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ABSTRACT 1 
The recently developed deflection-induced pavement-vehicle interaction analysis links the 2 

structural performance of the pavement to the fuel consumption of moving vehicles and the 3 

subsequent greenhouse gas emissions during the pavement use-phase. Accurate estimations of 4 

these impacts are tightly dependent on the proper evaluation of pavement structural parameters, 5 

including the properties of the surface course and underlying layers. A recent study demonstrated 6 

that inertia and damping effects of underlying layers must be taken into account for pavements 7 

subjected to dynamic loads, and that accurate parameters of pavement model could be 8 

backcalculated using the falling weight deflectometer measurements. In this paper, the 9 

pavement-vehicle interaction analysis is modified accordingly. Then, a case study is performed 10 

using multiple time histories of falling weight deflectometer deflections collected over a year’s 11 

time for a rigid and a flexible pavement. Analysis of deflection basins showcases how falling 12 

weight deflectometer measurements can be used for estimating the deflection-induced vehicle 13 

fuel consumption for both rigid and flexible pavements. The simplicity and accuracy of the 14 

demonstrated analyses show a lot of promise for wider application of this methodology, 15 

especially regarding sustainable development of pavement network. 16 

17 
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BACKGROUND 1 
It is well established that road properties affect rolling resistance, and thus, fuel consumption and 2 

corresponding environmental footprint (1-4). Alongside pavement roughness and texture (5-8), 3 

dissipation of energy due to pavement deformation is an important contributor to rolling 4 

resistance (9). The deflection-induced dissipated energy contributes to excess fuel consumption 5 

and use-phase greenhouse gas emission. In order to develop sustainable transportation systems, it 6 

is necessary to develop quantitative tools that establish the link between pavement deformation 7 

and life-cycle energy consumption, which has been the topic of few recent studies (6,9-11). 8 

Some quantitative tools have been proposed. For instance, deflections recorded by Benkelman 9 

beam rebound were used by Zaabar and Chatti as an indicating factor in estimating the fuel 10 

consumption (6). Another approach was the deflection-induced pavement-vehicle interaction 11 

(PVI) model proposed by Louhghalam et al. PVI quantifies the dissipated energy due to viscous 12 

deformation of pavement under a moving load and evaluates the related fuel consumption and 13 

environmental footprint as functions of structural and material properties of pavement (12,13). 14 

 15 

 In order to determine the surface deformation and the resulting dissipated energy, the PVI 16 

model proposed by Louhghalam et al. (12) idealizes both rigid and flexible pavements as a 17 

viscoelastic plate resting on a weightless elastic Winkler foundation. This model is 18 

computationally efficient, and so it is an attractive tool for an analysis that up-scales the 19 

pavement-scale emission to network level environmental impact (14,15). However, the 20 

simplicity of this model does not guarantee its ability to properly describe the pavement 21 

behavior. Especially for the case of a flexible pavement, the use of a Winkler foundation model 22 

is not a common practice. Therefore, the accuracy of this idealization must be tested when 23 

pavement is subjected to dynamic loads. Also, regardless of the accuracy of the selected model, 24 

pavement structural parameters are needed to perform the PVI analysis. 25 

 26 

The dynamic nature of the falling weight deflectometer (FWD) loading mechanism and 27 

its similarity with moving loads make the FWD time history deflection data a viable source for 28 

1) evaluation of the ability of the selected model in describing the pavement behavior, and 2) 29 

development of a rational approach for the assignment of model parameters for PVI analysis. 30 

Since FWDs are commonly used by roadway agencies, the FWD deflection data could be used 31 

for rational analysis of vehicles fuel consumption on roadways in network planning and 32 

pavement management decision-making. 33 

 34 

A numerical-based dynamic backcalculation method was recently developed to analyze 35 

the FWD deflection time histories and indicate the pavement model parameters (16). As the 36 

forward model of this backcalculation method, the generalized Westergaard model was used 37 

which accounts for the inertia and damping effects of foundation as well as the viscoelasticity of 38 

the plate (16). By performing a field study on two FWD deflection basins obtained from adjacent 39 

rigid and flexible pavements in Minnesota, it was shown that including both inertia and damping 40 

effects of foundation is substantial for accurate description of the behavior of both rigid and 41 

flexible pavements under dynamic loading. Therefore, in order to obtain realistic estimations for 42 

the dissipated energy, the deflection-induced PVI model proposed by Louhghalam et al. needs to 43 

be modified to account for foundation inertia and damping. 44 

 45 
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The purpose of this paper is to demonstrate how FWD measurements can be used by 1 

transportation agencies to evaluate deflection-induced vehicle fuel consumption. To this end, the 2 

PVI analysis is modified first to account for inertia and damping effects of the layers underlying 3 

the road surface. This modification makes the analysis compatible with the generalized 4 

Westergaard model. Next, one flexible and one rigid pavement section are selected from the 5 

database provided by the Long Term Pavement Performance (LTPP) program, each of which 6 

were tested multiple times at different months of a year. The model parameters were 7 

backcalculated for the selected pavement sections, and then employed as inputs to estimate the 8 

resulting fuel consumption. The variation in energy dissipation due to seasonal changes was also 9 

studied. The results confirm that the proposed methodology can be a reliable tool to evaluate 10 

deflection-induced vehicle fuel consumption and environmental footprint. 11 

THEORETICAL BACKGROUND 12 
The plate-on-a-foundation model has been commonly used for structural modeling of rigid 13 

pavements. Westergaard (17) idealized the rigid slab as a thin elastic Kirchhoff-Love plate 14 

resting on a Winkler foundation, which is a combination of closely spaced, independent elastic 15 

linear springs. Various researchers emphasized the more complex behavior of the foundation and 16 

added a dashpot to the Westergaard model to account for viscoelastic behavior of foundation 17 

(18-21). Also, the importance of foundation inertia effects was pointed out (22). Khazanovich 18 

demonstrated that the integrated inertia and damping effect can more accurately explain the 19 

behavior of pavement under dynamic loading, in particular, the time shift between the applied 20 

FWD load and the recorded deflection peaks (23). In a recent study, Khazanovich & 21 

Booshehrian proposed a generalized Westergaard model to account for viscoelasticity of the 22 

plate and the inertia and damping effects of foundation. They were able to show this model could 23 

accurately capture the pavement behavior under dynamic FWD loading for both flexible and 24 

rigid pavements (16). 25 

 26 

The generalized Westergaard model consists of an infinite viscoelastic plate resting on a 27 

foundation that takes into account inertia and damping effects of the foundation (FIGURE 1). 28 

The plate is modeled with a three-parameter standard linear solid (SLS) model to capture the 29 

viscoelastic behavior of flexible pavement. The damping and inertia effects of foundation are 30 

accounted for by the addition of dashpot and mass elements to the Winkler foundation. The mass 31 

element represents the mass of the plate and the moving portion of the underlying layers under 32 

applied dynamic loads. The combination of the spring and dashpot simulates the viscoelastic 33 

behavior of the underlying layers based on the Kelvin-Voigt model. 34 

 35 
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 1 

FIGURE 1 Generalized Westergaard Model 2 

In the following section, the generalized Westergaard model is incorporated into the PVI 3 

frameworks (11,15). 4 

 5 

Deflection-Induced PVI Model 6 

Consider an infinite plate subjected to a moving load 𝑃 = 𝑝𝑆 representing the wheel load, with 𝑆 7 

rectangular area of tire-road contact trajectory. Herein, we consider a moving coordinate system 8 

𝑋 = 𝑥 − 𝑉𝑡, attached to the load traveling with constant speed 𝑉.  For any viscoelastic material 9 

in this reference frame, one can show that the dissipated energy within the material is related to 10 

the slope in the moving direction at the road-tire contact trajectory (12). Assuming a uniformly 11 

distributed load, the dissipated energy per distance traveled, 𝛿𝑈, reads: 12 

 13 

𝛿𝑈 = −𝑃 〈
𝑑𝑤

𝑑𝑋
〉 (1) 

 14 

where 𝑤 is the plate deflection and 〈𝑑𝑤/𝑑𝑋〉 is the average slope along the area of tire-road 15 

contact surface in X-direction. Hence, to evaluate the energy dissipation one needs to evaluate 16 

plate deflection and its spatial derivative in the moving coordinate system. Herein, we employ 17 

the elastic-viscoelastic correspondence principle (24-26) to evaluate deflection. The principle 18 

allows for finding the solution of a viscoelastic problem from the solution of a corresponding 19 

elastic problem in the frequency domain, by substituting the complex modulus of the viscoelastic 20 

material with its elastic counterpart. 21 

 22 

Using the elastic-viscoelastic correspondence principle, first the solution to equation of 23 

motion of an elastic plate on an elastic foundation subjected to a moving load needs to be 24 

obtained in the frequency domain. Assuming a steady-state condition (constant speed), and 25 

noting that in the moving coordinate system 𝜕/𝜕𝑡 = −𝑉𝜕/𝜕𝑋, the equation of motion in this 26 

reference frame reads: 27 

 28 

𝐷 (
𝜕 2

𝜕𝑋2
+

𝜕2

𝜕𝑦2
)

2

𝑤 + 𝑚𝑉2
𝜕2𝑤

𝜕𝑋2
+ 𝑘𝑤 = 𝑝 

(2) 
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 1 

where 𝐷 = 𝐸ℎ3/12(1 − 𝜈2) is plate’s instantaneous flexural stiffness and 𝑚 is mass per unit 2 

area of the plate and moving portion of foundation; E, h, and ν are instantaneous modulus of 3 

elasticity, thickness, and Poisson’s ratio of the surface layer (plate), respectively. Taking the 4 

Fourier transformation of the above solution in frequency domain gives: 5 

 6 

𝑤̂ = 𝑝 ̂(𝐷(𝜆1
2 + 𝜆2

2)2 − 𝑚𝑉2𝜆1
2 + 𝑘)−1 (3) 

 7 

where 𝜆1and  𝜆2 are respectively the transformed fields of 𝑋 and 𝑦.  8 

 9 

To find the solution of a viscoelastic plate on a viscoelastic foundation, the following 10 

approach was taken. The stress-strain relationship of the viscoelastic top layer is according to the 11 

constitutive equation of a standard linear solid (SLS) model (illustrated in the inset of FIGURE 12 

1). 13 

 14 

𝜕𝜀

𝜕𝑡
=

1

𝐸1 + 𝐸2
(

𝜕𝜎

𝜕𝑡
+

1

𝜂
(𝐸2𝜎 − 𝐸1𝐸2𝜀)) 

(4) 

 15 

where 𝐸1, 𝐸2 are two stiffness parameters of the model. In addition, 𝜂 is the material viscosity 16 

parameter, and therefore, 𝜏 = 𝜂/𝐸2 is the relaxation time of the viscoelastic top-layer. Damping 17 

of foundation is modeled via a Kelvin-Voigt viscoelastic foundation with stiffness 𝑘 and 18 

relaxation time 𝜏𝑠 = 𝑐/𝑘, where 𝑐 is viscous damping coefficient of foundation as illustrated in 19 

FIGURE 1. To incorporate the viscoelasticity of foundation, the elastic foundation modulus 𝑘 is 20 

replaced with the complex modulus of a Kelvin-Voigt model in the moving coordinate system, 21 

i.e.  𝑘̂ = 𝑘(1 − 𝑖𝜆1𝑉𝜏𝑠).   22 

For the SLS model representing the material of surface layer (plate), we first rewrite 23 

equation (4) in the moving coordinate system: 24 

 25 

−𝑉
𝑑𝜀

𝑑𝑋
=

1

𝐸1 + 𝐸2
(−𝑉

𝑑𝜎

𝑑𝑋
+

1

𝜂
(𝐸2𝜎 − 𝐸1𝐸2𝜀)) 

(5) 

 26 

Here we assume a three-dimensional creep behavior characterized by constant creep Poisson’s 27 

ratio such that 𝐷̂ = 𝐸̂ℎ3/12(1 − 𝜈2). Then, taking Fourier transform of equation (5), the 28 

complex modulus can be obtained 𝐷̂ = 𝐷1(1 − 𝑖𝜆1𝑉𝜏(𝐷2/𝐷1 +  1))/(1 − 𝑖𝜆1𝑉𝜏) where 𝐷1 =29 

𝐸1ℎ3/12(1 − 𝜈2) and 𝐷2 = 𝐸2ℎ3/12(1 − 𝜈2). The solution for the viscoelastic problem in the 30 

frequency domain is expressed as: 31 

 32 

𝑤̂ = 𝑝 ̂ (
1 − 𝑖𝜆1𝑉𝜏(𝐷2/𝐷1 +  1)

1 − 𝑖𝜆1𝑉𝜏
𝐷1(𝜆1

2 + 𝜆2
2)2 − 𝑚𝑉2𝜆1

2 + 𝑘(1 − 𝑖𝜆1𝜏𝑠))

−1

 (6) 

 33 

The viscoelastic plate deformation is obtained by taking the inverse Fourier 34 

transformation of above equation. The slope 𝑑𝑤/𝑑𝑋 is also similarly calculated from 35 

ℱ−1(−𝑖𝜆𝑉𝑤̂) with ℱ−1 denoting the inverse Fourier transformation.  36 
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The procedure above offers a computationally efficient approach for determining 1 

pavement deflections and energy dissipation under a moving load using the generalized 2 

Westergaard model.  However, to ensure that the estimation of the energy dissipation is realistic, 3 

it is important to select appropriate values for model parameters that will result in calculated 4 

deflections similar to those exhibited by the pavement system. These quantities can be obtained 5 

from the dynamic backcalculation analysis of FWD data as explained below. 6 

 7 

Dynamic Backcalculation of Pavement Parameters Using FWD Data 8 
 9 

FWD measures the time histories of the applied load and surface deflections at different 10 

distances from the center of a circular FWD applied pressure. Thus the governing differential 11 

equation for an infinite, homogeneous, isotropic, and linearly viscoelastic plate on a viscoelastic 12 

foundation subjected to axisymmetric FWD loading is: 13 

 14 

𝐷′(
1

𝑟

𝜕

𝜕𝑟
+

𝜕2

𝜕𝑟2
) 2𝑤(𝑟, 𝑡) + 𝑘 𝑤(𝑟, 𝑡) + 𝑐

𝜕𝑤(𝑟, 𝑡)

𝜕𝑡
+ 𝑚

𝜕2𝑤(𝑟, 𝑡)

𝜕𝑡2
= 𝑝(𝑟, 𝑡) (7) 

 15 

where 𝐷′ is the viscoelastic rigidity of the plate that can be calculated based on stress-strain 16 

relationship of the viscoelastic top layer given in equation (4), 𝑤(𝑟, 𝑡) is the surface 17 

deflection, 𝑝(𝑟, 𝑡) is the applied pressure in the FWD test, 𝑟 is the distance from the center of 18 

FWD load, and t is the time. The pressure, 𝑝(𝑟, 𝑡), is obtained from measurements in the FWD 19 

tests, and is not necessarily a mathematical function, therefore equation (7) must be solved 20 

numerically. Khazanovich & Booshehrian (16) proposed a numerical solution for this equation 21 

using a combined application of Hankel transform in space and finite difference method in time. 22 

Taking advantage of the time domain approach prevents the potential problems of using 23 

frequency domain such as the need for tail correction (27-29). 24 

 25 

The obtained semi-analytical solution is used as a forward solution in the backcalculation 26 

procedure. A normalized sum of squared errors (SSE) is defined to quantify the difference 27 

between the measured and calculated FWD deflections. A combination of quasi-Newton method 28 

and a finite-difference gradient is employed to find the solution to the inverse problem, which is 29 

to find the set of parameters that minimizes the following error function. 30 

 31 

𝑆𝑆𝐸 = (
1

𝑤𝑚𝑎𝑥
𝑀

)2 ∑ ∑(𝑤𝑖𝑗
𝑀 − 𝑤𝑖𝑗

𝐶 )2

𝑚

𝑗=1

𝑛

𝑖=1

 
(8) 

 32 

where n is the number of sensors, m is the number of time steps in the FWD deflection time 33 

history, 𝑤𝑖𝑗
𝑀 and 𝑤𝑖𝑗

𝐶  are the measured and calculated deflections for sensor i at time j, 34 

respectively, while 𝑤𝑚𝑎𝑥
𝑀  is the maximum measured deflection in the FWD deflection history. 35 

The error is normalized by dividing by 𝑤𝑚𝑎𝑥
𝑀 , so that their non-dimensional SSE values can be 36 

compared. The parameters to be determined from the backcalculation procedure are 1) the plate’s 37 

instantaneous flexural stiffness, E, 2) the ratio E1/E, and 3) the relaxation time of the plate 38 

material, τ, 4) foundation stiffness ,𝑘, 5) foundation inertia ,𝑚, and 6) damping coefficient of the 39 

foundation, 𝑐. 40 
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CASE STUDY 1 
The previous section describes how the pavement-vehicle interaction (PVI) model was modified 2 

according to the generalized Westergaard model to account for inertia and damping effects of 3 

underlying layers. This section illustrates how the model parameters, backcalculated using the 4 

FWD data, can be used in the implementation of the PVI model to estimate the vehicle fuel 5 

consumption due to pavement deformation for both rigid and flexible pavements. This section 6 

also examines if the developed procedure is able to address the seasonal variations in pavement 7 

system and provide acceptable estimations of fuel consumption. Especially when considering 8 

flexible pavements fabricated with a hot mix asphalt (HMA) course as the surface layer, 9 

temperature variation could considerably influence the viscoelastic properties of the asphaltic 10 

material, and thus, the amount of energy dissipated through PVI. 11 

 12 

The FWD data collected through the “Seasonal Monitoring Program (SMP)” of the Long 13 

Term Pavement Performance (LTPP) program were used in this study (30). The SMP study did 14 

not contain a set of flexible and rigid pavements located in fairly similar locations, so pavements 15 

with relatively similar sublayers were chosen: a flexible pavement located in Nevada (ID = 16 

320101) and a rigid pavement located in North Carolina (ID = 370201). Both sections were in 17 

good condition in year 2000. Details of the pavement sections are described in Table 1. 18 

 19 

TABLE 1 Detailed Information on the Selected Pavement Sections 20 
Location / 

Section ID 

Pavement 

Type 

Surface 

Layer 

Thickness (m) / 

Density (kg/m3) 

Base layer / 

Thickness (m) 

Subbase layer / 

Thickness (m) 

Subgrade 

Type 

NV / 

NV0101 
Flexible HMA 0.1829 / 2234 Agg. / 0.208 

Agg./ 0.579 + 

Treated/ 0.305 

Coarse 

Grained 

NC / 

NC0201 
Rigid PCC 0.2337/ 2240 Agg. / 0.236 Treated/ 0.203 

Fine 

Grained 

 21 

A Poisson’s ratio of 0.15 was assumed for the rigid pavement and 0.35 for the flexible 22 

pavement.  FWD tests were performed at the center of the slab, away from the pavement edge 23 

(J1 loading). The same location of the pavement section was investigated at different times of the 24 

year. Further information on the two sections studied here can be found on InfoPave™, the 25 

online LTPP database (30). 26 

RESULTS 27 
Six FWD deflection measurements for the flexible section (NV0101) and five FWD deflection 28 

measurements for the rigid section (NC0201) collected in year 2000 were used for this study. 29 

The sections were analyzed using the dynamic backcalculation procedure described in the 30 

previous section (16) and the results are summarized in Table 2 along with the month and surface 31 

temperature of the FWD testing. The backcalculated parameters were then used to calculate the 32 

deflection basins. The time history of measured and calculated surface deflections at different 33 

sensor locations (0.0 to 1.5 m) are shown in Figures 2 (sections NV0101) and 3 (section 34 

NC0201).  35 

 36 

The backcalculated model parameters were ultimately used in the modified PVI model to 37 

compute the dissipated energy and fuel consumption under a moving vehicle load. The analysis 38 

was performed at typical highway speed of 100 Km/hr for an HS-20 (a 20 ton semi-trailer truck). 39 

The tire-road contact surface was assumed to be a square with dimension of 0.15 x 0.15 m. The 40 
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dissipated energy per distance traveled was calculated based on equation (1).  The associated fuel 1 

consumption is obtained by dividing the dissipated energy by the energy content of fuel which is 2 

equal to 38.74 MJ/liter for Diesel (1). The results of this analysis are summarized in Table 3 3 

together with the month and surface temperature at the time of FWD tests. 4 

 5 

TABLE 2 Backcalculated Pavement Parameters Based on the FWD Deflection Basins 6 

Pavement 

Type 
ID Month 

Surface 

Temp. 

Foundation Parameters Plate Parameters 
Error 

k m c E E1/E τ 

˚C KPa/mm kg/m2 Ns/m/m2 GPa - s - 

Flexible 

(NV0101) 

A1 Feb 1.4 92.83 1102.2 7.07E+05 26.53 1.00 - 6.98 

B1 Mar 16.5 92.93 822.2 7.08E+05 22.05 1.00 - 7.04 

C1 May 18.2 96.50 662.0 6.87E+05 18.95 0.93 4.95 6.71 

D1 Aug 34.9 143.59 408.8 7.77E+05 8.63 0.51 2.28 9.41 

E1 Sep 23.7 102.87 408.8 7.31E+05 13.90 0.81 6.31 7.50 

F1 Nov 3.9 91.24 998.3 6.64E+05 23.80 1.00 - 7.25 

Rigid 

(NC0201) 

B1 Feb 11.2 32.46 838.2 3.47E+05 34.73 1.00 - 1.88 

C1 Mar 13.8 34.25 1158.7 3.98E+05 34.93 1.00 - 2.44 

E1 May 26.5 30.09 1529.9 3.59E+05 33.80 1.00 - 6.81 

F1 Aug 36.2 30.16 1308.0 3.52E+05 33.17 1.00 - 3.07 

G1 Sep 32.7 32.46 963.9 3.75E+05 33.83 1.00 - 2.73 

 7 

TABLE 3 Results of Energy Dissipation Analyses Using the Backcalculated Pavement 8 

Parameters 9 

Pavement 

Type 
ID Month 

Surface 

Temp. 

Dissipation 

Rate 
Dissipation 

Fuel 

Consumption 

˚C (J/Sec) (MJ/Km) (Gal/mile) 

Flexible 

(NV0101) 

A1 Feb 1.4 163.22 5.88E-03 6.45E-05 

B1 Mar 16.5 195.82 7.05E-03 7.74E-05 

C1 May 18.2 212.14 7.64E-03 8.38E-05 

D1 Aug 34.9 362.40 1.30E-02 1.43E-04 

E1 Sep 23.7 293.28 1.06E-02 1.16E-04 

F1 Nov 3.9 173.23 6.24E-03 6.84E-05 

Rigid 

(NC0201) 

B1 Feb 11.2 87.61 3.15E-03 3.46E-05 

C1 Mar 13.8 108.11 3.89E-03 4.27E-05 

E1 May 26.5 103.80 3.74E-03 4.10E-05 

F1 Aug 36.2 101.94 3.67E-03 4.03E-05 

G1 Sep 32.7 104.60 3.77E-03 4.13E-05 

 10 

  11 
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FIGURE 2 Measured and Calculated FWD Deflection Basins for Flexible Pavement 1 

(NV0101) in Nevada at Different Months 2 

 3 
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FIGURE 3 Measured and Calculated FWD Deflection Basins for Rigid Pavement 1 

(NC0201) in North Carolina at Different Months 2 

DISCUSSION 3 
The backcalculated pavement parameters are reliable if the measured and calculated FWD 4 

deflection basins are in close agreement with each other, confirming that the backcalculated 5 

parameters are capable of appropriately describing the pavement behavior under dynamic 6 

loading. The agreement of the measured and calculated results illustrated in Figures 2 and 3 7 

indicates that the proposed method is an effective tool for evaluating the properties of pavement 8 

sections. 9 
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 1 

The results of the analyses on the SMP sections (NV0101 and NC0201), shown in Table 2 

2, reveals that the properties of the PCC layer in the selected rigid pavement remained almost 3 

constant and the PCC plate behaved elastically regardless of the seasonal/temperature variations. 4 

The foundation properties, except for foundation viscosity exhibited relatively higher variability, 5 

in particular the foundation inertia effect. On the other hand, for flexible pavement, the 6 

temperature variation and seasonal changes caused considerable changes in the properties of both 7 

the plate (HMA course) and the foundation (underlying layers). Both coefficients of subgrade 8 

reaction and foundation inertia effect varied significantly with the temperature change while the 9 

foundation viscosity did not encounter significant changes. The instantaneous elastic modulus of 10 

the HMA plate altered proportionally with the surface temperature change. The plate behaved 11 

elastically at the colder periods of the year (Feb, Mar, and Nov) and became more viscous as the 12 

temperature increased. The obtained backcalculated parameters were in line with the 13 

expectations of the behavior of rigid and flexible pavements. 14 

 15 

Figure 4 depicts the variation of fuel consumption and testing temperature throughout the 16 

year 2000. Figure 4 clearly demonstrates the dependency of the vehicle energy consumption on 17 

the temperature change for flexible pavements. An increase in the temperature made the HMA 18 

surface more viscous, resulting in more viscoelastic deformation and a higher amount of 19 

deflection-induced dissipation of energy. In contrast, based on the backcalculated plate 20 

parameters, shown in Table 2, the PCC layer behaved elastically regardless of the seasonal 21 

variation, and the dissipation due to the plate deformation is insignificant. Interestingly, the 22 

consumed fuel for rigid pavements plotted in Figure 4 was a consequence of viscoelastic 23 

properties of the underlying layer and not the surface layer. The backcalculated damping 24 

coefficient of foundation showed minor variation in the pavement section in North Carolina (see 25 

Table 2), which made the vehicle fuel consumption independent from temperature variation for 26 

the selected rigid pavement in this region.  It is important to note that the fuel consumption 27 

caused by foundation viscoelasticity might vary considerably in regions that encounter 28 

considerable seasonal variation in the soil properties. 29 

 30 

Overall, based on the observations made in this study, the proposed method — dynamic 31 

backcalculation analyses using FWD time history data followed by the modified deflection-32 

induced PVI analyses — provided reasonable results, which are in agreement with realistic 33 

expectations and field observations. Since FWD testing is a common pavement evaluation 34 

practice, the proposed method could be used widely to perform network scale analyses. The 35 

estimated deflection-induced energy dissipation and vehicle fuel consumption could potentially 36 

be incorporated as a factor in pavement management and in future network planning to reduce 37 

greenhouse gas (GHG) emissions and design more sustainable roads (15). It is necessary to note 38 

that the proposed approach still has to be tested and validated via field measurements of fuel 39 

consumption for various site conditions and pavement structures.   40 

 41 

The proposed tool shows reasonable results for the sections analyzed in this study, yet the 42 

model can still benefit from improvement. A few possible improvements are discussed here. 43 

The results in Figures 2 and 3 show that the discrepancy between the curves is smaller for 44 

the rigid section than for a relatively thick flexible pavement. One reason might be that the 45 

generalized Westergaard model employed in this study ignores the shear resistance of the 46 
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underlying layers. While this assumption may be realistic for rigid pavements, it may not hold 1 

true for flexible pavements, especially when the top layer is thin. Thus, one important adjustment 2 

to the model could be including shear resistance in the foundation model, especially for flexible 3 

pavements. Making use of the Pasternak model could be a solution to this issue.  4 

 5 

In addition, the viscoelastic Kirchhoff-Love plate adopted in this study does not account 6 

for shear deformation and compressibility of the surface layer, which might be important 7 

properties for HMA layers. However, these properties are more influential in flexible pavements 8 

constructed with thicker HMA layers as seen in full-depth asphalt pavements. Those pavements 9 

were not the topic of this study.  10 

 11 

Another important factor to improve is accounting for the effect of daily temperature 12 

change on the properties of the flexible pavement and on fuel consumption. This effect could 13 

have considerable impact on estimating the use-phase GHG emissions. One solution for 14 

addressing this issue is to perform similar analyses on multiple sets of FWD tests conducted on 15 

the same day to capture the effect of daily temperature variation on the properties of pavement 16 

system, and to define/introduce correction factors. 17 

 18 

 It is worth noting that the PVI analysis herein assumes an infinite plate and does not 19 

consider the impact of joints spacing and characteristics on vehicle fuel consumption. Neglecting 20 

the joints impact might underestimate the deflection-induced energy dissipation for rigid 21 

pavements. However, this impact is local and can only be considerable at locations very close to 22 

the joints. Further investigation is required to quantify the variation in fuel consumptions close to 23 

the joints. 24 

 25 

 26 
FIGURE 4 Effect of Seasonal Variation on the Dissipation Rate for both Flexible and Rigid 27 

Pavements 28 
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CONCLUSIONS 1 
In this study, the structural parameters of the tested pavement sections are backcalculated by 2 

minimizing the difference between the time histories of deflections measured via FWD and the 3 

deflections calculated using the generalized Westergaard model. The backcalculated parameters 4 

are then used to estimate the vehicle fuel consumption due to deflection-induce pavement-5 

vehicle interaction. The described procedure allows for establishing a link between the structural 6 

parameters of rigid and flexible pavements, and vehicle fuel consumption and greenhouse gas 7 

(GHG) emissions during the pavement use-phase. The purpose of this study is to show that the 8 

proposed method can be used to estimate the fuel consumption related to both asphalt and 9 

concrete pavements. Since the two tested pavement sections were not structurally equivalent, 10 

direct comparison is not possible.  The following general conclusions can be drawn from this 11 

study: 12 

 13 

- Modifying the PVI model to be compatible with the generalized Westergaard model 14 

allows it to take into account the impact of foundation damping and inertia. 15 

- It is shown that the generalized Westergaard model is able to capture the behavior of both 16 

rigid and flexible pavements under dynamic loading with good accuracy, which makes 17 

the assignment of model parameter for PVI analysis more reliable. 18 

- The proposed methodology is able to describe the pavement structural changes due to 19 

seasonal variation for the selected rigid and flexible pavement sections. The energy is 20 

dissipated through the viscous deformation of both the surface layer and underlying 21 

layers.  22 

- Seasonal variations affects the amount of fuel consumption throughout a year for flexible 23 

pavement mainly due to the noticeable variation in the temperature and the corresponding 24 

change in viscoelastic properties of the HMA surface course.  25 

- A significant portion of energy dissipation occurs in the foundation.  Thus, ignoring this 26 

effect may lead to underestimation of the energy dissipation, especially for rigid 27 

pavements.  28 

- The simplicity of the described model and the availability of FWD measurements makes 29 

the proposed methodology an attractive tool for performing network scale analyses and, 30 

potentially, for designing more sustainable roads. 31 

 32 

Good fit was obtained in the performed analyses for the two tested pavement sections; 33 

however, there is still a room for improvement of the generalized Westergaard model, in 34 

particular for flexible pavements. One possible modification is to use a foundation model that 35 

incorporates the shear contribution of the foundation. The applicability of this model for a wider 36 

range of pavement systems and climatic conditions, such as a thin HMA layer, should be further 37 

investigated. The effect of daily temperature change on the viscoelastic properties of the HMA 38 

layer and energy dissipation must be evaluated in future studies. Further studies should 39 

investigate the contribution of joints spacing and joints characteristics to the energy dissipation. 40 
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