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EXECUTIVE SUMMARY 
 

 
WP3 is concerned with the development of an advanced IR thermography system for 

detection of defects in pavement structures. In the context of the WP, D3.1 aims to investigate, 

through simulation studies, the development of the proposed sensing system and the 

associated procedures for calibration and setup. 

It commences with a brief introduction to heat transfer analysis, which is followed by the 3D 

FEM models and associated details and assumptions, developed for the purposes of 

investigating defects in pavements. Next, detailed studies in terms of the thermal response of 

the delaminations for each of the associated case studies are presented, focusing on the 

temperature differential (TD), and its relationship with the depth of the defect, presence of 

moisture and exposure times.  
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1 INTRODUCTION  

This report is concerned with the thermal behavior of intact and defective asphalt pavements subjected 

to solar heat loads. Three dimensional Finite Element (FE) models are developed in order to simulate 

and compare simulation results between defective and non-defective pavements during a 

thermography process. The simulation results are used to examine the ability of subsurface defect 

detection by thermography processes and support the laboratory and field evaluations. The pavement 

layer design and condition, as well as environmental conditions are taken into account in the current 

analyses.   

The pavement structure considered for the analyses has dimensions 60mm x 60mm x 200mm (length 

x width x depth). The pavement contained subsurface defects of varying sizes at various depths. Heat 

transfer analyses were conducted on the 3D structure at different environmental conditions in order to 

investigate the thermal response of the defective pavement and determine the capability of capturing 

the defects by thermographic techniques. The 3D geometric representation of the model used in the 

analyses is shown in Figure 1. 

 

 

Figure 1: Schematic representation of the 3D structure of dimensions 60mm x 60mm x 200mm 

(length x width x depth) containing a defective layer of thickness 2mm at 50mm depth. 
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2 HEAT TRANSFER ANALYSIS 

In this section we present the mathematical formulation of the heat transfer analysis. The following 

formulation applies to homogeneous isotropic solid body heat conduction with convection and 

radiation boundary conditions. The energy balance is given by 

 

V S

U dV dS V       q n&  

 0U  q&   (1) 

where V  is a volume occupied by a solid material bounded by a surface S ,   is the mass density of 

the material  3Kg m , U  is the internal energy per unit mass  J Kg , q  is the heat flux per unit 

area  2W m , n  is the outward unit normal on the body surface, and a superposed dot denotes the 

material time derivative. Equation (1) is usually written in terms of specific heat  
 U T

c T
T





 

 oJ Kg C  where T  is temperature, so that 

 
 U T

U T cT
T


 


& & &  (2) 

Heat conduction is assumed to be governed by the isotropic Fourier law: 

 T  q k   (3) 

where k  is the thermal conductivity tensor  oW m C . Combining equations (1), (2), and (3) we 

arrive at the governing equation for transient heat transfer analysis: 

  T cT  k &  (4) 

Heat losses due to convection and radiation are specified as boundary conditions: 

      
4 4

0 0Z Zh T T T T T T         
 

q n   (5) 

where h  is the film coefficient  2 oW m C , 0T  is the sink temperature, ZT  is the absolute zero 

temperature,   is the emissivity (dimensionless), and 
48 25.67 10 oW m C    is the Stefan-

Boltzmann constant. 
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3 FINITE ELEMENT MODELING 

3D models were created based on the geometrical characteristics of the pavement structure considered 

for analysis in the current study. All FE modeling and analyses were carried out using the ABAQUS 

v6.12 general purpose finite element program [1]. Several cases were considered for analysis: 

a) pavement with a debonded layer of thickness 2mm at 50mm depth (Figure 2a) 

b) pavement with a debonded layer of thickness 2mm at 10mm depth (Figure 2b) 

c) pavement with a stripped layer of thickness 20mm at 50mm depth (Figure 2c) 

d)  

The finite element meshes of the 3D structures presented in Figure 2 are shown in Figure 3. A finer 

mesh is used around the delamination region and the stripped layer in order to capture accurately the 

temperature gradients in these regions. The debonded layer and the stripped layer are meshed with 

five (5) and ten (10) elements through the thickness respectively. The 3D models of pavement 

containing a debonded layer consist of about 79,000 nodes and 86,000 8-node diffusive heat transfer 

linear brick elements. The 3D models of pavement containing a stripped layer consist of about 38,500 

nodes and 42,500 8-node diffusive heat transfer linear brick elements. In both model cases, mesh 

sensitivity studies were carried out to ensure convergent numerical calculation of temperature. 

 

 

Figure 2: Model representation of the 3D pavement structure containing: a) debonded layer of 

thickness 2mm at 50mm depth, b) debonded layer of thickness 2mm at 10mm depth, c) stripped layer 

of thickness 20mm at 50mm depth. 
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Figure 3: FE meshes of the 3D pavement structures containing: a) debonded layer of thickness 2mm 

at 50mm depth, b) debonded layer of thickness 2mm at 10mm depth, c) stripped layer of thickness 

20mm at 50mm depth. 

The pavement material (asphalt) is considered to be homogeneous and isotropic. The 

temperature range that the pavement can reach under normal weather conditions is between about 0oC 

and 50oC. In this temperature range, the values of material thermal properties do not change 

significantly and thus the temperature-dependence of material properties can be neglected in the current 

problem. The material properties used in the current analyses for asphalt and the defective regions are 

summarized in Table 1 [2].  

Table 1: Thermo-physical properties for the materials used in the FE analyses. 

Material Density  

 3Kg / m  

Thermal Capacity 

 J/Kg K  

Thermal 

Conductivity 

 W / m K  

Intact Asphalt 2300  1100  1  

Stripped Asphalt 1800
 

1100
 

0.75  

Stripped Asphalt 

with 10% water 
2170

 
1408

 
0.95  

Air at 
o25 C  1.2  1006  0.026  

Water at 
o25 C  1000  4186  0.6  
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Based on the formulation described in Section 2 heat transfer analyses for intact and defective 

pavement are carried out. A thermal flux equal to the solar heat load is applied uniformly on the surface 

of the structure. The heat flux magnitude and distribution are dependent on the environmental 

conditions. Figure 4 shows a typical daily distribution of solar flux on a flat surface during summer, 

spring/autumn, and winter periods which are used in the analyses.  

 

 

Figure 4: Typical daily distribution of solar flux on a flat surface during summer, spring/autumn, 

and winter periods. 

The surface of the pavement experiences also heat losses due to free air convection and radiation with 

film coefficient 
2 o20 W m Ch   and emissivity 0.7   [3]. The ambient temperature is 

considered to depend on the season; the values used in the analyses are summarized in Table 2 based 

on measurements presented in Deliverable D1.2 “Preliminary design and selection of appropriate 

sites for damage assessment and/or inspection” [4]. Symmetry boundary conditions are considered at 

the side surfaces of the models; the side surfaces are considered to be adiabatic. Also, the bottom 

surface is considered insulated. 

Table 2: Ambient temperature used in the analyses 

Season Ambient Temperature  o C  

Summer 20 

Spring/Autumn 10 

Winter 2
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4 RESULTS AND DUSCUSSION  

The temperature developed at the surface of intact and defective pavement during a day cycle was 

numerically obtained for analysing the thermal response of delaminations. The analysis of the thermal 

response of delaminations is based on the computation of the temperature differential (TD), which is 

the difference between the temperature on the surface of the defective structure and the temperature 

on the surface of the intact structure. It is noted that the Minimum Resolvable Temperature Difference 

(MRTD) for the most of the available thermal imager (IR camera) is around 0.1oC  [5] which is 

chosen as a threshold value for the current analyses to investigate/identify the delaminations in 

pavement structures. 

First, the thermal response of the intact asphalt pavement is studied. Then, the 3D models are used to 

study the effects of dry and wet delaminations at various depths on the temperature differential 

produced on the pavement surface.  

4.1 Intact asphalt   

The temperature distribution through the thickness of the intact asphalt pavement and the temporal 

variation of temperature during a day cycle for three seasonal periods (summer, autumn/spring, winter) 

are presented in this section. The whole structure is assumed to be made of intact asphalt with 

properties given in Table 1. In Figure 5 temperature contours at the intact pavement structure during 

autumn/spring period at the time of maximum surface temperature are presented. The results in Figure 

5 indicate that the maximum temperature appears at the pavement surface and that the temperature is 

decreased as getting deeper in the structure. Figure 6 shows the daily variation of temperature at the 

pavement surface for different seasonal periods. As expected, the temperature distribution in all cases 

follows the solar heat flux distribution shown in Figure 4. The maximum temperature appears at 12 

o’clock noon and a value of 48oC in summer periods, 32oC in autumn/spring periods and 12oC in 

winter periods is calculated.  
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Figure 5: Temperature distribution of intact asphalt pavement during spring/autumn period at time 

of maximum surface temperature. 

 

Figure 6: Daily variation of temperature at the surface of intact asphalt pavement during summer, 

spring/autumn, and winter periods. 
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4.2 Asphalt with dry (air) or wet (water) debonded layer at 5cm depth 

In this section, the effect of dry and wet debonded layers of thickness 2mm located at 5cm depth on 

the temperature differential produced on the pavement surface is examined. The dry layer is filled with 

air whereas the wet layer is filled with water; the properties for air and water are shown in Table 1. 

The rest pavement structure is assumed to be made of intact asphalt.  

Figures 7, 8, and 9 show the daily variation of temperature differential TD at the pavement surface 

between the non-defective structure and the structure with air-filled or water-filled debonded layer 

located at 5cm depth during summer period, spring/autumn period, winter period respectively. In all 

cases maximum TD appears around 13 o’clock noon and a value of about 2oC in summer periods, 

1.7oC in autumn/spring periods and 0.9oC in winter periods is calculated. The results show that during 

all periods sufficient TD is developed on the pavement surface in order for the air-filled debonded 

layer to be detected during a thermography process. On the other hand, the water-filled debonded layer 

produces insignificant TD and thus may not be detected by a thermal imager.  

Figure 10 shows the daily variation of TD at the pavement surface between the non-defective structure 

and the structure with air-filled debonded layer located at 5cm depth for all the seasonal periods 

together. The results indicate that the highest and lowest TD are developed during summer and winter 

periods respectively. A temperature differential more close to that developed during summer periods 

is developed during spring/autumn periods.  

Figures 11, 12, and 13 show the daily variation of temperature at the pavement surface for intact 

asphalt and asphalt with the air-filled debonded layer during summer period, spring/autumn period, 

winter period respectively. TD is defined as the difference between the temperature developed on the 

defective structure and the temperature on the intact structure.   
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Figure 7: Daily variation of TD at the pavement surface between the non-defective structure and the 

structure with air-filled and water-filled debonded layer located at 5cm depth during summer 

period. 
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Figure 8: Daily variation of TD at the pavement surface between the non-defective structure and the 

structure with air-filled and water-filled debonded layer located at 5cm depth during spring/autumn 

period. 

 

Figure 9: Daily variation of TD at the pavement surface between the non-defective structure and the 

structure with air-filled and water-filled debonded layer located at 5cm depth during winter period. 
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Figure 10: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure with air-filled debonded layer located at 5cm depth. 

 

Figure 11: Daily temperature variation at the pavement surface between the non-defective structure 

and the structure with air-filled debonded layer located at 5cm depth during summer period. 

 

 



 

DELIVERABLE D3.1     Version FINAL 

Thermography procedures – 

guidelines and essential parameters 

for Thermography (modelling) 

 

Date 31/01/2015 

 

18 

 

Figure 12: Daily temperature variation at the pavement surface between the non-defective structure 

and the structure with air-filled debonded layer located at 5cm depth during spring/autumn period. 

 

Figure 13: Daily temperature variation at the pavement surface between the non-defective structure 

and the structure with air-filled debonded layer located at 5cm depth during winter period. 

4.3  Asphalt with dry (air) or wet (water) debonded layer at 1cm depth 

In this section, the effect of dry and wet debonded layers depth location on the temperature differential 

produced on the pavement surface is examined. In particular, the thermal response of asphalt pavement 

with debonded layers at 5cm depth, as presented in the previous section, is compared with the 

corresponding response of the same structure but with the debonded layer located at 1cm depth.  

Figures 14 and 15 show the daily variation of TD at the pavement surface between the non-defective 

structure and the structure with air-filled and water-filled debonded layer respectively located at 1cm 

depth for all the seasonal periods together. In the pavement containing a air-filled debonded layer 

maximum TD appears around 12 o’clock noon and a value of about 4oC in summer periods, 3.4oC in 

autumn/spring periods and 2.1oC in winter periods is calculated. The results show that during all 

periods sufficient TD is developed on the pavement surface in order for the air-filled debonded layer 

to be detected during a thermography process. On the other hand, the water-filled debonded layer 

produces insignificant TD and thus may not be detected by a thermal imager. 

Figures 16, 17, and 18 show the daily variation of temperature differential TD at the pavement surface 

between the non-defective structure and the structure with air-filled debonded layer located either at 

5cm depth or at 1cm depth during summer period, spring/autumn period, winter period respectively. 

The results indicate that maximum TD is diminished when the debonded layer is located deeper in the 

pavement because near-surface defects affect more the slow rate of heat conduction in the pavement 
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and thus produce higher temperature differentials on the pavement surface. In particular, when the 

debonded layer changes location from 5cm to 1cm deep, maximum TD is increased to 4oC from 2oC 

in summer periods, to 3.4oC from 1.7oC in autumn/spring periods, and to 2.1oC from 0.9oC in winter 

periods. The results also show that for debonded layers located at 1mm deep maximum TD occurs 

around 12 o’clock noon and for debonded layers located at 5mm deep maximum TD occurs around 

one hour later at 13 o’clock noon.  

 

 

Figure 14: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure with air-filled debonded layer located at 1cm depth. 
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Figure 15: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure with water-filled debonded layer located at 1cm depth. 

 

Figure 16: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure with air-filled debonded layer located at 1cm depth and 5cm depth in summer period. 
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Figure 17: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure with air-filled debonded layer located at 1cm depth and 5cm depth in autumn/spring 

period. 

 

Figure 18: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure with air-filled debonded layer located at 1cm depth and 5cm depth in winter period. 
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4.4 Asphalt with partially debonded layer at 1cm depth 

In this section, the effect of the debonded layer size on the temperature differential produced on the 

pavement surface is examined. In particular, the thermal response of asphalt pavement with a fully 

air-filled debonded layer, as presented in the previous sections, is compared with the corresponding 

response of the same structure but containing a partially air-filled debonded layer of dimensions 30mm 

x 30mm x 2mm (length x width x depth) (Figure 19). Both debonded layers are located at 1cm depth. 

Figures 20, 22, and 24 show the daily variation of temperature differential TD at the pavement surface 

between the non-defective structure and the structure containing either a fully or partially air-filled 

debonded layer located at 1cm depth during summer period, spring/autumn period, winter period 

respectively. The results indicate that maximum TD is diminished significantly when the size of the 

debonded layer is half decreased. In particular, when the debonded layer changes dimensions from 

60mm x 60mm x 2mm to 30mm x 30mm x 2mm (length x width x depth), maximum TD is decreased 

to 1.4oC from 4oC in summer periods, to 1.2oC from 3.4oC in autumn/spring periods, and to 0.7oC from 

2.1oC in winter periods. The results also show that for both cases maximum DT occurs around 12 

o’clock noon. 

Figures 21, 23, and 25 show temperature contours at the surface of pavement containing the air-filled 

partially debonded layer at time of maximum TD during summer period, spring/autumn period, and 

winter period respectively. It is clearly depicted that in all cases the temperature is raised over the 

defective regions because defects, which have a lower thermal conductivity than the flawless material, 

cause a slower rate of heat conduction and thus the surface remains warm longer (Fourier’s law). 
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Figure 19: Model representation of the 3D pavement structure containing partially debonded layer 

of dimensions 30mm x 30mm x 2mm (length x width x depth) located at 10mm depth. 
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Figure 20: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing either a fully or partially air-filled debonded layer located at 1cm depth 

during summer period. 

 

Figure 21: Temperature distribution at the surface of pavement containing air-filled partially 

debonded layer during summer period at time of maximum TD. 
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Figure 22: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing either a fully or partially air-filled debonded layer located at 1cm depth 

during autumn/spring period. 

 

Figure 23: Temperature distribution at the surface of pavement containing air-filled partially 

debonded layer during autumn/spring period at time of maximum TD. 
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Figure 24: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing either a fully or partially air-filled debonded layer located at 1cm depth 

during winter period. 

 

Figure 25: Temperature distribution at the surface of pavement containing air-filled partially 

debonded layer during winter period at time of maximum TD. 
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4.5 Asphalt with dry (air) or wet (water) stripped layer at 5cm depth 

In this section, the effect of dry and wet stripped layers of thickness 20mm located at 5cm depth on 

the temperature differential produced on the pavement surface is examined. The dry layer is filled with 

air whereas the wet layer is filled with 10% water; the properties for stripped asphalt and stripped 

asphalt with 10% water are shown in Table 1. The rest pavement structure is assumed to be made of 

intact asphalt.  

Figures 26 and 27 show the daily variation of TD at the pavement surface between the non-defective 

structure and the structure containing either a dry stripped layer or a stripped layer with 10% water 

located at 5cm depth for all the seasonal periods. In all cases maximum TD appears around 13 o’clock 

noon. When a dry stripped layer is considered, a TD value of about 0.35oC in summer periods, 0.3oC 

in autumn/spring periods and 0.15oC in winter periods is calculated. When a wet stripped layer is 

considered, a TD value of about -0.1oC in summer periods, -0.08oC in autumn/spring periods and -

0.04oC in winter periods is calculated. 

Figures 28 and 29 show for comparison purposes the daily variation of temperature differential TD at 

the pavement surface between the non-defective structure and the structure containing either a partially 

air-filled debonded layer located at 1cm depth or a dry stripped layer located at 5cm depth during 

summer and spring/autumn periods respectively.  

 

Figure 26: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure with stripped layer located at 5cm depth. 
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Figure 27: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing a stripped layer with 10% water located at 5cm depth. 

 

Figure 28: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing either a partially air-filled debonded layer located at 1cm depth or a dry 

stripped layer located at 5cm depth during summer period. 
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Figure 29: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing either a partially air-filled debonded layer located at 1cm depth or a dry 

stripped layer located at 5cm depth during autumn/spring period. 

4.6 Effect of asphalt thermal conductivity 

In this section, the sensitivity of temperature differential on the value of the asphalt thermal 

conductivity is examined. In particular, we assume that the thermal conductivity of intact asphalt is 

1.5 W / m K  instead of 1.0 W / m K . According to the values presented in Table 1, the thermal 

conductivities of dry and wet stripped asphalt are considered as 75% and 95% of the value for intact 

asphalt respectively. The material properties used in the current FE sensitivity study analyses are 

summarized in Table 3. 

Table 3: Thermo-physical properties used in the FE sensitivity study. 

Material Density Thermal Capacity Thermal Conductivity 

Intact Asphalt 32300 Kg / m  1100 J/Kg K  1.5 W / m K  

Stripped Asphalt 31800 Kg / m
 

1100 J/Kg K
 1.125 W / m K  

Stripped Asphalt 

with 10% water 
32170 Kg / m
 

1408 J/Kg K
 1.425 W / m K  

Air at 
o25 C  

31.2 Kg / m  1006 J/Kg K  0.026 W / m K  

Water at 
o25 C  

31000 Kg / m  4186 J/Kg K  0.6 W / m K  
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Figures 30 and 31 show the daily variation of TD at the pavement surface between the non-defective 

structure and the structure containing either a dry or wet debonded layer located at 1cm depth for 

different values of asphalt thermal conductivity during spring/autumn period. Figures 32 and 33 show 

the daily variation of TD at the pavement surface between the non-defective structure and the structure 

containing either a dry or wet stripped layer located at 5cm depth for different values of asphalt thermal 

conductivity during spring/autumn period. The results indicate that a more heat conductive asphalt 

material would cause increase of the temperature differential on the pavement surface. In particular, a 

change in asphalt thermal conductivity from 1.5 W / m K  to 1.0 W / m K  would cause about 1oC 

increase in maximum TD value when the dry debonded layer is contained in the pavement, about 

0.1oC increase in maximum TD value when the wet debonded layer is contained in the pavement, 

about 0.02oC increase in maximum TD value when the dry stripped layer is contained in the pavement, 

and about -0.015oC increase in maximum TD value when the wet stripped layer is contained in the 

pavement. 

 

 

Figure 30: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing a dry debonded layer located at 1cm depth for different values of asphalt 

thermal conductivity during spring/autumn period. 
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Figure 31: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing a wet debonded layer located at 1cm depth for different values of asphalt 

thermal conductivity during spring/autumn period. 

 

Figure 32: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing a dry stripped layer located at 5cm depth for different values of asphalt 

thermal conductivity during spring/autumn period. 
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Figure 33: Daily variation of TD at the pavement surface between the non-defective structure and 

the structure containing a wet stripped layer located at 5cm depth for different values of asphalt 

thermal conductivity during spring/autumn period. 
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5 CONCLUSIONS 

3D finite element models were developed to investigate the thermal behavior of asphalt pavement 

structures containing delaminations (either a debonded or a stripped subsurface layer). The 

temperature differential (TD) at the pavement surface between defective and intact asphalt was 

calculated in order to analyze the thermal response of the defects and predict the possibility of 

identifying them by thermographic techniques. The environmental effects of different seasonal periods 

(summer, autumn/spring, winter), the pavement condition (dry/wet), as well as the effects of a partially 

debonded layer, asphalt thermal conductivity, defect depth, on the temperature differential produced 

on the pavement surface were also examined in the current study.  

According to the results the following conclusions can be made: 

(1) An air-filled debonded layer of thickness 2mm located at 5cm depth from the pavement 

surface, produces sufficient TD between the defective and the intact structure in order to be 

detected during a thermography process during all the seasonal periods (summer, 

autumn/spring, winter). If the debonded layer is located closer to the surface (i.e. 1cm depth) 

the value of TD will be higher and the defect detection will become more evident.  

(2) A water-filled debonded layer of thickness 2mm located at 1cm depth from the pavement 

surface produces DT 0.1oC  during all the seasonal periods and thus it may not be detected 

during a thermography process. If the debonded layer is located deeper from the surface, the 

value of TD will be lower and the defect detection will become more difficult. 

(3) When the size of the air-filled debonded layer of thickness 2mm is half decreased in 

comparison with the fully air-filled debonded layer, maximum TD significantly diminishes 

but still sufficient TD is produced in order to detect the defect during a thermography process 

during all the seasonal periods. 

(4) A dry stripped layer of thickness 20mm located at 5cm depth from the pavement surface, 

produces sufficient TD between the defective and the intact structure in order to be detected 

during a thermography process during all the seasonal periods (summer, autumn/spring, 

winter).  

(5) A wet (10% water) stripped layer of thickness 20mm located at 5cm depth from the pavement 

surface, produces TD around 0.1oC between the defective and the intact structure during 

summer and spring/autumn periods and thus it may be detected during a thermography process.  

(6) If asphalt’s thermal conductivity is 1.5 W / m K  instead of 1.0 W / m K  then maximum 

TD is increased and defect detection becomes more evident. In that case a water-filled 

debonded layer of thickness 2mm located at 1cm depth from the pavement surface produces 

TD around 0.1oC during summer and spring/autumn periods and thus it may be detected 

during a thermography process. 

(7) The ideal time period during a day for thermography inspection is at noon where maximum 

TD is expected to develop between a defective and a non-defective structure. 
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