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ABSTRACT 

The degree of compaction is crucial for the enduring durability of asphalt pavements, 

and achieving optimal compaction involves various factors. This research focuses on 

the impact of laydown site conditions, environmental variables, and layer thickness on 

asphalt compaction in tropical climates, particularly in Sri Lanka. The research 

objectives include developing a mathematical model for heat transfer in asphalt layers 

and determining an optimal layer thickness for enhanced compaction. Degree of 

compaction depends on the Time Available for Compaction (TAC). A 3D-FEM 

transient heat transfer model was developed using Abaqus/CAE 6.14 software to 

simulate asphalt behavior under different site conditions and to explore the heat 

transfer mechanisms during both day and night times, considering factors like solar 

radiation, convection, and conduction. Validation of the model was achieved by 

comparing field data with model results. Mathematical equations for Time Available 

for Compaction (TAC) were derived using regression analysis, considering laydown 

temperature, air temperature, wind velocity, base temperature, and layer thickness. 

These equations, tailored to different base types and time periods, highlight the 

significant impact of environmental variables on compaction time. The results provide 

insights into the interplay of these factors and offer equations for predicting TAC, 

aiding in optimal compaction planning for asphalt construction in diverse conditions. 

Also, an optimal thickness for asphalt layer was determined considering different 

scenarios by varying the input environmental parameters and average time required 

for compaction process. 

Keywords: Asphalt compaction, Time available for compaction (TAC), 

Environmental variables, Heat transfer FEM model 
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CHAPTER 1 

1. INTRODUCTION 

 

1.1. Background 

The successful construction and longevity of asphalt pavements rely on various 

factors, with the degree of compaction standing out as a critical parameter. The most 

significant factor influencing the enduring durability of asphalt pavement is the degree 

of compaction of the mix that is achieved by the contractor at the time of construction 

(Scherocman, 2000). Achieving optimal degree of compaction ensures the asphalt 

layer's structural integrity, load-bearing capacity, and resistance to environmental 

stresses.  

The primary factors that impact the successful compaction of asphalt include the 

following (Asphalt Compaction, 2010). 

 Rolling methods & techniques 

 Mix temperature  

 Layer thickness 

 Characteristics of the mix 

 Laydown site conditions that mean soundness & stiffness of the underlying 

base  

 Rate of cooling 

However, according to AUSTROADS (Asphalt Guide, AP-G66/02, 2022) degree of 

compaction depends on the Time Available for Compaction (TAC). The time available 

for compaction will depend on the initial temperature at which the asphalt mix is laid 

and cooling rate (Asphalt Compaction, 2010). 

The cooling rate is a function of; 

 Layer thickness 

 Laydown conditions - Temperature of the underlying base 

 Environmental variables such as air temperature, wind velocity & moisture etc. 
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Thicker layers maintain heat for a longer period, allowing more time for compaction. 

Additionally, thicker layers offer more space for the alignment of aggregate particles, 

facilitating compaction. Conversely, high wind speeds and low air temperatures 

typically accelerate heat loss (Asphalt Compaction, 2010). Air temperature, base 

temperature, and weather conditions during construction significantly affect the 

workability of asphalt mixtures. Like that cooling rate varies with these factors. 

Therefore, investigating how these laydown site conditions, environmental factors and 

layer thickness interact with the asphalt mixture and their collective influence on 

degree of compaction of asphalt is essential for devising strategies to optimize 

compaction under diverse climatic conditions especially in tropical climates. 

Here the base temperatures & environmental variables are uncontrollable. Layer 

thickness is the only controllable factor. Therefore, through this it will be able to 

determine an optimum value or a range for the thickness of asphalt which can achieve 

a higher degree of compaction in Sri Lankan condition. 

 

1.2. Problem Statement 

 

The volume ratio of HMA (Hot Mix Asphalt) samples extracted from core cuts of 

newly laid pavement to those prepared in the laboratory using the Marshall method 

should not be less than 97%. However, in certain construction sites, achieving the 

required HMA compaction is challenging due to insufficient time for compaction. To 

optimize compaction, it is crucial to ensure that the process occurs within the 

designated time frame when the asphalt mix maintains optimal temperature and 

workability. According to ICTAD standard specifications, the laydown temperature 

should not be less than 135°C. According to a study conducted by (Jack S. Corlew, 

P.F. Dickenson, 1968), it has been established that the minimum temperature for 

effective compaction is 80°C. When temperatures fall below this threshold, the 

probability of achieving a substantial increase in density is greatly reduced. In some 

instances, this can lead to the fracturing of the aggregate mix and as a result, a 

reduction in density (Mohd Rosli Hainin, Nur Izzi Md. Yusoff. Mohd Khairul Idham 

Mohd Satar, E. Ray Brown, 2013). Therefore, the asphalt compaction process should 

be completed within this time range to achieve a higher degree of compaction. 
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In fact, several researches such as (Ying Gao, Renxiao Wang, Wenbin Yu, 2011) and 

(Chieh-Min Chang, Yen-Jui Chang, Jian-Shiuh Chen, 2009) have been conducted to 

evaluate the factors affecting the degree of compaction of asphalt layers. However, in 

some studies, only a few factors have been considered for analysis. Also, there is no 

proper mathematical model to estimate the effect of all the above factors on TAC and 

the degree of compaction of asphalt in a tropical climate considering different site 

conditions. Time available for compaction and an optimum thickness for bituminous 

layers to achieve a higher degree of compaction in Sri Lankan conditions have not 

been determined with the variation of the environmental variables & laydown 

conditions. 

Through a comprehensive understanding of these interrelated factors, engineers and 

practitioners can refine their methodologies, implement effective quality control 

measures, and ultimately enhance the durability and performance of asphalt pavements 

in diverse operational environments. 
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CHAPTER 2 

2. OBJECTIVES 

 

This research aims to achieve the following objectives. 

 To investigate the effect of lay down site conditions, environmental variables 

& layer thickness on degree of compaction of asphalt in tropical climates. 

 To develop a mathematical model for the heat transfer of asphalt layer & TAC. 

 To determine an optimum thickness for asphalt layers which can achieve 

higher degree of compaction in tropical countries such as Sri Lanka. 
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CHAPTER 3 

3. LITERATURE REVIEW 

 

3.1. Interaction between the pavement and its environment during day time 

 

The cooling behavior of freshly constructed asphalt mixtures is primarily influenced 

by the local climatic conditions. The heat transfer mechanisms in asphalt pavement are 

governed by thermodynamic principles, including conduction, radiation, and 

convection as illustrated by the Figure 1 (Taqia Rahman, Nick Thom, Andrew 

Dawson, 2019). 

 

Figure 1: Interactivities between the pavement and its environment during day time 

Figure 1 illustrates the interactions between newly constructed asphalt pavement and 

its surrounding during the daytime. The heat flux at the surface of the asphalt pavement 

includes several components: the radiation from the sun heating the surface, the heat 

dissipation to the air through convection and radiation, and the conduction of heat into 

the underlying pavement layers. When the heat transfer on a sunny day is considered, 

the thermal radiation encompasses outgoing long-wave radiation, counter radiation in 

the long-wave spectrum, and short-wave radiation, also known as solar radiation. 
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3.2. Interaction between the pavement and its environment at night time 

 

As night falls, the interactvities between the pavement and its environment undergoes 

a slight difference than during the day. Figure 2 clearly shows the interactions between 

the newly laid asphalt pavement and its surroundings during a night time. 

 

Figure 2: Interactivities between the pavement and its environment at night time 

 

The main difference from the day time is the absence of effect from the solar flux 

during night time. Only interactions to be considered here are heat diffusion to the air 

through convection and radiation, and the heat conduction into the underlying layers. 

Table 1 summarizes the differences in heat transfer methods for a newly constructed 

hot mix asphalt layer between daytime and nighttime. 
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Table 1: Comparison of interactions according to the time period of the day 

Day Time Night Time 

 Thermal Radiation 

•  Outgoing long-wave radiation 

•  Long-wave counter radiation 

•  Short-wave radiation (Solar 

radiation) 

 Convection 

 Conduction 

 Thermal Radiation 

•  Outgoing long-wave radiation 

•  Long-wave counter radiation 

  Convection 

  Conduction 

 

 

 

3.3. Equations for interactions between the pavement and its surroundings  

 

Several literatures have specified equations to measure the amount of heat during 

various interactions between pavement and its surrounding.  

 

Outgoing long-wave radiation 

 

According to (Yuhong Wang, Songye Zhu, Alvin S. T. Wong, 2014), the value for 

outgoing long-wave radiation is given by the following equation. 

𝑞𝑒 = 𝜀𝑒𝜎𝑇𝑠𝑢𝑟
4    Eq.1 

Where; 

qe = Outgoing radiation;  

εe = Emissivity coefficient of pavement (0.93); 

Tsur = Pavement surface temperature;  

σ = Stefan-Boltzman constant (5.68 × 10−8 W m−2 K−4) 
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Long-wave counter radiation 

 

According to (Yuhong Wang, Songye Zhu, Alvin S. T. Wong, 2014), the value for 

long-wave counter radiation is given by the following equations. 

𝑞a = 𝜀a𝜎𝑇𝑎𝑖𝑟
4    Eq.2 

Where; 

qa = Absorbed counter radiation;  

εa = Pavement surface absorptivity for long-wave radiation (0.95);  

Tair = Air temperature; 

σ = Stefan-Boltzman constant (5.68 × 10−8 W m−2 K−4) 

 

According to (Yuhong Wang, Songye Zhu, Alvin S. T. Wong, 2014), the values for 

thermal radiation and solar radiation are given by following equations. 

 

Long wave radiation intensity balance (Thermal radiation) 

 

𝑞r = ℎr(𝑇sur − 𝑇air)   Eq.3 

ℎr = 𝜀𝜎(𝑇sur + 𝑇air)(𝑇𝑠𝑢𝑟
2 + 𝑇𝑎𝑖𝑟

2 )  Eq.4 

Where; 

qr = Thermal radiation;  

hr = Thermal radiation coefficient 

εe = Emissivity coefficient of pavement surface;  

σ = Stefan-Boltzman constant (5.68 × 10−8 W m−2 K−4) 
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Short-wave radiation (Solar radiation) 

𝑞s = 𝛼𝑠 . 𝑞i   Eq.5 

𝑞i = 𝜂𝑠𝑐𝑓𝐶𝑜𝑠ϴ  Eq.6 

Where; 

qs = Solar radiation absorbed by pavement surface;  

αs = Solar radiation absorption coefficient;  

qi = Thermal incident solar radiation; 

η = Loss factor accounting scattering & absorption by atmosphere; 

sc = Solar constant (1353 W/m2);  

 f = Factor accounting the eccentricity of earth orbit; 

ϴ = Zenith angle  

 

Convection heat transfer 

 

The primary mechanism for cooling freshly laid asphalt is through convective heat 

transfer between the asphalt surface and the ambient air. This process is governed by 

Newton's law of cooling, which can be expressed as follows. (Taqia Rahman, Nick 

Thom, Andrew Dawson, 2019). 

𝑞c = ℎc(𝑇sur − 𝑇air)   Eq.7 

Where; 

qc = Convection heat transfer;  

hc = Convection heat transfer coefficient;  

Tsur = Pavement surface temperature; 

Tair = Air temperature; 

 

In this context, the heat transfer coefficient (hc) can be determined using empirical 

equations. The empirical equation used in the studies of (Matthew R. Hall, Pejman 
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Keikhaei Dehdezi, Andrew R. Dawson, James Grenfell, Riccardo Isola, 2012) and 

(Yuhong Wang, Songye Zhu, Alvin S. T. Wong, 2014) is as follows where; Vw = Wind 

velocity in m/s.  

ℎc = 5.8 + 4.1𝑣𝑤   Eq.8 

However, in the study of (Cedric Vuye, Gert Guldentops, Nima Rahbar, Alireza 

Mahdavi Nejad, Wim Van den bergh, 2016), heat transfer coefficient is estimated by 

following equation where; Vw = Wind velocity in m/s.  

𝐼𝑓 𝑣𝑤 ≤ 5 𝑚/𝑠             ℎc = 5.6 + 4.0𝑣𝑤  Eq.9 

 𝐼𝑓 𝑣𝑤 > 5 𝑚/𝑠             ℎc = 7.2𝑣𝑤             Eq.10 

 

 

Conduction heat transfer 

 

According to (Taqia Rahman, Nick Thom, Andrew Dawson, 2019), the transfer of heat 

through freshly laid asphalt and its base layers is generally described by Fourier's law 

of heat conduction. 

𝑞𝑐𝑜𝑛𝑑 = −𝑘
𝜕𝑇

𝜕𝑥
   Eq.11 

Where; 

qcond = Conduction heat transfer;  

k = Thermal conductivity of asphalt mixture;  

𝜕𝑇 = Temperature difference; 

𝜕𝑥 = Thickness of the pavement in the heat transfer direction 

  

3.4. Boundary conditions of heat transferring  

 

A depth of 300 mm is assumed to have an adiabatic boundary. This assumption is 

considered reliable based on previous observations, which have shown negligible 
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temperature fluctuations within the simulated time frames, typically not exceeding 24 

hours (Cedric Vuye, Gert Guldentops, Nima Rahbar, Alireza Mahdavi Nejad, Wim 

Van den bergh, 2016). 

 

3.5. Correlation between TAC and other variable factors 

 

In studies by (Ying Gao, Renxiao Wang, Wenbin Yu, 2011), the following 

mathematical equation has been developed from their experimental work, where t is 

effective compactible time of pavement (min), x1 = air temperature (°C), x2 = wind 

velocity (m/s), x3 = mixture paving temperature (°C) and x4 = layer thickness (cm). 

𝑡 = 0.1555𝑥1 − 1.2098𝑥2 + 0.3274𝑥3 + 11.7272𝑥4 − 60.2727   Eq.12 

 

And the study identified that the correlation between TAC and independent variables 

such as air temperature, wind velocity, laydown temperature and layer thickness was 

linear. Furthermore, according to the literature, warmer air temperatures increase TAC 

by restricting the heat diffusion of the asphalt mixture. Hence, a positive correlation 

between air temperature and TAC is acknowledged, as outlined in the equations for 

thermal radiation and convection heat transfer (Eq.2, Eq.3, Eq.4 and Eq.7). Higher 

wind speeds may lead to faster cooling and potentially reduce the time available for 

effective compaction according to the equations for convection heat transfer (Eq.8, 

Eq.9, and Eq.10). It justifies the negative correlation of this parameter. The initial 

temperature of the asphalt mixture during placement has a positive influence on the 

TAC. Moreover, higher layer thicknesses impede heat diffusion from the asphalt layer, 

as indicated by the equation for conduction heat transfer (Eq.11). It justifies the 

positive correlation of this parameter. 

 

Research done by (Chieh-Min Chang, Yen-Jui Chang, Jian-Shiuh Chen, 2009) has 

developed the following mathematical equation, where YT80 = time taken to cool to 

80°C (min.); XD = lift thickness (cm); XA = air temperature (°C); and XV = percentage 

of air voids (%). 
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YT80 = 6.76XD + 6.24XA + 0.02XV − 78.71  R2 = 0.84   Eq.13 

 

Here, R² value indicates that 84% of the variation in the time needed for the mix 

temperature to fall to 80°C is accounted for by the pavement thickness and air 

temperature. This study further assessed the regression relationship between the 

response and predictor variables using the F-test. With a p-value of 0.00003, the F-test 

demonstrates a significant correlation between the cooling time and the variables in 

the model. 

 

In studies done by (Guopin Qian, Zhiyu He, Huanan Yu, Xiangbing Gong, Jie Sun, 

2020), a comprehensive regression model has been developed to assess the effective 

compaction time, incorporating the interplay of various influencing factors. Through 

rigorous regression analysis, this model accounts for the complex coupling of multiple 

variables, yielding valuable insights into the compaction process. By integrating 

diverse factors, the model provides a robust framework for predicting compaction time 

under real-world conditions. 

𝑡 = 0.8𝑡𝑝 − 0.6ℎ + 0.5797𝑡𝑎 + 0.33𝑡𝑢 − 7.4𝑠𝑤 − 123.59  Eq.14 

where, t is time available for effective compacting of asphalt mixture (min), tp is paving 

temperature (℃), h is the asphalt layer thickness (cm), ta is air temperature (℃), tu is 

temperature of the underlying layer (℃) and sw is the wind speed (m/s). 

The findings from this investigation suggest that elevations in both the upper and lower 

temperatures of the rolling layer correlate positively with increases in both the paving 

temperature and the thickness of the rolling layer. The temperature field of HMA is 

predominantly influenced by wind speed and ambient temperature, with a primary 

impact observed on the upper layer, while changes in these conditions mainly 

influence the underlying temperature field at the bottom of the layer. 
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CHAPTER 4 

4. METHODOLOGY 

 

4.1.  Data Collection 

 

In understanding the effect of laydown site conditions, environmental variables & 

layer thickness on degree of compaction of asphalt, systematic data collection plan 

across diverse conditions is paramount in ensuring the reliability, comprehensiveness, 

and applicability of research findings. Figure 3 shows the plan for data collection and 

experimental work of this research. 

 

Figure 3: Basic plan for data collection and analysis 

In this research, the wearing course was considered as the asphalt layer to be tested. 

Basically, the analysis work was divided according to the base type of the newly 

constructed asphalt layer as Aggregate Base Course (ABC) and binder course. Then 

separate analyzes were performed for day time and night time for each base type. The 

inclusion of different base types and time periods in the analysis recognizes the 

potential variability in TAC based on the type of base and the time of day. This allows 

for a more nuanced understanding of the factors influencing TAC. 

When the data collection is considered, field data were collected from the Gampaha 

District i-Road Project (Package 4) for night time and day time where the base type is 

ABC. And field data were collected from the Rehabilitation and Improvement of 

Colombo – Kandy Road Project for night time and day time where the base type is 

asphalt binder layer. In both these projects, wearing course type III materials were used 

for the construction. Also, the rolling procedure was the same in both the projects.  
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The following data were collected and recorded from those projects.  

 Asphalt Laying Records 

 Summary of core samples of wearing course  

 Base Temperatures 

 Wind velocity 

 Air Temperature 

 Laydown Temperature 

 Details of asphalt mixes used for wearing course 

 Details of base conditions at site 

 

The base temperature before laying the asphalt was measured using an infrared 

thermometer (Figure 4) & average base temperature was recorded for each asphalt 

truck. 

 

Figure 4: Measuring of base temperature using an infrared thermometer 

                 

Air temperature & wind velocity were measured using a digital anemometer with 

thermometer (Figure 5). When conducting air temperature measurements, it was 

necessary to obtain readings from a distance away from the construction site to ensure 

that the measured air temperature accurately reflected the ambient conditions 

unaffected by the artificial heat generated by the hot mix asphalt. Those values were 

also recorded for each asphalt truck.  
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Figure 5: Measuring of wind velocity & air temperature a digital anemometer with 

thermometer  

 

For the rate of cooling, the temperature on the surface of the freshly constructed asphalt 

layer was recorded at every 5 minutes using an infrared thermometer until it reached 

800C (Figure 6 & 7). Here, surface temperature readings were obtained by taking an 

average value at specific location for an asphalt truck. This process was repeated for 

every asphalt truck utilized in the construction process, ensuring comprehensive data 

collection across the entirety of the operation. The total time taken for the asphalt layer 

to reach 800C was considered as the Time Available for Compaction (TAC) for the 

respective asphalt truck. 

 

 

Figure 6: Measuring of asphalt surface temperature in day time 



16 

 

Figure 7: Measuring of asphalt surface temperature in night time 

 

Asphalt laydown temperatures were taken from asphalt laying records. Meanwhile, 

crucial parameters such as layer thickness and the degree of compaction were extracted 

from summaries of asphalt core samples and dip measurement sheets.  

Details of asphalt mixes used for wearing course were collected from the material 

laboratory staff of the relevant project. And details of base conditions at site were 

obtained by discussing with the site staff overseeing the relevant project. 

 

4.2.  Pavement Heat Transfer FEM Model 

 

Then under this research, 3D-FEM (Three-Dimensional Finite Element Method) 

transient heat transfer model was developed using the Abaqus/CAE 6.14 software, for 

simulating the thermal behavior of an asphalt pavement section. This comprehensive 

model considered various factors influencing thermal performance, including material 

properties, environmental conditions, and construction parameters. Through 

meticulous calibration and validation procedures, the model was refined to ensure its 

reliability and accuracy in predicting temperature distributions and thermal responses 

within the pavement structure under diverse operating conditions.  

 

For this research, an asphalt layer was modeled with the length of 10 m and width of 

3 m. Here, the pavement structure was idealized as a series of uniform horizontal layers 
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with consistent thickness. Table 2 gives the values used for the density, thermal 

conductivity and specific heat of different materials which were used for developing 

the FEM model. These values were obtained from the previous studies of (Yuhong 

Wang, Songye Zhu, Alvin S. T. Wong, 2014) and (Ying Gao, Renxiao Wang, Wenbin 

Yu, 2011). When performing the FEM modeling for the data collected in the field, the 

values obtained from the Marshall test were used as the asphalt density to ensure the 

accuracy of the model. 

 

Table 2: Thermo-physical properties of the materials used for FEM model 

Material Density 

(kg/m³) 

Thermal Conductivity 

(W/mK) 

Specific Heat 

(J/kgK) 

Asphalt 2450 1.5 955 

Existing Asphalt 2500 1.5 955 

ABC 2200 1.39 921 

Subgrade 2100 1.79 1100 

 

Figure 8 shows a sample of the 3D-FEM model of pavement layers developed using 

Abaqus/CAE 6.14 software. This model offers a visually immersive portrayal of the 

complex structural composition and layering within the pavement system, providing a 

detailed insight into its geometric configuration and material distribution. 

 

Figure 8: Sample of the 3D-FEM model of pavement layers 
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when considering the loads applied on the model, solar radiation was regarded as a 

heat flux acting on top surface of asphalt layer as illustrated by Figure 9. And it was 

applied only for the models where the day time asphalt laying was done. For night time 

asphalt laying, the effect from solar radiation was not considered as a load acting on 

the model.  

 

Figure 9: Applying solar radiation as a load acting on the model 

 

As the interactions for the model, convection and radiation were applied on top surface 

of the asphalt layer as illustrated in Figure 9. This allows the model to simulate the 

influence of solar radiation, ambient temperature, and other environmental factors on 

the asphalt's thermal response. Thermal absorptivity and emissivity of asphalt layer 

were considered as 0.95 and 0.93 respectively for the modeling. (Matthew R. Hall, 

Pejman Keikhaei Dehdezi, Andrew R. Dawson, James Grenfell, Riccardo Isola, 2012) 
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Figure 10: Applying convection and radiation as interactions on top surface of 

asphalt layer 

 

The meshing process for the model involved the implementation of an 8-Node Linear 

Heat Transfer Brick element scheme, as illustrated in Figure 11. This meshing 

approach facilitates the discretization of the pavement layers into smaller, 

interconnected elements, allowing for a more precise representation of the thermal 

behavior and heat transfer mechanisms within the system. The 8-Node Linear Heat 

Transfer Brick elements are systematically distributed throughout the model, 

encompassing the entire volume of the asphalt layer and other structural components. 

Each element serves as a computational node where heat transfer equations are solved, 

enabling the accurate prediction of temperature distributions and thermal responses 

across the pavement system.  

 

Figure 11: Meshing of FEM model 



20 

Laydown temperature and base temperature were set as the predefined temperature at 

initial step (Figure 12). These predefined temperatures serve as essential starting points 

for the simulation, providing a foundation for assessing the subsequent evolution of 

temperature distributions and thermal behavior of the asphalt pavement system over 

time. Laydown temperature was applied across the entire asphalt layer and this 

temperature represents the initial thermal state of the freshly laid asphalt material. The 

base temperature was applied for the top surface of underlying layer. This temperature 

setting reflects the thermal state of the underlying layer prior to the application of the 

asphalt pavement. 

 

The horizontal temperature gradient was set as zero. Heat transfer is assumed to occur 

one-dimensionally in the vertical direction. As a boundary condition, an adiabatic 

boundary which means a constant temperature was set at a depth of 300 mm from 

bottom of the new asphalt layer considering the conduction through bottom layers 

according to the literature. (Cedric Vuye, Gert Guldentops, Nima Rahbar, Alireza 

Mahdavi Nejad, Wim Van den bergh, 2016) 

 

Figure 12: Setting laydown temperature as a predefined temperature at initial step 

 

Then the transient heat transfer model was run and results were obtained, unveiling the 

dynamic thermal behavior of the asphalt FEM (Finite Element Method) model. Figure 

12 & Figure 13 show an example of the output temperatures of the asphalt FEM model. 
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Figure 13: Output temperatures in the FEM model (3D view) 

 

Figure 14: Output temperatures in the FEM model (Cross-section view) 

 

In this way, using the Abaqus FEM model, the temperature distribution of pavements 

over time can be effectively analyzed. This model allows for the detailed assessment 

of how temperature varies across the pavement structure throughout different periods. 

For instance, Table 3 presents an overview of the temperature distribution changes at 

various time intervals when the wearing course was laying during a day time for a 

specific pavement section along the Colombo-Kandy road project. 
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Table 3: Variation of the temperature distribution of pavement over time 

Time (s) Temparature Distribution in Pavement Layer (Cross Section) 

0.0 

 

129.0 

 

509.8 

 

901.0 

 

1652.0 

 

2871.0 
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3342.0 

 

4500.0 

 

 

Furthermore, the temperature variation over time at a single node within the pavement 

layers can be obtained through the Abaqus FEM model. This detailed analysis allows 

for the monitoring of temperature changes at specific points within the structure. For 

example, Figure 15 demonstrates the changes in nodal temperature over time at the 

surface of the newly laid asphalt layer. 

 

Figure 15: Variation of nodal temperature over time at the top of the newly constructed 

asphalt layer 

 

Then in this way, the temperature variation of a node at the top of the model over time 

was obtained as output from the model, representing the thermal response of the 

asphalt pavement within the FEM model. These simulated temperature variations were 

then compared with temperature data collected from field measurements, establishing 

a robust comparison to verify and validate the accuracy of the FEM model. The 
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comparison involved plotting both sets of temperature data on the same graph, 

allowing for a direct visual assessment of their agreement or discrepancies.  
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CHAPTER 5 

5. OUTPUTS & VALIDATION OF THE FEM MODEL 

 

Validation examines the accuracy of the model as well as how well it reproduces the 

physical characteristics of the real-world situation it is intended to simulate. Here, to 

validate the FEM model which was developed using Abaqus/CAE 6.14 software, the 

temperature variation in the model was plotted with the temperature data collected 

from the field on the same graph. The data sets collected in the field measurements 

and the comparison between the temperature variation of the model and the 

temperature data collected from the field are presented in the following tables: Table 

3, Table 4, Table 5, and Table 6. Key aspects considered during this comparison 

included the magnitude and trends of temperature variations over time, as well as any 

notable deviations or discrepancies between the simulated and field data points. By 

overlaying the simulated temperature variation from the FEM model with the 

corresponding field data points, the fidelity of the model in replicating real-world 

thermal conditions experienced by the asphalt pavement, can be ascertained. 

 

5.1. Outputs & Validation of the FEM Model with Base Type – ABC (Day Time) 

 

Table 4 shows the data sets collected in the field measurements and comparison 

between the temperature variations obtained from the FEM model and the temperature 

data collected from field measurements for each data set where the base type is ABC 

during day time. 
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Table 4: Comparison of cooling curves between FEM model & field data for base type 

- ABC (Day time) 

No 

Layer 

Thickne

ss 

(mm) 

Air 

Tempe

rature 

(°C) 

Wind 

Veloc

ity 

(km/h) 

Base 

Temper

ature 

(°C) 

Cooling Curve 

01 100 33.2 1.53 42.93 

 

02 65 32.8 3.80 40.37 

 

03 70 32.9 2.30 41.83 
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04 75 32.7 2.97 40.23 

 

05 68 32.4 3.30 40.90 

 

06 65 30.5 4.13 40.03 
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07 85 32.6 2.63 41.47 

 

08 80 31.8 2.80 40.70 

 

09 78 32.3 1.70 40.80 
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10 62 32.5 2.30 41.07 

 

11 90 32.9 1.40 42.03 

 

 

The time available for compaction (TAC) in both field measurements and the FEM 

model was extracted from cooling curves specific to each dataset. Table 5 presents a 

concise comparison of these TAC values, allowing for a straightforward assessment 

of their alignment or disparity between FEM model and the asphalt layer in the field 

where the base type is ABC during day time. Percentage difference has been 

accompanied the comparison to quantitatively evaluate the level of agreement. 

 

Table 5: Comparison of TAC between FEM model and the asphalt layer in the field 

for base type - ABC (Day time) 

No 
Field Data: TAC 

(min) 

FEM Model: TAC 

(min) 

Difference 

% 

01 94.7 92.9 -1.90 

02 57.2 56.6 -1.05 
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03 63.5 63.4 -0.16 

04 58.8 59.6 1.36 

05 57.0 56.4 -1.05 

06 44.2 43.8 -0.90 

07 59.8 60.1 0.50 

08 54.0 54.0 0.00 

09 59.0 60.1 1.86 

10 61.3 60.6 -1.14 

11 67.5 67.6 0.15 

 

According to the graphs and data in the Table 3, the cooling curves of the FEM model 

are almost the same as the cooling curves of the asphalt layer in the field where the 

base type is ABC and for day time. Also, the differences in values of time available 

for compaction between FEM model and the asphalt layer in the field are 

comparatively very small. According to the Table 4, the difference is within the range 

of ±2.0% for all the data sets. Therefore, the heat transfer FEM model developed for 

the asphalt layer where the base type is ABC and for day time can be considered as 

validated. 
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5.2. Outputs & Validation of the FEM Model with Base Type – Asphalt (Day 

Time) 

 

Table 6 shows the data sets collected in the field measurements and comparison 

between the temperature variations obtained from the FEM model and the temperature 

data collected from field measurements for each data set where the base type is asphalt 

during day time. 

Table 6: Comparison of cooling curves between FEM model & field data for base type 

- Asphalt (Day time) 

No 

Layer 

Thickn

ess 

(mm) 

Air 

Tempe

rature 

(°C) 

Wind 

Velocit

y 

(km/h) 

Base 

Tempera

ture 

(°C) 

Graph (Cooling Curves) 

01 51 34.90 1.19 40.53 

 

02 53.7 34.57 0.92 43.13 
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03 52.6 34.60 0.61 46.73 

 

04 46.6 34.33 0.88 49.67 

 

05 45 35.07 1.38 44.07 

 

06 52.5 35.17 1.18 47.93 
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07 46 34.83 1.60 45.50 

 

08 53 35.33 1.11 44.30 

 

09 54.1 36.43 0.60 48.50 

 

 

 

The time available for compaction (TAC) in both field measurements and the FEM 

model was extracted from cooling curves specific to each dataset. Table 7 presents a 

concise comparison of these TAC values, allowing for a straightforward assessment 

of their alignment or disparity between FEM model and the asphalt layer in the field 
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where the base type is asphalt during day time. Percentage difference has been 

accompanied the comparison to quantitatively evaluate the level of agreement. 

 

Table 7: Comparison of TAC between FEM model and the asphalt layer in the field 

for base type - Asphalt (Day time) 

No 
Field Data: TAC 

(min) 

FEM Model: TAC 

(min) 

Difference 

% 

01 57.6 58.7 1.91 

02 51.7 50.8 -1.74 

03 61.3 61.2 -0.16 

04 60.4 61.6 1.99 

05 48.2 47.4 -1.66 

06 54.6 55.6 1.83 

07 48.0 47.1 -1.88 

08 60.2 59.1 -1.83 

09 73.1 71.9 -1.64 

 

According to the graphs and data in the Table 4, the cooling curves of the FEM model 

are almost the same as the cooling curves of the asphalt layer in the field where the 

base type is Asphalt and for day time. Also, the differences in values of time available 

for compaction between FEM model and the asphalt layer in the field are 

comparatively very small. According to the Table 6, the difference is within the range 

of ±2.0% for all the data sets. Therefore, the heat transfer FEM model developed for 

the asphalt layer where the base type is Asphalt and for day time can be considered as 

validated. 
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5.3. Outputs & Validation of the FEM Model with Base Type – ABC (Night Time) 

 

Table 8 shows the data sets collected in the field measurements and comparison 

between the temperature variations obtained from the FEM model and the temperature 

data collected from field measurements for each data set where the base type is ABC 

during night time. 

 

Table 8: Comparison of cooling curves between FEM model & field data for base type 

- ABC (Night time) 

No 

Layer 

Thickn

ess 

(mm) 

Air 

Temper

ature 

(°C) 

Wind 

Velocity 

(km/h) 

Base 

Tempe

rature 

(°C) 

Cooling Curves 

01 53.1 28.2 2.81 27.6 

 

02 45.4 27.9 2.85 27.6 

 



36 

03 52.0 29.3 0.8 26.1 

 

04 45.7 28.2 1.93 27.1 

 

05 51.4 28.7 1.05 26.3 

 

06 61.3 28.1 3.69 26.8 

 

 

The time available for compaction (TAC) in both field measurements and the FEM 

model was extracted from cooling curves specific to each dataset. Table 9 presents a 

concise comparison of these TAC values, allowing for a straightforward assessment 
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of their alignment or disparity between FEM model and the asphalt layer in the field 

where the base type is ABC during night time. Percentage difference has been 

accompanied the comparison to quantitatively evaluate the level of agreement. 

 

Table 9: Comparison of TAC between FEM model and the asphalt layer in the field 

for base type - ABC (Night time) 

No 
Field Data: TAC 

(min) 

FEM Model: TAC 

(min) 

Difference 

% 

01 44.2 43.6 -1.36 

02 37.2 36.6 -1.61 

03 48.3 47.9 -0.83 

04 39.9 39.2 -1.75 

05 45.2 44.7 -1.11 

06 50.7 50.5 -0.39 

 

According to the graphs and data in the Table 5, the cooling curves of the FEM model 

are almost the same as the cooling curves of the asphalt layer in the field where the 

base type is ABC and for night time. Also, the differences in values of time available 

for compaction between FEM model and the asphalt layer in the field are 

comparatively very small. According to the Table 8, the difference is within the range 

of ±2.0% for all the data sets. Therefore, the heat transfer FEM model developed for 

the asphalt layer where the base type is ABC and for night time can be considered as 

validated. 
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5.4. Outputs & Validation of the FEM Model with Base Type – Asphalt (Night 

Time) 

 

Table 10 shows the data sets collected in the field measurements and comparison 

between the temperature variations obtained from the FEM model and the temperature 

data collected from field measurements for each data set where the base type is asphalt 

during night time. 

 

Table 10: Comparison of cooling curves between FEM model & field data for base 

type - Asphalt (Night time) 

No 

Layer 

Thickne

ss 

(mm) 

Air 

Temper

ature 

(°C) 

Wind 

Velocity 

(km/h) 

Base 

Temper

ature 

(°C) 

Graph (Cooling Curves) 

01 51.0 26.05 2.1 25.0 

 

02 96.0 26.43 3.52 25.8 
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03 53.0 26.37 1.08 25.0 

 

04 54.4 26.27 0.0 26.1 

 

05 78.5 26.0 4.32 27.3 

 

06 60.3 25.93 1.14 27.1 
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07 69.5 26.13 4.08 28.6 

 

08 59.1 26.07 0.36 26.5 

 

 

The time available for compaction (TAC) in both field measurements and the FEM 

model was extracted from cooling curves specific to each dataset. Table 11 presents a 

concise comparison of these TAC values, allowing for a straightforward assessment 

of their alignment or disparity between FEM model and the asphalt layer in the field 

where the base type is asphalt during night time. Percentage difference has been 

accompanied the comparison to quantitatively evaluate the level of agreement. 

 

Table 11: Comparison of TAC between FEM model and the asphalt layer in the field 

for base type - Asphalt (Night time) 

No 
Field Data: TAC 

(min) 

FEM Model: TAC  

(min) 

Difference 

% 

01 41.8 42.0 0.48 

02 75.0 74.8 -0.27 

03 44.6 45.4 1.79 
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04 50.5 50.8 0.59 

05 55.5 56.5 1.80 

06 50.2 51.2 1.99 

07 51.8 52.5 1.35 

08 56.0 56.8 1.43 

 

According to the graphs and data in the Table 6, the cooling curves of the FEM model 

are almost the same as the cooling curves of the asphalt layer in the field where the 

base type is Asphalt and for night time. Also, the differences in values of time available 

for compaction between FEM model and the asphalt layer in the field are 

comparatively very small. According to the Table 10, the difference is within the range 

of ±2.0% for all the data sets. Therefore, the heat transfer FEM model developed for 

the asphalt layer where the base type is Asphalt and for night time can be considered 

as validated. 
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CHAPTER 6 

6. RESULTS AND DISCUSSION 

 

After validation of the heat transfer FEM model for each condition, a number of FEM 

models were developed under different site conditions. That means, the values of the 

asphalt layer thickness, base temperature, wind velocity, air temperature and laydown 

temperature were randomly changed for each asphalt FEM model. However, when 

choosing values for the variables, it was always used values within the minimum and 

maximum values of each variable obtained from the field data to validate the model. 

Then from the output of each asphalt FEM model, Time Available for Compaction 

(TAC) was obtained. Here, the time taken by the asphalt surface to reach 800C was 

considered as the TAC. 

Then regression analysis was performed for the results with TAC as dependent 

variable and laydown temperature, air temperature, wind velocity, base temperature 

and asphalt layer thickness as independent variables. Here, according to the literature, 

it was considered that there is a linear relationship between the independent variable 

and the dependent variables (Chieh-Min Chang, Yen-Jui Chang, Jian-Shiuh Chen, 

2009) (Kevin L. Williams, Ben C. Cox, Isaac L. Howard, L. Allen Cooley, 2015). 

Multiple linear regression analysis was used to develop mathematical equations 

predicting Time Available for Compaction (TAC) by incorporating various factors, 

including different base types and time periods of the day. This method allowed for 

the creation of predictive models that could accurately estimate TAC under diverse 

environmental and material conditions encountered during asphalt pavement 

construction. 

In practice, R2 values closer to 1 indicate a better fit of the regression model to the data. 

The standard error of the estimate, is a statistical measure that quantifies the precision 

of the predictions made by a regression model. It represents the average deviation of 

the observed values from the predicted values, indicating how closely the data points 

are scattered around the regression line 
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6.1. Results of Asphalt Layer with Base Type – ABC (Day Time) 

 

Table 12 shows the results obtained for TAC from the heat transfer FEM models which 

were created using Abaqus software where the base type is ABC and during day time.  

Table 12: Values for TAC obtained from the heat transfer FEM model for base type – 

ABC (Day time) 

TAC   

(min) 

Laydown 

Temperature 

(°C) 

Air 

Temperature 

(°C) 

Wind 

Velocity 

(km/h) 

Base 

Temperature 

(°C) 

Layer 

Thickness 

(mm) 

Y X1 X2 X3 X4 X5 

94.7 150 33.2 1.53 42.93 100 

57.2 147 32.8 3.80 40.37 65 

63.5 147 32.9 2.30 41.83 70 

58.8 148 32.7 2.97 40.23 75 

57.0 148 32.4 3.30 40.90 68 

44.2 147 30.5 4.13 40.03 65 

59.8 147 32.6 2.63 41.47 85 

54.0 145 31.8 2.80 40.70 80 

58.0 146 32.3 1.70 40.80 78 

61.3 146 32.5 2.30 41.07 62 

67.5 140 32.9 1.40 42.03 90 

54.2 141 32.30 4.00 34.2 60 

48.8 140 33.20 3.50 34.7 40 

52.5 142 33.60 1.90 34.8 50 

49.0 141 33.70 2.00 34.9 55 

54.0 143 33.80 1.50 38.2 45 

43.2 144 34.10 3.00 38.8 35 

53.8 147 32.70 0.00 36.1 50 

50.1 145 33.00 1.00 39.6 40 

62.3 148 29.00 2.00 36.5 60 

55.0 145 29.50 1.50 39.00 65 

45.0 142 30.00 4.00 38 55 

 

Linear regression analysis was performed for the above values in Table 12. The 

summary output of the linear regression analysis is presented in the Figure 16, 

including key statistical metrics such as standard errors and goodness-of-fit measures 

(e.g., R-squared) and coefficients corresponding to predictor variables derived from 

the regression model where the base type is ABC during day time. 
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Figure 16: Summary output of the linear regression analysis for base type – ABC (Day 

time). 

 

According to the linear regression analysis, a mathematical equation for TAC where 

the base type is ABC during day time, was developed as detailed in Eq.15.  

 

𝑇𝐴𝐶 = 0.412𝑥1 + 0.844𝑥2 −  2.211𝑥3 +  0.333𝑥4 +  0.573𝑥5 –  76.912     Eq.15 

  Where; 

  x1 = Laydown Temperature (°C) 

  x2 = Air Temperature (°C)  

  x3 = Wind Velocity (km/h)  

  x4 = Base Temperature (°C)  

  x5 = Layer Thickness (mm)  

 

Here, R2 value indicates that 87% of the variance in TAC can be explained by the 

independent variables; laydown temperature, air temperature, wind velocity, base 

temperature and layer thickness. A standard error of 5.17 implies that, typically, the 

actual values of the dependent variable are anticipated to differ from the predicted 

values by around 5.17 units, on average. 
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6.2. Results of Asphalt Layer with Base Type – Asphalt (Day Time) 

 

Table 13 shows the results obtained for TAC from the heat transfer FEM models which 

were created using Abaqus software where the base type is Asphalt and during day 

time. 

Table 13: Values for TAC obtained from the heat transfer FEM model for base type – 

Asphalt (Day time) 

TAC 

(min) 

Laydown 

Temperature 

(°C) 

Air 

Temperature 

(°C) 

Wind 

Velocity 

(km/h) 

Base 

Temperature 

(°C) 

Layer 

Thickness 

(mm) 

Y X1 X2 X3 X4 X5 

57.4 154.0 34.90 4.27 40.53 51 

55.5 154.0 34.57 3.30 43.13 53.7 

61.3 152.0 34.60 2.20 46.73 52.6 

57.6 149.0 34.33 3.17 49.67 46.6 

49.8 151.0 35.07 4.97 44.07 45.0 

54.2 150.0 35.17 4.23 47.93 52.5 

48.6 148.0 34.83 5.77 45.50 46.0 

60.7 149.0 35.33 4.00 44.30 53.0 

73.1 150.0 36.43 2.17 48.50 54.1 

52.6 146.0 32.50 2.30 38.00 60.0 

51.3 140.0 30.00 1.40 42.00 55.0 

44.8 139.0 33.00 4.00 39.00 45.0 

45.2 138.0 33.20 3.50 40.00 50.0 

42.6 137.0 34.00 3.00 44.00 40.0 

47.9 139.0 30.00 2.00 41.00 55.0 

45.1 136.0 33.00 1.50 39.00 45.0 

39.7 139.0 34.10 3.00 42.00 35.0 

47.5 139.0 31.00 0.00 37.00 50.0 

46.5 140.0 33.00 1.00 40.00 45.0 

49.8 140.0 32.00 2.00 43.00 55.0 

53.8 145.0 34.00 1.50 42.00 65.0 

46.3 140.0 30.00 4.00 40.00 55.0 

 

Linear regression analysis was performed for the above values in Table 13. The 

summary output of the linear regression analysis is presented in the Figure 17, 

including key statistical metrics such as standard errors and goodness-of-fit measures 

(e.g., R-squared) and coefficients corresponding to predictor variables derived from 

the regression model where the base type is asphalt during day time. 
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Figure 17: Summary output of the linear regression analysis for base type – Asphalt 

(Day time). 

 

According to the linear regression analysis, a mathematical equation for TAC where 

the base type is asphalt during day time, was developed as detailed in Eq.16. 

𝑇𝐴𝐶 = 0.549𝑥1 + 0.969𝑥2 −  1.688𝑥3 +  0.691𝑥4 +  0.409𝑥5 –  105.452  Eq.16 

  Where; 

  x1 = Laydown Temperature (°C) 

  x2 = Air Temperature (°C)  

  x3 = Wind Velocity (km/h)  

  x4 = Base Temperature (°C)  

  x5 = Layer Thickness (mm)  

 

Here, R2 value indicates that 82% of the variance in TAC can be explained by the 

independent variables; laydown temperature, air temperature, wind velocity, base 

temperature and layer thickness. A standard error of 3.70 suggests that, on average, 

the actual values of the dependent variable are projected to vary from the predicted 

values by approximately 3.7 units. 
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6.3. Results of Asphalt Layer with Base Type – ABC (Night Time) 

 

Table 14 shows the results obtained for TAC from the heat transfer FEM models which 

were created using Abaqus software where the base type is ABC and during night time. 

Table 14: Values for TAC obtained from the heat transfer FEM model for base type – 

ABC (Night time) 

TAC   

(min) 

Laydown 

Temperature 

(°C) 

Air 

Temperature 

(°C) 

Wind 

Velocity 

(km/h) 

Base 

Temperature 

(°C) 

Layer 

Thickness 

(mm) 

Y X1 X2 X3 X4 X5 

44.2 150.0 28.20 2.81 27.57 53.10 

47.8 151.0 29.60 0.50 27.97 51.00 

37.3 151.0 27.90 2.85 27.57 45.40 

48.3 149.0 29.30 0.18 26.13 52.00 

39.9 151.0 28.20 1.93 27.13 45.70 

38.0 150.0 28.90 3.40 27.63 48.00 

45.2 148.0 28.70 1.05 26.33 51.40 

36.0 149.0 28.00 3.69 26.90 45.00 

50.5 150.0 28.10 0.00 26.77 61.30 

50.1 146.0 32.50 2.30 38.00 60.00 

49.2 140.0 30.00 1.40 42.00 55.00 

42.6 139.0 33.00 4.00 39.00 45.00 

43.1 138.0 33.20 3.50 40.00 50.00 

45.7 137.0 34.00 3.00 44.00 40.00 

45.5 139.0 30.00 2.00 41.00 55.00 

43.4 136.0 33.00 1.50 39.00 45.00 

38.3 139.0 34.10 3.00 42.00 35.00 

40.3 139.0 31.00 0.00 37.00 50.00 

44.3 140.0 33.00 1.00 40.00 45.00 

48.5 140.0 32.00 2.00 43.00 55.00 

51.2 145.0 34.00 1.50 42.00 65.00 

40.3 140.0 30.00 4.00 40.00 55.00 

 

Linear regression analysis was performed for the above values in Table 14. The 

summary output of the linear regression analysis is presented in the Figure 18, 

including key statistical metrics such as standard errors and goodness-of-fit measures 

(e.g., R-squared) and coefficients corresponding to predictor variables derived from 

the regression model where the base type is ABC during night time. 



48 

 

Figure 18: Summary output of the linear regression analysis for base type – ABC 

(Night time). 

 

According to the linear regression analysis, a mathematical equation for TAC where 

the base type is ABC during night time, was developed as detailed in Eq.17. 

𝑇𝐴𝐶 = 0.220𝑥1 + 0.797𝑥2 −  1.449𝑥3 +  0.153𝑥4 +  0.370𝑥5 –  33.140     Eq.17 

  Where; 

  x1 = Laydown Temperature (°C) 

  x2 = Air Temperature (°C)  

  x3 = Wind Velocity (km/h)  

  x4 = Base Temperature (°C)  

  x5 = Layer Thickness (mm)  

 

Here, R2 value indicates that 75% of the variance in TAC can be explained by the 

independent variables; laydown temperature, air temperature, wind velocity, base 

temperature and layer thickness. A standard error of 2.65 suggests that, typically, the 

actual values of the dependent variable are anticipated to differ from the predicted 

values by around 2.65 units, on average. 
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6.4. Results of Asphalt Layer with Base Type – Asphalt (Night Time) 

 

Table 15 shows the results obtained for TAC from the heat transfer FEM models which 

were created using Abaqus software where the base type is asphalt and during night 

time. 

Table 15: Values for TAC obtained from the heat transfer FEM model for base type – 

Asphalt (Night time) 

TAC  

(min) 

Laydown 

Temperature 

 (°C) 

Air 

Temperature 

(°C) 

Wind 

Velocity 

(km/h)  

Base 

Temperature 

(°C) 

Layer 

Thickness 

(mm) 

Y X1 X2 X3 X4 X5 

42.0 151.0 26.05 2.10 25.00 51.0 

74.8 149.0 26.43 3.52 25.80 96.0 

45.4 150.0 26.37 1.08 25.00 53.0 

50.8 148.0 26.27 0.00 26.10 54.4 

56.6 147.0 26.00 4.32 27.30 78.5 

51.3 149.0 25.93 1.14 27.10 60.3 

52.5 150.0 26.13 4.08 28.60 69.5 

56.8 146.0 26.07 0.36 26.50 59.1 

50.4 150.0 25.00 2.30 21.50 60.0 

46.5 142.0 27.50 1.40 27.60 55.0 

43.5 143.0 26.50 4.00 26.10 45.0 

42.1 139.0 25.50 3.50 26.80 46.0 

40.7 135.0 24.20 3.00 28.00 40.0 

46.5 141.0 26.80 2.00 26.40 45.0 

56.3 160.0 27.50 3.00 26.00 55.0 

39.8 132.0 23.00 3.00 26.00 35.0 

55.5 160.0 26.00 0.00 25.00 50.0 

49.7 142.0 29.00 1.00 28.70 45.0 

48.5 143.0 27.10 2.00 27.90 55.0 

41.3 144.0 26.20 4.00 27.00 45.0 

 

Linear regression analysis was performed for the above values in Table 15. The 

summary output of the linear regression analysis is presented in the Figure 19, 

including key statistical metrics such as standard errors and goodness-of-fit measures 

(e.g., R-squared) and coefficients corresponding to predictor variables derived from 

the regression model where the base type is asphalt during night time. 
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Figure 19: Summary output of the linear regression analysis for base type – Asphalt 

(Night time). 

 

According to the linear regression analysis, a mathematical equation for TAC where 

the base type is asphalt during night time, was developed as detailed in Eq.18. 

𝑇𝐴𝐶 = 0.141𝑥1 + 0.255𝑥2 − 1.114𝑥3 +  0.127𝑥4 +  0.496𝑥5 –  5.760         Eq.18 

 Where; 

  x1 = Laydown Temperature (°C) 

  x2 = Air Temperature (°C)  

  x3 = Wind Velocity (km/h)  

  x4 = Base Temperature (°C)  

  x5 = Layer Thickness (mm)  

 

Here, R2 value indicates that 82% of the variance in TAC can be explained by the 

independent variables; laydown temperature, air temperature, wind velocity, base 

temperature and layer thickness. A standard error of 4.05 implies that, typically, the 

actual values of the dependent variable are projected to vary from the predicted values 

by around 4.05 units, on average. 
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The coefficients in the above equations represent the strength and direction of the 

relationship between each independent variable and TAC. A positive coefficient 

suggests a beneficial impact on TAC, while a negative coefficient implies an adverse 

effect. The magnitude of each coefficient signifies the degree of influence each 

variable has on TAC relative to the measured unit of each variable.  

When the equations for TAC which are detailed in Equation 15, 16, 17 and 18 are 

analyzed, the coefficient of asphalt laydown temperature is positive in all the scenarios. 

This suggests that an increase in the value of asphalt laydown temperature will lead to 

an increase in the TAC. In other words, it can be said that the asphalt laydown 

temperature has a positive impact on TAC. Higher asphalt laydown temperatures can 

slow down the cooling process, providing an extended period for compaction. This 

ensures that the asphalt remains workable, allowing construction crews to achieve the 

desired level of compaction. 

According to the equations developed, the coefficient of air temperature is also 

positive in all the scenarios. This suggests that an increase in the air temperature will 

lead to an increase in the TAC. That means compaction is more effective or feasible 

at higher ambient temperatures. Simply, it can be said that the air temperature has a 

positive impact on TAC. Higher air temperatures generally result in a slower cooling 

rate for the asphalt mixture due to the lesser temperature difference between asphalt 

mix and surrounding. This allows construction crews more time to compact the 

asphalt. In contrast, lower air temperatures accelerate the cooling process, reducing the 

available time for compaction. 

When the wind velocity is considered, the coefficient of wind velocity is negative in 

all cases. Therefore, it can be said that the wind velocity has a negative impact on 

TAC. This suggests that an increase in wind velocity will lead to a decrease in TAC. 

That means higher wind speeds might hinder or reduce the effectiveness of the 

compaction process. Higher wind speeds accelerate the cooling process by promoting 

heat dissipation from the asphalt surface by convection. It reduces the time available 

for compaction before the asphalt becomes too stiff for effective compaction. 

Construction crews may need to adjust compaction equipment parameters, such as 

vibration frequency and roller speed, to compensate for changes in asphalt workability 

due to wind-induced cooling. 
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When the base temperature is taken into account, the coefficient of base temperature 

is positive in all cases. This implies that an increase in base temperature will lead to 

an increase in TAC. It can be concluded that the base temperature has a positive impact 

on TAC. That means a warmer base facilitates better compaction. As the base 

temperature rises, it reduces the heat dissipation from the newly constructed asphalt 

layer to the subsurface and contributes to maintain the temperature of the asphalt layer 

for a longer duration, extending the time available for compaction. 

When the asphalt layer thickness is taken into account, the coefficient of asphalt layer 

thickness is positive in all cases. This implies that an increase in asphalt layer thickness 

will lead to an increase in TAC. In other words, thicker layers may have more time for 

effective compaction. With increasing of asphalt layer thickness, heat retention within 

the mix is prolonged, thereby enhancing the workability and compatibility of the 

asphalt layer. It is possible to mention that the asphalt layer thickness has a positive 

impact on TAC. 

However, comparison of the degree of impact of these variables on TAC cannot be 

done directly based on the magnitudes of their coefficients in the equations. This is 

because the magnitude of the coefficients is highly dependent on the units used to 

measure each variable. For example, the coefficient of wind velocity will have 

different magnitudes when it is measured in kilometers per hour (km/h) compared to 

when it is measured in meters per second (m/s). Similarly, the coefficient of layer 

thickness will vary depending on whether it is measured in millimeters (mm), 

centimeters (cm), or meters (m). 

Therefore, to facilitate an accurate assessment and meaningful comparison of the 

degree of impact of variables such as air temperature, laydown temperature, wind 

velocity, base temperature, and layer thickness on TAC, a sensitivity analysis should 

be conducted. This analysis will allow us to understand the relative influence of each 

variable, independent of the units of measurement, providing a clearer picture of their 

true impact. 

 

When we compare these equations with Eq.12, the directions of the coefficients of all 

variables are the same in all the equations. The magnitude of the coefficient of wind 

velocity is slightly larger than that of air temperature and the laydown temperature in 
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equations developed here as well as in Eq.12. The coefficient of the layer thickness in 

Eq.12 is significantly larger than the equations developed here. The main reason for 

this is that the unit of layer thickness considered in Eq.12 is cm and, in this study, it 

was mm. The base temperature was not taken into account as an independent variable 

in Eq.12. However, according to the literature, this study considered that base 

temperature an independent variable for TAC. 

These equations can be used to predict or estimate TAC based on specific 

combinations of base types and time periods. This information can be valuable for 

decision-making in scenarios, where controlling or optimizing time available for 

compaction is important. Employing these mathematical models enhances the 

likelihood of achieving the desired compaction level by estimating the time required 

to reach a temperature at which compaction is no longer possible. Therefore, if the 

average values for environmental variables, laydown site conditions and details of 

asphalt layer thickness are available, the time available to complete the asphalt 

compaction process using rollers can be known in advance and the asphalt construction 

activities can be planned according to this time considering the construction time 

period of the day. 

Furthermore, if these mathematical equations are available, it can be used to choose a 

value for asphalt layer thickness which can be compacted effectively within the time 

required for rolling process considering the environmental variables of the 

construction area and time of the construction. For example, if the average values for 

the environmental variables such as air temperature, wind velocity and base 

temperature in the area of construction are known, we can calculate a minimum value 

for the asphalt thickness considering average time required for roller procedure as the 

TAC in the equation. With this information, construction managers or designers can 

work backward to determine the minimum asphalt thickness required to ensure that 

compaction can be completed within the TAC. If the average time required for the 

roller procedure is sufficient, construction professionals may have more flexibility in 

selecting a thinner asphalt layer, potentially reducing material costs and construction 

time without compromising quality. 

Also, through utilizing this method, construction professionals can efficiently check 

whether the design thickness of the asphalt layer meets the minimum requirements for 

effective compaction. If the design thickness is less than the calculated minimum 
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thickness, adjustments can be made to the design to ensure it meets the necessary 

requirements for durable construction. Otherwise, construction can proceed 

confidently knowing that it meets or exceeds compaction standards.  

Ultimately, these mathematical equations facilitate a more efficient and durable 

construction process by ensuring that asphalt layers are designed to meet compaction 

requirements under typical environmental conditions and operational constraints. This 

proactive approach helps to optimize construction practices, reduce potential rework, 

and enhance the longevity and performance of asphalt pavements. 

However, since the model validation and derivation of equations were done within the 

minimum and maximum values of the variables collected from the field, currently 

these equations can only be used for the variables within that range. In the future, the 

validation of the model should be extended to a wider range by collecting data from 

cold regions in Sri Lanka as well. 

 

6.5. Determination of an optimal asphalt thickness 

 

To determine the optimal asphalt thickness, different scenarios were analyzed by 

varying the input environmental parameters and average time required for compaction 

process. For this analysis, the annual average values of meteorological parameters 

were taken for the Western province, Sri Lanka. Because the 3D FEM model 

represented a 10m long asphalt section, the average time required for the compaction 

process for a 10m long section was considered here. (Annual Weather Averages Near 

Western Province, 2024) 

 

6.5.1. For an Asphalt Layer with Base Type – ABC (Day Time) 

 

For the daytime scenario with a base type of ABC, the analysis indicated the following 

conditions: 

 

Average time required for compaction process = 25 min 

Laydown Temperature = 135 0C 
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Average Air Temperature during day time = 30 0C 

Average Wind Velocity during day time = 9 km/h 

Average Base Temperature during day time = 41 0C 

 

𝑇𝐴𝐶 = 0.412𝑥1 + 0.844𝑥2 - 2.211𝑥3 + 0.333𝑥4 + 0.573𝑥5 – 76.912 

25 = 0.412*135 + 0.844*30 – 2.211*9 + 0.333*41 + 0.573*x5 – 76.912 

x5 = 47.50 mm 

  

6.5.2. For an Asphalt Layer with Base Type – Asphalt (Day Time) 

 

For the daytime scenario with a base type of asphalt, the analysis indicated the 

following conditions: 

 

Average time required for compaction process = 25 min 

Laydown Temperature = 135 0C 

Average Air Temperature during day time = 30 0C 

Average Wind Velocity during day time = 9 km/h 

Average Base Temperature during day time = 44 0C 

 

𝑇𝐴𝐶 = 0.549𝑥1 + 0.969𝑥2 - 1. 688𝑥3 + 0.691𝑥4 + 0.409𝑥5 – 105.452  

25 = 0.549 ∗ 135 + 0.969 ∗ 30 - 1. 688 ∗ 9 + 0.691 ∗ 44 + 0.409𝑥5 – 105.452    

x5 = 29.47 mm 

 

6.5.3. For an Asphalt Layer with Base Type – ABC (Night Time) 

 

For the nighttime scenario with a base type of ABC, the analysis indicated the 

following conditions: 

 

Average time required for compaction process = 25 min 

Laydown Temperature = 135 0C 

Average Air Temperature during night time = 27 0C 
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Average Wind Velocity during night time = 11 km/h 

Average Base Temperature during night time = 28 0C 

 

𝑇𝐴𝐶 = 0.220𝑥1 + 0.797𝑥2 - 1. 449𝑥3 + 0.153𝑥4 + 0.370𝑥5 – 33.140 

25 = 0.220 ∗ 135 + 0.797∗ 27 - 1. 449 ∗ 11 + 0.153 ∗ 28 + 0.370𝑥5 – 33.140    

x5 = 50.20 mm 

 

6.5.4. For an Asphalt Layer with Base Type – Asphalt (Night Time) 

 

For the nighttime scenario with a base type of asphalt, the analysis indicated the 

following conditions: 

 

Average time required for compaction process = 25 min 

Laydown Temperature = 135 0C 

Average Air Temperature during night time = 27 0C 

Average Wind Velocity during night time = 11 km/h 

Average Base Temperature during night time = 27 0C 

 

𝑇𝐴𝐶 = 0.141𝑥1 + 0.255𝑥2 - 1. 114𝑥3 + 0.127𝑥4 + 0.496𝑥5 – 5.760 

25 = 0.141*135 + 0.255*27 – 1.114*11 + 0.127*41 + 0.496*x5 – 5.760 

x5 = 27.55 mm 

 

The results indicate that the optimal thickness for asphalt layers varies significantly 

based on the base type and environmental conditions (day vs. night). According to the 

above calculations, an optimal asphalt thickness can be recommended for roads in 

Western Province, Sri Lanka as follows considering only the heat transferring process 

with degree of compaction. 

 

Optimal asphalt thickness for base type – ABC (Binder Course) = 50 mm 

Optimal asphalt thickness for base type – Asphalt (Wearing Course) = 30 mm 
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CHAPTER 7 

7. CONCLUSION 

 

It is critical to understand the significant impact of laydown site conditions, 

environmental variables, and layer thickness on the degree of compaction achieved in 

asphalt, emphasizing the importance of considering these factors for optimizing 

construction practices and ensuring pavement quality and durability. 

 

Table 16: Summary of equations for TAC 

Base 

Type 

Time 

Period 
Equation for TAC 

ABC 

Day 

Time 
𝑇𝐴𝐶 = 0.412𝑥1 + 0.844𝑥2 - 2.211𝑥3 + 0.333𝑥4 + 0.573𝑥5 – 76.912 

Night 

Time 
𝑇𝐴𝐶 = 0.220𝑥1 + 0.797𝑥2 - 1. 449𝑥3 + 0.153𝑥4 + 0.370𝑥5 – 33.140 

Asphalt 

Day 

Time 
𝑇𝐴𝐶 = 0.549𝑥1 + 0.969𝑥2 - 1. 688𝑥3 + 0.691𝑥4 + 0.409𝑥5 – 105.452 

Night 

Time 
𝑇𝐴𝐶 = 0.141𝑥1 + 0.255𝑥2 - 1. 114𝑥3 + 0.127𝑥4 + 0.496𝑥5 – 5.760 

 

The equations developed through the experimental and mathematical work of this 

research to find the effect of air temperature, laydown temperature, wind velocity, base 

temperature and layer thickness on TAC, can be summarized as in Table 16. According 

to the analysis and discussion of the above equations, it can be concluded that the 

asphalt laydown temperature has a positive impact on TAC, the air temperature has a 

positive impact on TAC and the wind velocity has a negative impact on TAC. When 

the base temperature is taken into account, the base temperature has a positive impact 



58 

on TAC. When the asphalt layer thickness is considered, it has a positive impact on 

TAC. 

Understanding these significance levels helps prioritize factors during the compaction 

process and informs decision-making for optimizing conditions during both day and 

night times. 

These equations can be used to predict or estimate TAC based on specific 

combinations of base types and time periods. This information can be valuable for 

decision-making in scenarios, where controlling or optimizing time available for 

compaction is important.  

Also the FEM model developed and validated in this study can be widely applied to 

predict the thermal behavior of hot mix asphalt layers in Sri Lankan conditions. Its 

accuracy and reliability, demonstrated through validation process, make it a valuable 

tool for various applications requiring precise thermal analysis of asphalt pavements. 

The findings indicate that for daytime conditions, the optimal thickness for asphalt 

layers with different base types varies, with thicker layers recommended for ABC 

(Binder Course) compared to Asphalt (Wearing Course). Conversely, nighttime 

conditions exhibit different optimal thickness requirements, emphasizing the 

importance of considering diurnal variations. 

Ultimately, the recommended optimal asphalt thicknesses for the Western Province, 

Sri Lanka, considering heat transfer and compaction efficiency, are 50 mm for ABC 

(Binder Course) and 30 mm for Asphalt (Wearing Course). These recommendations 

provide valuable insights for road construction and maintenance practices in the 

region, contributing to improved infrastructure durability and performance. 
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