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1. Introduction

Environmental aspects as well as sustainable development is-
sue have become an important part of the decision-making 
processes for highway projects in many countries. Advan-
tages of different road pavements (asphalt or concrete) from 
environmental and energy consumption points of view are 
therefore an important part of the planning processes. 

The total energy consumption during construction 
and maintenance of roads is lower for asphalt pavements 
than that for concrete pavements (also greenhouse gas 
emissions). However, energy consumption of the vehicles 
is of huge importance (95 to 98%) during the lifetime of 
the road. Depending on the traffic volume the energy use 
for construction, maintenance and operation of the road is 
less than 2% to 5% of the energy used by the traffic itself 
(Beuving et al. 2004).

The transportation field represents currently 50% 
of global consumption of petroleum products and 21% 
of CO2 emissions. In a world where petroleum becomes 
more and more rare and expensive and where policies to 
reduce greenhouse gases emissions tend to be put in place 
in many countries, the reduction of vehicle fuel consump-
tion is of primary importance.

Many factors impact the fuel consumption of a ve-
hicle. Among them, the main factors are the thermodyna-
mic efficiency of the engine (to transfer heat into mechani-
cal power), air resistance (effect of speed and aerodynamic 
shape) and rolling resistance (Fig. 1).

The quantification of energy dissipation of a pave-
ment structure under wheel loading due to rolling resi-
stance is then worthy of interest.

Approx 10% of fuel consumption for heavy trucks ac-
counts for rolling resistance losses in the tires at a constant 
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speed of 80  km/h. This energy loss represents approxi-
mately 30% of the available power from the engine.

Passenger cars are normally overpowered and there-
fore have less efficient running engines, in particular gaso-
line fuelled engines. It is estimated that rolling resistance 
losses account for 15% to 20% of the fossil fuel input for 
such vehicles. At high speeds air drag becomes the large-
ly predominant factor (Fig. 1). From a pavement point of 
view, two factors are influencing the rolling resistance:

– Evenness and texture (also referred as “pavement 
roughness” and mega-texture levels) of road surfaces 
(Fig. 1) have been proven to have a huge influence on ve-
hicle fuel consumption (possible increase of 10% (Chris-
tophe et al. 1993). Taking these aspects into consideration 
might easily result in an advantage in fuel consumption for 
asphalt pavements (Beuving et al. 2004).

– The structural behaviour of pavements is reported 
to have a least influence on vehicle fuel consumption com-
pared to evenness and roughness. Different studies tried 
to quantify the fuel consumption excess due to structural 
behaviour in bituminous pavements (Chupin et al. 2010; 
Du Plessis et al. 1990; Goos 2002; Ihs, Magnusson 2000; 
Laganier, Lucas 1990; Sandberg 1990; Williams 1981; Za-
niewski et al. 1979; Zaniewski 1983). Even if it is difficult 
to identify the share due to the energy dissipated in the 
bituminous layers, a 1% excess in fuel consumption is gen-
erally reported in the previous references.

The constitutive materials of bituminous pavement 
structures have well-known linear viscoelastic behaviour for 
the small level of deformation existing in pavement struc-
tures. Therefore, linear viscoelasticity theory-related con-
cepts may be used to estimate the viscous energy dissipation 
in bituminous pavements. An adapted modelling and finite 
element (FE) calculations are used and applied to a classical 
French pavement structure. Beyond the modelling consid-
erations, the objective is to better understand the influence 
of both vehicle speed and pavement temperature.

In this paper a powerful method is proposed to calcu-
late the dissipated viscous energy in pavements due to the 
viscoelastic behaviour of bituminous materials and then to 
evaluate resulting fuel consumption excess. Linear behav-
iour of each bituminous material is first determined exper-
imentally and simulated using previous developed model 
in University of Lyon, which has already proved its effi-
ciency. This model is implemented in Comsol FE software. 
Then simulations of a classical French pavement structure 
are performed to estimate the fuel excess consumption of 
a 40 t (ton) truck due to viscous dissipation. An original 
method based on the Time-Temperature Superposition 
Principle (TTSP) is proposed to determine viscous energy 
dissipation at any temperature and speed.

2. Pavement structure and materials behaviour

A traditional French pavement structure is chosen as ref-
erence. The subbase is represented by a 1.00 m thick soil 
foundation layer. A 0.06 m thick polymer modified asphalt 
(PMA) layer and a 2×0.08 m thick asphalt concrete (AC) 
layer constitute respectively the wearing course and the 
base course.

In this paper, only the linear behaviour is considered 
(small strain domain). No non-linearity (fatigue, perma-
nent deformations, and cracks) is taken into account. The 
material constituting the subbase is considered as isotropic 
linear elastic. In the following, we focus on the behaviour 
of the bituminous materials (PMA and AC).

Complex modulus tests in tension/compression 
mode have been performed to characterize its linear visco-
elastic behavior in the small strain domain (ε < 10‒4) (Baaj 
et al. 2005; Delaporte et al. 2009; Di Benedetto et al. 2004, 
2011; Lundström et al. 2004)

Test equipment is used to apply sinusoidal cyclic load-
ing (in tension and compression – trough zero) on cylin-
drical specimen of bituminous mix at different frequencies 
and temperatures. The size of samples is 80 mm diameter 
and 200 mm high. This tension-compression (push-pull) 
test creates homogeneous stress and strain fields in the 
middle of the tested specimen. A hydraulic press is asso-
ciated with a temperature-controlled chamber (–60 °C to 
80 °C) to monitor both loading and sample temperature. 
The load cell has a capacity of 10 kN. This system makes it 
possible to control either in stress or in strain mode. Axial 
strain is measured in the middle part of the specimen us-
ing three extensometers placed at 120°. During complex 
modulus tests, monitoring is made from the average of Fig. 1. Factors impact the fuel consumption of a vehicle
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three strain measurements. Measured sinusoidal signals 
are expressed in a complex form (Eq (1)).

	 ,	 (1)

where σ0z and ε0z – the amplitude of respectively axial 
stress and axial strain, while ϕεz – the phase lag of axial 
strain in relation to axial stress. 

Complex Young’s modulus E* is then obtained using 
Eq (2). They are defined with its norm and phase angle, re-
spectively |E*| and ϕE for E*. Viscous energy dissipation is 
then calculated using Eq (3) and measurements from com-
plex modulus tests for one cycle.

	 ,	 (2)

	 .	 (3)

Measurements were made at 9 different temperatures 
(from –30 °C to 50 °C), sweeping 7 frequencies from 0.01 Hz 
to 10 Hz. From experimental data, the TTSP is considered 
valid at a first approximation (some discrepancies appear at 
very low frequencies and for high temperatures, for PMA). 
E* master curves (norm and phase angle) are plotted at a 
reference temperature (Tref) of 10 °C in Fig. 2.

The first considered material (corresponding to the 
so-called “Béton Bitumineux Semi-Grenu” French speci-
fication) is bituminous mix made with a continuous 
0/10 mm aggregate grading curve and 5.5% by weight of 
the aggregates of PMB (Polymer Modified Bitumen).

The second considered bituminous material (corre-
sponding to the so-called “Grave Bitume” French speci-
fication) is AC made with a continuous 0/14 mm aggre-
gate grading curve and 3.9% by weight of the aggregates of 
35/50 penetration grade pure bitumen.

Shift factors considered for master curves construc-
tion are plotted in Fig.  3. The classical WLF (William, 
Landel and Ferry) law (Ferry 1980) is used to fit the shift 
factor aT (Eq (4)).

	 ,	 (4)

with C1 = 35 and C2 = 218 for the PMA, and C1 = 34 and 
C2 = 203 for the AC.

Fig.  4 represents the energy dissipation obtained 
during one cycle of complex modulus test. Both possible 
control modes are used: set axial stress (σz, MPa) with 
an amplitude of 0.025 MPa and set axial strain (εz, 10‒6) 
with an amplitude of 40·10‒6. This is compared with the 
results obtained from the DBN model (Di Benedetto et al. 
2007, 2009; Neifar, Di Benedetto 2001; Mangiafico et al. 
2013; Nguyen et al. 2009, 2012; Olard, Di Benedetto 2005; 
Pouget, Loup 2013; Tiouajni et al. 2011).

The maximum energy dissipation does not appear at 
the same time for the different set modes and for the two 
materials. For the pavement structure, it is supposed that 
the solicitation is a combination of these two set modes. 

Fig. 2. Experimental master curves and DBN model simulation 
(20 elements) for complex Young’s modulus E* of the two 
bituminous materials (PMA and AC) plotted at a reference 
temperature Tref = 10 °C

Fig. 3. Experimental and calculated shift factors (using WLF law) 
considered for construction of E* and ν* master curves for the 
two bituminous materials (PMA and AC) plotted at Tref = 10 °C
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Another interesting conclusion is that the maximum dis-
sipation energy does not occur for the maximum value of 
the phase angle.

3. Viscous energy dissipation in asphalt pavement

Finite Element (FE) calculations are performed using 
COMSOL software considering 3D analysis. The linear 
visco-elastic model DBN has been implemented in the FE 
software as described in Pouget et al. (2010a, 2012a). This 
enables to simulate the behaviour of any pavement struc-
tures under any rolling load. These developments previous-
ly validated for orthotropic steel bridge and mix surfacing 
structures (Pouget et al. 2010a, 2010b, 2012c), are applied in 

this paper on a classical French pavement structure. Stress 
and strain are evaluated in the pavement structure under 
a rolling wheel. Energy dissipation is calculated. Tempera-
ture and vehicle speed are also considered.

3.1. Pavement structure
The pavement structure is represented by a 2 m long and 
1 m wide slab (Fig. 5). The thickness of the different lay-
ers is the same as in the pavement previously presented 
in section called “Pavement structure”. A 1.00 m thick soil 
foundation layer constitutes the subbase. A 0.06 m thick 
PAM mix layer and a 2×0.08 m thick AC layer constitute 
respectively the wearing course and the base course.

The FE mesh consists of 1360 Lagrange brick ele-
ments with a 2nd order interpolation function. The mesh is 
refined under the wheel path and in the centre of the slab 
(where dissipated energy is calculated).

The subbase material is isotropic linear elastic with a 
Young modulus E equal to 120 MPa and a Poisson’s ratio 
ν equal to 0.35.

3.2. Boundary conditions
The bottom side is clamped. The symmetry condition in 
the transversal way imposed boundary condition on one 
side. To ensure the continuity of this slab with the rest of 
pavement, only vertical displacement is allowed for other 
lateral sides.

A wheel, rolling at a constant speed in the longitu-
dinal direction (x axis), is simulated. According to the 
French standard, the wheel load on the pavement is rep-
resented by a normal pressure of 0.67 MPa applied on a 
square area (0.22×0.22 m2).

Moreover, perfect bond is assumed between the dif-
ferent layers (Raab et al. 2013).

3.3. Viscous energy dissipation

Once the stress-strain state has been obtained, the dissi-
pated energy w(t) defined by Eq (5) is calculated for a vol-
ume V and a period t.

	 ,	 (5)

where –    and    – respectively the stress and strain rate 
in the body i of the DBN model.

Considering the previous development, Eq (5) is de-
veloped as shown in Eq (6).

	

	

,	 (6)

where k and l – the summation coefficients;  , ηi and 
νi – rescpetively the viscous stress, the viscosity and the 
Poisson’s Ratio of the body i of the DBN model.

Fig. 4. Master curves of complex modulus norm |E*| and phase 
angle ϕE and viscous dissipated energy for set σ and set ε

Fig. 5. 3D FE specimen geometry (mirror symmetry in the (x, z) 
plan) and a mesh used in the pavement response analysis
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3.4. Results
The calculations are performed for different constant tem-
peratures from –30 °C to 100 °C and for 2 constant speeds 
(50 km/h and 100 km/h).

The dissipated energy per time w(t) is integrated on a 
0.05 m long slice of the two bituminous materials, located 
in the centre of the 2 m long structure (Fig. 5). It is obtained 
at any time during the wheel passing. The dissipated energy 
is calculated separately in the wearing course constituted by 
the PMA and in the base course constituted by the AC. The 
obtained results are presented in Fig. 6 for 2 temperatures 
(10 °C and 63 °C) at 100 km/h for the half-wheel.

The total dissipated energy is equal to the sum of 
the energy dissipated by each bituminous layer. The re-
sults are plotted versus the time needed to cross the 2 m 
long structure at the considered speed. First, when the 
wheel is far from the considered central slice, its influ-
ence is negligible, especially at high temperatures. This 
validates the size of the chosen slab. Then as expected, 
for the lower temperature (10 °C) the dissipated energy 
is very weak compared to the one calculated at the in-
termediate temperature (63  °C) where the dissipation 
potential is huge.

From this result, the dissipated energy Wtruck is cal-
culated for a 40 t truck covering 1 km. First, the integra-
tion in time of last results gives the energy dissipated for a 
half wheel on this 0.05 m long slice. Then, the calculation 
is made for a 40 t truck (ten wheels as the one previously 
described are needed) and for 1 km (Eq (7)).

	 .	 (7)

This dissipated energy is compared to the total energy 
consumed to make the truck moving (without taking into 
account engine efficiency). The fuel consumption excess is 
evaluated using the proposed Eq (8):

	 ,	 (8)

where a – fuel consumption of a 40 t truck is assumed to be 
60 l/100 km; b – calorific value of the fuel is 40 MJ/l. 

These parameters can be changed easily and therefore 
dissipated energy values and fuel consumption excess can 
be obtained for any type of vehicle (Fig. 7).

For a constant speed of 100  km/h, the dissipated 
energy presents a peak at 63  °C. The corresponding fuel 
consumption excess reaches approx. 5.5%. At low and very 
high temperatures, where bituminous material can be con-
sidered as purely elastic (in the small strain domain), ener-
gy dissipation is negligible. The critical temperature inter-
val for which fuel consumption excess is consistent (more 
than 1%), ranges from 40  °C to 90  °C. This temperature 
level corresponds to the summer period in “in situ” con-
dition (maximum road surface temperatures during sum-
mer period are reported to be in the range 40–60 °C).

It is noteworthy, that at 15 °C – reference mean tem-
perature for pavement design in France – for the same ve-
hicle speed of 100 km/h, the increase in fuel consumption 
is equal to 0.25%.

The maximum dissipated energy in the different bitu-
minous layers does not occur at the same time, as shown 
in Fig. 4.

3.5. Time-Temperature Superposition Principle
The influence of speed (in a range of 50‒100  km/h) on 
these parameters is rather low. The dissipated energy curve 
moves to the left with decreasing speed (Fig. 7).

Fig. 6. Evolution of the pavement structure-induced energy 
dissipation at 100 km/h for a 40 t truck

Fig. 7. Evolution of dissipated energy and fuel consumption excess 
with temperature at 100 km/h and 50 km/h for a 40 t truck
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To quantify the displacement of the dissipated en-
ergy curve, the latter is plotted for two different constant 
speeds (50 km/h and 100 km/h) on the same figure. The 
evolution of the shift factors aT used for the building of the 
master curves of the two considered bituminous materials 
PMA and AC is also represented functions of temperature 
(Fig. 8). Shift factors aT are very close between the two bi-
tuminous mixes (PMA and AC). A WLF law considering 
average coefficients (C1  =  35 and C2  =  210) is therefore 
used. Then a three-step method is proposed.

− Step 1 − read the desired dissipated energy value on 
the left axis and intercept the dissipated energy curve plot-
ted for two vehicle speeds 50 km/h and 100 km/h.

− Step 2 − read the corresponding temperature T (for 
each vehicle speed value) on the horizontal axis.

− Step 3 − read the shift factor aT corresponding to 
the temperatures defined during Step 2.

This method has been applied for three values located 
before (1.33 MJ), on (0.63 MJ) and after (0.44 mJ) the peak 
of dissipated energy (Fig. 8).

It can be observed that the ratio between the shift fac-
tors obtained for two speeds (100 km/h and 50 km/h) dur-
ing Step 3 of previous method, is equal to the speeds ratio 
(namely 2) (Eq (9)).

	

.		  (9)

The TTSP can be therefore used to determine the dis-
sipated energy evolution with temperature at any vehicle 
speed for a fixed pavement structure.

From the curve of fuel consumption excess at 
100 km/h, dissipated energy is calculated using the TTSP 
for three vehicle speeds: 1 km/h, 50 km/h and 130 km/h 
(Fig. 8). As a confirmation, complementary simulations at 
1 km/h using FEM are also represented for three tempera-
tures, i.e., 28 °C, 45 °C and 63 °C.

First, values calculated using the TTSP for the two 
speeds 1  km/h and 50 km/h are very close to the ones 
calculated using FE. In addition, it is clear that the lower 
speed the lower temperature at which the peak of dissipat-
ed energy appears. For instance, at 1 km/h, the maximum 
of energy dissipation occurs at about 45 °C.

4. Summary and conclusions

In this paper the method to evaluate the dissipated ener-
gy in a classical French pavement structure due to viscous 
properties of bituminous constituent materials is devel-
oped. The method is divided into three steps that should 
be followed whatever the materials, the rheological model 
or the Finite Element software are used.

1. First, a 3D experimental characterization of two typ-
ical bituminous materials was carried out. Their linear be-
haviour, supposed to be isotropic, was completely defined.

2. The DBN model was then calibrated and used, 
which constitutes the second step of the proposed meth-
od. Its ability to simulate the behaviour of each material 
is shown. This model was implemented in a finite element 
code allowing for the simulation of a pavement structure 
composed of the two characterized bituminous materials.

3. In a third step, simulations of a rolling wheel on 
the pavement structure were performed using the Finite 
Element software. From these simulations, the dissipated 
energy for a 40 t truck was estimated. The results were also 
expressed as an estimated fuel excess consumption. In par-
ticular, results show that, for very unfavourable condition, 
at 63 °C, the dissipated energy may represent up to 5.5% 
of the total energy consumed to make the truck moving 
at a speed of 100 km/h. Yet, at 15 °C (reference mean tem-
perature for pavement design in France) and for the same 
vehicle speed of 100 km/h, the increase in fuel consump-
tion is limited to 0.25%. At low temperature (< 15 °C) and 
at very high temperature the dissipated energy is very low 
as bituminous material is considered as purely elastic in a 
first approximation.

4. The influence of speed (in a range of 1–130 km/h) 
on the dissipated energy is rather high. It can be noticed 
that the dissipated energy curve moves to the left with 

Fig. 8. Validation of the TTSP and analysis of vehicle speed 
influence for dissipated energy
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decreasing speed according to the Time-Temperature Su-
perposition Principle.

This study does not promote rigid pavements compa-
red to flexible pavements. It proposes a scientific method to 
access fuel consumption excess due to viscous energy dis-
sipation which proves to have a small influence compared 
to evenness and roughness in flexible and rigid pavements.

In future works, it should be interesting to check the 
influence of vehicle type (e.g. passenger cars) and different 
bituminous material and pavement structures. It is also 
planned to improve calculation by taking into account the 
evolution of temperature with depth and the influence of 
dual wheel or tandem axle.
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