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Effect of Bituminous Pavement Structures on thdiRpResistance

O. Chupin, J.-M. Piau, A. Chabot
Laboratoire Central des Ponts et Chaussées (LCHRE$ UNAM), Route de Bouaye, BP 4129, 44341
Bouguenais Cedex, France

ABSTRACT: For environmental reasons, the energysuoomption of road traffic is an
overwhelming question and so is the subsequenttifjaation of the power dissipation of a
vehicle-road system. Among several sources offhtiein occurring at different levels of this
system (aerodynamic forces, internal friction ia #ngine, etc), the present paper focuses on
the power dissipation induced by the pavementfjtaald more specifically by its constitutive
behavior. As a matter of fact, the type of pavengbiitminous or rigid) is sometimes evoked
as a factor that might affect the power dissipatibm the contrary of non-dissipative elastic
materials which are preponderant in rigid pavemehts viscoelastic behavior of bituminous
mixes indeed leads to power dissipation when geticby a moving load. This raises the
question of whether the power dissipation causeddphalt pavements is significant or not.
To address this issue, we quantify here, from artigal viewpoint, the impact of asphalt
pavements on the structure-induced rolling restcg#gdRR). Texture effects are not accounted
here. The power dissipation is first computed ughmg mechanical response of pavements
under moving loads. It is then converted into déimglresistance force. Both these quantities
are quantified by applying the developed methodatdypical thick asphalt pavement.
Furthermore, the influence of temperature on th&cgire-induced RR is analyzed. Under the
considered assumptions, it is shown that the mecaldoehavior of asphalt pavements leads
to a negligible contribution to the RR.

KEY WORDS: Rolling resistance, asphalt pavementyimgpload, power dissipation,
viscoelasticity.

1 INTRODUCTION

The energy available in the fuel of a vehicle isstho used for climbing slopes and
acceleration as well as for getting over the rglliasistance, the air resistance (air drag), the
internal friction (or other vehicle-caused dissipa}. The ratio of these to the total resistance
depends upon the vehicle speed. For instanceragridcreases with speed to the contrary of
the rolling resistance (Beuving et al. 2004, sa® &ligure 1). Beside, other studies (Glaeser
2005) have shown that the rolling resistanEg,( in Figure 1) is about 1% of the weight of a

vehicle. The rolling resistance is itself a resflthe contribution of the pavement structure,
the micro- and the macro-texture, evenness aneffieets.

The present study focuses on the structural commafdhe rolling resistance for moving
loads traveling on a flat pavement surface. Theetgithg question is whether the mechanical
response of a dissipative asphalt pavement yieldse molling resistance than a rigid
pavement which is assumed to be quasi-elastic anddissipative. The effect of the
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pavement micro- and macro-texture is not accouhtze (for results on the effect of road

surface properties, see e.g. Igwe et al. 2009)hénpast, experimental studies have tried to
answer the aforementioned question with more & $egcess because of the difficulty to
dissociate the effect of the structure on the mgliresistance. In this paper, the problem is
approached from a theoretical viewpoint and we @sep a method to derive the

structure-induced rolling resistance of a vehickeling on a multilayered asphalt pavement.
Quantitative results are given through an applicato a thick asphalt pavement.

The paper is outlined as follows: section 2 presdheoretical considerations for the
calculation of the structure-induced RR and the exical modeling used for its computation.
Section 3 is devoted to the application to a thadphalt pavement under two loading
configurations. The impact of asphalt pavementdhenRR is then discussed based on the
computed results. Finally, conclusions are drawseigion 4.

100% -

80% Fd = air drag

60% - al friction

40% -+

20% + FRR = rolling resistance

0% 1
0 20 40 60 80 100 120 140 160
Speed (km/h)

Figure 1: Force distribution in a passenger caswespeed as a percentage of the available
power output at the crankshaft (source:VMBepet al. 2004).

2 THEORETICAL CALCULATION OF THE STRUCTURE-INDUCEIRR

This section first presents the assumptions optieblem and the theoretical formula utilized
to calculate the structure-induced RR of a vehickveling on a layered medium that

str

incorporates viscoelastic behavior. The rollingigtesice force Eg;) generated by a

structural effect is obtained from the power diatign (13) which is itself based on the

calculation of the deflection at the pavement st@falhe numerical procedure that enables
the computation of the deflection and the powesidation are introduced later in this section
prior to the viscoelastic constitutive model usedepresent asphalt pavement materials.

2.1 Assumptions of the Problem and Derivation ef thY, and F5; Formulas

The pavement considered here is a multilayerecttsirel whose layers have either a linear
elastic (for soil and non-bituminous materialsyscoelastic (for asphalt materials) behavior.
The vehicle’s tires are supposed to be non-digsgand a quasi-static regime is assumed.
That is the vehicle is supposed to move at thetaohspeedV and the pavement is viewed
as a semi-infinite medium homogeneous in the dgivlirection. According to this
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assumption, any mechanical fielﬁ(x, y,z,t) can be expressed in the load frame as a
function f*(X,y, z) with x= X+Vt. Moreover, the derivatives verify the relation:

of /ot =V of " /oX .

Let us consider one wheel of the vehicle loadec wgrtical force applied to its axle. In
order to maintain the quasi-static regime a “dig¥iforce and a possible moment (in the case
of a driving wheel) must be applied to the wheeleafsee Figure 2). This results in a

horizontal force T;; and a momentM 3, which are representative of the rolling resistance
For a towed wheelM 3 would be equal to zero.

-~ l P l l et
S
Driving wheel Close-up of the contact surface:

representation of surface forces
Figure 2: Diagram of resulting forces applied te theel.

According to the preceding considerations, the palissipation due to a structural effect can
be expressed as follows:

DR =TeaY + M= Fig (1)
str

where w denotes the angular velocity of the wheé};; represents the global rolling

resistance force that we are interested in, andiwisi effective for both cases of a towed and
a driving wheel. Indeed, for a given travel dis&nc, the energy consumption imputable to

a structural effect would beEgy =05 L/V = FirL. For the determination ofl 3, let us

reformulate equation (1) by using the contact feraethe pavement-tire interface. These can
be represented by two resultant forc@s,and P., as shown in Figure 2. Note th& is

offset by a distances from the wheel axis so that the dynamical balaocenoment of
forces is respected for the wheel (i.e. equal to & a constantw). Let us also assume that
the contact forces are associated to a distributiorertical pressure and shear stregs,and

T, acting on the tire imprintg):
T.=-Te=-7S R=-P=- 2)

C

Now, considering the first law of thermodynamicglég to the wheel yields:

str d
O RtR +U = E(K wheel+ E wheg (3)
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However, the derivative of the kinetic enerdy,f..,) with respect to time is equal to zero on
account of the quasi-static assumption. Besidesydte of internal energyH,,..,) is also nil

under the assumption of a non-dissipative tirealynthe right hand side in equation (3) is
zero and one hadl 3, =-0 .. Assuming no slip at the tire-pavement contaaidea:

— —

theeI(Q) = Vpavemen( Q) (4)

for any point Q that belongs to the contact surfacguee(Q) and Vopaemen(Q) are the

velocity vectors of pointQ for the wheel and the pavement, respectively. The

structure-induced power dissipation due to rollfighe wheel then reads:

du(x Y z df xy zpt
(x %2z} o M ‘ )

ng=-0,=[ 20

S

dS+j

S

ds (5)

with u and w being the horizontal x( direction) and the vertical components of the
displacement field of the pavement surface (simitarthose of the wheel). Equation (5)
relates the fact that the structure-induced powssightion is equal to the power of the
contact forces.

In subsequent calculations, it is assumed thaptiveer of horizontal surface forces )
can be neglected so that only needs to be considered in the definition of cdntaces.

This assumption will be verified a posteriori (seect®n 3.3). Considering now the
guasi-static assumption and using the divergeneerém to transform surface integrals in

equation (5) into integrals over the contour ofltreled area(I") yields:

O =]p

S

LULILS PRV LU E
oX

= ds= pf W X,y)Z,n (6)

S

where n, is theX-component of the outward unit normal to contdur that encloses the
tire imprint. In equation (6) assumes that is homogeneous. Finally, the rolling resistance
force due to a structural effect reads:

Fon = p[w (X, % 300 d (7)
r

Equations (6) and (7) show that the calculatiorilgf, and F3: requires the determination
of the displacement field at the free surface ef\lscoelastic pavement solicited by moving
loads, that is the deflection. Note also that imliioh to the coordinategX,y, 2) the
deflection depends upon the pavement structurentiterial properties, the temperatued),(
and the velocity even though it does not appeaduation (6) and (7). Thereforeéss: is

still a function of speed because of the dependehtye deflection toV .
Now considering the case of multiple loads, equef@ can be extended as follows:
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nloads

O%(G)=VY pfw(X y30q d ®)

where w accounts for the interaction between load#ads is the number of loads and
I represents the contour of thth tire imprint. For independent groups of interagtin

loads, i.e. for groups of loads that, in regardshi deflection, do not interact significantly

str

between themselves (e.g. the left and the right 08l a wheel axle)[J;; can be
approximated as follows:

ngroups nloads

Oan(G)= >, O%(G,) with G,=J(r g)i (9)

i=1

G, denotes thegth independent group of loads amyroups is the total number ofG,.

(I'g)i is the ith tire imprint of the independent groug. This property is used in the

str

application to derive the structure-induced powssigation for a 400kN truck from] X

produced by a semi-axle load of 65kN.
The method used to compute the deflection, the posvesipation and the rolling
resistance force are exposed in section 2.2.

2.2 Numerical Calculation of the Deflection and 8teucture-Induced RR

In the following application, the deflectionw{) in equation (6) is obtained using the
ViscoRoute®© 2.0 software (free download on the LGREDsite: www.Icpc.fr). ViscoRoute©

2.0 is a numerical program that was developed @&@Q@Cn collaboration with UR Navier

(ENPC), to calculate the response of a viscoeldstyered structure to moving loads.
ViscoRoute© 2.0 accounts for inertia forces andnébles to consider sliding (Chupin and
Chabot 2010) or bonded conditions (Duhamel et@052 Chabot et al. 2010) at the interface
between layers. ViscoRoute© 2.0 first searcheslatisn of the problem in the frequency

domain ((p, q) Fourier transforms in th& andy directions). The solution in the spatial

domain is then obtained by means of Fast Fouriensfoam (FFT) in order to inverse the
solution calculated in thep, q) spatial frequency domain.
Numerical fields in ViscoRoute© 2.0 are computegaints of the rectangular grid used in
the FFT computations. This mesh is not user-defingdcautomatically established during the
running of the program in order to check convergerdteria of the built-in methods.
Consequently, the grid points do generally not tecan the load contour on which the
integral in equation (6) must be computed. To irdgkte the numerical fields (the deflection
herein) on a load contour, we use the Shannoneheor

Once the deflection has been computed on the loatber, the integral in the right hand
side of equation (6) is calculated using a Gauggehdre quadrature rule. As illustrated in
Figure 3, only rectangular-shaped loads are coresid@ this paper. Contours parallel to the
y-axis (n, ==*1) are discretized in subintervals and a 2-poirg islapplied on each of them.

The contours parallel to theaxis do not intervene in this calculation (=0)

In the case of multiple loads, ViscoRoute© 2.0 catapons are performed considering all
the loads (with cumulative effects for the deflen)i and the Shannon theorem is applied to

every load contour parallel to theaxis. O3, is then obtained using equation (8). For
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several independent groups of interacting loadsatagn (9) is further used to get the global

str
Uag-

y
FZ‘{
\__
ny=-l— S F—n=1I
_:\ 4}(’
r

Figure 3: Discretization of a load imprint (thedgtation for the determination af 3y, is
performed onl,, UT",,).

2.3 Viscoelastic Model for Asphalt Materials

The Huet-Sayegh model (Huet 1963, Sayegh 1965%@ad in ViscoRoute© 2.0 to take into
account viscoelasticity of asphalt materials. Timedel is represented by a purely elastic
spring connected in parallel to two parabolic daraga series with an elastic spring, as
sketched in Figure 4.

)

(¢/z(8)) ok te(0)
Tre) or §(iwr (6)) P \(1_./{1—+;2')0r(w)7(0))h

Figure 4: Schematic of the Huet-Sayegh model (cfeegtion and complex modulus of
temperature-dependent parabolic dampers).

The complex modulus of the Huet-Sayegh model reads:

S E.-E,
=5 1+5(iwr(9))_k+(iwr(9))_ (10)

E, is the static elastic modulu€, is the instantaneous elastic modulks,and h are

exponents of the parabolic dampefs>h>k>0), and J is a positive non-dimensional
coefficient. & denotes the temperature anid a response time parameter governed by:

7(6)=exp(A + AG+ AG?) (11)
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where A,, A and A, are constant parameters.

The parameters of the Huet-Sayegh model are fitmth the master curves stemming
from complex modulus tests. The fitting procedwalone using the Viscoanalyse software
developed at LCPC (Chailleux et al. 2006). Fordabghalt concretes (AC 0-10 and AC 0-14)
used in the application of section 3, the Black #imel Cole-Cole diagrams are shown in
Figure 5 on which solid lines represent the modsuits calculated using the identified
parameters. The difference between the experimelat and the model results is more
pronounced in the Black diagram. In spite of thet values of the fitted parameters remain
satisfying.

Black diagram Cole Cole diagram
L *ap, * % AC 0-10 exp. 40007 *% AC 0-10 exp.
501 : — AC 0-10 model 35001 — AC 0-10 model
] <4< AC 0-14 exp. — 30001 P << AC 0-14 exp.
401 — AC 0-14 model & — AC 0-14 model
/8‘)5 ] S 2500
=, 309 20001 5
] 1 2]
s _ ] |
207 1500 ‘_
1 1000
L 5004
0% 2 3 . 5 % 11667 23333 ) :%5()00
10 10 . 10 10 10

Figure 5: Master curves for two asphalt pavementiies.

The value of the Huet-Sayegh parameters correspgndithe above plots is summarized
in Table 1.

Table 1: Value of the Huet-Sayegh parameters (LG&RGtAff450).

EO Einf 5 ‘ h A0 Al A2
(MPa) (MPa) (s) (s°ChH (s°C?

AC 0-10 11 32836 2.32 0.23 0.69 3.5059 -0.3713 1%@0
AC 0-14 33 30501 2.23 0.21 0.66 3.9982 -0.3747 1160

3 CALCULATION OF O3, AND F; FOR A THICK ASPHALT PAVEMENT

In this section, the previous developments areiegb the case of a typical thick asphalt
pavement as designated for heavy traffic roads. stheture-induced power dissipation and
rolling resistance are computed for different ctiods taking into account the influence of
temperature.

3.1 Pavement Structure Used for the Assessmenthf and F2'

rol

A typical thick asphalt pavement is composed of flayers which are defined as follows: a
surface course of bituminous materials (AC 0-1@)p base layers of bituminous materials
(AC 10-14) and a pavement foundation.

Figure 6 depicts the pavement structure. The lagerde up of bituminous materials are
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represented by the Huet-Sayegh model whose paremete given in Table (1) for the
asphalt concretes used in the three top layers.pBivement foundation is assumed to be
non-dissipative and to follow Hooke’s law. Poissordtio is constant and equal to 0.35 for all
the layers.

0.08m ][ Wearing course AC 0-10
0.10m Base layer AC 0-14 .
0.10m Base layer AC 0-14 ) e
Pavement foundation l_' Y
Elastic: £5120 MPa .

Figure 6: Thick asphalt pavement considered herein.
3.2. Loading Configurations

The power dissipation is computed for represergdipads typical of real heavy truck axles
also used in pavement design. One is a tandem andethe other one is a dual tire
configuration. Figure 7 displays, for the aforem@méd representative loads, the dimensions
of the tire imprints and the distance between thEath load represents a force of 32.5kN
what corresponds to a uniform pressure distribugignal to 0.662MPa. The load speed is set
to 20m/s. The extrapolation to an entire vehicleoigained using equation (9) and by
considering several groups of such representatlfeatiles.

Y Y
V 4
a
—— load 1 X 3|~ load 1 load 2 |» X
a=0.2214m i
i 1.35m
s || load 2 :
- a=0.2214 m
a
Dual tires Tandem axle

Figure 7: Tire imprints for the dual tire and t@dem axle configurations.
3.3 Quantification ofd 3, and Fgg

The power dissipation and the rolling resistana @mputed for the structure depicted in
Figure 6 and the two loading configurations dethila section 3.2. To accomplish this,
equation (8) is used after the ViscoRoute© 2.0 &tmns and the Shannon theorem have

been run.0% and F5; are computed for the representative loads of Eiguand then
extrapolated to a whole truck of 40 tons.
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The results are presented in Figure 8 that showstolution of 03, (resp. Fss) as a

function of the temperature within the asphalt faye-irst, Figure (8) indicates that the
structure-induced power dissipation (resgss ) computed for the tandem axle configuration

is close to that of the dual tire configurationaléo shows that the evolution &f3;, (resp.

Fsv) is exponential-like with respect to the pavementperature. However, the main result

is that even at 40°C, the structure-induced roltiegjstance force is less than 150N ang,

is lower than 3000W. Let us compare these figuréh two characteristic values of the
problem. The rolling resistance force caused byractiral effect can be compared to the
value of the global rolling resistanc&;) which, as previously mentioned, is about 1% of

the vehicle weight. Thus, for a 400kN trudk,, is about 4000N and3; is less than 4% of

the global rolling resistance. This attests that ¢ontribution of the pavement structure to
Fsr IS almost imperceptible. Another way to appraisedtructure-induced rolling resistance

str

is to comparel] ;, to the engine power output, say 450hp (slightlyertban 330kW) in the
present case. Then, the structure-induced powsipdison is less than 1% of the engine
power output. Again this figure is quite small.
Note that, although not presented here, similaemraf magnitude were computed for
other types of bituminous pavements for which trevjpus conclusions are thus valid.
Therefore, one can say that the substantial diffaxen rolling resistance between asphalt
and rigid pavements observed in some studies cdreexplained by a structural effect.

3000 150
—&— Dual tire configuration i
---A--- Tandem axle configuration 0
2500 -
- 120
g &z
§ 2000 - §
5 /reo =
s ] S
Q 1500 - %
o
8 A leo &
& 1000 + 58
S a
/A - 30
500 - P
.”A,
_____________ Aﬁ
0 -------- T T T T T T O
0 10 20 30 40

Temperature (°C)

Figure 8: Evolution of the structure-induced powissipation and rolling resistance force as
a function of temperature for a 40-ton kruc

Remark: in section 2, we assumed that the horitentdace forces could be neglected in
the computation of the pavement response. Thisngsson can now be justified. Indeed,
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combining equations (1) and (2), it enables towdethe equalityr =[] ;‘;/SV for a towed

str

wheel and the inequalityr <DRR/SV for a driving wheel, which in both cases verify:
7/ p <0.04%.

4 CONCLUSION

We presented in this paper a method to derive tiinetare-induced RR of a vehicle driving
on a bituminous pavement. By structure-inducedipgi$é®n we meant the dissipation owing
only to the thermo-viscoelastic behavior of aspHalters that composed a bituminous
pavement. All other effects were not considerethis study.

The evolution of the power dissipation as a functad temperature was presented; higher
temperatures leading to greater power dissipation.

The concluding remarks are as follows: (i) undex thodel assumptions, even at high
temperature (40°C), the structure-induced powesighgion of a 40 ton truck traveling on a
thick asphalt pavement is no more than 1% of tlggnenpower output. In terms of resistance
force, this corresponds to less than 4% of theajlotlling resistance. (ii) Similar orders of
magnitude can be derived for other types of asppaltements. (iii) Finally, under the
considered assumptions it appears that the vismsponse of bituminous pavements does
not affect significantly power dissipation of roadffic.
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