the two validation steps. 

a. Validation of the surface energy balance model 

The results of the experiment reported by Qin and Hiller (2014) were used for this validation of 

the energy balance equations implemented in the model. In this experiment, Qin and Hiller (2014) 

reported temperature changes at three different depths (12.7, 38.1, and 63.5 mm) in an asphalt 

layer of a conventional pavement (i.e. without heat exchange loops) in Davis, CA over a 10-days 

period extending from July 1st to July 11th, 2012. The solar radiation, wind speed, relative 

humidity, and ambient temperature were recorded over this period. Therefore, the validation 
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model considered for this step did not include heat exchange loops and it used the recorded 

weather conditions and the thermal properties reported in Qin and Hiller (2014). Fig. 12 presents 

a comparison between the measured pavement temperature at 38.1 mm and this approximated 

using the adopted surface energy balance equations.  As can be seen from this figure, the 

pavement temperatures approximated using the finite element model are in good agreement with 

the measured temperatures with a relative error of about ±7.5%.  Similar results were found for 

the temperatures at other depths (i.e. 12.7 and 63.5 mm), suggesting that the adopted surface 

energy balance equations provide a robust technique to mimic reality. 

 

 

Fig.  12 Comparison between the observed (Qin and Hiller 2014) and the simulated pavement 

temperature at 38.1 mm in the asphalt layer. 

 

b. Validation of 3-D model 

The developed finite element model was validated against the temperatures measured in the 

experiment. Fig. 13 shows the results of the 3-D numerical model compared to the experimental 

results when the freeze-thaw chamber was set to temperature -10 °C and a fluid inlet temperature 

at 31.5 °C. The thermal properties for the various materials used in this model were the same as 

those shown in Table 1. As shown in Fig. 13, the results of the 3-D model not only captured the 

overall response of the surface temperature change, but also replicated the heating, transition and 

steady state stages.  

 

Simulation

Observation
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Fig. 13 Validation of numerical model against the experimental results for -10 °C chamber 

temperature and 31.5 °C inlet fluid temperature. 

 

4.1.4 3-D Model Results and Discussions 

As shown in Fig. 13, the developed 3-D finite element model was able to replicate the trend and 

average values for the pavement surface temperature changes as observed in the experiment 

validating the accuracy of the model. This validated model is, thus, used to understand the 

propagation of the thermal energy in the pavement section.  

More importantly, the results of this 3-D finite element model suggest that the use of 2-D 

models is adequate to model the proposed de-icing system. As shown in Fig. 14, the contour lines 

for the pavement surface temperature appear to be consistent along the length of the pavement 

loop. Furthermore, the Fig. 15 shows that the temperatures distribution within the various 

pavement layers along the length of the pavement loop are independent of the considered cross-

section. Therefore, 2-D finite element models are recommended for analyzing the effectiveness of 

the proposed de-icing technique under different weather conditions. The use of 2-D models will 

significantly reduce the computational costs and time compared to 3-D models. 
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Fig. 14 Surface temperature contour lines after 30 hours. 

 

 

Fig. 15 Pavement temperature at different cross-sections along the length of the heat 

exchange loop after 30 hours; (a) at center of the loop, (b) at solid end of the wooden 

box, and (c) at the wooden side for the inlet and outlet loops entrances. 

4.2 Predicting System Behavior for Actual Weather Conditions 

This section presents the adopted simplification of the 3-D finite element models to 2-D models 

based on the previously discussed results of the 3-D models. Then, the weather conditions of 

(a) (b) (c)
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three locations in the U.S. are incorporated in the model to determine the effectiveness of burying 

heat exchange loops in the base layer to de-ice pavement surfaces. 

4.2.1 2-D Model Simplification 

To convert the 3-D physics of the fluid into 2-D, the method developed by Lazzari et al. (2010) 

was adopted. In this method, the fluid was replaced by an equivalent solid that has the same heat 

capacity and density as the fluid, but with a very high thermal conductivity; a thermal 

conductivity of 1000 W/m∙K was used in this study.  

The pavement section used in the 2-D models for this study represent a conventional cross-

section in an actual pavement with heat exchange loops in the base layer. The considered 

pavement section consists of 125-mm asphalt layer on top of a 300-mm aggregate base layer and 

a 6-m sub-grade layer as shown in Fig. 16. Pavement loops are placed in the base layer at 75-mm 

below the bottom of the asphalt layer with a center-to-center spacing of 230-mm. Finally, the 

modeled loops have inner and outer diameters of 25-mm and 28-mm, respectively.  

 

 

Fig. 16 Pavement section with proposed loops installed in the base layer. 

 

The thermal properties of the various layers in the pavement section being used in the 2-D 

models are given in Table 2. While the values in Table 2 differ from those measure in the 

experiments performed in this study and shown in Table 1, these values were selected to 

represent the average values expected for various materials typically used in actual pavement 

construction. The sides of the model were assigned symmetrical boundary conditions, while the 

Asphalt

Aggregate Base

Aggregate Subgrade

125 mm

300 mm

6 m

75 mm

230 mm
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bottom of the model was assigned a no-heat flux boundary condition as shown in Fig. 17. 

Moreover, the impact of the weather condition at each of the considered locations was 

implemented in the model via incorporating the solar radiation, wind speed, humidity, and 

ambient temperature as boundary conditions at the pavement surface using the surface energy 

balance equations discussed in Chapter 2.  

 

Table 2 Thermal properties of various materials used in the 2-D numerical model. 

Thermal Property Asphalt Base Subgrade Loops Working fluid 

Density (kg/m3) 2350 2000 1750 960 1000 

Thermal Conductivity (W/m∙K)  1.80 2.0 2.0 0.39 0.594 

Specific Heat Capacity (J/kg∙K) 900 800 1500 2300 4187 

 

The weather data for each of the considered locations were obtained from the typical 

meteorological year (TMY) database that provides the critical hourly weather data for the last 30 

years (Wilcox and Marion, 2008). The hourly variation of ambient air temperature, relative 

humidity, solar intensity, and wind velocity for three cities were considered (1) New York City, 

NY, (2) Buffalo, NY, and (3) Washington D.C. These cities were selected to determine the 

effectiveness of the proposed de-icing technique under different weather conditions; Buffalo, NY 

representing an extreme winter conditions, while Washington D.C. represents a mild winter, and 

New York City being a moderate weather condition.  

The pavement section was meshed using a hierarchical discretization approach. The fluid 

domains within the loops were meshed first using quadrilateral elements followed by the loop 

wall domains which were meshed using quadrilateral elements. Pavement layers were then 

meshed using triangular elements. The first pavement layer that was meshed was the asphalt 

layer, then the base layer, and finally the sub-grade layer with an increase in the mesh size with 

depth. The final adopted mesh for the modeled pavement section is shown in Fig. 17 . 
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Fig. 17 Domain discretization mesh and assigned boundary conditions for the 2-D finite 

element models. 

 

To provide a realistic initial ground temperature for each of the considered locations, a one-

year transient model was performed for each city with the pavement surface subjected to the 

respective weather conditions at the considered city and without operating the heat exchange 

loops. The average temperatures at the end of this modeled year were then assigned as the initial 

uniform ground temperatures at each city for the model with operational heat exchange loops. 

These uniform ground temperatures were found to be 9 °C, 7.5 °C, and 12.5 °C for NYC, Buffalo, 

and Washington D.C., respectively. 

4.2.2 Effectiveness of Proposed Heat Exchangers 

To determine the ability and effectiveness of heat exchange loops buried in the base layer to de-

ice pavement surfaces under different conditions, predicting pavement surface temperatures 

under normal conditions, i.e. without these loops, is needed. Therefore, the developed 2-D finite 

element models for the three considered locations were analyzed for one-year (after the one-year 

analysis used to determine the initial ground conditions as discussed in the previous section) 

without the heat exchange loops. Figs. 18, 19, and 20 present the predicted pavement surface 

temperatures for New York City, Washington D.C., and Buffalo, respectively over winter months 
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without the heat exchange loops. As shown in Fig. 18, the pavement surface temperature for New 

York City fall below freezing between November and March with -12.5 °C being the minimum 

temperature recorded in January. The pavement surface temperatures for Washington D.C. and 

buffalo fall below freezing between October and March as shown in Fig. 20 and Fig. 19, 

respectively. Furthermore, the minimum pavement surface temperatures for Buffalo and 

Washington D.C. occurred in February and were -13.5 °C and -10 °C, respectively. 

Following these initial models, the heat flux applied by the fluid inside the heat exchange loops 

was increased systematically until the pavement surface for each of the considered cities was 

raised above freezing. For each heat flux, the models were analyzed for one-year. The heat flux 

required to ensure that the considered New York City pavement section with pavement loop 

geometry shown in Fig. 16 will experience no freezing events was found to be 170 W/m as shown 

in Fig. 21. Similarly, the heat fluxes needed to ensure no freezing events for Washington D.C. and 

Buffalo were found to be 105 W/m and 130 W/m, respectively. 

 

 

Fig. 18 Surface temperature for conventional pavement (without loops) over winter months 

in New York City. 
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Fig. 19 Surface temperature for conventional pavement (without loops) over winter months 

in Washington, D.C. 

 

 

 

Fig. 20 Surface temperature for conventional pavement (without loops) over winter months 

in Buffalo. 
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Fig. 21 Effect of burying heat exchange loops in the base layer on the pavement surface 

temperature over winter months in New York City. 

 

Since the energy applied to the loops will need to be provided by an external system which 

could be external heaters, ground-coupled heat exchangers, or solar heat exchangers, it is 

recommended to limit the heat flux in the loops to an acceptable value. In this study, we 

recommend using 100 W/m because this heat flux will require, on average, a 1:1 pavement loop 

length to ground-coupled heat exchanger length, which is the recommended technique in this 

study. Since this selected heat flux is less than that required to ensure no freezing events for each 

of the three cities, the number of expected freezing events at each location needs to be predicted. 

Thus, the 2-D model for each of the cities was analyzed using 100 W/m as the applied heat flux 

in the loops. As shown in Fig. 22, the number of expected pavement surface freezing events for 

the three locations is considerable smaller than that for conventional pavement (see Figs. 18 

through 20) with minimum pavement surface temperatures of -6 °C for New York City, -0.1 °C 

for Washington D.C, and -4 °C for Buffalo. Thus, the recommended 100 W/m can be used for 

actual applications. 
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Fig. 22 Pavement surface temperatures for the three considered cities over winter months 

with 100 W/m applied to the surface. 

4.3 Conclusions 

Based on the validated numerical models performed in this chapter, the following conclusions 

are drawn: 

1) The temperature distribution within the various layers of the pavement section is 

symmetrical around the heat exchange loops. Thus, the use of simplified 2-D finite 

element models is acceptable and recommended over the time consuming 3-D models. 

2) Installing heat exchange loops in the aggregate base layer has the potential to de-ice 

pavement surfaces across northern U.S. states. However, the amount of heat required to 

ensure no pavement surface freezing events may compromise the system overall cost. 

Thus, it is recommended to limit the average heat flux in the loop to a value that 

correspond to a 1:1 pavement loop length to ground-coupled heat exchanger length. 

Lower heat fluxes should also be considered for unsaturated grounds to reduce the overall 

cost of the system. 

Buffalo
New York City
Washington D.C.
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5 Pavement Mechanical Performance 

The experimental and numerical models presented in the previous chapters prove that the 

proposed self-heated pavement technique will facilitate maintaining the pavement surface ice-free 

through winter months for different weather conditions. This chapter aims to investigate the effect 

of the pavement loops buried in the base layer on the mechanical behavior of the pavement, i.e. 

strains and stresses. This chapter starts with simplified finite element models considering a static 

tire load with an elastic asphalt layer. Them, more realistic models considering moving tire load 

and visco-elastic asphalt constitutive relation were performed. Finally, a simple analytical model 

is considered to obtained quick preliminary design of the proposed self-heated pavement 

technique. 

5.1 Background 

To optimize the pavement loop geometry and material for acceptable pavement mechanical and 

thermal performance, it is essential to know the displacement and stress distribution in the self-

heated pavement under both static and dynamic loads. Numerous studies investigated the contact 

stress distributions between vehicles’ tires and pavement surface under different loading 

conditions, which have significant effects on the prediction of pavement response and performance 

(Wang and Al-Qadi 2010, De Beer et al. 2000, Al-Qadi et al. 2008). The exact distributions of contact 

stresses are complex and depend on many factors, such as tire type (bias-ply or radial-ply, dual 

tires or single wide-base tire), tire structure (geometry, tread pattern, rubber and reinforcement), 

pavement surface condition (texture and roughness), loading condition (wheel load and inflation 

pressure) and tire rolling condition (free rolling, acceleration, braking and cornering) (Wang et al. 

2012).  

The impact of dynamic loads on pavement was studied in the middle of 20th century based on 

analytic theories restrained. Cole and Huth (1956) proposed the analytic solution for pavement 

dynamic elastic responses under a steadily moving load in a symmetric half-space. Kenney (1954) 

simplified pavement as a beam in a steady-station vibration on elastic foundation. Hanazato et al. 

(1991) studied the traffic-induced ground vibration decreasing phenomenon due to damping force 

based on elastic theory. Jones et al. (1998) utilized Fourier transform to solve pavement dynamic 

responses in time history and developed analytical solutions for pavement responses under 

moving loads with rectangular shapes. Since then, Fourier transform was utilized to describe the 
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viscoelastic characteristics of asphalt layers, and to analyze pavement dynamic and vibration 

behaviors (Krylov 1996, Huang et al. 2001). However, these analytical solutions were based on the 

elastic or viscoelastic assumptions for asphalts and only for specific shapes of load contact areas 

making these oversimplified models highly different from field conditions (Hao and Ang 1998). 

Additionally, the ignorance of vehicle inertia, the vehicle-pavement coupling effect, and/or the 

shell model for pavement structure makes analytical solutions inaccurate (Lu and Xuejun 1998).  

With the development of computational mechanics, the finite element method and the boundary 

element method broke the limitations of boundary conditions and load types in analytical methods. 

Zaghloul and White (1993) used ABAQUS, a three-dimensional, dynamic finite element program 

(3D-DFEM), to analyze flexible pavements subjected to moving loads at various speeds. A number 

of material models were used to represent actual material characteristics based on viscoelasticity 

and elastoplasticity concepts. The simulation results were then validated with test results which 

indicated that the 3D-DFEM can be used with confidence to predict actual pavement response from 

moving loads. Alabi (1992) studied dynamic responses of pavement structure under moving 

concentrated force through numerical integration and conducted sensitivity analysis on load 

speed.  

Tielking and Roberts (1987) developed a FE model of bias-ply tire for analyzing the effect of 

inflation pressure and load on tire–pavement contact stresses. In their model, the pavement was 

modelled as a rigid flat surface, and the tire was modelled as an assembly of axisymmetric shell 

elements positioned along the carcass mid-ply surface. The simulation results showed that the 

inflation pressure is magnified about twice in localized areas of the footprint when the tire contacts 

the road surface because of truck tire stiffness and these high contact pressures produce high strains 

in thin pavements, which may lead to pre-mature cracking. Shoop (2001) simulated the coupled 

tire–terrain interaction and analyzed the plastic deformation of soft soil/snow using an Adaptive 

Lagrangian–Eularian (ALE) mesh formulation. He suggested that the assumption of a rigid tire 

might be suitable for soft terrain analysis. Roque et al. (2000) used a simple strip model to simulate 

the cross section of a tire and concluded that the measurement of contact stresses using devices 

with rigid foundation was suitable for the prediction of pavement responses. Wang et al. (2012) 

developed a 3D tire – pavement interaction model to predict the tire – pavement contact stress 

distributions at both static and rolling conditions. The tire was modelled as a composite structure 

(rubber and reinforcement) and the pavement was modelled as a non-deformable flat surface to 
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achieve better computation efficiency. The analysis results showed that the non-uniformity of 

vertical contact stresses decreases as the load increases, but increases as the inflation pressure 

increases. However, vehicle maneuverings behavior significantly affects the tire – pavement 

contact stress distributions. For example, tire braking/acceleration induces significant longitudinal 

contact stresses, while tire cornering causes the peak contact stresses shifting towards one side of 

the contact patch. 

Compared with the studies mentioned earlier, the goal of this study is to analyze the response 

of pavement under different loading conditions and investigate the effect of loop geometry and 

material property on the mechanical and thermal performance of the pavement, for simplicity, the 

tire is not included in the simulations and the load is applied onto the pavement directly through 

a circular contact area similarly as that in Wang et al. (2012). 

5.2 Mechanical performance of the proposed self-heated pavement 

In this section, 3-D self-heated pavement model is constructed, and the response of pavement with 

different material properties under different loading conditions are studied. The detail of the 

ABAQUS simulation and the result analysis are discussed below. 

5.2.1 Static tire load on a pavement with elastic HMA layer 

The considered pavement section consists of three layers namely the subgrade, a base layer and a 

hot mix asphalt (HMA) layer as shown in Fig. 23. The lateral extension of the model (3.3 m x 3.3 m) 

was selected to ensure that the results are not impacted significantly by boundaries. It is assumed 

that the outer surfaces of the loops are tied together with the base material, i.e. no slippage is 

allowed between the loops and the base layer. Table 3 summarizes the dimensions of different 

pavement layers and the loops used in this model. It should be noticed that the loop spacing in 

Table 3 refers to the center-to-center distance between two adjacent loops, while the loop cover is 

the distance from the bottom of the HMA layer to the top of the loop.  

The considered tire load and boundary conditions of the pavement are shown in Fig. 24. The 

bottom of the pavement is fixed. Only vertical deformations are allowed to occur at the side 

boundaries of all pavement layers, i.e. the side boundaries are simply supported. Furthermore, a 

150 mm contact between the tire and the pavement surface is considered in this model (Wang et 

al., 2012). Since this model considers a static tire load with no tire rolling, the expected shear stress 

applied on the pavement surface as the tire rolls is neglected. For simplicity, it is further assumed 
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that the contact normal stress between the tire and the pavement is uniformly distributed cross the 

contact area with magnitude of 550 kPa as shown in Fig. 24.  

  

(a)                                      (b) 

Fig. 23 ABAQUS FE model geometry (a) General view and, (b) Loops in the base layer. 

 

Table 3. Summary of model geometry and material properties. 

Property HMA Base Subgrade HDPE Loop 

Thickness (m) 0.05 0.3 20.65 - 

Density (kg/m3)  2300 1700 2000 963 

Young’s Modulus (MPa) 700 100 20 800 

Poisson’s Ratio 0.35 0.4 0.45 0.45 

Outer Diameter (mm) - - - 10.7 

Inner Diameter (mm) - - - 7.9 

Loop Spacing (mm) 300 

Loop Cover (mm) 25 

 

Fig. 25 shows the finite element mesh used for this model with the details of the discretization 

mesh presented in Table 4. A total of 129,670 elements are used to discretize all model domains. As 

the load is applied at the center of the HMA surface, small elements (0.025 m) are used for the HMA 

layer in order to get a more accurate result. Since the thickness of the subgrade is larger than its 

length and width and the limited effect of tire load as depth increases, as suggested by saint-venant 
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principle, gradual increase in the size of the elements is applied along the depth of the subgrade to 

reduce the total number of elements and computational costs.  

 

 

Fig. 24 Tire Load and boundary conditions of the pavement. 

 

Fig. 25 Discretization mesh used for the model. 

The results of the considered model are presented in Fig. 26. with the displacement and the 75% 

average Von-Mises stress fields over pavement depth are shown in Fig. 26(a) and Fig. 26(b), 

respectively. As shown in Fig. 26, the displacements and stresses in the pavement are concentrated 

over a very limited area around the applied circular tire pressure. 
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Table 4 Details of discretization mesh.  

Layer Element Type Element Size (m) 

Number of 

Elements 

HMA 
6-noded, linear, triangular 

prisms 

0.05 ×0.025 22156 

Base 8-noded, linear, brick 0.05×0.05×0.05 73392 

Subgrade  8-nodeed, linear, brick 0.1×0.1×0.2~2 28314 

HDPE Loop 8-noded, linear, brick 0.0028×0.0082×0.05 528 

 

Lateral profiles for the surface displacements along the model centerline and stresses at the top 

of the center loop are presented in Fig. 27(a) and Fig. 27(b) which also be compared with the results 

from pavement without tubes, respectively. As shown in Fig. 27, the maximum observed 

displacement (-2.63 mm) occurs at the center applied tire pressure as initially anticipated. Similarly, 

the stress at the center of this tube is largest (0.9 MPa) and there are stress concentrations at two 

ends of the center tube.  

 

            

                                                            (a)                                     (b) 

Fig. 26 Model results (a) Field of displacement along thickness direction (m), and (b) Stress 

field (Pa). 
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(a)                                    (b) 

Fig. 27 Lateral profiles for (a) surface displacements at the center of the modeled pavement, 

and (b) Stress distribution on the top of the center loop. 

In addition, the effect of loop on the displacement and stress distribution in pavement are 

investigated in Fig. 27 which shows that the effect of loops on deformation of pavement surface 

can be ignored as the displacement curves for pavement with HDPE loops overlap with that for 

pavement without loops. However, the stress in pavement without loops is smaller than that in 

pavement with HDPE loops because HDPE is much stiffer than the base layer. 

5.2.2 Static tire load on a pavement with viscoelastic HMA layer 

In this section, a more realistic model for the HMA is used, namely the viscoelastic model since 

HMA is a viscoelastic material especially at elevated temperature. Following [37], the viscoelastic 

material properties of HMA can be expressed using Prony series with the Prony’s coefficients 

shown in Table 5. The same HMA elastic properties used in the elastic model (Section 5.2.1) are 

used for the elastic response of the viscoelastic model. Moreover, the model geometry, 

discretization mesh, and properties of the loops, base and subgrade layers are identical to those 

used in the elastic HMA model and summarized in Table 3 and Table 4. 

 

Table 5 Prony Series Coefficients for HMA Layer (Liao 2007). 

𝑔
1
 0.2301 𝑔

3
 0.2432 𝑔

5
 7.03E-2 𝜏2 2.37E-3 𝜏4 8.479 

𝑔
2
 0.2847 𝑔

4
 0.1566 𝜏1 9.66E-6 𝜏3 1.58E-1 𝜏5 470.5 

 

The creep time in the adopted viscoelastic model is set to be 5 second. The displacement and the 

75% Von-Mises stress fields over the depth of the pavement at the end of this creep time are shown 
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in Fig. 28(a) and Fig. 28(b), respectively. As for the case of elastic HMA, the displacements and 

stresses are limited to the area around the applied tire pressure. To show the history of the creep 

step, Fig. 29 shows the history of displacement along thickness direction at the center point of 

pavement surface. Since the tire load there is applied using a static step over 0.01 second before the 

beginning of the creep, the displacement increases rapidly during the initial static step, as shown 

in Fig. 29, followed by a slower rate of displacement increase due to the assumed viscidity of the 

HMA layer. 

A comparison between the lateral profiles for the surface displacements along the model 

centerline and stresses at the top of the center loop from the elastic HMA model and the viscoelastic 

HMA model are presented in Fig. 30(a) and Fig. 30(b), respectively. While the general distributions 

of the displacements and stresses appears to be independent of the assumed material model for the 

HMA layer, the maximum displacement and stress estimated using the viscoelastic HMA are lower 

than those estimated from the elastic HMA. This behavior is expected due to time-dependent of 

the viscoelastic model results. Therefore, the viscoelasticity of the HMA layer decreases the 

displacement and stress in the self-heated pavement. Meanwhile, the design of loop geometry and 

the selection of material to be used in the self-heated pavement can be based on the simulation with 

elastic HMA layer. Similarly, as in Fig. 27, for pavement with viscoelastic HMA layer, the 

deformation of pavement with tube overlap with that in pavement without tubes as the size of tube 

is very small; the stress at the same location in pavement without loops is smaller compared with 

that in pavement with HDPE tube because the HDPE is much stiffer than base layer.  

                        

(a)                                      (b) 

Fig. 28 (a) Field of displacement along thickness direction (m); (b) Stress field (Pa). 
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Fig. 29 History of displacement along thickness direction at center point of pavement surface. 

 

  

(a)                                    (b) 

Fig. 30 Comparison of (a) Distribution of displacement along thickness direction at the center 

line of pavement surface; (b) Stress distribution along the center tube between elastic 

HMA layer and viscoelastic HMA layer cases. 

5.2.3 Moving tire load of a pavement with viscoelastic HMA layer 

In this section, the finite element model of the self-heated pavement with viscoelastic HMA layer, 

from Section 5.2.2., is used to investigate the effect of the pavement loops on the displacement and 

stresses in the pavement under moving tire load. The loop geometry, material properties, and 

boundary conditions adopted in Section 5.2.2 are used for the model reported in this section. 
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Since the stress distribution at the contact between the tire and pavement is not the focus of this 

study, the adopted moving tire is simulated as a uniformly distributed normal stress applied over 

a rigid cylinder with a radius equals to the radius of the circular contact area as shown in Fig. 31. 

The contact between the bottom surface of the rigid cylinder and the pavement surface is simulated 

using (1) a normal hard contact, and (2) a 0.2 friction coefficient for the tangential behavior. As the 

rigid cylinder moves along the model, normal and friction stresses are applied to the pavement 

surface. A tire speed of 3.6 km/hr is adopted in this model. 

The history of displacement along thickness direction at the center point of pavement surface is 

presented in Fig. 32. This figure shows that the displacement increases fast at the beginning because 

of the static step over which the tire load is applied. When the applied load starts to move, the 

displacement increases further. However, when the tire moves far away from the center point, 

which is the focus of Fig. 32, the displacement at the center point decreases the elastic deformations 

recover. Compared with the result presented in Fig. 30(a), the maximum displacement at the center 

point of the viscoelastic HMA layer under moving load is smaller than that considering a static tire 

load. These results confirm that the design of pavement loops and the material selection can 

reasonably be based on the assumption that the HMA layer is elastic and the tire load is static, 

which reduces the computational cost and time significantly. 

 

 

Fig. 31 Denote of how loading is applied through a rigid cylinder part. 
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Fig. 32 History of displacement along thickness direction at the center point of pavement 

surface 

5.3 Parametric analysis  

A parametric analysis is performed to optimize the loop geometry and provide guidelines for the 

selection of the loop material for the proposed self-heated pavement. The deformation of the 

pavement when vehicle tires move above the pavement loops is expected to be less than the 

deformations when the tires move between the loops, as shown in Fig. 33. Depending on the loop 

spacing, and depth, as well as the stiffness of various materials, the difference between pavement 

deformations above and between the loops can be catastrophic causing rough drives. This task 

aims to define the pavement loop geometrical limits to limit the differential surface deformations 

above and between the loops to a maximum of 0.05 inch.  

 

Fig. 33 Deformation of self-heated pavement. 

Based on the simulation recommendations of Section 5.2, a pavement section with elastic HMA 

layer under static load is adequate for the purpose of this parametric study. Therefore, the 

parametric analysis presented in this section is based on the models of pavements with elastic HMA 

layer under static load similar to Section 5.2.1.  

 in



49 

5.3.1 Effect of loop space 

First, the effects of loop space, i.e. the center-to-center distance between two adjacent tubes, are 

investigated considering HDPE loops and aluminum loops. Seven (7) different loop spacing, from 

300 mm to 900 mm with an increment 100 mm, are considered in this parametric analysis. The 

material properties, FE mesh, and loop geometry —except the loop spacing— are similar to those 

shown in Table 3 and Table 4. The Young’s modulus of the aluminum tube is 690 GPa and the 

Poisson’ ratio is 0.33. 

The deformation at the center point of loaded tire area with the load applied on or between 

tubes and the differential surface deformations between points above and between the loops for 

the pavement with different HDPE and aluminum loop spacing are summarized in Table 6 and 

Table 7, respectively. The displacements of the pavement surface versus the loop spacing when the 

tire is above the loop and between the loop are shown in Fig. 34(a) for HDPE loops and in Fig. 34(b) 

for the aluminum loops. 

 

Table 6 Surface deformation of pavement with HDPE loops at different loop spacing 

 

As shown in Fig. 34(a) for HDPE loops, the pavement surface deformation when the tire is above 

the HDPE is larger than that when the tire is between the HDPE loops indicating that the effective 

modulus of HDPE loops is less than the modulus of the base. Furthermore, the pavement surface 

deformations when the tire is between the HDPE loops are independent of the loop spacing. On 

the other hand, Fig. 34(b) shows that using aluminum loops causes less pavement surface 

Loop spacing (mm) 

Deformation (mm) 
 

Tire above loop  Tire between 

loops 

Differential (mm) 

300 2.66691 2.6624 0.00451 

400 2.66911 2.66249 0.00662 

500 2.67303 2.66334 0.00969 

600 2.67703 2.66241 0.01462 

700 2.68247 2.66398 0.01849 

800 2.68857 2.66404 0.02453 

900 2.69662 2.6648 0.03182 
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deformations when the tire is above the loops compared to those occurring when the tire is between 

the loops. This is believed to be due to the higher effective modulus of the aluminum loops in 

comparison with the modulus of base layer. Moreover, the pavement surface deformations 

considering aluminum loops increase continuously as the loop spacing increase for the two 

considered tire locations.  

 

Table 7 Surface deformation of pavement with HDPE loops at different loop spacing. 

 

As presented in Table 6 and Table 7, it should be noticed that the maximum approximated 

differential surface settlement between the two considered tire locations is about 0.045 mm 

(~0.00177 inch) occurring when the tire is applied on a pavement with aluminum loops at a spacing 

of 500 mm. This maximum surface differential settlement is less than the selected limit, i.e. 1.275 

mm (~ 0.05 inch). Therefore, all of loop geometries considered in this parametric analysis satisfy 

the design requirement. Overall, the loop spacing has a small effect on the pavement surface 

deformation as the variation of the pavement surface deformation is less than 2% for loop spacing 

ranging between 300 mm and 900 mm. 

Fig. 35 presents the effect of loop material on the pavement surface deformations versus loop 

spacing. As shown in Fig. 35(a) for the tire above the loop, the surface displacement of the pavement 

with aluminum loops are slightly less than that for a pavement with HDPE loops for all loop 

spacing. This is because of the higher stiffness of the aluminum loops compared to the HDPE loops, 

when helps the aluminum loops to provided higher deformation resistance. Similarly, Fig. 35(b) 

shows that when the tire is applied between loops, the difference in the surface deformations 

 

Loop spacing (mm) 

Deformation (mm)  

Tire above loop Tire between loops Difference (mm) 

300 2.59739 2.62612 0.02873 

400 2.60386 2.64431 0.04045 

500 2.60896 2.6538 0.04484 

600 2.61294 2.65675 0.04381 

700 2.61811 2.66024 0.04213 

800 2.62568 2.66131 0.03563 

900 2.6336 2.66265 0.02905 
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between a pavement with HDPE loops and an identical pavement with aluminum loops reduces 

as the loop spacing increases. This is attributed to the fact that as the tire is applied between loops, 

the effect of loop on the surface deformation would be weaken with the increase of the loop spacing. 

It should be noticed that the pavement surface displacements for the two loop types converge to 

the displacement approximated for a pavement without loops (~2.665 mm), mimicking the case of 

infinite loop spacing, shown in Fig. 35(b). 

 

  

                  (a)                                   (b) 

Fig. 34 (a) Change of surface deformation with different HDPE loop spacing; (b) Change of 

surface deformation with different aluminum loop spacing. 

 

  

(a)                                  (b) 

Fig. 35 Effect of tube material on surface deformation when the load is applied (a) on tube; and 

(b) between tubes. 
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5.3.2 Effect of loop depth 

By following the same approach followed in Section 5.3.1, the effect of loop depth below the bottom 

of the HMA layer is considered in this section. For simplicity, the loop depth is measured to the 

top of loops with the two considered loop materials, i.e. aluminum and HDPE. The loop spacing is 

set to be 500 mm and the loop depth is varied between 25 mm and 275 mm with an increment of 

25 mm. The geometry and material properties are similar to those presented earlier in Table 3 and 

Table 4. 

Table 8 and Table 9 summarize pavement surface displacements at the center of the tire for 

pavements with different loop depths, loading locations, and loop materials. As shown in these 

tables, the maximum surface differential settlement is about 0.043 mm (~ 0.0017 inch), which occurs 

for a pavement section with aluminum loops at 25 mm spacing. This maximum surface differential 

settlement is acceptable per the selected design limit of 1.275 mm (0.05 inch).  

 

Table 8 Surface deformation of pavement with HDPE loops at different loop depths. 

 
Deformation (mm) 

 

Loop depth (mm) Tire above loop Tire between Loop Difference (mm) 

25 2.67703 2.66241 0.01462 

50 2.67724 2.66331 0.01393 

75 2.67674 2.6644 0.01234 

100 2.67774 2.66602 0.01172 

125 2.67688 2.66504 0.01184 

150 2.67804 2.6652 0.01284 

175 2.67776 2.66321 0.01455 

200 2.67837 2.66371 0.01466 

225 2.67874 2.66326 0.01548 

250 2.67863 2.66545 0.01318 

275 2.67803 2.66177 0.01626 
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Table 9 Surface deformation of pavement with aluminum loops at different loop depths. 

 Deformation (mm)  

Loop depth (mm) Tire above loop Tire between loop  Difference (mm) 

25 2.61294 2.65675 0.04381 

50 2.6262 2.6573       0.0311 

75 2.63473 2.65638 0.02165 

100 2.64059 2.65451 0.01392 

125 2.63994 2.6488 0.00886 

150 2.63944 2.64309 0.00365 

175 2.63468 2.63394 0.00074 

200 2.62924 2.62669 0.00255 

225 2.62152 2.61744 0.00408 

250 2.61259 2.61108 0.00151 

275 2.6064 2.60213 0.00427 

 

Fig. 36 shows the relationship between the pavement surface deformation and the loop depth. 

As shown in Fig. 36(a) for HDPE loops, the pavement surface deformation at the center of the tire 

when the tire is above the loop is more than the deformation occurring when tire is between the 

loops. This is attributed to the fact that the assumed stiffness of the HDPE is less than the stiffness 

of the base layer as discussed in Section 5.3.1. However, for pavement with aluminum loops shown 

in Fig. 36(b), the surface pavement deformations at the center of the tire when the tire is applied 

above the loops is smaller than that when the tire is between the loops because the aluminum loops 

are stiffer than the base layer.  

Based on Fig. 36(a), there is no explicit relationship between the surface deformations of 

pavement with HDPE loops and the loop depth. For the pavement with aluminum loops, it is 

noticed that when the tire is between the loops, the surface deformation decreases with an increase 

of the loop depth. However, when the tire is above the loops, the surface deformation initially 

increases as the loop depth increases then it decreases with further increase in the loop depth, as 

shown in Fig. 36(b). Also, Fig. 36(b) shows that the differential surface settlements above and 

between the loops decreases and converges to zero as the loop depth increases indicating that the 

effect of tire location can be ignored as the loop depth reaches the tire diameter (i.e. 150 mm).  
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                                            (a)                                                                       (b) 

Fig. 36 (a) Change of surface deformation with different HDPE loop depth; (b) Change of 

surface deformation with different aluminum loop depth. 

Fig. 37 compares the response of pavements with different types of loops. Both Fig. 37(a) and 

Fig. 37(b) show that the surface deformations of pavements with aluminum loops are less than that 

for the pavements with HDPE loops. This result is consistent with Fig. 35, as the modulus of the 

aluminum loops is higher than the modulus of the HDPE loops. 

  

                  (a)                                  (b) 

Fig. 37 Effect of tube material on surface deformation when the load is applied (a) on tube; and 

(b) between tubes. 

5.4 Simplified 1-D analytical approximation 

Based on the previous discussions, the proposed self-heated pavements technology is proven to be 

feasible from the thermal performance perspective and has acceptable mechanical effect on the 

pavement structure. The aim of this section is to adopt currently available analytical techniques 

used in the design of pavements to perform preliminary designs of the proposed self-heated 

pavements. For this purpose, a series of possible designs were considered for analysis using 
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mechanistic methods in addition to a more constructible pavement design with a 25-year life. 

Furthermore, the possible effect of construction errors on the expected life of the newer pavement 

design was investigated. 

The finite element method (FEM) to analyze the expected mechanical and thermal performances 

of the proposed self-heated pavements technique and created a series of acceptable pavement 

designs that meets the thermal and mechanical demands of the project. Pavement loops would be 

placed into the base of the three-layer pavement as shown in Fig. 38. This would ease construction 

and also provide thermal protection to the plastic pipes during construction; hot mix asphalt is 

typically placed at well above 121 °C and could damage the pipes. (NYSDOT 2002) 

 

 

Fig. 38. Generic Pavement Cross Section 

 

For each pavement alternative, finite element models were developed to determine two critical 

strains in the pavement: the tensile strain at the bottom of the AC layer and the vertical strain on 

the top of the subgrade. These values are the most common used in mechanistic pavement design. 

(Irwin 2002, NCHRP 2002) The relationship to pavement lifespan used in this research is based 

upon an average of several strain-fatigue curves from the Asphalt Institute, Danish Road Institute, 

the ME-PDG and others. (Irwin 2002) 

Each pavement section was modeled using CHEVLAY (Irwin 1994), a computer program to 

determine the same critical strains using mathematical closed form solutions. CHEVLAY computes 

stresses, strains, and displacements in a system of elastic layers based upon a multi-layered analysis 

of a half space. The layers are assumed to be of a constant thickness and infinite in all horizontal 
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directions. The load must be a single, static, vertical load applied uniformly over a circular area at 

the surface. Note that CHEVLAY uses US Customary units. Metric data are converted to US 

Customary prior to calling CHEVLAY and converted back when reading the data.  

5.4.1 Mechanistic-Empirical Review of Base Pavement Section 

A base pavement model was set up with 50 mm of asphalt concrete over a 300 mm granular base 

as shown in Fig. 39. The wheel load for the FEM and mathematical analysis comparison was 550 

kPa on a tire-pavement contact radius of 150 mm.  

 

 

Fig. 39. Base Pavement Section. 

 

 The analytical models performed using the CHEVLAY (Irwin 1994) computer program 

considered a 5-layer system with the loops as a separate layer. These layers are, listed from top to 

bottom:  

• Asphalt concrete (HMA) 

• Base above loops 

• Loop layer 

• Base below loops 

• Subgrade 

It should be noticed that CHEVLAY assumes the following about the pavement model. 

• Layers are linearly elastic with constant modulus at every point in the layer. 

• The load is applied uniformly over a single, flexible circular area  

• Layers extend infinitely in all horizontal directions. 

• There is 100 percent horizontal strain and vertical stress continuity across layer interfaces. 

• The bottom layer is semi-infinite in depth. 
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This allows to account for the loop layer in the mathematical analysis even for the base model 

(i.e. no loops). To check the results, the stresses and strains at the same locations should be the same 

if the extra layer has the same inputs (moduli, Poisson’s ratio) as if modeled as a single layer and 

the overall thickness are still the same. To confirm the assumptions above, an analysis was 

performed considering only three layers and the results compared to the five-layer analysis with 

the loop layer assigned the same properties as the base layer. The inputs to these two analyses are 

shown in Table 10, which shows that the properties of the loop layer were the same properties of 

the granular base layer. As expected, the critical strains are the same in both the three- and five-

layer models. 

 

Table 10. Base model with pipe layer setup. 

Layer Modulus(MPa) Poisson's ratio Thickness(m) 

HMA 700.0 0.35 0.050 

Base (above) 100.0 0.40 0.025 a 

Base (pipe) 100.0 b 0.40 b 0.021 c 

Base (below) 100.0 0.40 0.254 d 

Subgrade 20.0 0.45 infinite 

a. The thickness of the Base above the loop is the cover from the parameter table. 

b. The modulus and Poisson’s ratio of the loop layer are the average of the moduli and Poisson’s ratio based upon percentage of the 

material in the layer with various parameters. For the initial design section, the modulus and Poison’s ratio are the same as the rest 

of the base layer.  

c. The thickness of the Base (loop) layer is the outer diameter of the loop. 

d. The thickness of the Base (below) is the total base thickness minus the thickness of the other base layers.  

Then, eight acceptable configurations of the pavement loops were developed based on the 

thermal performance: one reference pavement section and seven alternatives. The reference 

pavement section has 21.4 mm diameter loops at 300 mm spacing between the loops with 25 mm 

cover of base material above the loops. The properties for the HMA, base, and subbase for the 

reference pavement section are as shown in Table 10. The loop material is assumed to have a 

modulus of 800 MPa and a Poisson’s ratio of 0.45. The loops are assumed to be solid matching 

Stony Brook FEM model assumptions. Each of the seven alternatives differ from the above 

reference pavement in only one parameter, as listed below: 

1. Loop spacing decreased to 100 mm 

2. Loop diameter increased to 48.4 mm 
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3. Loop cover increased to 250 mm 

4. Young's modulus for HMA layer increased to 3100 MPa 

5. Young's modulus for base layer increased to 300 MPa 

6. Young's modulus for subgrade layer increased to 100 MPa 

7. Thickness of the HMA layer increased to 150 mm 

To utilize the mathematical methods in CHEVLAY, loops’ moduli and Poisson’s ratios must be 

converted to a layer with a single material rather than a mixture of loops and granular base. The 

conversion was performed using an arithmetical average based on the percentage of the area 

covered by the loop layer with respect to the total area, as shown in Fig. 40.  

 

 

Fig. 40. Loop spacing and distance nomenclature. 

 

Table 11 summarizes the results of the mathematical analysis performed using CHEVLAY, and 

compares these results to the results estimated by Stony Brook using FE models. The FEM analysis 

without loops has a lower vertical strain than any of the analyses with pipe, which is the opposite 

of what would be expected. The addition of stiffer loops should reduce the vertical strain by 

spreading the load. Other than the preliminary model without loops, the vertical strains at the top 

of the subgrade are in good agreement. On the other hand, the tensile strain at the bottom of the 

HMA are not as close as might be expected. However, the critical strain for the lifespan in every 

case was found to be the vertical strain at the top of the subgrade. Thus, the differences in the 

surface strains may not be as concerning as appears.  

5.4.2 Updated Design  

Cornell reviewed the base design from a constructability and maintenance perspective and 

determined the pavement was too prone to rutting and would not have enough life to be cost 

effective (NYSDOT 1993, NYSDOT 2000, NYSDOT 2002, Orr 2006). The reference design would 

only be able to handle approximately 5,000 tuck passes before rutting would too severe. A new 
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design was developed using mechanistic-empirical design methods, but also took into account 

typical pavement thicknesses used by NYSDOT and local agencies in New York State.  

Rather than the use of the new AASHTO Mechanistic-Empirical Design procedure, a series of 

average tensile strain criteria developed by Irwin were employed to design a simple pavement for 

comparison (Irwin 2002, NCHRP 2002). Also, for this initial analysis, a simple 40 kN load was used. 

This is the Equivalent Single Axle Load used in the older AASHTO pavement design methods 

(AASHTO 1993). If phase II of the project is moved forward, it is recommended to do a complete 

check of the test pavement design using the AASHTO ME-PDG and site conditions.  

The concept in the design is to use fatigue strain criteria for the surface (Fig. 41) and subgrade 

(Fig. 42) with Minor’s hypo study of cumulative fatigue. The equation for fatigue used is an average 

of several pavement designs from the United States and Europe and includes the ME-PDG for the 

surface strain. The number of cycles to failure are show below in Eqs. 26 and 27.  
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Table 11. Comparison of CHEVLAY and FEM analysis. 

Model 

CHEVLAY Analysis Finite element results Differences between models  

Tensile Strain 

Bottom HMA 

Vertical Strain 

Top Subgrade 

Tensile Strain 

Bottom HMA 

Vertical Strain 

Top Subgrade 

Surface Strain 

(HMA) 

Subgrade Strain 

(Subgrade) 

(µ%) (µ%) (µ%) (µ%) % 
 

Preliminary model without loops 699.1 -2627 764.2 -1680 9.3% -36.0% 

Reference model with loops 645.6 -2597 764.5 -2590 18.4% -0.3% 

Loop spacing = 100 mm 580.8 -2572 770.0 -2611 32.6% 1.5% 

Loop diameter = 48.4 mm 512.1 -2511 786.8 -2596 53.6% 3.4% 

Loop cover = 250 mm 697.3 -2606 752.1 -2647 7.9% 1.6% 

HMA Young's modulus = 3100 MPa 607.8 -2207 646.4 -2194 6.3% -0.6% 

Base Young's modulus = 300 MPa 64.3 -1407 114.3 -1377 77.8% -2.2% 

Subgrade Young's modulus = 100 MPa 711.2 -1063 793.6 -1066 11.6% 0.3% 

HMA thickness = 150 mm 645.7 -1335 673.4 -1295 4.3% -3.0% 
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Asphalt Horizontal Tensile Strain Criteria 
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where the average of the coefficients are 618.6 and 3.903 for K and a, respectively. 

The pavement needed to be as thin as possible to ensure adequate thermal performance, but 

traffic could not be too low so the pavement would be applicable as broadly as possible. Using a 

moderate to low level of traffic average of 800 vehicles per day and a design life or 25 years, a 

pavement design was developed. Growth rates and truck percentages were the defaults used by 

the New York State Department of Transportation. (Chen et al. 1995) The estimated count of 

ESALs for the pavement was estimated to be 473,000.  

 

Fig. 41. Asphalt Horizontal Tensile Strain Criteria (Irwin 2002) 



62 

 

Fig. 42. Subgrade Vertical Compressive Strain Criteria (Irwin 2002). 

 

Subgrade Vertical Compressive Strain Criteria 

The developed design is shown in Fig. 43. The loop geometry (spacing and depth) is the same as 

the reference pavement section used in the parametric study in the previous section. For a final 

design of a test pavement the final configuration will need to be used in the actual design. A 

granular subbase was added to the final design as this will allow better control of the thermal 

characteristics and kept the asphalt surface relatively thin at 150 mm. 

 

Fig. 43. Design with 25-year expected lifespan. 
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5.4.3 Probabilistic Analysis of Updated Pavement Design 

A final check of the design was performed to illustrate the expected variations in the life of the 

pavement that may be expected due to real world stochastic variations. For the moduli and 

thicknesses, the moduli were allowed to change randomly around the design value by either 

percentage of average (moduli) or a given thickness error. The amount used are shown in Fig. 43 

and were taken from several sources. (Johnson and Sallberg 1960, Isada 1965, Carmichael-RF-III 

1987, Briggs et al. 1992, Djakfar and Roberts 1999, Briggs and Lukanen 2000, Hossain et al. 2000) 

The pavement design was then randomly changed and checked using a probabilistic analysis 

tool that works with Microsoft Excel, Decision Tools by Palisades Software. (Microsoft 2000) 

Decision Tools allows stochastic analysis of a variety of data. In this case, the variation was 

assumed to be Normal with a truncated minimum and maximum as illustrated in Fig. 44. The 

theory is that if the thickness or modulus is too low, this will be caught by quality control at the 

low end. The contractor will not want to place too much material and is not likely to do the 

additional compaction to increase the modulus. The maximum variation allowed was plus or 

minus twice the expected variation (standard deviation).   

 

Fig. 44. Typical variation curve for moduli and thickness. 
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A total of 1,000 runs were complete using Decision Tools. The results were then analyzed using 

Minitab statistical software. (Minitab 2013) Fig. 45 shows the histogram of the data. The median 

value is 502,000 ESALs which is close to the original design value of 473,000. The 85th percentile 

lifespan is only 254,000. As expected, the shape of the distribution is skewed since the life cannot 

be negative.  

In terms of the pavement, this means that at the design life, there will be many places that have 

begun to crack. Maintenance is critical. If it was desired to have the entire pavement survive the 

full 25 years with an 85th percentile reliability, the asphalt would need to be increased in thickness 

by 35 mm. Surprisingly, changing the thickness of the lower layers does not affect the overall 

design using probabilistic methods. This is part due to the asphalt surface cracking being the 

controlling factor in the design.  

 

 

Fig. 45. Histogram of Design Life for Updated Pavement in Probabilistic Study. 
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6 Conclusions 

A new self-heated pavement technology is proposed in this study. Compared with the current 

technologies to de-ice pavement surfaces, the innovation in the approach proposed in this study 

is that pavement loops are to be buried in the base layer, beneath the pavement surface layer, 

rather than embedding the loops directly inside the pavement surface layer. Further, a solar 

system will be used to power pumps to circulate a geothermal fluid between the pavement and 

ground loops. 

To optimize the pavement loop geometry and material for acceptable pavement mechanical 

several FEM simulations were conducted. Firstly, the displacement and stress fields in the 

pavement with an elastic HMA layer subjected to a static tire load was considered. Then, 

viscoelasticity was introduced to the HMA layer and the displacements and stress fields were 

analyzed. Compared with the elastic HMA layer, the pavement with viscoelastic HMA layer 

developed less stresses and displacements indicating that the design of self-heated pavements 

(e.g. loop geometry and material) can be accurately performed considering an elastic HMA layer. 

After that, the response of pavement under moving load was modeled. For simplicity, the contact 

between the tire and the pavement was simulated using a uniformly distributed stress over a 

circular loaded area mimicking the tire on the pavement surface. 

Moreover, the thermal performance of the proposed self-heated pavement technique was 

investigated using a 2-D heat transfer FEM models. Different types of pavement loops, loop 

spacing, and depths were considered. These models indicate that the pavement surface 

temperature is above freezing for the two considered loop materials, i.e. HDPE and aluminum, 

after introducing warm water to the loops for 48 hours. The heat transfer process approaches to 

the steady state after about 24 hours as temperature distribution does not change after 24 hours 

of the system operation. Based on the fact that the temperature at the surface of pavement with 

aluminum tube is about 1.5℃ higher than that with HDPE tube after introducing the warm water 

into the loop for 48 hours, aluminum tube is recommended to be used in the proposed self-heated 

pavement for faster deicing. 
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Finally, the results of the parametric study considering various loop depths and spacing show 

that the effective modulus of HDPE tube is smaller than that of the base layer. This is supported 

by the observation that differential surface deformations above and between the loops increase 

as the loop spacing increases. As for the effect of loop depth, no explicit relationship was found 

between the surface deformations and the loop depth for pavements with HDPE tubes, while for 

pavements with aluminum loops the differential surface deformations above and between the 

loops decrease and converge to zero with increasing the loop depth.  

In summary, the proposed self-heated pavement is feasible with acceptable mechanical and 

thermal performance. However, it is highly recommended to perform a pilot test for an actual 

pavement section. The results of the pilot test will be used to validate the expected performance 

of the system as approximated from the numerical models performed as part of this study. 

Overall there are several conclusions which need to be incorporated in any future analysis.  

1) Larger error between FEM and layered model for points closer to the pipes.  There is an 

error between the FEM and the layered analysis which was expected as the pipe are stress 

concentrators. The FEM is probably a better final check of the actual design.  

2) For an initial design, the layered model is adequate.  To create any initial designs, the 

layered elastic approach is acceptable to determine a feasible design. This large difference 

between the FEM and layered elastic approach need in the base model without pipes needs 

to be reviewed.  

3) The asphalt in the originally designed base pavement is too thin for most applications.  

A thicker surface is needed for most pavements actually built. Also, due to expected 

maintenance issues, any design should be for at least 25 year life. 

4) A thicker pavement is feasible, but may need to be thicker to account for real world 

errors.  The thickness of the asphalt layer either needs to be increased to deal with real 

world variations or tighter tolerances and more intensive quality control during 

construction need to be employed to reduce the variability.  
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