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The purpose of this paper is to develop a multi-physical tyre model, which can take into account the influence of temperature as well as the macro-texture of the road surface. The aim is to contribute to a better understanding and modeling of the tyre-road pavement interaction. This tyre-road interaction model can be used for friction estimation as well as rolling resistance estiomation. Indeed, tyre-road friction has an undeniable influence on the rolling tyre, an accurate measurement of the tyre-road interaction is necessary for better understanding of tyre design and simulations. The developed approach comprises mechanical and thermal models and gives dynamic forces and tyre temperatures as outputs. The comparison of simulation with experimental results is discussed to validate the model. Special focus is given to study the impact of macrotexture of road surface; the numerical and experimental results are discussed. The experiments were done on IFSTTAR test tracks.

Introduction

The safety of ground vehicles relies deeply on tyre-road friction. Many traffic-safety related investigations by road agencies and road institutions proved a correlation between the road condition and the number of accidents [START_REF] Doumiati | Lateral load transfer and normal forces estimation for vehicle safety: experimental test[END_REF]. Monitoring of the road conditions is seen an increasingly important element to support traffic safety among vehicle manufacturers, tyre manufacturer or road constructer [START_REF] Michelin | The Tire Grip[END_REF], Singh and Taheri 2015a[START_REF] Gruber | Tyres and Roads : Predicting Friction[END_REF]. Knowledge of the road friction coefficient is thus important for the design and analysis of active safety systems [START_REF] Steen | Tyre / road friction modeling Literature survey[END_REF][START_REF] Ahn | Robust Estimation of Road Frictional Coefficient[END_REF][START_REF] Johansson | Tire/Road Friction Estimation for Front Wheel Driven Vehicle[END_REF]. There are various examples of vehicle control systems such as anti-lock adaptive cruise control, braking systems, ESC and collision warning or collision avoidance systems that use the knowledge of tyre-road friction [START_REF] Van Ginkel | Estimating the Tire-Road Friction Coefficient Based on Tire Force Measurements[END_REF][START_REF] Johansson | Tire/Road Friction Estimation for Front Wheel Driven Vehicle[END_REF], Singh and Taheri 2015b[START_REF] Han | Adaptive Scheme for the Real-Time Estimation of Tire-Road Friction Coefficient and Vehicle Velocity[END_REF].

Improving durability, safety and controllability have been the main concerns for tyres in recent years. Several academic and industrial researchers are working on attaining an accurate prediction of tyre friction characteristics of a tyre. Therefore, developing a tyre model that can simulate forces and moments as a function of tyre excitations is of primary importance. However, currently used models have shown a certain lack of accuracy in some specific cases. This lacks of accuracy are believed to be partly due to tyre temperature variation. Actually, tyre temperature is not constant on normal operating conditions and this latter induces some changes in tyre performance [START_REF] Michelin | The Tire Grip[END_REF][START_REF] Srirangam | Study of Influence of Operating Parameters on Braking Friction and Rolling Resistance[END_REF].

When a tyre is rolling on a surface, rubber compounds are deformed principally by the load exerted on it, flattening out in contact patch. This deformation is due to rubber viscoelastic properties and results in energy dissipation in the form of heat [START_REF] Srirangam | Development of a thermomechanical tyre-pavement interaction model[END_REF]. This energy dissipation and heat generated due to contact forces directly influence the tyre rubber temperature. The temperature dependence of the viscoelastic properties of tyre rubber has a significant influence on its hysteretic friction. Many researchers have shown that the coefficient of friction of viscoelastic tyres skidding/rolling against a pavement macro-texture varies with temperature [START_REF] Srirangam | Study of Influence of Operating Parameters on Braking Friction and Rolling Resistance[END_REF][START_REF] Kogbara | A stateof-the-art review of parameters influencing measurement and modeling of skid resistance of asphalt pavements[END_REF]. It is common knowledge that tyre performance is heavily affected by the tyre temperature, which is a function of the rolling speed, sideslip, ambient temperature and longitudinal slip [START_REF] Falk | Tire Simulations Using a Slip Velocity , Pressure and Temperature Dependent Friction Law[END_REF], Tang et al. 2017). Author [START_REF] Kogbara | A stateof-the-art review of parameters influencing measurement and modeling of skid resistance of asphalt pavements[END_REF]) presented a review on parameters influencing measurements and tirepavement friction model and underlined the influence of temperature on friction. Currently analytical tyre models used for the vehicle dynamics simulation do not take into account the variation of the model parameters as functions of the tyre temperature (Svendenius 2003a[START_REF] Lugner | Recent advances in tyre models and testing procedures[END_REF], Velenis et al. 2005[START_REF] Rill | TMeasy-A Handling Tire Model based on a three-dimensional slip approach[END_REF], Xu et al. 2014[START_REF] Davari | A Multi -Line Brush Based Tyre Model to Study the Rolling Resistance and Energy Loss[END_REF]. Sophisticated thermo-mechanical models has been developed predict the accurate tyre temperature, [START_REF] Lin | Temperature prediction of rolling tires by computer simulation[END_REF][START_REF] Hoever | The influence of modelling parameters on the simulation of car tyre rolling losses and rolling noise[END_REF][START_REF] Srirangam | Development of a thermomechanical tyre-pavement interaction model[END_REF], Tang et al. 2018, 2019), which are based on the finite element approach and predict the accurately tyre temperature, but they require significant computational power, in addition to a large amount of information related to the internal structure of the tyre. The other finite elements models for specific study such as to understand the impact of rain intensity or hot climatic conditions on friction while taking pavement properties into account has been developed by (Tang et al. 2018(Tang et al. , 2019)). In this work only dry road condition has been considered.

In literature, a few single bristle brush-based thermal models have been already developed in [START_REF] Février | Thermal and mechanical tyre modelling for handling simulation[END_REF][START_REF] Sorniotti | Tire Thermal Model for Enhanced Vehicle Dynamics Simulation[END_REF][START_REF] Kelly | Time-optimal control of the race car: Influence of a thermodynamic tyre model[END_REF][START_REF] Farroni | TRT: Thermo racing tyre a physical model to predict the tyre temperature distribution[END_REF], 2017[START_REF] Ozerem | A brush-based thermo-physical tyre model and its effectiveness in handling simulation of a Formula SAE vehicle[END_REF]. However, there are still some improvements or modifications that can be done on these models to improve their accuracy or better explain involved physical mechanisms. This paper presents an attempt to develop a multi-physical tyre model, which requires a negligible increase of the computational power effort within a vehicle dynamics model, but which permits an acceptable estimation of tyre sensitivity to real effects especially temperature and also consider the effect of surface texture. The aim is to contribute to a better understanding and modeling of the tyre-road pavement interaction. This tyre-road interaction model can be used for friction estimation as well as rolling resistance estimation. The objective behind to develop this model is to use it for rolling resistance estimation.

Development of Multi physical tyre (MPT) model

In this section, the development of multi-physical tyre model is explained. It is called multiphysical because it compromises the mechanical and thermal physical phenomenon. This model is made out of two blocks i.e. mechanical block and thermal block which are interacting with each other via temperature-dependent parameters to give tyre forces, moments and tyre temperatures as output as shown through the flow chart (Figure 1). 

Mechanical model

As discussed in [START_REF] Pacejka | Tyre characteristics and vehicle handling and stability[END_REF]) the brush tyre model is a well-known physical model. It provides a good platform for tyre model development as there is the possibility of dealing with the force generation mechanisms of the tyre using mathematical representations to obtain solutions either analytically and numerically through simulation.

Figure 2 The brush tyre model [START_REF] Gerthoffert | A Brush-based approach for modelling runway friction assessment device[END_REF] This mechanical block is based on the basic theories of the brush tyre model as well as earlier efforts in developing related tyre models (Svendenius 2003b[START_REF] Sorniotti | Enhanced Tire Brush Model for Vehicle Dynamics Simulation[END_REF][START_REF] Davari | A Multi -Line Brush Based Tyre Model to Study the Rolling Resistance and Energy Loss[END_REF]. As these models are the extension of the basic brush model represented in Figure 2, which mainly consist of two zones: adhesion and sliding. The topology of the model is defined by the tyre radius, rim width, aspect ratio and side-wall inclination. In order to enable a realistic model of the tyre-road contact, the rubber properties have been implemented in all three directions, i.e., longitudinal(x), lateral (y) and vertical (z) directions. Also, the rubber treads are assumed in the form of individual bristles using a finite number of bristles that touch the road plane as explained in Figure 3. This approach is motivated by the work done in [START_REF] Gafvert | Construction of Novel Semi-Empirical Tire Models for Combined Braking and Cornering[END_REF][START_REF] Deur | A 3D brush-type dynamic tire friction model[END_REF], Drugge et al. 2017). However, as shown, unlike the basic brush tyre model where the tyre width is disregarded, the multi bristle model considers a finite number of lines parallel to each other in order to resemble the tyre width and the bristles are spread over these lines along with the contact patch. So the tyre is modelled as a rigid ring with bristles. The carcass and belt construction of the tyre are assumed to have no damping and the belt is assumed as a rigid ring to which the bristles are connected. Flexible carcass in the lateral direction based on the model suggested in [START_REF] Davari | A Multi -Line Brush Based Tyre Model to Study the Rolling Resistance and Energy Loss[END_REF] is also included in calculating the force distribution over the contact patch. It is considered mainly to take into account the contribution of dynamic manoeuvres and wheel alignment settings on the tyre deformation. The anisotropic nature of tyre treads is taken into account by the incorporation of individual damping 𝑐 and stiffness 𝑘 for bristles in x, y and z directions and their values are taken from literature mainly from [START_REF] Davari | Extended brush tyre model to study rolling loss in vehicle dynamics simulations[END_REF] In order to resemble the hysteresis characteristic of rubber material of the tyre, bristles were modelled as "3 parameters Maxwell model" (Figure 3), which is used in the tyre model. Studies such as [START_REF] Davari | Extended brush tyre model to study rolling loss in vehicle dynamics simulations[END_REF] show that this is the best representation of a tyre tread which can also work for high-frequency solicitations/excitation. Therefore, the resultant force of each bristle is derived as

F M t = F M ve (M = x, y, z) (1) 
where F ve is the viscoelastic force and F t are tyre forces which are calculated using equation 2

𝐹 ̇𝑣𝑒 (𝛿, 𝑡) = - 𝑘 𝑐 𝐹 𝑣𝑒 (𝑡) + 𝑘. 𝑘 𝑐 𝛿(𝑡) + (2𝑘)𝛿 ̇ (2)
The friction between road and tread is not easy to model; it is a function of the rubber compound, the pattern of the tread as well as the road, the relative velocity of the surfaces. In original brush model the friction is modelled with just two parameters; the static friction and dynamic friction. When the resultant force is greater than the product between the vertical force and static friction acting on the bristle, the resultant force is limited by the dynamic friction. In this work, dynamic friction is used. It is a function of the sliding velocity between the tread and the road (tip of bristle). (3)

Where 𝑣 𝑠(𝑥,𝑦) is sliding velocity of the surface in contact in longitudinal and lateral directions, 𝜇 𝑠(𝑥,𝑦) is static friction, 𝜇 𝑐(𝑥,𝑦) is friction at the asymptote and 𝑣 𝑠𝑡𝑟(𝑥,𝑦) is the Stribeck velocity.

The sliding forces are calculated using the slip projection approach (SPM) given in [START_REF] Svendenius | Tire Modeling and Friction Estimation[END_REF]. The above given dynamic friction example is shown in Figure 4.

The input parameters to the model are the tyre geometry including rim and tyre width, side-wall length, and tyre radius. It also consists of the tyre characteristics including stiffness, damping, and load sensitivity factors, which can be modified based on empirical data. Also, external tyre parameters are defined by the side-slip angle, the longitudinal slip and the camber angle. The model is parameterized with m number of lines where each line contains n number of bristles, which are assumed here to be massless. The state of each bristle is numerically calculated and updated during the process of rolling. The mechanical block model, in turn, gives the global forces and moments (longitudinal and lateral forces, overturning and aligning moments). The above multi bristle model can describe well the different dynamics and it gives a better understanding of tyre mechanics. However, it is based on some simplification which can be improved to get more accurate results and integrate more parameters which can influence the friction. As discussed above friction is widely influenced by parameters such as road roughness and temperature. The model mentioned above is operated at a constant temperature. Next section is devoted to the development of a thermal model to consider the temperature effect.

Thermal model

In this section thermal model for tyre is developed. It is a function of tyre forces so that variation of temperature is taken into account for any vehicle manoeuvres (rolling, braking and accelerating). We assume heat exchanges in a tyre as represented in Figure 5. The thickness of tyre is divided into two layers: the outer one simulates tyre treads and inner one simulates area near the carcass. The tyre during the rolling phase is subjected to three main phenomena: heat production, heat exchanges and cooling.

Heat generation

The production of heat in the contact zone is mainly caused by the frictional forces in the sliding zone [START_REF] Sorniotti | Tire Thermal Model for Enhanced Vehicle Dynamics Simulation[END_REF][START_REF] Farroni | TRT: Thermo racing tyre a physical model to predict the tyre temperature distribution[END_REF].

𝑄 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒𝑠 = 𝑄 𝐹𝑥,𝑡𝑖𝑟𝑒 + 𝑄 𝐹𝑦,𝑡𝑖𝑟𝑒 (4) 
The generation of longitudinal force and lateral force provokes the dissipation of energy in the contact area.

𝑄 𝐹𝑥,𝑡𝑖𝑟𝑒 = 𝜆|𝐹 𝑥 𝑣 𝑠𝑥 | 𝑄 𝐹𝑦,𝑡𝑖𝑟𝑒 = 𝜆|𝐹 𝑦 𝑣 𝑠𝑦 | (5)
Where F x is the tyre longitudinal force, v sx is the tyre longitudinal slip velocity, F y is the tyre lateral force, v sy is the tyre lateral slip velocity, and h is the thermal exchange coefficient between the tyre and the air ambient. The λ coefficient is an effective ratio of heat taking into account the proportion actually received by the tyre during contact (part being transferred to the surrounding air). In his research [START_REF] Farroni | TRT: Thermo racing tyre a physical model to predict the tyre temperature distribution[END_REF] ideally places this value between 0.5 and 0.8. In our case, a value of 0.55 is chosen based on the tuning of simulations. 

Heat exchange

In this model, heat exchange is considered between road, tread and carcass. This is mainly due to the temperature gradient in the respective surface. It is described as Q conduction in the model. The conduction of road isn't considered previously in studies such as [START_REF] Sorniotti | Tire Thermal Model for Enhanced Vehicle Dynamics Simulation[END_REF], it is added in this model to complete the conduction.

In practice, the heat exchange is happening in the adhesion region in contact area. Since adhesion comes before the sliding zone where the absence of sliding makes temperature unchanged. This area is characterized by a heat exchange coefficient widely discussed in [21] and [22]. We define hereafter:

𝑄 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = ℎ 𝑐 (𝑇 𝑡𝑟𝑎𝑐𝑘 -𝑇 𝑡𝑟𝑒𝑎𝑑 ) * 𝑆 𝑐𝑜𝑛𝑡 -𝑘 𝑐 (𝑇 𝑡𝑟𝑒𝑎𝑑 -𝑇 𝑐𝑎𝑟𝑐𝑎𝑠𝑠 ) * 𝑆 𝑡 (6)
where ℎ 𝑐 track-tyre exchange coefficient in W/m²K , 𝑘 𝑐 is thermal conductivity in W/mK, 𝑇 𝑡𝑟𝑎𝑐𝑘 is road temperature, 𝑇 𝑡𝑟𝑒𝑎𝑑 is tyre tread temperature, 𝑆 𝑐𝑜𝑛𝑡 is the surface area of contact, 𝑇 𝑐𝑎𝑟𝑐𝑎𝑠𝑠 is temperature near tyre belt and 𝑆 𝑡 the total surface area of the tyre.

Cooling by convection force

The forced convection Q ambient,tread and Q ambient,carcass is due to the relative movement of the air relative to the wheel given its rotational movement during the rolling phase. According to the studies of [START_REF] Farroni | TRT: Thermo racing tyre a physical model to predict the tyre temperature distribution[END_REF]) and [START_REF] Corrolaro | Essentially of Temperature Management while Modeling and Analysing Tires Contact Forces[END_REF], it is possible to bring out a thermal resistance for this purpose: Where 𝑘 𝑎𝑖𝑟 is thermal conductivity of the air, 𝐿 is the characteristic length, 𝑉 speed in m/s and 𝜐 kinematic viscosity of the air, ℎ 𝑐𝑎𝑟𝑐𝑎𝑠𝑠 belt-ambient exchange coefficient in W/m²K, ℎ 𝑡𝑟𝑒𝑎𝑑 ambient-tyre exchange coefficient in W/m²K, 𝑆 𝑐𝑜𝑛𝑣 is the surface area of in contact of the tyre and ambient air.

Loss of heat by the viscoelastic effect

Another source of loss of heat is a heat flux (Q SEL ) related to the dissipations due to cyclic deformation during rolling also called strain energy loss. This contribution is related to the tyre rolling resistance coefficient.

Based on the literature, it is very difficult to evaluate this loss of energy. We have assumed a simple and common material which constitutes the tyres namely SBR vulcanized. The law of WLF on viscoelastic materials offers us the possibility of obtaining an average temperature of the materials corresponding to the current thermal stress and its frequency of use. More generally in the case of a tyre, Alfredo Corrolaro [START_REF] Corrolaro | Essentially of Temperature Management while Modeling and Analysing Tires Contact Forces[END_REF] proposes an approach to estimate the SEL. This contribution of dissipation of energy entirely heats the tyre. Q SEL is calculated as a function of tyre angular speed and Moment 𝑀 𝑦 .

𝑄 𝑆𝐸𝐿 = 𝑀 𝑦 𝜔 (9)
𝑀 𝑦 is calculated as a function of longitudinal force (𝐹 𝑥 ), 𝜔 is rotational velocity and loaded radius (𝑅 𝐿 ) to simplify 𝑃 𝑆𝐸𝐿 calculation.

𝑀 𝑦 = 𝐹 𝑥 𝑅 𝐿 (10) 
After considering the above-mentioned phenomenon we can apply the first principle of thermodynamics to the system. The thermal model is represented by equation 11 and 12. 

Integration of thermal model

The multi-bristles-brush-model has been modified so that it can take into account the effect related to the variation of the temperature of the components. The coupling of the mechanical block and thermal block of Multi physical tyre model (Figure 1) is done through the parameters which are influenced by temperature. In particular, two parameters can be subjected to variations as functions of temperature:

 The friction coefficient μ x,y (different in longitudinal and lateral directions) between the tread and the road pavement.  The stiffness c px , c py (different in longitudinal and lateral directions) of the bristles.

The adhesion part is described with the bristle stiffness and the sliding part of the contact patch is described by the equation of the dynamic friction coefficient. This equation is introduced by [START_REF] Grosch | The Relation between the Friction and Viscoelastic Properties of Rubber[END_REF]. It can be seen that equation takes into account the relation between the effect of velocity and the effect of temperature on the viscoelastic properties of rubber.

𝜇 𝑑 = 𝜇 𝑏𝑎𝑠𝑒 + (𝜇 𝑝𝑒𝑎𝑘 -𝜇 𝑏𝑎𝑠𝑒 )𝑒 -(𝐾 𝑠ℎ𝑎𝑝𝑒 (𝑙𝑜𝑔10(𝑣 𝑠 )-𝐾 𝑠ℎ𝑖𝑓𝑡 (𝑇 𝑡𝑟𝑒𝑎𝑑 -𝑇 𝑅𝐸𝐹 ))) 2 (13)
𝜇 𝑏𝑎𝑠𝑒 Static coefficient of friction, 𝜇 𝑝𝑒𝑎𝑘 maximal coefficient of friction for 𝑣 𝑠 , 𝑇 𝑡𝑟𝑒𝑎𝑑 tyre surface temperature, 𝑣 𝑠 sliding speed and 𝑇 𝑅𝐸𝐹 is the initial tyre temperature, Dynamic friction model is already used in multi-physical model which is a function of sliding velocity. This equation requires significant numbers of parameters which are difficult to measure. For the simplification, equations 14 & 15 are implemented into the model. The variation of the friction coefficient can be considered as a function of the estimated temperature of the tread (so it is subjected to high dynamics), whereas the variation of the stiffness of the brushes can be considered as a function of the temperature of the carcass. In the case of the multi-bristles-brush model:

𝑐 𝑝𝑥,𝑝𝑦 = 𝑐 𝑝𝑥_𝑟𝑒𝑓,𝑝𝑦_𝑟𝑒𝑓 + 𝑘 𝑐𝑝 (𝑇 𝑐𝑎𝑟𝑐𝑎𝑠𝑠 -𝑇 0 ) (14) 𝜇 𝑥,𝑦 = 𝜇 𝑥_𝑟𝑒𝑓,𝑦_𝑟𝑒𝑓 + 𝑘 𝜇 (𝑇 𝑡𝑟𝑒𝑎𝑑 -𝑇 0 ) (15) 
𝑇 𝑡𝑟𝑒𝑎𝑑 and 𝑇 𝑐𝑎𝑟𝑐𝑎𝑠𝑠 are the actual tyre surface temperature, 𝑇 0 is a reference value for the temperature, 𝜇 𝑥_𝑟𝑒𝑓,𝑦_𝑟𝑒𝑓 and 𝑐 𝑝𝑥_𝑟𝑒𝑓,𝑝𝑦_𝑟𝑒𝑓 are reference values for the friction coefficient and the stiffness of the brushes defined for a reference temperature 𝑇 0 , 𝑘 𝑐𝑝 and 𝑘 𝜇 are the coefficients which express the amount of variation of brush properties (friction and stiffness) as functions of temperature. Equations ( 14) and ( 15) depend on the experimental results measured on the considered tyre for tuning. The tuning is done with experiment in straight line and at constant velocity.

Simulation results and analysis

The above multi-physical tyre model is then integrated with quarter car model; the wheel is connected to the suspended mass via suspension. The suspension is modelled as spring and damper. The vertical force from the wheel model represents the input for the quarter car model Figure 6 and it gives as output the position of sprung mass: The equations for quarter car are written as:

𝐹 𝑆𝑝𝑟𝑢𝑛𝑔 = 𝐾 𝑠𝑢𝑠𝑝 (𝑧 𝑡 -𝑧) + 𝐶 𝑠𝑢𝑠𝑝 (𝑧̇𝑡 -𝑧) 𝑀 𝑠𝑝𝑟𝑢𝑛𝑔 𝑧̈= 𝐹 𝑠𝑝𝑟𝑢𝑛𝑔 -𝑀 𝑠𝑝𝑟𝑢𝑛𝑔 𝑔 𝑚 𝑢𝑛𝑠𝑝𝑟𝑢𝑛𝑔 𝑧̈𝑡 = (𝐹 𝑧 -𝐹 𝑠𝑝𝑟𝑢𝑛𝑔 ) -𝑚 𝑢𝑛𝑠𝑝𝑟𝑢𝑛𝑔 𝑔 (16) 
With 𝐹 𝑆𝑝𝑟𝑢𝑛𝑔 suspended vertical force, 𝑀 𝑠𝑝𝑟𝑢𝑛𝑔 suspended mass, 𝑚 𝑢𝑛𝑠𝑝𝑟𝑢𝑛𝑔 unsuspended mass, 𝐹 𝑧 normal force, 𝑧 𝑡 wheel vertical position, 𝑧 suspended mass vertical position, 𝐾 𝑠𝑢𝑠𝑝 stiffness of suspended mass and 𝐶 𝑠𝑢𝑠𝑝 damping of suspended mass.

Sensitivity study

In this section, a sensitivity study is done for above presented quarter car model including developed multi-physical model. The variations of different parameters are taken according to the literature representing real conditions. These variations are done separately for different blocks of quarter car and multi-physical tyre model. In Figure 7 parameters are varied for the mechanical block of the model where longitudinal, lateral and vertical rigidities of bristles have been changes up to 30%, which is how tyre rigidity varies with usage in different conditions. From Figure 7 it is concluded that the behaviour of our model respects the change in these parameters. Suspension parameters and load have been also varied for a quarter car model. The model is still responding to these variations. Another sensitivity study was done to evaluate the evolution of temperature with speed. Two phenomenal of thermal effect (heat generation and cooling) have been studied on the thermal model. Speed is varied to understand the variation of temperature with respect to speed. In Figure 9 the temperature variation for two different speeds (60km/h and 80km/h) is given. It also confirms that the model is able to reproduce the temperature variations due to heat generation induced by the speed changes. This is due to the heat generation due to the change in speed. The second simulation for a free-rolling tyre with variable speed and at constant normal load for our thermal model is done. This simulation represents the cooling phenomenon. For time less than 20 seconds speed is kept constant to 25 m/s whereas it is varied from 25 to 1 m/s in the next 60 sec. We obtained the same trends in the results shown in Figure 10 follow the same trends as the results in the literature [START_REF] Corrolaro | Essentially of Temperature Management while Modeling and Analysing Tires Contact Forces[END_REF]. In literature, the difference between tread and surface temperature is around 5°C whereas our model exhibits differences lying between 4°C and 10°C. The difference in temperature can come from the parameters used, as not all the parameters were available for simulations.

Figure 10 Thermal model simulation results for variable speed

Experimental Validation

In this section, the validation of multi-physical tyre model is done experimentally where multiphysical tyre model is compared with actual measurement results. It is divided into two parts. The first part deals with the validation of the entire model whereas the second part focuses on the impact of road surface roughness effect. Experiments were done on IFSTTAR test track shown in Figure 11 (top view) on an instrumented vehicle mounted with temperature sensor shown in Figure 12. The instrumented vehicle was mounted with an infrared temperature sensor at the opposite side of the contact patch. The temperature sensor was calibrated before mounting on the vehicle. The infrared temperature sensor has ±1 °C of accuracy and operating range of 0°C to 70°C. It can calculate temperature up to 250°C. Two experiments were done to validate the models. The longitudinal force is directly measured by the dynamometric wheel [START_REF] Kistler | Measurement Systems and Sensors[END_REF]) mounted on the front right tyre as shown in Figure 12. 100 Hz data acquisition frequency is used for the experiments. Data is filtered using low pass Butterworth filter order 2 to reduce the measurement noise.

Model Validation

The longitudinal force and tyre surface temperature have been analysed. The test tracks E1 and E2 are used together to have sufficient distance for the test vehicle to accelerate and brake. The test tracks E1 and E2 are characterised in In reality, it is difficult to measure the tyre temperature in contact zone experimentally because of measurement complexity and price. In Figure 13 the exact point of measurement by the infrared sensor (blue circle) during experiments is shown. The above developed model can estimate the tyre temperature in contact zone as shown in red circle in Figure 13. To match the exact measurement point (blue) by developed model an additional cooling effect is added to the model. To represent this cooling effect, simple cooling law (11) has been developed. This law takes into account the increase in the area of cooling due to tread structure, interior conduction of heat from carcass and tread surface and transfer of heat in the ambient environment. The cooling due to inside air is not considered here. To construct a law, two zones of cooling are assumed; one is linear which is at lower temperature difference and the other one is nonlinear at higher temperature difference represented in Figure 14. This cooling mainly depends on rubber properties, tyre void ratio and rubber material. It is very difficult to characterize the rubber parameters to consider the cooling in the nonlinear region as shown in Figure 14. So cooling law is developed which is based on the "Newton's law of cooling" for the linear region which follows linearly the cooling of the tyre surface. The cooling law is given by

𝑇 𝑛𝑒𝑤 = 𝑇 𝑎𝑚𝑏 + (𝑇 𝑠𝑢𝑟𝑓 -𝑇 𝑎𝑚𝑏 )𝑒 -𝑟𝑡 -𝐾(𝑇 𝑠𝑢𝑟𝑓 -𝑇 𝑐𝑎𝑟𝑐𝑎𝑠𝑠 ) (17) 
With 𝑇 𝑎𝑚𝑏 is ambient temperature, 𝑇 𝑠𝑢𝑟𝑓 tread surface temp at contact (red circle), 𝑇 𝑠𝑢𝑟𝑓 carcass temperature, 𝑟 convection coefficient air and surface, 𝑡 time and K internal convection coefficient. The temperature calculated after applying this law is shown in black colour in figures. Filtered speed and torque are used to calculate the tyre forces and tyre surface temperature. Figure 15 exhibits the comparison between experimental (in blue) and simulated (in red) values of longitudinal forces. The standard mean error between longitudinal forces is less than 5%. It is assumed that this gap is coming from vehicle model. The quarter car model is used in simulations whereas instrumented four wheels car is used in experiments.

Figure 15 Comparison of tyre forces between model and experimental at 50 km/h

In Figure 16, the tyre surface temperature comparison between developed model and measurement is shown. After considering the cooling effect as mention above, temperature calculated by model (in black) is compared with measured tyre temperature (in blue) by infrared sensor which gives a standard deviation of 0.87°C. In Figure 16 the speed is given in orange colour which is constant.

Figure 16 Comparison of tyre surface temp between model and experimental at 50 km/h

In the second test condition, the test vehicle was accelerated from 0 to 115 km/h and then braked until stop (Table 2). This test experiment is done to analyse the heat generation while accelerating and braking and also the cooling effect after braking. Figure 17 shows the results of the comparison of tyre forces. The longitudinal force given by the tyre model presents the same behaviour as experimentally measured tyre forces with a standard deviation of 10%. The result of the tyre temperature comparison is presented in Figure 18. The measured tyre temperature (in blue) and tyre tread temperature calculated by the model (in red) show the same dynamics. After considering the cooling effect as mention above, the tyre tread temperature calculated by model (in black) is compared with measured tyre temperature by infrared sensor which gives the standard deviation of 2.8°C. Whereas without cooling effect, the standard deviation is 13.4°C, which is mainly coming in braking conditions. It means considering cooling effect becomes necessary, since the heat is generated at the contact zone during braking and dissipated when tyre reaches at measured zone. The above results help to conclude that our model demonstrates good prediction of tyre surface temperature. Since the results of both test conditions are in the accuracy range of the infrared sensor it can be concluded that above developed multi-physical tyre model is validated experimentally. 

Effect of surface texture

Road surface texture and friction relationship have been studied by several researchers [START_REF] Do | Influence of the road-surface texture on the speed dependency of tire/road friction[END_REF][START_REF] Cesbron | Influence of Road Texture on Tyre/Road Contact in Static Conditions[END_REF][START_REF] Kane | Exploring the texture-friction relationship: from texture empirical decomposition to pavement friction[END_REF]. In this section, the impact of road roughness of different surfaces is presented through numerical simulation as well as experimental validation.

Road roughness can be separated into two scales, micro and macro-texture. The macrotexture is defined as surface asperities that range from 0.1mm to 20mm in height and from 0.5mm to 50mm in width whereas the micro-texture is defined as the surface asperities that range from 0.001mm to 0.5mm in height and less than 0.5mm in width (Figure 19). In this section, the effect of macro-texture is presented. The macro-texture for different road surfaces has been measured. Measurement has been performed using a device called ELAtexture (ELAtexture 2020) (Figure 21). The 3D randomly rough isotropic artificial road surface is modelled with MATLAB at the different macro-texture. The artificial surface is used as input for multi-physical tyre model to get footprint at the static condition as well as dynamic conditions. These simulations are done to understand the impact of road roughness on the deformation of bristle and loss in contact area as roughness increases which has a direct impact on friction. Simulations done in static condition presents "percentage (%) contact area" of three different surfaces obtained with the model (Figure 23). It can conclude from the Figure 23 that there is a loss of 2% of bristles in contact patch for higher roughness (i.e. 1.5mm). This is not significant in dry conditions but it can have an important impact in wet conditions.

Figure 23 Contact patch deflection at different road roughness

The result of the dynamic simulation is given in Figure 24, where the evolution of contact area with speed is calculated. In literature, the evolution of the contact area with respect to speed was presented experimentally by [START_REF] Niskanen | Accelerometer tyre to estimate the aquaplaning state of the tyre-road contact[END_REF], which concluded that there is no change in the contact area in dry condition. Similar results were obtained with multiphysical tyre model. 

Conclusion

The fundamental temperature dependence of the viscoelastic properties of tyre rubber has a significant influence on tyre-road interaction as shown by many researchers. The multi-physical tyre model presented in this paper is an indispensable tool to have accurate results since tyre tread temperature and carcass have a great influence on tyre road interaction. The contact forces reach their maximum values only in certain ranges and reduce significantly at high temperature.

The ability to predict the tyre tread surface temperature affects both the force-producing capabilities of the tyre and also the life of the tyre. The physical nature of the model allows us to minimize the number of parameters required to feed the model. The model needs preliminary tuning before it can be used in normal driving conditions. The developed model was validated experimentally as well as numerically with an accuracy of the standard deviation of 0.87°C for constant speed and 2.8°C in accelerating and braking conditions for tyre tread temperature. The developed model is also gives accurate longitudinal force with standard deviation of 10%. The comparison with experimental values provides us with enough confidence in our model. The impact of the road surface is also very well taken into account by the model. It can conclude from the Figure 23 that there is a loss of 2% of bristles in contact patch for higher roughness (i.e. 1.5mm). This is not significant in dry conditions but it can have an important impact in wet conditions. Also, simulation results of the evolution of the contact area with respect to speed given by the developed model are coherent with literature. The longitudinal force comparison in Figure 25 given by the model for different macro-texture with experimental results is also motivating. It allows the model to conclude that the model is also able to take into account the effect of different road texture. The next step will be to include the hydrodynamic model to study the effect of water on the road surface and finally coupling this model with the vehicle model.
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 1 Figure 1 Multi physical tyre model
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 3 Figure 3 Schematic of (a) Multi-bristles brush model with 3 parameter Maxwell model (Conte 2014) (b) Wheel reference coordinate system

  𝜇(𝑣 𝑠(𝑥,𝑦) ) = 𝜇 𝑐(𝑥,𝑦) + 𝜇 𝑠(𝑥,𝑦) -𝜇 𝑐(𝑥,𝑦) 1 + |𝑣 𝑠(𝑥,𝑦) /𝑣 𝑠𝑡𝑟(𝑥,𝑦) | 2.5
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 4 Figure 4 Dynamic friction model example values taken from (Conte 2014)
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 5 Figure 5 Heat exchange model between tyre and road
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 6 Figure 6 Quarter car model with integrated Multi-physical tyre model
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 7 Figure 7 Sensitivity study for the mechanical block (Figure 1)
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 8 Figure 8 Sensitivity study for thermal block (Figure 1)
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 9 Figure 9 Temperature Tread surface and Carcass for Speed changing from 60 to 80 Km/h
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 11 Figure 11 Test tracks at IFSTTAR (a) top view (b) detailed view
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 13 Figure 13 Cooling of a tyre contact (red) to measured point (blue)
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 14 Figure 14 Cooling behaviour of contact temperature (hypotheses)
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 17 Figure 17 Comparison of tyre forces between model and experimental for acc. & braking
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 18 Figure 18 Comparison of tyre surface temp between model and experiment for acc. & braking

Figure 19

 19 Figure19Road surface texture surface[START_REF] Cerezo | Friction/water depth relationship -In situ observations and its integration in tire/road friction models[END_REF] Road macro-texture is assessed through a parameter called mean profile depth (MPD) defined in standard ISO EN 13473-1 (Figure20).
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 20 Figure 20 Definition of road surface mean profile depth (ISO 13473-1 1997)

Figure 21

 21 Figure 21 ELAtextur machine for measuring macro texture

  It simulates the surface topography/roughness by means of fractals. It uses the Fourier concept (specifically the power spectral density) for surface generation. The artificial road surfaces with a standard deviation of 0mm, 1mm and 1.5mm for MPD, Hurst exponent of 0.5, 40 cm is the length of the final image are generated mainly to represent IFSTTAR test surface. PSD (power spectral density) comparison between test track and artificial surface is shown in Figure 22. The results from Figure 22 conclude that our artificial surface is a valid representation of real test surface.

Figure 22

 22 Figure 22 PSD comparison between the test surface and modelled artificial surface

Figure 24

 24 Figure 24 Evolution of contact area with speed In the end, the developed model is simulated to show the impact of road roughness. The data are sampled at 100Hz and filtered by Butterworth filter order 2. The speed from different test cases (Table 4) is given as the input to the model with other vehicle and road texture parameters. The longitudinal forces for different test tracks are calculated as output by the model. The experimental values of longitudinal force are measured by dynamometric wheel

Figure 25

 25 Figure 25 Longitudinal force comparison for different road surfaces (a) 50km/h (b) 80km/h

  

  

  𝑄 𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝑡𝑟𝑒𝑎𝑑 = ℎ 𝑡𝑟𝑒𝑎𝑑 (𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 -𝑇 𝑡𝑟𝑒𝑎𝑑 ) * 𝑆 𝑐𝑜𝑛𝑣

	ℎ =	𝑘 𝑎𝑖𝑟 𝐿	[0.318 ( 𝑉. 𝐿 𝜐	) 0.571	]	(8)

𝑄 𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝑐𝑎𝑟𝑐𝑎𝑠𝑠 = ℎ 𝑐𝑎𝑟𝑐𝑎𝑠𝑠 (𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 -𝑇 𝑐𝑎𝑟𝑐𝑎𝑠𝑠 ) * 𝑆 𝑐𝑜𝑛𝑣

(7) 

Table 1 .

 1 

	Section	Mix type	Photo	MPD(mm)	IRI	SRT
	E1	DAC 0/10(new)		0.87	1.87	0.51
	E2	DAC 0/10(old)		1.12	1.59	0.62
	Test	Test track	Test condition			Trajectory
	1	E1 and E2	Constant at 50km/h			Straight
	2	E1 and E2	Accelerate 0 to 115 km/h and braking to 0km/h	Straight

Table 1 Characterization of E1 & E2 test tracks

The first test is done at constant velocity 50km/h as shown in (Table

2

).

Table 2

 2 Test conditions 1

Table 3 .

 3 The test conditions are shown in Table4.

	Section	Mix type	Photo	MPD(mm)	IRI	SRT
	L1	Epoxy		0.11	1.15	0.45
		Resin				
		(smooth)				
	E2	DAC 0/10,		1.12	1.59	0.62
		class 2				
	M1	VTAC		1.42	1.59	0.64
		0/10, class				
		1				
	A'	Coarse		3.08	2.15	0.85
		surface				
		dressing				
		8/10				

Table 3

 3 Characterization of test surfaces

	Test	Test track	Test condition	Trajectory
	1	L1, E2, M1 and A' Measurements by ELAtextur	
	2	L1, E2, M1 and A' Constant at 50km/h	Straight
	3	L1, E2, M1 and A' Constant at 80km/h	Straight
			Table 4 Test conditions 2	
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