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Abstract

:

The aim of this research study was to analyse the approaches for establishing a spatial model of a radial truck tyre, based on the finite element method, in order to perform a realistic analysis of static as well as dynamic tyre–pavement interactions. A complex rubber tyre model having a large number of elements was formulated combining current state-of-the-art modelling techniques and, from that model, a simplified model having a smaller number of elements was derived. The complex model proved to be useful only for static loading, because of its high computational demand, while the simplified model proved to be also suitable for dynamic modelling. The two tyre models having different numbers of elements were compared by analysing the contact areas and stresses. Our results indicate that the basic idea of not changing material characteristics while simplifying the model, rebuilding only the carcass using composite shell elements, did not prove to be a satisfactory direction. The results given by the simplified model do not describe the behaviour of the radial tyre well but, rather, describe the behaviour of the diagonal tyre, regarding contact areas and stresses. On the contrary, when analysing stresses and strains in the road pavement structure, the two finite element models provided similar results in practice. Based on our comparison calculations, applying the average contact pressure  q  at analysis points at a 5–8 cm depth, the contact behaviour of the finite element tyre model can be used in any elastic-layer theory-based software.
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1. Introduction


The mechanical–empirical road pavement structure design systems consider the pavement structure as an elastic structure, applying the thin-layer theory or the elastic-layer theory [1].



In any design procedure, knowledge of the loads on the pavement as well as the contact surface for loading is required. In the beginning, methods based on the Boussinesq equations supposed that the loading force is either concentrated or linearly distributed on the total wheel width. In the wake of pneumatic tyres, the main assumption was a circular contact area with an evenly distributed loading. This assumption has been adopted for a long time, providing simple calculations; moreover, a solution to the partial differential equations of elastic layers for this case only has been elaborated.



Theoretical approaches have been later supplemented by experimental solutions of the problem; the contact area of rubber tyres was determined by moving wheels of different loads onto a painted film between paper sheets or by spraying sand around wheels. As a result of technological developments, solutions for the direct measurement of contact stresses have appeared, such as the “Vehicle–Road Surface Pressure Transducer Array” [2].



According to current knowledge, stresses in the pavement structure are substantially determined by the value and distribution of contact stresses. Some distress types can be explained by these stresses, such as top-to-bottom cracking [3]. Despite experimental results, the majority of present-day design procedures still consider the contact area of truck twin tyres as two ellipses or even two rectangles, usually substituted by a circular surface of identical area. The distributed loading, i.e., the contact pressure, is supposed to be equal to the inflation pressure of the rubber tyre as a good approximation.



The tyre–pavement interaction can be successfully analysed by the finite element method at the present level of computing technology, instead of expensive and time-consuming in situ or laboratory measurements. This topic is well documented in the former studies [4,5,6,7].



The results of computer simulations may indicate some observations that may help with choosing the parameters of simplified models to better represent the realistic circumstances and processes. The motivation behind these kinds of developments is that, sometimes, the reproduction of the results reported in scientific papers via the application of finite element models can be difficult because of the unavailability of certain software components; therefore, the comparison of different tyre models in the literature is not always possible. Consequently, a method that can simply characterise and numerically describe the contact behaviour of complex finite element rubber tyre models may provide a great advantage in the systematization of research results in this topic area.



1.1. Objectives


The primary aim of the present research work is to develop a complex spatial rubber tyre model, based on the finite element method, to perform a realistic analysis of static as well as dynamic tyre–pavement interactions. To lower the computational demand of the finite element tyre model, a simplified model having a smaller number of elements was developed. A further goal is to understand the consequences of the reduction in the complex tyre model. The assessment of the two tyre models having different numbers of elements and modelling techniques was based on the shape and size of the contact areas as well as on the value and distribution of contact stresses. A new method is here proposed, which is useful for considering the contact behaviour of the developed finite element tyre models in the calculations applying the elastic-layer theory, even without the finite element model itself. To achieve the objectives above, the following main tasks were performed:




	
The establishment of a realistic spatial finite element model of a radial truck tyre based on manufacturer and literature data;



	
The development of the spatial finite element simulation of tyre–pavement interactions;



	
The calculation of contact areas and stresses using the complex finite element radial tyre model;



	
The derivation of a simplified finite element tyre model based on the complex model, for the analysis of dynamic tyre–pavement interactions;



	
A comparison between the contact behaviours of the complex and simplified finite element models using an example of a flexible road pavement structure;



	
A recommendation for a simplified calculation method of the contact behaviour of finite element tyre models having different content and numbers of elements.








Finally, the finite element tyre models were evaluated from the point of view of the stresses and strains occurring in the road pavement structure, performing comparison calculations via design software based on the multi-layer flexible pavement theory.




1.2. The Scope of the Analysis


The main focus of our study is on the finite element modelling of up-to-date radial tyres supposing static loading conditions. For the basic materials composing the rubber tyre, linear elastic (Hooke), hyper elastic, and viscoelastic material models were applied. According to the results of former research works, the value and distribution of the stresses at the tyre–pavement contact interface are independent of the mechanical characteristics of the layers forming the pavement structure [4]. Consequently, the contact process of the tyre–pavement interaction was analysed using a characteristic Hungarian flexible road pavement structure type only, applying a linear elastic material model for all the layer types.





2. Theoretical Background


2.1. The Structure of the Rubber Tyre


Considering the interdisciplinary aspect of this research study, a brief review of the most important terms describing the structure of rubber tyres is here provided. While, for a common viewer, the tyre seems to be of a simple structure, in reality, an up-to-date tyre consists of about 10–20 different parts, providing, together, the required technical characteristics of the tyre. The most important parts of an up-to-date tyre are the following:




	
The tread is the part of the tyre that is in contact with the pavement; its task is to provide the cohesion, resistance to wear, and movement stability of the vehicle. Characteristically, it is made from synthetic and natural India rubber;



	
The belt is aimed at the reinforcement of the tyre, as it absorbs bumps and provides the optimal movement stability and rolling resistance to the vehicle. The belt is made from high-strength rubberized steel fibres; the position of the fibres is at ±10–30° in respect to the centre line, depending on the usage and the load bearing of the radial tyre;



	
The carcass provides the truss of the tyre; it keeps the shape of the tyre even in case of high inflation pressure and distributes the loading. It is made from rubberized rayon or polyester textile fibres;



	
The sidewall is made from natural rubber; it protects the carcass from sideways forces and transmits the momentum to the tread;



	
The filler helps to provide movement stability, steering, and comfort issues; it is made from synthetic rubber;



	
The chafer belt amplifies the movement stability and the steering accuracy; its material can be steel or nylon, resulting in different types of chafer belts;



	
The steel cord or strands provide stabilized nesting between the tyre and the body of the wheel; it is made from high-strength steel wires embedded in rubber. Depending on its manufacturing technology, the steel cord may include a bead.








The innermost layer of the tyre is airtight, its main task being to keep the inflation pressure and to prevent the infiltration of vapour and moisture.




2.2. The Pressure Head of the Tyre


Vehicles stand on the pavement on their wheels. The wheel load is transmitted to the road pavement structure by the tyres. A plausible guess is that the  F  pressing force of the vehicle load is evenly distributed at the  A  contact surface area of the tyre:


      p =  F A  ,      



(1)




where  p  is the inflation pressure of the tyre, which is approximately equal to  q , the specific contact pressure transmitted to the pavement by the tyre. Strictly speaking, the equality   q ≈ p   is true only in the case of an absolutely flexible tyre with no inner stiffness (Figure 1a). In case of a tyre that has an inner stiffness, the contact pressure can be higher or lower, even by 10–30%, than the inflation pressure of the tyre, according to the former literature (see, e.g., [8,9,10]).



These contradictory results have been explained by [11], who verified, by a physical consideration, that the specific contact pressure  q  of a balloon is, by necessity, lower than its inner air pressure  p  (Figure 1b):


      q = p −   4 T  D  sin θ +   F ′  A  ,      



(2)




where  p  is the inflation pressure,  q  is the contact pressure,  T  is the tensile force/unit of length (at the rim of the contact surface),    θ   is the angle between horizontal plane and direction of force  T ,  A  is the contact circular surface,  D  is the diameter of the contact circular surface, and   F ′   is the load transmitted by the wall of the balloon.



Since the tensile force  T  depends on both the inner air pressure  p  and the external loading force  F , the unknown average contact pressure  q  also depends on  p  and  F ; therefore, generally, the following equation can be defined:


      q =  f 1   p  +  f 2    F , p   ,      



(3)




where    f 1   p    is the function of inflation pressure and    f 2    F , p     is the combined function of inflation pressure and load.



Van Vuuren extrapolated Equation (3), concerning balloons, to rubber tyres, where the physical structure of the tyre, its size, its tread type, the rubber toughness, and the wall thickness are introduced by a   C ′   factor [11] as follows:


      q =  f 1   p  +  f 2    F , p   +  C ′  .      



(4)







This theoretical function (4) was verified by [11] via laboratory measurements on an 8.25–20 × 10-ply rubber tyre:


      q =   0.013 p + 10.5   F + 0.119 p + 125.9      



(5)




in a generalised form,


      q =    a 1  p +  a 2    F +  b 1  p +  C ′  ,      



(6)




where  q  and  p  are in kPa and the wheel load  F  is in kN. According to the empirical Equation (6), the contact pressure depends on the wheel load, inflation pressure of the tyre and, mainly, the   C ′   constant characterising the “flexibility” of the tyre. Similar relationships were provided by [11] for further tyre types and tested in the laboratory; their parameters can be found in Table 1.



The theoretical correlations can be verified by a finite element analysis. Among the most widely presently used finite element software is ABAQUS/CAE (Complete Abaqus Environment), which provides an efficient and complete solution for a wide range of industrial tasks. Leading tyre manufacturers, i.e., Hankook, started to utilise ABAQUS software at the beginning of the 2000s for developing modelling techniques that are in use today [12]; therefore, this software was chosen as suitable for our current research work.





3. Materials and Methods


3.1. Finite Element Model of the Road Pavement Structure


The mechanical road pavement structure design is based on the theory reported in [13,14,15], modelling real road pavement structures as a flexible multi-layered system on a linear elastic, homogeneous, and isotropic half-space (multi-layer elastic analysis; MLEA). In this model, the mechanical behaviour of a layer of thickness  h  is given by the elastic or Young’s modulus  E  and the transverse contraction or Poisson’s ratio  μ , according to Hooke’s law. Layers have absolute adhesion within the structure with no slipping at their boundaries. In addition to the MLEA theory, thanks to the work advanced in [16], finite element modelling has been implemented in the study of road pavement structures since the end of the 1960s because, among others, it allows one to consider the non-linear behaviour of materials.



A typical feature of the finite element method is that the infinite domains used in analytic solutions become finite. This feature is, sometimes, not reasonable, mainly in tasks including infinite or half-infinite continuums. In the case of road pavement structures, the problem occurs at the lowest layer, the subgrade, modelled as a homogeneous infinite half-space. The solution is provided by infinite finite elements, suitable for describing even infinite partial domains. Table 2 summarises the layer system and mechanical characteristics of the layers of the analysed road pavement structure.



The finite element model (Figure 2) prepared for this research study consisted of a cylindrical domain of the road pavement structure, where there were C3D8I (8-node linear) finite elements, surrounded, at the boundary in the radial direction, by CIN3D8 (8-node linear) infinite elements; additionally, at the bottom of the subgrade below, we considered there to be a transition into infinite elements (to control the size of the depression). In ABAQUS software, at the definition of infinite elements, the numbering of nodes needs to be considered, because only the first surface of an infinite element can be interconnected to the finite element mesh. Edges starting from boundaries head toward the direction considered as infinite and are located around a pole. According to the theory, the solution for the infinite space is approximated along these edges, while the elongations of these edges within the boundary meet in a pole.



Consequently, the proper positioning of nodes in the infinite direction is important, as their distance from the pole is two-fold, compared to the nodes on the boundary. Radial infinite elements were directed to the rotation axis of the cylindrical pavement structure model, while infinite elements at the bottom of the subgrade met at the intersection of the contact area between the pavement surface and the tyre and rotation axis of the cylindrical pavement structure model.



In the vicinity of the contact surface between the tyre and the road pavement, the elements had a 6-mm edge length, while, moving from the analysed area to the boundary, the mesh was coarser, up to a 100-mm edge length. The transition from fine to coarse areas of the mesh was modelled by a linear tied contact, since, in the elements of the coarse area, a high-stress gradient was not expected. This simple solution provided a better-quality mesh and smaller running time. In all layers of the road pavement structure with finite thickness, the adequate mapping of bending stresses was provided by at least 5 elements, integrated in a non-reduced way. The layers could not slip at their boundaries; they were modelled as ideally tied to each other. In the model, the nodes of the spatial continuum elements had 3 displacement degrees of freedom (u1, u2, and u3), while the nodes of the infinite finite elements at the infinite direction were constrained at the bottom, along the z-axis and, at sides, along the x- and y-axes. The decline in stress anomalies stemming from the clamping was provided by infinite elements with elastic material characteristics at the given pavement structure layer; therefore, theoretically, the boundary conditions should not have caused a significant error in the simulation.



The number of continuum elements used for modelling the road pavement structure was 206,421 supplemented by 1740 infinite elements.




3.2. Complex Finite Element Model of the Rubber Tyre


The complex finite element model of the real rubber tyre was set up in two steps. In the first step, the pre-stress of the steel cord and the inflation pressure were formed, based on a planar axial symmetric model. In the second step, the 3D spatial tyre model in its equilibrium state was derived from the 2D model. These steps are described in detail in the next subsections.



3.2.1. The 2D Axial Symmetric Model


The finite element analysis (at the fulfilment of certain conditions) provides a possibility for a planar analysis of 3D bodies, resulting in significant reductions in the required computational time, space, and hardware capacity. For the modelling of the inflation of the tyre and its stretching to the body of the wheel disk, it is sufficient to solve a planar axial symmetric problem, meaning that only the radial cross-section of the tyre has to be modelled. The geometry of the structure of the tyre was reconstructed based on the cross-section drawing of the DTA 275/80R22.5-type tyre published by [5] (p. 21), with the overall width of the tyres being 288 mm and the dual spacing of the tyres being 315 mm.



The composite structure of the tyre is illustrated in Figure 3, the geometric values are presented in Table 3, and the material parameters are collected in Table 4, based on a literature review. The material parameters, as Yeoh’s hyper elastic, viscoelastic, and rebar, were collected from the works of [17,18]. The experimental determination of the material parameters of the tyre has been well summarised by [19].



The ABAQUS software prescribes the position of the cylindrical co-ordinate system, required to the definition of the axial symmetrical problem, where the x-axis is the radial axis, and the y-axis coincides with the z-axis. According to this, the cross-sectional model of the tyre is defined on the xy-plane (Figure 3b). In ABAQUS software, there is no need for special commands to define the axial symmetric problem, but, necessarily, the mesh can be constructed only from axial symmetric elements. The following element types were used for the tyre model:




	
CAX4 (4-node bilinear continuum element) for linear elastic or elastic–plastic materials;



	
CAX4H (4-node bilinear hybrid continuum element) for hyper elastic materials;



	
SFMAX1 (2-node linear membrane-like surface element) for rebar.








Surface elements are, by their appearance, membrane elements with no thickness. They are usually applied for defining surplus weight or distributed loading on the surface, but they are also useful for the simplified consideration of the rebar of the tyre.



A great advantage of the SFMAX1 surface element is that the rebar has to be modelled only in the radial section, and the cross-section of the rebar can be given by parameters that are independent of the finite element mesh. A further advantage is that the surface elements do not need to join with nodes to the other elements of the finite element mesh; these can be defined as an embedded element. In the tyre model, the material of the rubber is the “host element” assigned to the rebar.



The clamping of the axial symmetric model is at the intersection of the axis of the rotation of the wheel and the axis of symmetry of the tyre (Figure 3b). Some degrees of freedom (DOFs) of the clamping point have to be constrained, namely, the 2 (U2) and the 6 (UR3) degrees of freedom, in order to obtain no displacement along the axis of rotation; moreover, the radial cross-section cannot turn around its plane.



The cross-section of the tyre model in Figure 3a reflects the state before the inflation and the nesting onto the body of the wheel. The interaction between the body of wheel and the tyre was worked out based on the tear analysis of the rebar published by [20].



At the beginning of the simulation, a tensile stress value of 30 MPa was given in the strands at a longitudinal direction, which provided a fine nesting of the tyre rim onto the body of the wheel. The tyre rim on the body of the wheel may slip during inflation (here, a friction coefficient of 0.3 was chosen); moreover, in case of a radical surplus pressure, the rim may even detach from the body of the wheel. At this point, it was already worth comparing the stresses in the tyre and the shape of the inflated tyre to the measurement results ([20,21]). Considering the further step of the tyre–pavement interaction simulation, here, in the axial symmetric model, the contact surface of the tread was already defined.




3.2.2. The 3D Full-Body Model


The 2D axial symmetric model of the rubber tyre is a simulation of a particularly quick run, despite the contact surfaces, which means a run time of less than one minute in a normal workstation (4 CPU with 3.5 GHz clock speed). A similar task in 3D requires several tens of minutes, even at unaltered performance. Nevertheless, for the next steps of the research study, where the interaction between the pavement and the tyre was analysed, it was indispensable to increase the complexity of the finite element model. ABAQUS software was able to generate a 3D model from the 2D axial symmetric model by applying the *SYMMETRIC MODELL GENERATION command, projecting the stress state of the axial symmetric model to the 3D mesh. After this projection, we had to perform a calculation called the equilibrium step in order to obtain a real equilibrium state of the projected stress state in the 3D model.



In the generation process for the 3D full-body model of the tyre, it was worth generating a finer mesh, at the parts where the tyre–pavement interaction was expected, while applying a coarser approximation for the other elements, in this way sparing the computational time and hardware performance (Figure 4). The CCL 12 cylindrical finite element was applied at the coarse mesh parts of the model, because these elements can better track the cambered spatial parts with their surplus nodes placed at the perimetrical direction. For modelling the contact surface, it is recommended to choose traditional elements in order to achieve the equilibrium state quicker during the solution. In the generation process for the 3D model, the node, element, and contact surface groups defined in the axial symmetric model developed automatically, which is why, already in the 2D model, the contact surfaces required for the tyre–pavement interaction were defined. At this step, it was necessary to input the road pavement structure model by applying the *INCLUDE command. It is advisable to place the mesh of the road pavement slightly far from the tyre mesh; thus, the two meshes remain initially distant. For the simulation of the tyre–pavement contact, the contact pairs and their interaction characteristics are given.



For the proper contact definition, the “softer” material, that is, the tread of the tyre, requires a finer meshing, and it can be chosen as the “slave” surface in the contact pair. Since, in this research study, only the static loading case was analysed, there was no need to define a complex friction model between the road pavement (the wearing course) and the tyre. Moreover, as observed by [24,25], the non-friction connection provides more realistic results. This observation is explained by the fact that, because of the friction effect, shear stresses and faults occur at the rim of the tread pattern of the tyre. This scenario does not occur in case of the rolling movement of the tyre, nor in case of the standing position derived from its rolling movement. The clamping of the tyre was at the same point in the 3D model, although all 6 degrees of freedom were constrained and the inflation pressure of the tyre was considered as a distributed load.





3.3. The Simplified Finite Element Model of the Rubber Tyre


Proceeding from the above-mentioned complex finite element model of the rubber tyre, another, by far more simplified tyre model was created. This simplified model is suitable not only for describing the load transition, but also for parametric analysis, since the complexity of the simulation and, consequently, the running time are significantly decreased. The following main points were taken into account at the stage of model definition:




	
Tyre stiffness: the load transition is possibly described at the proper accuracy in the model;



	
Parametric analysis: the preparation simulations (i.e., inflation) had to run quickly;



	
The structure of the FEM model: adjusting tyre parameters independently of the finite element mesh (i.e., thickness of the sidewall, composition of belts, etc.);



	
The model had to be suitable for explicit simulations, even as a rotating body, without corrupting the integration time.








The simplified tyre model consisted of a combination of shell and continuum elements, primarily modelled in 3D. For the complex geometry of the tread, reduced integration linear continuum elements (C3D8R) were chosen, while, for the other parts of the tyre model, reduced integration linear shell elements (S4R) were chosen. The connection between continuum and shell elements is a tied contact (*TIED), considering the shift of the middle surface of the shell elements and their thickness. The steel body of the wheel was modelled only by its middle surface, supposing an 8-mm wall thickness, and its material was considered as linear elastic, applying the standard parameters of structural steel.



The basic idea of the simplified tyre model is that it keeps all the realistic material parameters used for the complex model. The inner structure of the tyre, being the most complicated part requiring a lot of information, was redefined, applying composite layered structure shell elements of various materials, using the composite supplementary function of ABAQUS software. The shell elements, in this case, were grouped into 9 groups and the characteristics of each were defined specifically, describing the composition of the complex tyre as precisely as possible. The following material groups were distinguished in the layered structure:




	
Rubber sidewall: homogeneous, isotropic, hyper elastic rubber layer;



	
Rubber filler: homogeneous, isotropic, hyper elastic rubber layer;



	
Carcass: simplified, it is a homogeneous, orthotropic thin plate;



	
Steel cord: simplified, it is a tight steel ring in the composite layer;



	
Steel chafer: simplified, it is a homogeneous, orthotropic thin plate;



	
Belt layer: simplified, it is a homogeneous, orthotropic thin plate, where the grainline substantially influences the stiffness of the tread of the tyre.








In the case of a composite shell element, the material parameters and grainline were defined in a cylindrical coordinate system, assigned to the tyre model. Table 5 shows the layer structure of element groups, where the order of layers started from the inner wall of the tyre and advanced outwards. Figure 5 and Figure 6 illustrate the shell element groups and the layered structure. The tread out of continuum elements was associated with the material property of tread rubber (Table 4).



In Table 5, the isotropic materials that are reported had an angle of 0 degrees, since, in ABAQUS, it is obligatory to input the grainline for any composite shell element. The total thickness of the composite shell element is the sum of its layer thicknesses. The thicknesses of the rubber layer were collected from the cross-sectional drawing. The determination of the thicknesses of the carcass and the various belt layers proved to be difficult, because these are defined, in the composite shell element, as a thin, homogeneous, orthotropic plate, not as individual wire fibres. The determination of their thicknesses, therefore, was based on the moments of inertia, calculated from the cross-section. The composition, similar to the case of the complex model, was based on the cross-sectional drawing of the DTA 275/80R22.5-type tyre, published by [5].




3.4. The Tyre–Pavement Interaction Simulation


The behaviour of the two kinds of finite element tyre models was analysed in detail by the tyre–pavement interaction, since stresses and strains occurring in the flexible road pavement structure can be mainly connected to this process. As the classical design procedures usually substitute the contact area of the twin tyres, loading the road pavement structure, with an evenly distributed load system on a circular plate of a radius, this loading case was also calculated in our research work for comparison purposes. Figure 7a shows the actual real tyre position and loading, while Figure 7b illustrates the equivalent contact area of the circular plate model. The layer structure and material parameters of the analysed road pavement structure are given in Table 2. In addition to the contact area and stress below the tyres, critical stresses and strains in the flexible road pavement structure were also calculated. When solving design tasks, it is usually sufficient to obtain stresses at critical points on the load axis, because these prove to be critical stresses. In the case of structural materials with cohesion, the points of these critical stresses are at the bottom of the layer on the load axis, while, in the case of structural materials without cohesion (granular layers and subgrade), there are at the top of the layer. These points of analysis are indicated by orange dots in Figure 7 and are as follows:




	
(A), (D) The vertical displacement of the pavement (   u  z z     deflection);



	
(B), (E) The horizontal    ε  y y     specific strain at the bottom of the lower asphalt layer;



	
(C), (F) The vertical    ε  z z     specific compression on the top of the subgrade.
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Figure 7. The realistic twin tyre loading (a) and the substituting circular plate model with equivalent contact area (b). 






Figure 7. The realistic twin tyre loading (a) and the substituting circular plate model with equivalent contact area (b).
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The loading case shown in Figure 7a was analysed using the ABAQUS finite element software, while the simple circular plate model shown in Figure 7b was analysed using the WESLEA (Waterways Experiment Station Layered Elastic Analysis) software (see below, in Section 4.3), applying the theory of the multi-layer elastic analysis (MLEA).



The first step of the finite element tyre–pavement contact surface simulation is the pressing of the tyre model onto the road pavement. To achieve convergence, it is practical to give a predefined shift for the clamping of the tyre, as a boundary condition, until the establishment of the contact. In the beginning, the distance of the tread of the inflated tyre and the road pavement was 2 mm. The predefined shift was chosen as 6 mm, in the case of one tyre, and about 1600 N counterforce in the boundary condition.



The further steps of the simulation consisted of gradually loading the pointwise vertical wheel load on the model, resulting in the spreading of the contact area. It is important to choose the friction as zero, until the full contact area is established, because, this way, the tyre profile may spread better on the road pavement, high shear stresses do not occur during the spreading of the contact area, and the deformation of the tyre is better, equivalent to its rolling state. The tyre–pavement interaction simulation matrix is summarised in Table 6, taking into account the recommendations of the tyre manufacturer for the allowable loading and tyre pressure. According to these recommendations, not only were the prescribed operational load and pressure scenario simulated, but the low-pressure tyre behaviour was also simulated.





4. Results and Discussion


4.1. The Required Running Time of Finite Element Models


The complex and the simplified tyre models were significantly different, considering the applied element types and the numbers of elements. According to Table 7, the road pavement structure model shared about 90% of the summarised number of elements of the simplified tyre finite element model and of the road pavement structure finite element model, while this proportion, in the complex model, was only 50%. Consequently, the total running time depended on the elaboration of the road pavement structure model.



Comparing the working of the two different tyre models and the running times required for each simulation step, the observations showed that the largest difference could be found in the preparation phase. The running time of the preparation phase of the simple tyre model was 15-fold quicker than that of the complex model. The running time for each simulation phase shown in Figure 8 was equal to the total processing time (CPU time). That means that, if the simulation ran on more processor cores, the running time would have decreased proportionally. According to Figure 8, the elaboration of one contact simulation, applying the complex model, requires, in total, about 107 CPU hours (at 22 threads, about 4.9 h). After the first preparation phase and interaction simulations, it was possible to alter the load and the tyre pressure, which means that the result of another experimental condition could be reached in 67.4 CPU hours (at 22 threads, about 3 h). In the case of the simple tyre model, the elaboration of the contact simulation required, in total, 35.4 CPU hours (at 22 threads, about 1.6 h). In the case of any further modification of the load and the tyre pressure, the simulation time decreased to 15.8 CPU hours (at 22 threads, about ¾ of an hour). This means that the simulation time applying the simple model was less than ¼ of that of the complex model.



Further time could be saved by applying reduced integration elements for the calculation of the road pavement structure model. In that case, the time of the interaction simulation decreased to 13.9 CPU hours (at 22 threads, about 0.63 h), while the time of the load simulation decreased to 11.8 CPU hours (at 22 threads, about ½ an hour), resulting in a further 30% time savings.




4.2. Comparison of the Behaviour of Finite Element Tyre Models


Differences between the two finite element tyre models were analysed at various tyre pressures and axle loads according to Table 6. The results consist of stresses in structures as well as contact areas and contact stresses of the tyre on the pavement, reflecting closely the results in the literature [25,26].



In the inflation process of the tyre models, it could be observed that the tight surface in the complex model first lay on and tightened to the rim of the body of wheel and, afterward, it tumbled over. The current, simple model was not able to describe this deformation process; consequently, the deformation of the sidewall was not the same during inflation. The treads of the two models show nearly the same deformation; however, looking at Figure 9, it can be observed that the tread rims of the simple model moved on a larger arc, which means that the middle of the tread received a higher part from the axle load.



Based on the finite element simulation, the contact area of the complex tyre model could be well approximated by a rectangle (see Figure 10). This answers to the behaviour of real radial tyres because these can be deformed only in the longitudinal direction and not in the transversal direction [27]. At the operational tyre inflation pressure and the highest allowed axle load, the distribution of contact stresses could be considered as an ellipsoid. However, in the case of low tyre pressure, the tread contacted the road surface unevenly; therefore, the middle of the tyre rose slightly, and the loading concentrated to the two sides of the tyre because of its stiffness. Consequently, the load distribution was not uniform and, according to Table 8, stress peaks (   q  m a x    ) may occur, reaching 2–3-fold of the average contact pressure. However, this did not cause a problem, if only the stresses in the wearing course or the rutting were analysed, because the surplus pressures were equalised at 5–8 cm below the road surface, according to the FEM model.



The simplified tyre model had a smaller contact area (that was because of smaller compression values; see Figure 10); moreover, it had a larger loading on the road pavement structure at the middle of the tread. The shape of the contact area was elliptical or circular, which is characteristic for diagonal tyres since it allows significant displacements in both directions to happen. Within the contact area of the simple tyre, three stress peaks could be observed, namely, in the middle, an elongated elliptical one and, next to it, on both sides, circular ones. The shape of the contact area confirmed the shape of the deformation, analysed during inflation.



The difference in the behaviour of the simplified tyre model can be explained mainly by the fact that the applied thin orthotropic plate-like shell element did not adequately describe the rebar of the tyre. The mechanical behaviour of the tyre is determined mainly by the construction of the carcass. Moreover, the layered shell elements react on shear stresses with a stiffer behaviour.



The next step of our research study was to establish a connection among the average contact pressure q, the wheel load F, and the inflation pressure of the tyre p. The empirical connection (5) of [11], based on laboratory tests, was applied (Figure 11a). The parameters of the function were determined by the least squares method using data from Table 6, as follows:




	1.

	
In the case of the complex tyre model (R2 = 0.973),


      q = 7.154 F + 0.272 p + 152.38 .        



(7)








	2.

	
In the case of the simplified tyre model (R2 = 0.979),


      q = 0.007 p F + 3.78 F + 545.56 .      



(8)













In the case of the complex tyre model, the mixed effect of  p  and  F  could not be demonstrated, while, in the case of the simplified tyre model, the effect of the  p  inflation pressure vanished. The importance of the   C ′   prime constant, characterising the “flexibility” of the tyre, was also strengthened by the finite element simulation.



Considering the fact that tyre manufacturers provide values of allowable inflation pressure and wheel load for operation, Equations (7) and (8) can be further simplified (Figure 11b). The connection between the allowable wheel load and the inflation pressure of the tyre can be described by a linear function, according to the manufacturers’ data (R2 = 0.99):


      F = 0.0248 p + 6.30 .        



(9)







Substituting Equation (9) into Equations (7) and (8), the connection between the average contact pressure under operational conditions and the inflation pressure can be described as follows:




	1.

	
In case of the complex tyre model,


      q = 0.449 p + 197.45 .      



(10)








	2.

	
In case of the simplified tyre model,


      q = 0.000174  p 2  + 0.1378 p + 569.38 ≈ 0.334 p + 512.57 .      



(11)













Applying Equations (10) and (11), the average contact pressure  q  on the pavement surface can be estimated from the inflation pressure of the tyre  p .



The author of [11], in his original paper, analysed the tyres of various manufacturers, i.e., Michelin, Firestone, Goodyear, and General, and, by averaging laboratory test results, obtained a linear connection (see Table 1) similar to that obtained in our research study. By plotting and comparing the two linear model equations (Figure 11c), it can be seen that the result of the complex finite element tyre model is close to the laboratory results of the Goodyear and General tyres, which proves our results. On the contrary, the results of the simplified tyre model significantly differ. However, in the work of [28], it was stated that the model of [11], in the case of plain surface diagonal tyres, underestimated the contact stress; therefore, in that case, its use is not recommended. Since, by the shape of the contact area, the behaviour of the simplified tyre model was more similar to diagonal tyres, it was worth comparing it with the modified model equation, as recommended by [28]:


      q = 0.723 p + 310 .      



(12)







In this case, the similarity is better; consequently, the behaviour of the simplified tyre model also describes a real tyre type. However, it is still true that the simplified finite element tyre model was not able to provide the behaviour of the complex tyre model since there were differences in the shape and size of the contact area as well as in the value and distribution of contact stresses. The variant behaviour of the two types of finite element tyre models was well described numerically by the   C ′   factor, which depends on the “flexibility” of the tyre.




4.3. Assessment of Tyre Models Considering the Road Pavement Structure


The stresses and strains in the flexible road pavement structure calculated by the two types of finite element tyre models, between two tyres of a twin tyre (at the axis of the twin tyre), are summarised in Table 9, while those straight below the tyre are summarised in Table 10. The first row of the tables’ heading contains the analysed points (from A to F) in the road pavement structure, illustrated in Figure 7. A significant difference is visible in case of the vertical    u  z z     displacements or deflections below the tyre (Point D). This can be explained by the fact that the simplified tyre model had a higher contact stress at the direct contact point. The same explanation is valid for the higher    ε  y y     specific strains in the lower part of the asphalt layer (Point E). These differences decreased at the axis of the twin tyre (Points A and B), since the contact area of the simplified tyre model was smaller; therefore, it had less effect on more distant places. The    ε  z z     specific vertical compression values on the top of the subgrade (Points C and F) are in good correlation.



In practical calculations, i.e., pavement strengthening design, the loaded area of twin tyres is substituted by a circle of an area identical to the real contact area. The diameter of this substituting circle was also calculated in our research study, using the following equation:


      a ≈ 564   F / q   ,      



(13)




where  a  is in mm and  q  is in kPa. The average contact pressure  q  is given by Equation (7) for the complex twin tyre model. The stresses and strains in the critical points of the flexible road pavement structure were calculated via WESLEA software, and they were compared to the results of the complex finite element twin tyre simulation (see Table 11 and Table 12).



The greatest differences occurred in the case of the vertical    u  z z     displacements or deflections (Points A and D). The finite element pavement structure model—despite applying infinite elements—provided significantly lower (at 50–55%) values than the calculation based on the flexible-layer theory. This can be explained by the fact that WESLEA software, based on the theory of [13,14,15], summarises vertical specific displacements up to the infinite, providing supposedly higher displacement values than in reality. These high differences, observed in the case of deflections, require attention in the assessment of load-bearing capacity measurements based on vertical deflections, i.e., Benkelman beam, Lacroix, or Curviameter devices.



The values of the horizontal x- and y-direction    ε  x x     and    ε  y y     specific strains in the lower part of the asphalt layer (Points B and E) are in very good agreement with the results of the WESLEA software. In case of the vertical    ε  z z     specific compression on the top of the subgrade (Points C and F), there was a slightly greater difference of 4–5%, the analytic solution being higher; however, it can still be regarded as being in good agreement. Based on the data in Table 11 and Table 12, it can be stated that stresses and strains for asphalt layer fatigue (Points B and E) and for subgrade compression (Points C and F) criteria can be accurately estimated by applying an evenly distributed load system on two circular plates substituting twin tyres, choosing the average contact stress  q  in a realistic way. In the case of the calculation of the critical deflection (Points A and D) for the vertical displacement criterium, this statement is not true. Further research is required for clarifying the cause of this phenomenon.





5. Summary


A complex finite element model of the tyre–pavement interaction was developed in this research study using ABAQUS finite element software. The developed model was sophisticated enough for the detailed analysis of the contact interaction; moreover, by applying appropriate material parameters, the model was also deemed suitable for further research work. In preparing the finite element simulation, considerable help was provided by the ABAQUS software manual [29], including many useful examples and pieces of information. Our results from the finite element simulation are in good agreement with literature data; therefore, a connection among the average contact pressure  q , the wheel load  F , and the inflation pressure of the tyre p was established. The results of our analysis show that the empirical equation published by [11], based on laboratory tests, can be appropriately applied for the determination of the average contact pressure  q . Comparison calculations were performed using the average contact pressure  q  and the radius of the substituting circle of the tyre contact area on the pavement surface  a  in order to compare the performance of the finite element twin tyre simulation and the substituting circular plate model. The results of the finite element simulation are in good agreement with the results of WESLEA pavement structure design software, the only exception being the vertical    u  z z     displacements or deflections. Critical stresses and strains for the asphalt layer fatigue and the subgrade compression criteria could be accurately determined by substituting the twin circular plate model.



Based on the complex rubber tyre model, a second, simplified tyre model was also developed in order to analyse the tyre–pavement interaction not only under static but also under dynamic conditions. The basic idea of keeping all material characteristics and only rebuilding the carcass applying composite shell elements did not prove to be a satisfactory direction. The results of the simplified model do not indicate the behaviour of the radial tyre, but rather of the diagonal tyre, regarding contact areas and stresses. It is possible that a better approximation of the layered structure of the complex radial tyre can be provided by using nominal material parameters, determined in an iterative way. Regarding the objective function, temporarily, the empirical model of [11] seems to be a good choice. Analysing stresses and strains in the flexible road pavement structure, the complex and the simplified models mainly provided similar results, concerning practical considerations. Therefore, the simplified model is also suitable for the design of a new or strengthened road pavement structure, as it has a considerably lower computational demand, which means that it is also suitable for analysing dynamic cases. The simplified tyre model makes it possible to further develop the finite element model of the road pavement structure, keeping its composition almost unaltered, incorporating viscoelastic or even viscoelastic–plastic material models and taking into account the displacement between layers.



Finally, the example of the two finite element tyre models, developed by different modelling approaches, indicates that the stiffness of rubber tyre models can vary in a wide range, even starting from the same geometry and materials. Consequently, our recommendation is that the simplified contact pressure model of any finite element tyre model is always published, as this would help the reproduction of research results by other researchers, even in the absence of originally used software.
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Figure 1. The power play of an absolutely flexible balloon (a) and a balloon with wall stiffness (b) contacting a smooth horizontal plane. 
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Figure 2. The analysed domain of the road pavement structure and its finite element mesh. 
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Figure 3. Cross-section view of radial tyre published by [5] (a); finite element mesh of the axial symmetric tyre model (b). 
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Figure 4. Symmetric results for static 3D tyre analysis of the tyre–pavement interaction. 
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Figure 5. Composite shell elements groups from 1 to 9 (transparent in the background, there is the complex tyre model). 
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Figure 6. Example of a layered structure shell element: SH-120 element (#9) group with 9 layers. 
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Figure 8. Comparison of the running time of simulation phases of complex and simple tyre models, where the top row shows the complex tyre model and the bottom row shows the simple tyre model. 
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Figure 9. Comparison of deformation in the two types of finite element tyre models at 730 kPa pressure. 
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Figure 10. Parts of interaction simulation results: the contact area and contact stress distribution of the complex FEM tyre model (left panel) and of the simplified FEM tyre model (right panel). 
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Figure 11. The average contact pressure of the twin tyre depending on the inflation pressure and the (F/2) wheel load (a); the connection between the operational tyre pressure recommended by the manufacturer and the (F/2) wheel load (b); the connection between the average contact pressure and the operational tyre pressure (c). 
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Table 1. Relationship among contact pressure, inflation pressure, and wheel load, according to [11].
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Tyre Types

	
Model Parameters




	
     a 1       

	
     a 2       

	
     b 1       

	
    C ′    






	
07.50–15 Michelin Radial

	
−0.0029

	
13.0

	
0.520

	
52.0




	
08.25–20 × 10 Firestone Transport

	
0.0130

	
10.5

	
0.119

	
125.9




	
09.00–20 × 10 Firestone

	
0.0240

	
−0.9

	
−0.001

	
259.6




	
10.00–20 × 14 Papaleguas Goodyear Brazil

	
0.0020

	
6.8

	
0.330

	
110.0




	
11.00–20 × 14 General SDT

	
0.0080

	
2.3

	
0.040

	
313.0




	
11.00–22 × 14 General Jet Cargo

	
0.0090

	
2.6

	
0.098

	
211.0
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Table 2. Layers and their linear elastic material characteristics in the analysed road pavement structure.
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	Layer Name
	Thickness, h (mm)
	Young’s Modulus, E (MPa)
	Poisson’s Ratio, µ (-)





	Asphalt wearing course
	40
	4000
	0.35



	Asphalt binder and base
	200
	5500
	0.35



	Crushed stone base
	250
	350
	0.40



	Subgrade
	infinite
	50
	0.45
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Table 3. Geometric dimensions of the composite structure of the DTA 275/80R22.5-type tyre.
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#

	
Tyre Region

	
Material Name

	
Ply

	
Angle (°)

	
Cross-Section

	
Dimension

(mm)

	
Spacing

(mm)






	
01

	
tread

	
tread rubber

	
MAIN STRUCTURE




	
02

	
sidewall

	
sidewall rubber




	
03

	
bead filler

	
bead rubber




	
04

	
bead

	
bead rubber




	
05

	
rim

	
castor steel




	
06

	
belt

	
belt steel

	
1

	
50

	
circle

	
R 0.25

	
1.16




	
2

	
78

	
circle

	
R 0.25

	
1.16




	
3

	
102

	
circle

	
R 0.25

	
1.16




	
4

	
78

	
circle

	
R 0.25

	
1.16




	
07

	
carcass

	
carcass steel

	
1

	
+12

	
circle

	
R 0.40

	
0.80




	
2

	
−12

	
circle

	
R 0.40

	
0.80




	
08

	
chafer belt

	
chafer belt steel

	
1

	
90

	
circle

	
R 0.36

	
1.19




	
09

	
nylon chafer

	
chafer nylon

	
1

	
90

	
circle

	
R 0.36

	
1.00




	
10

	
steel chafer

	
chafer steel

	
1

	
90

	
circle

	
R 0.36

	
1.19




	
11

	
strands

	
wire steel

	
8 × 6

	
90

	
rectangle

	
2.0 × 1.3

	
0.00
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Table 4. Material parameters of the composite structure of the DTA 275/80R22.5-type tyre.
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#

	
Material Name

	
Model of Material

	
Model Parameters

	
Unit

	
Literary Source






	
06

	
belt steel

	
Elastic

(Hook)

	
ρ

	
7.80 × 10−9

	
t/mm3

	
[18,19,22]




	
E

	
174,700

	
N/mm2




	
µ

	
0.3

	
-




	
11

	
wire steel

	
Elastic

(Hook)

	
ρ

	
5.90 × 10−9

	
t/mm3

	
[19]




	
E

	
207,000

	
N/mm2




	
µ

	
0.3

	
-




	
07

	
carcass steel

	
Elastic

(Hook)

	
ρ

	
1.39 × 10−9

	
t/mm3

	




	
E

	
16,870

	
N/mm2




	
µ

	
0.3

	
-




	
08

10

	
chafer belt steel

	
Elastic

(Hook)

	
ρ

	
1.50 × 10−9

	
t/mm3

	




	
E

	
9870

	
N/mm2




	
µ

	
0.3

	
-




	
09

	
chafer nylon

	
Elastic

(Hook)

	
ρ

	
1.50 × 10−9

	
t/mm3

	




	
E

	
3970

	
N/mm2




	
µ

	
0.3

	
-




	
01

	
tread rubber

	
Hyper elastic

(Yeoh)

	
ρ

	
1.10 × 10−9

	
t/mm3

	
[23]




	
C10

	
6.16 × 10−1

	
N/mm2




	
C20

	
−1.91 × 10−1

	
N/mm2




	
C30

	
4.75 × 10−2

	
N/mm2




	
D1

	
8.12 × 10−2

	
mm2/N




	
D2

	
8.12 × 10−2

	
mm2/N




	
D3

	
8.12 × 10−2

	
mm2/N




	
Viscoelastic

(Prony)

	
gi

	
0.3

	
-

	
[18]




	
ki

	
0.0

	
-




	
τi

	
0.1

	
s




	
02

	
sidewall rubber

	
Hyper elastic

(Yeoh)

	
ρ

	
1.12 × 10−9

	
t/mm3

	
[17,23]




	
C10

	
4.88 × 10−1

	
N/mm2




	
C20

	
−1.41 × 10−1

	
N/mm2




	
C30

	
3.86 × 10−2

	
N/mm2




	
D1

	
1.03 × 10−1

	
mm2/N




	
D2

	
1.03 × 10−1

	
mm2/N




	
D3

	
1.03 × 10−1

	
mm2/N




	
Viscoelastic

(Prony)

	
gi

	
0.3

	
-

	
[18]




	
ki

	
0.0

	
-




	
τi

	
0.1

	
s




	
03

04

	
bead rubber

	
Hyper elastic

(Yeoh)

	
ρ

	
1.10 × 10−9

	
t/mm3

	
[18,23]




	
C10

	
8.76 × 10−1

	
N/mm2




	
C20

	
−2.93 × 10−1

	
N/mm2




	
C30

	
7.94 × 10−2

	
N/mm2




	
D1

	
5.71 × 10−2

	
mm2/N




	
D2

	
5.71 × 10−2

	
mm2/N




	
D3

	
5.71 × 10−2

	
mm2/N




	
Viscoelastic

(Prony)

	
gi

	
0.3

	
-

	
[18]




	
ki

	
0.0

	
-




	
τi

	
0.1

	
s




	
05

	
castor steel

	
Elastic

(Hook)

	
ρ

	
7.80 × 10−8

	
t/mm3

	
[19]




	
E

	
207,000

	
N/mm2




	
µ

	
0.3

	
-
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Table 5. Structural composition of the simplified tyre model.
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#

	
Shell Element Description

	
Ply

	
Thickness (mm)

	
Material Name

	
Angle (°)






	
1

	
SH-340

tyre sidewall with strand

	
01

	
2.40

	
02—sidewall rubber

	
0




	
02

	
0.61

	
07—carcass steel

	
102




	
03

	
0.61

	
07—carcass steel

	
78




	
04

	
8.38

	
03/04—bead rubber

	
0




	
05

	
10.0

	
11—wire steel

	
0




	
06

	
8.38

	
03/04—bead rubber

	
0




	
07

	
0.61

	
07—carcass steel

	
102




	
08

	
0.61

	
07—carcass steel

	
78




	
09

	
2.40

	
02—sidewall rubber

	
0




	
2

	
SH-280

tyre sidewall

	
01

	
5.00

	
02—sidewall rubber

	
0




	
02

	
0.43

	
08/10—chafer belt steel

	
0




	
03

	
5.00

	
03/04—bead rubber

	
0




	
04

	
0.43

	
08/10—chafer belt steel

	
0




	
05

	
0.61

	
07—carcass steel

	
102




	
06

	
0.61

	
07—carcass steel

	
78




	
07

	
11.7

	
03/04—bead rubber

	
0




	
08

	
0.61

	
07—carcass steel

	
102




	
09

	
0.61

	
07—carcass steel

	
78




	
10

	
3.00

	
02—sidewall rubber

	
0




	
3

	
SH-200

tyre sidewall

	
01

	
5.00

	
02—sidewall rubber

	
0




	
02

	
0.43

	
08/10—chafer belt steel

	
0




	
03

	
8.69

	
03/04—bead rubber

	
0




	
04

	
0.61

	
07—carcass steel

	
102




	
05

	
0.61

	
07—carcass steel

	
78




	
06

	
4.66

	
02—sidewall rubber

	
0




	
4

	
SH-140

tyre sidewall

	
01

	
8.50

	
02—sidewall rubber

	
0




	
02

	
0.61

	
07—carcass steel

	
102




	
03

	
0.61

	
07—carcass steel

	
78




	
04

	
4.28

	
02—sidewall rubber

	
0




	
5

	
SH-120

tyre sidewall

	
01

	
5.90

	
02—sidewall rubber

	
0




	
02

	
0.61

	
07—carcass steel

	
102




	
03

	
0.61

	
07—carcass steel

	
78




	
04

	
4.88

	
02—sidewall rubber

	
0




	
6

	
SH-170

tyre sidewall

	
01

	
11.0

	
02—sidewall rubber

	
0




	
02

	
0.61

	
07—carcass steel

	
102




	
03

	
0.61

	
07—carcass steel

	
78




	
04

	
4.78

	
02—sidewall rubber

	
0




	
7

	
SH-170

tyre belt

	
01

	
3.00

	
02—sidewall rubber

	
0




	
02

	
0.25

	
06—belt steel

	
−12




	
03

	
0.25

	
06—belt steel

	
+12




	
04

	
0.25

	
06—belt steel

	
−12




	
05

	
4.80

	
02—sidewall rubber

	
0




	
06

	
0.61

	
07—carcass steel

	
102




	
07

	
0.61

	
07—carcass steel

	
78




	
08

	
7.23

	
02—sidewall rubber

	
0




	
8

	
SH-140

tyre belt

	
01

	
2.07

	
02—sidewall rubber

	
0




	
02

	
0.25

	
06—belt steel

	
−12




	
03

	
0.25

	
06—belt steel

	
+12




	
04

	
0.25

	
06—belt steel

	
−12




	
05

	
3.90

	
02—sidewall rubber

	
0




	
06

	
0.61

	
07—carcass steel

	
102




	
07

	
0.61

	
07—carcass steel

	
78




	
08

	
6.06

	
02—sidewall rubber

	
0




	
9

	
SH-120

tyre belt

	
01

	
0.92

	
02—sidewall rubber

	
0




	
02

	
0.25

	
06—belt steel

	
−40




	
03

	
0.25

	
06—belt steel

	
−12




	
04

	
0.25

	
06—belt steel

	
+12




	
05

	
0.25

	
06—belt steel

	
−12




	
06

	
2.80

	
02—sidewall rubber

	
0




	
07

	
0.61

	
07—carcass steel

	
102




	
08

	
0.61

	
07—carcass steel

	
78




	
09

	
6.06

	
02—sidewall rubber

	
0
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Table 6. The tyre–pavement interaction simulation matrix.






Table 6. The tyre–pavement interaction simulation matrix.





	
Tyre Pressure (kPa)

	
F/2 Load on One Tyre (kN)




	
Operation Load

	
Overload

	
Extreme Overload






	
430

	
17.5

	
20.0

	
22.5




	
530

	
20.0

	
22.5

	
25.0




	
630

	
22.5

	
25.0

	
27.5




	
730

	
25.0

	
27.5

	
30.0
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Table 7. Element types and the number of elements applied in the two types of finite element tyre models.






Table 7. Element types and the number of elements applied in the two types of finite element tyre models.





	
Element Type

	
Complex Model (Per Tyre)

	
Simple Model (Per Tyre)




	
Number of Elements

	
Usage

	
Number of Elements

	
Usage






	
Continuum element

	
92,904

	
all tyre parts and the body of wheel

	
6000

	
tread




	
Shell element

	
0

	
not applied

	
2000

	
body of wheel




	
Composite shell element

	
0

	
not applied

	
4200

	
all tyre parts except the tread




	
Membrane element

	
10,500

	
strengthening of the tyre,

carcass, belts etc.

	
0

	
not applied




	
Total number of elements

	
103,404

	
12,200
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Table 8. Results of the tyre–pavement interaction simulations.






Table 8. Results of the tyre–pavement interaction simulations.





	
F (kN)

	
p (kPa)

	
Complex Tyre FEM Model

	
Simple Tyre FEM Model




	
qmax (kPa)

	
qavg (kPa)

	
Proportion (-)

	
qmax (kPa)

	
qavg (kPa)

	
Proportion (-)






	
17.5

	
430

	
801

	
391

	
2.0

	
1464

	
717

	
2.0




	
20.0

	
430

	
996

	
414

	
2.4

	
1466

	
700

	
2.1




	
22.5

	
430

	
1192

	
431

	
2.8

	
1475

	
696

	
2.1




	
20.0

	
530

	
788

	
441

	
1.8

	
1527

	
730

	
2.1




	
22.5

	
530

	
932

	
469

	
2.0

	
1549

	
720

	
2.2




	
25.0

	
530

	
1104

	
471

	
2.3

	
1563

	
729

	
2.1




	
22.5

	
630

	
932

	
469

	
2.0

	
1608

	
736

	
2.2




	
25.0

	
630

	
918

	
516

	
1.8

	
1637

	
747

	
2.2




	
27.5

	
630

	
1031

	
511

	
2.0

	
1651

	
769

	
2.1




	
25.0

	
730

	
940

	
531

	
1.8

	
1696

	
759

	
2.2




	
27.5

	
730

	
971

	
560

	
1.7

	
1722

	
782

	
2.2




	
30.0

	
730

	
1036

	
557

	
1.9

	
1736

	
816

	
2.1











[image: Table] 





Table 9. Stresses and strains in the flexible road pavement structure between two tyres of the twin tyre.






Table 9. Stresses and strains in the flexible road pavement structure between two tyres of the twin tyre.





	
F/2

(kN)

	
p

(kPa)

	
A

	
B

	
C




	
uzz

	
εxx

	
εyy

	
εzz




	
Complex

	
Simple

	
Error

	
Complex

	
Simple

	
Error

	
Complex

	
Simple

	
Error

	
Complex

	
Simple

	
Error






	
17.5

	
430

	
−0.190

	
−0.192

	
1.1%

	
64,231

	
66,684

	
3.8%

	
37,338

	
34,519

	
−7.5%

	
−172,790

	
−176,405

	
2.1%




	
20.0

	
430

	
−0.217

	
−0.220

	
1.4%

	
72,651

	
76,111

	
4.8%

	
43,006

	
39,733

	
−7.6%

	
−196,978

	
−201,465

	
2.3%




	
22.5

	
430

	
−0.244

	
−0.247

	
1.2%

	
80,737

	
85,434

	
5.8%

	
48,678

	
45,019

	
−7.5%

	
−220,977

	
−226,480

	
2.5%




	
20.0

	
530

	
−0.217

	
−0.220

	
1.4%

	
73,055

	
76,108

	
4.2%

	
42,195

	
39,607

	
−6.1%

	
−196,690

	
−201,511

	
2.5%




	
22.5

	
530

	
−0.243

	
−0.247

	
1.6%

	
81,511

	
85,446

	
4.8%

	
47,808

	
44,861

	
−6.2%

	
−220,820

	
−226,534

	
2.6%




	
25.0

	
530

	
−0.270

	
−0.274

	
1.5%

	
89,684

	
94,690

	
5.6%

	
53,424

	
50,143

	
−6.1%

	
−244,752

	
−251,511

	
2.8%




	
22.5

	
630

	
−0.242

	
−0.247

	
2.1%

	
81,718

	
85,441

	
4.6%

	
46,998

	
44,708

	
−4.9%

	
−220,251

	
−226,569

	
2.9%




	
25.0

	
630

	
−0.269

	
−0.274

	
1.9%

	
90,180

	
94,711

	
5.0%

	
52,563

	
49,978

	
−4.9%

	
−244,314

	
−251,577

	
3.0%




	
27.5

	
630

	
−0.296

	
−0.302

	
2.0%

	
98,429

	
103,912

	
5.6%

	
58,142

	
55,279

	
−4.9%

	
−268,243

	
−276,510

	
3.1%




	
25.0

	
730

	
−0.268

	
−0.274

	
2.2%

	
90,178

	
94,745

	
5.1%

	
51,714

	
49,824

	
−3.7%

	
−243,319

	
−251,630

	
3.4%




	
27.5

	
730

	
−0.294

	
−0.302

	
2.7%

	
98,639

	
103,953

	
5.4%

	
57,240

	
55,073

	
−3.8%

	
−267,326

	
−276,584

	
3.5%




	
30.0

	
730

	
−0.321

	
−0.329

	
2.5%

	
106,925

	
113,132

	
5.8%

	
62,776

	
60,406

	
−3.8%

	
−291,213

	
−301,504

	
3.5%
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Table 10. Stresses and strains in the flexible road pavement structure straight below the tyre.






Table 10. Stresses and strains in the flexible road pavement structure straight below the tyre.





	
F/2

(kN)

	
p

(kPa)

	
D

	
E

	
F




	
uzz

	
εxx

	
εyy

	
εzz




	
Complex

	
Simple

	
Error

	
Complex

	
Simple

	
Error

	
Complex

	
Simple

	
Error

	
Complex

	
Simple

	
Error






	
17.5

	
430

	
−0.194

	
−0.207

	
6.7%

	
61,187

	
65,135

	
6.5%

	
41,607

	
46,355

	
11.4%

	
−161,948

	
−165,293

	
2.1%




	
20.0

	
430

	
−0.220

	
−0.235

	
6.8%

	
69,016

	
74,197

	
7.5%

	
46,945

	
52,595

	
12.0%

	
−184,614

	
−188,767

	
2.2%




	
22.5

	
430

	
−0.246

	
−0.262

	
6.5%

	
76,520

	
83,121

	
8.6%

	
52,174

	
58,761

	
12.6%

	
−207,093

	
−212,192

	
2.5%




	
20.0

	
530

	
−0.221

	
−0.235

	
6.3%

	
69,718

	
74,255

	
6.5%

	
47,700

	
52,757

	
10.6%

	
−184,361

	
−188,814

	
2.4%




	
22.5

	
530

	
−0.247

	
−0.263

	
6.5%

	
77,594

	
83,200

	
7.2%

	
53,071

	
58,952

	
11.1%

	
−206,668

	
−212,249

	
2.7%




	
25.0

	
530

	
−0.273

	
−0.291

	
6.6%

	
85,196

	
92,029

	
8.0%

	
58,334

	
65,095

	
11.6%

	
−229,390

	
−235,638

	
2.7%




	
22.5

	
630

	
−0.248

	
−0.263

	
6.0%

	
78,085

	
83,267

	
6.6%

	
53,689

	
59,120

	
10.1%

	
−206,455

	
−212,292

	
2.8%




	
25.0

	
630

	
−0.274

	
−0.291

	
6.2%

	
85,979

	
92,132

	
7.2%

	
59,081

	
65,309

	
10.5%

	
−228,999

	
−235,709

	
2.9%




	
27.5

	
630

	
−0.299

	
−0.319

	
6.7%

	
93,665

	
100,905

	
7.7%

	
64,389

	
71,393

	
10.9%

	
−251,421

	
−259,062

	
3.0%




	
25.0

	
730

	
−0.274

	
−0.292

	
6.6%

	
86,249

	
92,211

	
6.9%

	
59,538

	
65,488

	
10.0%

	
−228,086

	
−235,765

	
3.4%




	
27.5

	
730

	
−0.300

	
−0.319

	
6.3%

	
94,152

	
101,012

	
7.3%

	
64,948

	
71,637

	
10.3%

	
−250,578

	
−259,138

	
3.4%




	
30.0

	
730

	
−0.326

	
−0.347

	
6.4%

	
101,884

	
109,750

	
7.7%

	
70,286

	
77,690

	
10.5%

	
−272,961

	
−282,481

	
3.5%
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Table 11. Critical stresses and strains between two tyres based on the twin tyre finite element simulation (FEM) and the substituting circular plate model (MLEA).






Table 11. Critical stresses and strains between two tyres based on the twin tyre finite element simulation (FEM) and the substituting circular plate model (MLEA).





	
F/2

(kN)

	
q

(kPa)

	
A

	
B

	
C




	
uzz

	
εxx

	
εyy

	
εzz




	
FEM

	
MLEA

	
Error

	
FEM

	
MLEA

	
Error

	
FEM

	
MLEA

	
Error

	
FEM

	
MLEA

	
Error






	
17.5

	
385

	
−0.190

	
−0.293

	
54.5%

	
64,231

	
62,750

	
−2.3%

	
37,338

	
35,800

	
−4.1%

	
−172,790

	
−179,150

	
3.7%




	
20.0

	
408

	
−0.217

	
−0.335

	
54.5%

	
72,651

	
71,230

	
−2.0%

	
43,006

	
41,280

	
−4.0%

	
−196,978

	
−204,390

	
3.8%




	
22.5

	
430

	
−0.244

	
−0.377

	
54.6%

	
80,737

	
79,570

	
−1.4%

	
48,678

	
46,840

	
−3.8%

	
−220,977

	
−229,540

	
3.9%




	
20.0

	
415

	
−0.217

	
−0.335

	
54.5%

	
73,055

	
71,620

	
−2.0%

	
42,195

	
40,990

	
−2.9%

	
−196,690

	
−204,670

	
4.1%




	
22.5

	
438

	
−0.243

	
−0.377

	
55.2%

	
81,511

	
80,200

	
−1.6%

	
47,808

	
46,390

	
−3.0%

	
−220,820

	
−229,990

	
4.2%




	
25.0

	
460

	
−0.270

	
−0.419

	
55.2%

	
89,684

	
88,270

	
−1.6%

	
53,424

	
52,140

	
−2.4%

	
−244,752

	
−254,950

	
4.2%




	
22.5

	
445

	
−0.242

	
−0.377

	
55.9%

	
81,718

	
80,420

	
−1.6%

	
46,998

	
46,230

	
−1.6%

	
−220,251

	
−230,150

	
4.5%




	
25.0

	
468

	
−0.269

	
−0.419

	
55.8%

	
90,180

	
89,030

	
−1.3%

	
52,563

	
51,610

	
−1.8%

	
−244,314

	
−255,490

	
4.6%




	
27.5

	
491

	
−0.296

	
−0.461

	
55.7%

	
98,429

	
96,950

	
−1.5%

	
58,142

	
57,460

	
−1.2%

	
−268,243

	
−280,330

	
4.5%




	
25.0

	
475

	
−0.268

	
−0.419

	
56.4%

	
90,178

	
89,250

	
−1.0%

	
51,714

	
51,450

	
−0.5%

	
−243,319

	
−255,640

	
5.1%




	
27.5

	
498

	
−0.294

	
−0.461

	
56.8%

	
98,639

	
97,820

	
−0.8%

	
57,240

	
56,850

	
−0.7%

	
−267,326

	
−280,950

	
5.1%




	
30.0

	
521

	
−0.321

	
−0.503

	
56.7%

	
106,925

	
105,780

	
−1.1%

	
62,776

	
62,680

	
−0.2%

	
−291,213

	
−305,830

	
5.0%
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Table 12. Critical stresses and strains straight below the tyre based on the twin tyre finite element simulation (FEM) and the substituting circular plate model (MLEA).






Table 12. Critical stresses and strains straight below the tyre based on the twin tyre finite element simulation (FEM) and the substituting circular plate model (MLEA).





	
F/2

(kN)

	
q

(kPa)

	
D

	
E

	
F




	
uzz

	
εxx

	
εyy

	
εzz




	
FEM

	
MLEA

	
Error

	
FEM

	
MLEA

	
Error

	
FEM

	
MLEA

	
Error

	
FEM

	
MLEA

	
Error






	
17.5

	
395

	
−0.194

	
−0.295

	
52.1%

	
61,187

	
60,080

	
−1.8%

	
41,607

	
42,730

	
2.7%

	
−161,948

	
−168,540

	
4.1%




	
20.0

	
412

	
−0.220

	
−0.336

	
52.7%

	
69,016

	
67,970

	
−1.5%

	
46,945

	
48,270

	
2.8%

	
−184,614

	
−192,280

	
4.2%




	
22.5

	
430

	
−0.246

	
−0.378

	
53.7%

	
76,520

	
75,690

	
−1.1%

	
52,174

	
53,670

	
2.9%

	
−207,093

	
−215,920

	
4.3%




	
20.0

	
440

	
−0.221

	
−0.337

	
52.5%

	
69,718

	
68,530

	
−1.7%

	
47,700

	
48,720

	
2.1%

	
−184,361

	
−192,550

	
4.4%




	
22.5

	
458

	
−0.247

	
−0.379

	
53.4%

	
77,594

	
76,560

	
−1.3%

	
53,071

	
54,380

	
2.5%

	
−206,668

	
−216,360

	
4.7%




	
25.0

	
475

	
−0.273

	
−0.419

	
53.5%

	
85,196

	
83,910

	
−1.5%

	
58,334

	
59,480

	
2.0%

	
−229,390

	
−239,810

	
4.5%




	
22.5

	
485

	
−0.248

	
−0.379

	
52.8%

	
78,085

	
76,870

	
−1.6%

	
53,689

	
54,630

	
1.8%

	
−206,455

	
−216,510

	
4.9%




	
25.0

	
503

	
−0.274

	
−0.421

	
53.6%

	
85,979

	
84,960

	
−1.2%

	
59,081

	
60,330

	
2.1%

	
−228,999

	
−240,340

	
5.0%




	
27.5

	
520

	
−0.299

	
−0.461

	
54.2%

	
93,665

	
92,100

	
−1.7%

	
64,389

	
65,260

	
1.4%

	
−251,421

	
−263,690

	
4.9%




	
25.0

	
530

	
−0.274

	
−0.421

	
53.6%

	
86,249

	
85,250

	
−1.2%

	
59,538

	
60,570

	
1.7%

	
−228,086

	
−240,490

	
5.4%




	
27.5

	
548

	
−0.300

	
−0.462

	
54.0%

	
94,152

	
93,290

	
−0.9%

	
64,948

	
66,230

	
2.0%

	
−250,578

	
−264,290

	
5.5%




	
30.0

	
566

	
−0.326

	
−0.503

	
54.3%

	
101,884

	
100,490

	
−1.4%

	
70,286

	
71,210

	
1.3%

	
−272,961

	
−287,670

	
5.4%
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