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Introduction

Asphalt mixture is a complex multi-phase composite, and its dynamic responses under rolling tire loads are crucial to understanding its serving performance. In the conventional pavement design method, elastic layer theory is widely used in calculating critical pavement responses under traffic loads [START_REF] Huang | Pavement analysis and design[END_REF][START_REF] Corté | Design of pavement structures: the french technical guide[END_REF][START_REF] Theyse | Pavement analysis and design software (pads) based on the south african mechanistic-empirical design method[END_REF]. As part of the design method, the tire contact area is considered as a circle, and the tire load is assumed to be uniform and equal to the tire inflation pressure. These assumptions have been proved practical to some extent in predicting some pavement distress such as fatigue crack and rutting.

However, with the development of traffic technology and the increasing traffic loads, more and more asphalt layer surface damage occurred with interaction with vehicle tires, which is hardly solvable by using the traditional simplified design method. There exists much research proving that the actual tire load induces quite different pavement responses, compared to the conventional uniform load [START_REF] Park | Evaluation of predicted pavement response with measured tire contact stresses[END_REF][START_REF] Siddharthan | Investigation of tire contact stress distributions on pavement response[END_REF][START_REF] Jiang | 3d fem analysis of flexible base asphalt pavement structure under non-uniform tyre contact pressure[END_REF], especially in terms of pavement surface degradation and near-surface crack development [START_REF] Al-Qadi | Dynamic analysis and in situ validation of perpetual pavement response to vehicular loading[END_REF][START_REF] Wang | Analysis of near-surface cracking under critical loading conditions using uncracked and cracked pavement models[END_REF]. This changing trend makes us shift our focus to understanding the distress mechanism of pavement surface layer under realistic tire loads.

An accurate characterization of tire-pavement contact stress distribution is a prerequisite for understanding the degradation mechanism of asphalt surface layers and predicting the distress evolution. Many researchers conclude that the tire imprint shape and tire contact stress distributions are dependent on tire loads and tire inflation pressures, and the tire contact stresses are not uniform across the contact area [START_REF] Pau | Ultrasonic measurements of contact area and pressure distribution of a pneumatic tire on a rigid surface[END_REF][START_REF] De Beer | Stress-in-motion (sim) system for capturing tri-axial tyreroad interaction in the contact patch[END_REF], Manyo et al. 2021b). Despite the fact that tire contact stress distributions on pavement surfaces are significantly affected by tire geometry, the realistic tire design blueprint is difficult to access due to commercial conflicts. Many studies have used idealized (cylinder) [START_REF] Reynaud | 3d modelling of tyre-pavement contact pressure[END_REF] or simplified tire geometries (only longitudinal grooves were kept) [START_REF] Korunović | Finite element model for steady-state rolling tire analysis[END_REF][START_REF] Wang | Simulation of tyre-pavement interaction for predicting contact stresses at static and various rolling conditions[END_REF][START_REF] Guo | Tire-pavement contact stress characteristics and critical slip ratio at multiple working conditions[END_REF]. However, since tire shapes are usually idealized or simplified, some information is lost while conducting the tire modeling and simulation, which could lead to inadequate estimating of tire contact stresses.

Reconstructing an actual tire shape could be accomplished with imaging techniques such as photogrammetry [START_REF] Manyo | 3d modeling and measuring of tire-pavement contact pressure[END_REF](Manyo et al. , 2021a) ) or laser scanning [START_REF] Ge | Multiscale analysis of tire and asphalt pavement interaction via coupling fem-dem simulation[END_REF], but the process is complicated and tedious. Moreover, a number of difficulties arise when modeling a numerical tire. Finite element modeling (FEM) of a tire based on continuum theory usually involves simplifying the tire geometry to meet meshing requirements. In addition, tire structures are complex and have multiple components (ribs, grooves, beads, sidewalls, and belt piles), making it laborious to determine the material properties of individual parts.

Moreover, contact detection between the tire and pavement surface is numerically effortful for a tire-pavement interaction system based on continuum mechanics theory. As a first step, a proper contact law should be imposed between the tire and the pavement surface. Then, for the tire-pavement contact area, a fine mesh should be used to capture precisely tire contact stresses on the pavement surface [START_REF] Wang | Impact of wide-based tires on the near-surface pavement stress states based on three-dimensional tire-pavement interaction model[END_REF], leading to a massive detection between tire and pavement bodies and finally resulting in a high computation cost.

On the other hand, a sensor measuring system provides an effective and precise solution for assessing tire contact stresses on the pavement surface. De Beer developed Stress-in-motion (SIM) system to measure the tire contact stress distribution [START_REF] De Beer | Toward using tire-road contact stresses in pavement design and analysis[END_REF][START_REF] De Beer | Stress-in-motion (sim) system for capturing tri-axial tyreroad interaction in the contact patch[END_REF][START_REF] Beer | Towards understanding tyre-pavement contact in apt research on flexible pavements[END_REF]). The SIM system was initially referred to as the Vehicle-Road Surface Pressure Transducer Array (VR-SPTA) (Beer 1996, Blab and[START_REF] Blab | Modeling measured 3d tire contact stresses in a viscoelastic fe pavement model[END_REF]. In recent years, Tekscan measuring system was also widely used to get access the tire contact stress distributions on the pavement surface. Prior research has proven that the Tekscan system is an efficient method to measure real tire contact pressures on pavement surfaces during a range of tire loading conditions [START_REF] Oubahdou | Effect of the tire-pavement contact at the surface layer when the tire is tilted in bend[END_REF], Manyo et al. 2021b). Although the aforementioned studies enrich our understanding of tire-pavement interaction mechanisms, it is still challenging to integrate realistic rolling tire loading conditions into a numerical model that can evaluate asphalt mixture dynamics quantitatively.

In the present study, we used the Tekscan system to capture realistic tire contact stress distributions on the asphalt pavement surface. Further, the asphalt mixture property was characterized by a NOnLinear ViscoElastic (VENoL) model and the model reliability was validated by conducting the complex modulus test both experimentally and numerically based on the two-point bending configuration. As static loading is inadequate to examine asphalt mixture responses under rolling tire loads, a new tire-sensor-pavement coupling chain was developed for integrating actual rolling tire loads in asphalt layer modeling. Finally, asphalt layer responses under different tire loading conditions and temperatures were analyzed and discussed.

Laboratory tests

2.1. Tire contact stress distributions on the pavement surface

Test set-up

For measuring tire contact stresses on pavement surfaces, a pressure sensor measuring system named Tekscan (https://www.tekscan.com/) was used. This system is in the form of a thin film with dimensions of length × width × thickness = 704.1 mm × 625.9 mm × 0.102 mm, on which square elementary sensors of 7.112 mm side are distributed. Creating the sensor requires the use of two polyester sheets. The first sheet was composed of evenly separated piezoresistive materials (sensors). Similarly, the same sensors were placed on the second sheet, but perpendicular to the first sheet. Tekscan sensors operate according to the principle that their resistance varies depending on the applied stress. The electronic sheet is incompressible and operates between -40 • C and 60 • C, with a moisture percentage ranging between 5 % to 90 %. Figure 1 shows the Tekscan measuring system and experimental test process. 

Measuring results

In the present study, a truck tire (315/80 R 22.5) was chosen, measuring tests were conducted under different tire loading conditions including two inflation pressures (6.0 bar and 8.0 bar) and three loads (10 kN, 15 kN, and 20 kN). Figure 2 shows the tire pressure measuring results for these loading conditions. As shown in the figure, tire contact stress distributions under all tire loading conditions are nonuniform across the whole contact area. The peak values of tire contact stress concentrate on the center area of the tire imprint and they are much bigger than the tested tire inflation pressure. Besides, with the increment of tire loads, the contact area increases obviously from center-concentrated to side-flatted while the peak value of tire contact stress increases slightly for both tire inflation pressures. Additionally, the tire contact stresses significantly increase with increasing tire inflation pressures for all three tire loads. It seems that the tire contact stress distribution is more sensitive to tire inflation pressures compared with tire loads.

Asphalt mixture complex modulus test

Two point bending test configuration

The experimental campaign was conducted on trapezoidal samples, using a two point bending (2PB) configuration according to the EN 12697-26:2012 specification EN12697-26 (2012). Table 1 displays the particle size distribution (PSD) of the employed asphalt mixture. As shown in Figure 3, on each trapezoidal sample, a sinusoidal displacement z = z 0 sin(ωt) was imposed at the target frequency, with a peak displacement z 0 of 63 × 10 -6 , corresponding to a strain amplitude of 50 × 10 -6 at the top of the sample. The maximum force F 0 and the phase ange Φ were measured during the last 10 seconds of the test.

To identify the viscoelastic properties of the asphalt mixture, the real part E 1 and the imaginary part E 2 of the complex modulus E * can be calculated by Equations ( 1) and ( 2):

E 1 = γ( F 0 z 0 cos(Φ) + 10 -6 µω 2 ) (1) E 2 = γ F 0 z 0 sin(Φ) (2)
where ω is the angular frequency, γ (mm -1 ) is a shape factor depending on the dimensions of the specimen: B = 56 mm, b = 25 mm, e =25 mm and h = 250 mm, and 

γ = 12h 3 e(B -b) 3 [(2 - b 2B ) b B - 3 2 -ln b B ] (3) 
u = 0.135M + m (4)
where, the average total sample mass M is 0.6 kg, the mass of the mobile equipment overhead m is 0.235 kg.

Finally, the dynamic properties can be determined as:

|E * | = E 2 1 + E 2 2 (5) Φ = arctan(E 2 /E 1 ) (6)

Laboratory test results

For the measurement of the dynamic modulus |E * | and phase angle Φ, the frequency values tested were set as 1, 3, 10, 25, 30 and 40 Hz, while the selected temperature values were -10, 0, 10, 15, 20, 30 and 40 °C. The experimental results are shown in Figure 4. As expected, the dynamic modulus |E * | decreases and the phase angle Φ increases with increasing temperature and decreasing frequency, respectively. [START_REF] Bird | A nonlinear viscoelastic model for polymer solutions and melts-i[END_REF], [START_REF] Yasuda | Investigation of the analogies between viscometric and linear viscoelastic properties of polystyrene fluids[END_REF], the illustration of VENoL model parameters and equations is given in Figure 6.

Figure 6a displays that the variations of the stiffness component ℜ E (green curves) -] is the slope/bound transition coefficient. These parameters must be calibrated for the reference curve at a reference temperature T ref .

Validation of the VENoL model

As shown in Figure 7, we built a 2PB test sample according to the experimental sample dimensions.

Then, the open-source software gmsh (https://gmsh.info/ was used to mesh the numerical sample. Finally, the open-source software LMGC90 (https: //git-xen.lmgc.univ-montp2.fr/lmgc90/lmgc90_user/-/wikis/home) is adopted to conduct the numerical simulation, in which the bottom boundary was fixed and a sinusoidal displacement z = z 0 sin(ωt) was imposed on the top surface of the sample according to the test conditions. (1955) was used to reconstruct the corresponding master curve for dynamic modulus and phase angle values of the asphlat mixture. A reference temperature T ref was firstly chosen, then the translation of all isotherm values was performed by calculating the reduced frequency as f r = a T × f , where f corresponds to each frequency value in each curve and a T is the shift factor that could be obtained by the following equation.

log a T = -C 1 (T -T ref ) C 2 + (T -T ref ) (7) 
Where:

• C 1 and C 2 are two constants, and T is the test temperature.

According to the experimental results for dynamic modulus and phase angle, Table 2 gives VENoL parameters for the asphalt mixture. 

ω R-T,tr = 0 ℜ E (ω R-T ) ℑ η,R-T (ω R-T ) ω R-T ⩽ ω R-T,tr ω R-T ⩾ ω R-T,tr ω R-T ⩽ ω R-T,tr ω R-T ⩾ ω R-T,tr ℜ E,low,1 ℜ E,up,2 =3.35 × 10 4 ℑ η,R-T,low,1 ℑ η,R-T,up,2 =1.1 × 10 6 λ E,R-T,1 λ E,R-T,2 =2.2 × 10 4 λ η,R-T,1 λ η,R-T,2 =8.3 × 10 1 k E,1 k E,2 =-0.163 k η,1 k η,2 =0.25 n E,1 n E,2 =2.96 n η,1 n η,2 =-0.12
Figures 8a and8a give the respective comparison of dynamic modulus and phase angle master curves (C 1 = 30, C 2 = 198.4 • C and T ref = 15 • C) for experimental, VENoL fitting, and numerical simulation results. These results agree quite well for both dynamic modulus and phase angle values.

To verifiy the results in the Cole-Cole and Black spaces which are very sensitive to the parameter variation, Figures 8c and8d plot the results of experimental tests, VENoL fitting, and numerical simulations in the Cole-Cole and Black spaces respectively. As can be seen from these two figures, the fit for numerical simulations is in good agreement with VENoL fitting and experimental tests. The comparisons from Figure 8 validate the reliability of the application of the VENoL model in characterizing viscoelastic asphalt mixture properties through the numerical simulation method.

4. Coupling chain for the tire-sensor-pavement system 4.1. Numerical asphalt layer built and coupling algorithm At first, we built an asphalt layer with dimensions along the x, y, and z-axis of 1 m, 1 m, and 0.2 m respectively. The meshing process was carried out using the gmsh software. For the loading area in the center, we used a fine mesh whose size corresponds to the Tekscan sensor dimensions, while for other parts, we used a coarse mesh to reduce the computation cost. Herein, for the loading area, the mesh element dimensions are 7.112 mm, 7.112 mm, and 10 mm in the x, y, and z directions respectively.

To study the asphalt layer responses under real tire loads. We proposed a novel tire-sensor-pavement coupling chain for applying the stress field obtained from the Tekscan measuring results to the pavement layer surface. The coupling chain is shown in Figure 10. In step 1, we conducted the measuring test of tire contact stresses by using Tekscan, the stress information was then obtained and visualized in MATLAB. In step 2, the stress information from the previous step was transferred to nodal forces for the sensor matrix. In step 3, the asphalt layer was reconstructed in FEM and the load area was refined according to the sensor dimensions. In step 4, the nodal forces were applied to the pavement surface at the corresponding nodes. In this step, a dynamic detection algorithm was used to determine the nodal force position on the FEM model. The general frame for this detection algorithm is listed in Algorithm 1. Prior to simulating tire rolling on an asphalt layer surface, asphalt mixture properties must be identified under various tire loading conditions. As previously discussed, asphalt mixtures are viscoelastic materials sensitive to temperature and load frequency. This study investigated asphalt layer response under 15 °C which is the reference value used in the French pavement design method. However, the corresponding loading frequency for the complex modulus test must still be determined from the tire loading conditions. Accordingly, we used an equation proposed by [START_REF] Cheng | Comparative analysis of strain-pulse-based loading frequencies for three types of asphalt pavements via field tests with moving truck axle loading[END_REF] to transfer vehicular loading velocity to the loading frequency during the complex modulus test, as shown below:

t in range [0, t f inal ] do ▷ t is the elapsed time while i in range [1, N um] do ▷ N um is the length of [ID] if N S coory [i] -Ed y /2 =< T coory [i] + v * t <= N S coory [i] + Ed y /2 then if N S coorx [i] -Ed x /2 =< T coorx [i] <= N S coorx [i] + Ed x /
f = 0.127V (8) 
Where, f [Hz] is the frequency used in the complex modulus test and V [km/h] is the tire rolling velocity on the pavement surface.

Through validation of the full-scale accelerated pavement tests, the equation established in the original paper provides a good description of the frequency of test loading (f) and tire motion speed (V) for pavement temperatures not exceeding 31 °C. By using the equation above and the VENoL model built in the numerical simulation, we can easily identify the mixture properties of the asphalt layer model.

Dynamic simulation of asphalt layer responses under rolling tire loads

In steady-state tire rolling (angular and translational velocities are constant), tire loads are independent of time [START_REF] Wollny | Numerical modelling of tyre-pavement interaction phenomena: coupled structural investigations[END_REF]. Previous studies have indicated that the influence of the velocity is relatively small on the tire tread deformation compared with the effects of the vertical force [START_REF] Xiong | In-plane Tire Deformation Measurement Using a Multi-Laser Sensor System[END_REF], [START_REF] Besselink | An improved magic formula/swift tyre model that can handle inflation pressure changes[END_REF], and tire rolling speeds have minor effects on tire contact stresses [START_REF] Guo | Analysis of contact stresses and rolling resistance of truck-bus tyres under different working conditions[END_REF]. Herein, we assume that the tire rolling speed does not affect the tire loading state during the tire rolling.

Figure 12 shows both the external force field and the displacement distribution field during the tire rolling process on the asphalt layer in 3D rendering, in which the tire inflation pressure was 8 bar and the tire load was 20 kN. As can be seen from the figure, the external tire load derived from the sensor measuring is non-uniform on the asphalt layer surface and advances along the y-direction, the whole moving process is consistent with Figure 11, which proves the reliability of the proposed tire-sensorpavement coupling chain. Furthermore, we observed that there was a lag between the external force field and the displacement field throughout the whole tire rolling process, which originates from the viscoelastic nature of the asphalt mixture. As a result of the tire loading pass, a residual displacement field appears on the asphalt layer surface, which indicates a process of viscous material flow inside the asphalt mixture.

The deformation of the center section plane (x = 0) as shown in Figure 13 was analyzed as a way of precisely describing the displacement distribution during the rolling process. As shown below in Figure 14, we validated the efficacy of the numerical model by comparing the surface deflection from the numerical simulation to the rutting deformation from the experimental tests. The non-smooth surface deflection observed in Figure 14a is associated with a non-uniform tire contact stress and a non-smooth tire texture, contrasting with the smooth deformation shape obtained in previous simulations employing the uniform load assumption [START_REF] Ahirwar | Finite element analysis of flexible pavement with geogrids[END_REF], [START_REF] Serin | Comparative analysis of stress distributions and displacements in rigid and flexible pavements via finite element method[END_REF]. Figure 14b shows the asphalt rutting deformation induced by truck tire loads after long-term loading periods. The non-smooth tire surface texture, along with non-uniform tire contact stresses, also produce a non-smooth surface. Rutting is a result of the accumulation of residual deflection in the surface after a long period of loading. The measured rutting shape shows similarities to the surface deflection measured from the numerical simulation, which confirms the validity of the model and its performance. Establishing a relationship between the residual surface deflection and the final rutting deformation after long-term loading cycles is encouraging based on the proposed high-precision model to predict asphalt surface deterioration.

Conclusion

From tire contact stress determination and asphalt mixture property characterization through dynamic simulation of asphalt layer responses under rolling tire loads, this study introduces a tire-sensor-pavement coupling chain.

The Tekscan system was used to measure tire contact stresses on the pavement surface. The test results show that the tire contact stresses are not uniform across the whole contact patch. The contact stress value and contact area of the tire are dependent on the tire load and inflation pressures.

For characterizing the frequency-and temperature-dependant asphalt mixture The general frame of the tire-sensor-pavement coupling chain was proposed to investigate asphalt layer responses under rolling tire loads. In the tire rolling process, a lag between the external force field and the displacement field occurs due to the viscoelastic nature of the asphalt mixture. After the tire rolling, a non-smooth residual surface deflection on the asphalt layer is observed as a result of non-uniform tire loads.

By integrating the real tire contact stresses obtained from the sensor measurement into numerical asphalt layer modeling, this coupling chain could be applied to investigate tire-pavement interaction processes as well as to investigate asphalt pavement response to different tire loading and environmental conditions, providing an enriching amelioration for the asphalt pavement design. 
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 7 Figure 7.: Numerical 2PB test based on FEM

  Figure 8.: Comparisons between numerical and experimental results

  2 then Apply the nodal force F no [i] to this node with id of i end if end if ▷ v is tire rolling velocity along the y direction end while end for 4.2. Asphalt layer property identification under rolling tire loads The tire rolling process is shown in Figure 11. Three critical time points (Starting time, Middle time and Ending time) describing the whole dynamic rolling process are shown in the figure.

Figure 11 .

 11 Figure 11.: Tire rolling process on the asphalt layer

  Figure 12.: Tire rolling process on the asphalt layer for V = 20 km/h

  Figure 14.: Comparisons of the numerical surface deflection and the experimental rutting measurement

  

Table 1 .

 1 : Particle size distribution (PSD) of asphalt mixture

	Diameter (mm) 12.5 10 8 6.3 4	2	1 0.5 0.25 0.125 0.063
	PSD (%)	100 90 64 44 36 32 22 17	13	11	7.3

Table 2 .

 2 : Modeling parameters for VENoL model Transition reduced pulsation:

(a) 10kN-6.0bar (b) 10kN-8.0bar (c) 15kN-6.0bar (d) 15kN-8.0bar (e) 20kN-6.0bar (f) 20kN-8.0bar Figure 2.: Tire contact stress distributions under different loads and inflation pressures

Herein, ω R-T,tr was set to 0.0 rad/s, only the parameters corresponding to ω R-T ⩾ ω R-T,tr were considered.
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