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Abstract

The main function of a pavement is to distribute the tréffiiced load over its different layers. While the flexible
pavement design methods are based on a linear elastic calculation, the real behavior of the different layers is-highly non
linear and astic. They can also, in some cases, be plastic and viscous. This research aims to develdpreetizieeal

numerical model that is closely similar to the test FWTT conditions. The model will have a real geometry wheel footprint
(rather than a rectangulshape). As a substitute for incremental loading, the wheel movement during its passage over the
specimen will be simulated by a horizontal displacement. These important characteristics of the model represent the novelty
and the major difference betwettre current research and previous studies. The current model, which is based on the finite
elements method, uses Abaqus software and a viscoelastic constitutive model. The materials' viscoelastic properties have
been described by the Prony series, alsedhe relaxation modulus, which is a function of time. This parameter can be
defined in most computaided engineering (CAE) software. The procedure for calculating the Prony series from
experimental data is explainethe results obtained agree wittetbtress signal amplitude, the stress rotation principal,

and the total displacement rotation when the load approaches the node considered and located in the middle of the
specimen.
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1. Introduction

In the design of flexible pavements, the limitation of rutting is one of the most important phenomena that must be
taken into consideration. It may be easy to measure the development of a rut, but it is more complex to predict its
development. In most cases, knowledge of the material used alone is not enough; the environmental conditions and the
distribution of stresses throughout the life of the pavement are also given consideration.

The result of the test carried out by Lekarlet(2000) [1] showed the presence of more permanent deformations
in a hollow cylinder with shear stress than one without stress. Research by Bilodeau (2008) [2] also shows that the
permanent deformations are doubled when a rotation of the stressdgeid dppng the triaxial test. This means rutting
cannot be quantified with a conventional triaxial test. The cyclic loading tests carried out in the laboratory are only a
simplified representation of the loading that solicits the unbound layers duritgradéc, in which the applied loads
are mobile. The movement of the wheel may cause a rotation of the main directions of the stresses. However, the triaxial
test with repeated loading, which is mostly used for the study of permanent deformations, tdtedee riato
consideration this rotation of stresses and, until today, little is known about the parameters affecting permanent
deformations.
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Gidel et al. (2001) [3] worked on improving the characterization of the behavior of granular materials based on TCR
tests. The study, which was carried out both in the laboratory and on a field test board, takes into account the initial stat
of the material and its lorgerm evolution. Perret (2004) [4] highlighted the load factor by determining the related
parametershat influence permanent deformations. Habiballah's (2003) [5] study, which was inspired by the works of
Zarka & Casier (1981) [6], relied on adaptation theory to predict thetkmng behavior of a pavement structure. Its
model was implemented in a cofib finite element calculation. Cast3M, used in this case, showed the contribution of
the different layers in the appearance of the rutting phenomenon. Debggetand (2005) [7] highlighted this
phenomenon in the cyclic tension/compression test by atlartgmperature factor and its influence on the rutting with
a proposal for a law of accumulation of permanent deformations. Bassem (2006) [8] studied the mechanisms responsible
for the development of rutting by proposing a numerical model that is basgalstoplastic behavior for untreated seat
layers and an elastdscoplastic model for surface layers. There was also a similar effect on Dawson (1996) [9] studied,
where the temperature was taken into account. The study showed the influence of thérgpamd that of traffic.

Abd (2006) [10] experimented with rutting at the fatigue mgmyround where he proposed a simplified rutting
prediction method based on a finite element model (ORNI module of the GEESRR software). This was calculated
in situ through measurements. On the one hand, what was studied was the mechanical behavior of granular materials by
cyclic triaxial tests in the laboratoriv et al. (2019) [11] utilized three grades of modified asphalt mixture in the
Hamburg using the Hamby WheeiTracking Device test and Multiple Stress Creep Recovery test, with different
content.The study found that optimal content exists for most additives. lahn(@021) [12] study modified the Japanese
pavement design method. The study considdredrtodification of the commonly used MEPDG model as well as the
effect of the rotation of the principal stress axis. In Lialef2021) [13] study, the microstructural changes in asphalt
mixtures before and after wheel tracking test (WTT) were investigasing Xray tomography (CT). A tomography
based aggregate tracking method is proposed to observe the spatial movement of coarse aggregates during the WTT.
Fedakar et al. (2021) [14] investigated the deformation behavior of consolidatedaanuxtures by means of cyclic
triaxial (CT) and hollow cylinder (CHC) tests. The test results clearly showed that the effect of a rotation of the principal
stress must be taken into account to better estimate the deformation behavior@aganiktures under regtitive
traffic loads. Alnedawi et al. (2019)5] recentstudy, which uses the repeated load triaxial test (RLTT), examines the
influence of loading frequencies on the rutting of unbound granular mafEhialtest significantly showed that by
increasinghe loading frequency, the RLTT test duration could be significantly reduced.

The interaction between vehicles and pavements has been the subject of some studies in recent years, but these have
not had a significant impact on the design of flexible pavesi@6-18]. These studies have focused on the effects of
traffic dynamics on accelerated pavement degradation due to axle aggressiveness or the effects of pavement roughness
on truck tyres deterioration. Considering the huge budgets spent each year amfresidicture maintenance and
transport activities, there is no doubt about the importance of striking the right balance between the maximum axle load
that should be allowed and the cost of restoring road infrastructure, all with the miaxiofizingthe overall benefits
to taxpayers.

One of the advantages of empirical mechanical methods is that they rely on one or more of the fundamental
mechanical properties of pavements and soil layers to determine the stress state and hence predict pavemecs performan
[19]. One of the most important properties studied in this context is the modulus of elasticity. The modulus of elasticity
has many advantages over other index values such as the AASHTO layer coefficiaits, Rnd CBR (California
Bearing Ratio) irthat it directly influences the analytical models used to predict the deformation state and consequently
the stress state. Despite this important advantage, the use of the modulus of elasticity is also accompanied by some
important problems. Firstly, theaterials used in asphalt pavements are not elastic. Consequently, a surrogate for the
modulus of elasticity the modulus of resilienceis used to characterize the flexural strength that material in a given
layer would possess undersitu stress conddn. Another problem with this method is the difficulty of measuring the
resilient modulus accurately in the laboratory. While improvements in laboratory methods for testing the modulus are
still expected, another method which uses-destructive testingombined with back analysis is also more promising.

In this method, surface deflection measurements are obtainedestmictively in the field and then evaluated using a
mechanistic procedure (in this case a computerized-tacllation process) to detaine the insitu modulus of
resilience of each layer. This process is particularly useful for the design of rehabilitation strategies and can also be
applied to the design of a new pavement, provided thatleetructive test data are available along titended route

of the road.

Multiple mathematical relationships has been developed to correlate the stress state of pavement with its overall
performance. The main transfer functions used in current flexible pavement design methods include: firstly, the
maximum tensile elongation of hot mix surface layers under traffic loading as well as their resistance to fatigue cracking,
and secondly, the compressive stresses caused by traffic loading at the top of paveifnastsaind their resistance
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to rutting. Thee models are commonly derived from statistical correlations between pavement responses and observed
performance in laboratory specimen tests and/or comprehensive road section expghehtansfer functions are

the most important component of any magistic method and significant efforts are still required to develop more
efficient and realistic models for predicting their performance.

In the category of simulation tests is the rutting test. The principle of this test is to subject a slab of the aspha
mixture to be tested to the forward and return motion of a surface loaded[24e€&luring the test, the slab is kept as
constant as possible in temperature. The change in rut depth is recorded as a function of the number of times the load is
passedThe acceptance or not of the material tested is based on the rut depth obtained after a certain number of cycles.
In particular, the LCPC rutting machine developed in FrasizmdardizediNF EN 12697220 is used in the study of
the formulation of materialfor pavement design.

The success of the approach lies in the good representativeness of the rutting test in relasitun $duation. In
particular, it allows the material to be subjected to mechanical stresses that are relatively similar xpéneseed in
pavements (stress level, rotations, etc.) and makes it possible to adequately detect the ability of the material to resist or
not to permanent deformations. However, the test alone, carried out according to these standards, does not make it
possible to predict in detail the evolution of rutting in a pavement, in so far as it does not make it possible to take into
account the good boundary conditions as well as the variability of the real conditions encountered on pavements, i.e.
variations intemperature, wheel load, sweeping of the pavements, real stacking of the bituminous layers with their
thicknesses, éetc. We will therefore no |l onger be inte
stress and strain conditions.

There are several models that can be used for the stress state under rolling load. Most of these models are based on
multilayer pavement elasticity theory and/or finite element analysis. Models based on the elasticity-lafyereli
pavements are consi@er satisfactory for predicting the responses of flexible pavements to wheel load stresses and are
also relatively easy to apply. However, these models are not able to predict the responses of pavements to environmental
stresses (i.e. stresses associatdid adily temperature and moisture variations, temperature gradients, etc.). In contrast,
models based on finite element analysis are able to take into account both environmental and traffic constraints, but they
are quite complex to implement and time aongg.

The cyclic loading tests carried out in the laboratory are only a simplified representation of the loading of materials
during road traffic, during which the applied loads are mdBik 23] The displacement of the loads causes a rotation
of theprincipal stress directions, however, the triaxial repeated loading tests (which is the most commonly used test for
permanent deformations) does not take this stress rotation into account. Little is therefore known up today about this
parameter affectingggmanent deformations.

Introduction

Modeling of french
rutting track

The mesh Loading The behavior of Prony series
model material fitting

Results and discussions
of analysis

Conclusion

Figure 1. Flow chart of the study
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2. Modeling of French Rutting Track

2.1 The MeshM odel

The French rutting test is modelled in 3D using the finite element code Af24JusThe specimen is usually
parallelepipedvith dimensions of 509180x100 mm. During the test, the wheel moves from one side to the other. The
footprint of the wheel isimulated by a shetlype elliptical surface, with dimensions of 135 mm for the major axis and
80 mm for the minor axis (sdégure 2. As the problem is symmetrical along the wheel path, only half of the slab is
simulated Figures 3 and ¥ The mesfof the slab is made up of 57600 C3D8R cubic elements and 64923 nodes, the
footprint of the wheel that will carries the load is disaedi into 890 shell elements of types S3 and.S4R
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Figure 2. Geometry of the footprint wheel (LRPC Angers, France)

Figure 3. Geometry of the whole model used in the French Wheel Tracking Test

Figure 4. Mesh of the halfspecimen model
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2.2 Loading

The loads can bemulatedin the form of concentrated forces, pressures or displacentiemt®rces are applied to
the nodes, the pressure loads are transformed into nodal forces and applied directly to the nodes in the loaded area. The
research carried out in this context simulate the wheel in motion by moving the footprint of the tysemegprdy a
rectangular or circular surfac&he movement of the wheel on the road is done incrementally by loading a set of
elementsateach incremengdding a new line of loaded elements at the front end of the tyre and unloading a line of
elements athe back endire addedIn my opinion this process cannot model the real stresses induced by the tyre
pressure, ithe currentstudy the movement of the wheel is simulated by a horizontal displacemehthg elliptical
surface between the two extreragiof the asphalt concrete specimen, at a speed of 10lksrgtroke is 365 mm for a
duration of 0.123 s. The tyre footprint was modelled as a pressure load of 0.58 MPa, corresponding to a load of 5 kN on
an elliptical area of 8523 nfin

In order to be aaccurate as possible in reproducing the stress states in the laboratory tests, we also sought to model
the stress states due to the passage of a load in pavement structures, by taking into consideration the actual footprint of
the wheel, the pressure dretspecimen as well as the speed of movement of the.wheel

2.3. The Behavior of M aterial

Christenser§1982)[25] indicates that the timdependent stresg(® and strairj(t) can be expressed by Boltanm
superposition integral, EquatidnThe concept athe linear viscoelastic model described in this paper is the generalized
maxwell model represented by a set of elements connected in pasadieklement is composed of one spring for elastic
behavior and one dashpot for the viscous behavior to whicaddeaspring in parallel Figure 5. Theaterial of the
specimen is assumed to be linear viscoelastic

.0 . %0 z —A (@)

G

Lo

Figure 5. Generalized Maxwell model

The simplest mechanical model, simulating linear viscoelbstiavior is a spring combined in series with a dashpot.
The constitutive equation of this element is expressed as follows

-0 — - &)
After solving the above differential equations, the tiralated expression for the stress was obtained
» 0 O Quni- 3)

The genealized modelshown in Figure 5 consistingf a spring and several Maxwell elements in parallel can be
used. The relaxation modulus is then given by

06 O B Op Qo (4)
0O O B © (5)
t Z ()
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whereE is theequilibriummodulus % is theinstantaneougelaxation modulus® is the Maxwell element modulys
andt; is the relaxation timdn the case of tension or compression stress

"6 O B Op Qo+ )
and in thecase of shearing stress
‘00 @ —— (8)
Thematerial is considered to be isotropic linear viscoelastic. For the specimen, the Poisson's ratio iscassidere
constant, equal to 0.3bhe values of the complex modulus were chosen for an aspixélire. They are given ifable

1 at a temperature of 20°C. For the elliptical surface it is elastic, its Young's modulus is E = 35@@ditBppisson’'s
ratio isn=0.3

Table 1. Data of complex modulus at a temperature of 20°C

Frequency (Hz) St or age modullLoss modul us¢ Complex modulus G* (MPa) Phase anglal (degrees)

0.1 323 196 378 31.2
0.5 501 359 616 35.6
917 741 1179 38.9
1505 991 1802 334
1831 1142 2158 32
10 2455 1265 2762 27.3
15 2812 1331 3111 253
20 3078 1422 3391 24.8
25 3085 1437 3403 25.0
30 3279 1558 3630 25.4
40 3288 1563 3641 25.4
50 3506 1616 3861 24.7
60 3441 1552 3775 24.3
70 3555 1639 3915 24.8
80 3506 1621 3863 24.8
90 3736 1767 4133 253
100 3601 1654 3963 24.7

2.4. Prony SeriesFitting

The Pronyseries is utilized in this paper to describe the relaxation behavior of the bitumen minbick is
subjected to the rolling log@6]. The Maxwelli™ element has the shear relaxation mod@ushe viscosityd; and the
relaxation timel}=qd;/Gi. While the single spring that plays the role of the elastic behavior of the material after unloading
it has stiffnes$e. Equation 7shows the relationship between the relaxation modulus of the model and that of each
model termwhere n is the number of elements in the model. The more chains the more accurately the model describes
the material. Fitting the experimental behavior of bitumen byPtieayseries means minimizing the error between the
predicted and the experimental vaugy adjusting the number n and coefficiehtstead, thd>ronyseries can also be
definedby G, gi.

Since flexible pavements are subjected to ttdepend temperatures and frequencies, the rheological properties of
asphalt concrete are highly affecteditsycomplex modulus. In the case of a viscoelastic material, the determination of
the complex modulus G*(dynamic modulusyuation 8of asphalt mixtures is obtained by dynamic tests in which a
sinusoidal load of frequency f is generally applied in shigaxion or tensiorcompression. It i€haracterizedy its
norm |G*|and the phasanglel, these two parameters depend on both the temperature and the frequency of loading.
This modulus is composed of a real part G', also called the modulus of elastigil, quantifies the stored elastic
energy, and an imaginary part G", called the loss modulus, which quantifies the energy dissipated by internal friction in
the material. The expressions of G' and G" In the frequency domain are giverbopdtiens 10 and 1[27].

0 0 D 9)
"7 O0p B Q OB —— (10)
01 OB —— (11)
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Usingtwo terms (g, &, t1, t2 and G) and three terms (g, G, t1, t2 ,tz3and G) of the Prony sees, the fit of the
model for G{w) to the expgmental data is given by the Equation ib6the frequency domain and the edoatof
relaxation modulug&quation 15n the time domainFigures 6 and ghow the relaxation and storage modulus variation
curves, respectivelyfhe Prony series parameters of the asphalt mixtureingbi$ study are listed in Table 2
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Table 2. Prony series of the asphalt mixture

Term ti(s) o] Gi (MPa)
1 0.01189 0.14187 553
2 1.00185 0.29553 1152
3 0.10718 0.48640 1896
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3. Results andDiscussions ofAnalysis

Figure 8 showshe stress states of the specimen under rolling load at node N9539 in the middle of its top surface. It
can be clearly seen that the evolution of the tensor components is similar to previous research, in particutdralekarp
(2000)and DiBenedetta& Corté(2005 [1, 28]. The intensity of the vertical componeht (Figure 9, responsible for
the densification of the material, is much higher than the longitudinal and transverse compgraamsSs (Figures
10 and 1}, respectivelyComparing tleseresults with those found biye aforementioned authof$, 28], thereis a
difference between the pressure exerted by the wheel on the specimen and the amplitude of the vertical stress, for the
node considered, this difference is greater than 15% compmatkd pressure exerted by wheel, while for the present
study they are almostlentical.Figure 12illustratesthe state of stress of the sample under rolling load, in node N9551,
located at miedepth of the sample, the evolution of the components dummgriogression of the wheel, is similar to
that of the previous node. The amplitude of the vertical stress is equal to 95% compared to the Did8ehedletto
and Corté (2005 [28], while in the present study, it is equal to 75% of the pressure appli¢kdeosurface. The
perturbations due to surface friction are attenuated at depth. It can also be seen that the shear compmests S
are closer in intensity, the maximum values of the three normal componeris 8nd Ss are located at the plumb of
the wheel passage, while at this same position, the shear stiassea value of zeron the surface, :3is slightly
negative
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g o2 ,\'*-.__ r__/
E W _ S11
[ -
g s12
0,4 ; S13
s22
823
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Time (s)
Figure 8. Stress state at the node N9539
S, S22
(Avg: 75%)
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Figure 9. Vertical stress S2when the wheel is in the middle of the specimen (with position of different node)
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Figure 11. Longitudinal stress Sswhen the wheel is in the middle of the specimen
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Figure 12. Stress state at the node N9551
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U, Magnitude
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Figure 13. Total displacement U when the wheel is in the rddle of the specimen

Figures 14 to 16llustrate the principal stresses rotation evolutionSy and S at the node N9539 during the
backward and forward movement of the wheel. The angles have been taken in absolute values, and the important
variation of the rotation angle is clearly highlighted when the intensity is close to the maximum value, jusarizkfore
after its passage on the considered r@dgures 17 and 18 heprincipal stress Shas been subjected to an important
t ot al nwhichaidciose to 903. This is thought to be the effect rolling that may have generated this great variation.

It was also observed that the jump in the intensity has caused a rotation of 20° of the stress which is in the range 43 to
46 degrees (depending on the intensity of the stresses). The curves representing these rotations are angular peak curves.
The three agles of rotation cancel when the wheel passes over the node and are therefore collinear to the reference
frame (0, X, X2, X3) (Figure 19. Regardinghe other two principal stressesddd S0of r especti vea rotat
a n dathelr values increasrapidly as the wheel approaches the node taken into consideration and they have values of
49°. Furthermore, after its passage this rotation increases to 42°and the totai eotgléis then 91°. Figure 20 shows

the principal stresses rotation directié-rom the present study, it was found that the principal stresses rotation direction

is directly related to the wheel movement direction on the test specimen, when the wheel moves from left to right, the
rotation direction is clockwise, and when it mo¥esn right to left, the rotation is countetockwise
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Figure 14. Rotation of principal stress $ at the node N9539
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Figure 15. Rotation of principal stress S at the node N9539
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Figure 16. Rotation of principal stress S at the node N9539
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Figure 17. Rotation of principal stresses before the wheel passes ovidre node N9539
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Figure 18. Rotation of principal stresses after passage of the wheel over the node N9539

Figure 19. Rotation of principal stresses as the wheel passes othe node N9539

Figure 20. Rotation of Principal stresses against direction ofivheel movement
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