
1 

 

Abstract 
 

During tread braking operations, a friction heat flux is generated at the wheel-shoe 

contact interface, which can increase the wheel surface temperature. The thermal flux 

flowing into the wheel is not uniform, as it depends on the distribution of the contact 

pressure. At the same time, the remaining portion of the wheel is cooled down by 

natural convection, radiation and rail chill effect, i.e., the cooling due to contact with 

the fresh rail. Therefore, the wheel is prone to thermo-mechanical stresses and strains, 

which can eventually damage the wheel surface, due to shelling and spalling. 

Furthermore, in special conditions, a microstructural transformation of the wheel steel 

can occur, and brittle martensite can be generated. Hence, it is essential to predict the 

wheel-shoe thermal behaviour in the frame of predictive maintenance as well as to 

increase the braking performances of new shoe materials. The present work deals with 

the description and preliminary validation of a new numerical tool for the simulation 

of the wheel-shoe thermomechanical behaviour, which was developed with the aim to 

find the best compromise between a detailed modelling of the phenomenon and 

computational efficiency. The tool includes a Matlab routine for the solution of the 

equations describing the dynamics of a braked railway wheel and two plane finite 

element (FE) modules, implemented in ANSYS Mechanical APDL. The first FE 

module performs a static structural analysis to calculate the distribution of the normal 

and tangential pressures at the contact interface, while the second FE module performs 

a transient thermal analysis to compute the evolution of the wheel temperature during 

a braking operation. To reduce the computational needs, the mechanical and thermal 

problems are decoupled and only a limited portion of the wheel is modelled in the 
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thermal module, by superimposing adiabatic boundary conditions at the lateral edges. 

The present paper describes the modelling strategy adopted and the implementation 

of the FE modules in ANSYS, also giving light to the preliminary results obtained 

with the new code. The code validation shows a good agreement of the calculated 

temperature with results available in the literature. For drag braking operations, it is 

shown that the 1Bg configuration is more thermally harmful with respect to the 2Bg 

arrangement, and that at constant braking power an increase in the running speed 

reduces the wheel temperature thanks to air convection. 
 

Keywords: tread braking, cast iron brake shoes, conformal contact, finite-element 

method. 
 

1  Introduction 
 

Tread braking is the traditional braking system installed on freight vehicles, due to 

its simple design and ease of installation. However, the friction heat flux generated 

at the contact interface can heat up the wheel, and this leads to high thermal stresses 

and strains, which can in turn give rise to surface defects, such as hot spots, shelling, 

spalling, wheel warping and even induce local formation of brittle martensite [1, 2]. 

Therefore, the availability of models for the calculation of the wheel-shoe thermo-

mechanical interaction can be a turning point in optimizing maintenance scheduling 

and wheel reprofiling operations, as well as in designing new braking systems and 

shoe materials. 
 

Although works proposing analytical methods are witnessed in the literature [3, 4], 

currently the typical strategy is the development of finite element (FE) models. These 

models can be either 2D axisymmetric or 3D. However, 2D axisymmetric models [5-

10] are not suitable for the prediction of hot spots, as they assume constant heat fluxes 

in circumferential direction, while 3D models [11-14] require huge computational 

efforts, especially when they are also demanded to solve the contact problem. At the 

same time, 2D plane models in the radial-circumferential plane were developed too, 

however they either perform an a priori assumption of the contact pressure [15, 16] or 

they neglect some important phenomena [17], e.g., the dependency of the convection 

coefficient on wheel speed and the rail chill effect.  
 

The present paper describes a new 2D plane FE model, implemented in ANSYS 

Mechanical APDL, developed with the goal to achieve the best compromise between 

the accuracy of the description of the phenomenon, in terms of solution of the contact 

problem and simulation of the heat fluxes involved, and the computational efficiency. 

The model considers three main thermal contributions: friction heat flux, air 

convection and rail chill. The reduction of the computational times is obtained thanks 

to two main strategies. First, the mechanical and thermal problems are decoupled, so 

that the contact problem is solved with a dedicated FE module, performing a static 

analysis, and then the distribution of the normal and tangential contact pressures are 

fed to a thermal module, performing a transient analysis, for the calculation of the 

wheel temperature evolution. Moreover, the thermal module models a limited portion 
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of the wheel, under the hypothesis that the heat flux in circumferential direction is 

negligible with respect to the radial direction.  

 
 

2  Methods 
 

The proposed tool for the investigation of the wheel-shoe thermo-mechanical 

behaviour includes three main modules, see Figure 1, namely a Matlab routine, a FE 

structural module and a FE thermal module. Both FE modules are implemented in 

the commercial ANSYS Mechanical APDL software. The tool can investigate stop 

and drag braking operations, 1Bg and 2Bg block configurations as well as different 

brake shoe materials, however the preliminary results presented in the next section 

only refer to drag braking operations and traditional P10 cast iron brake shoes. 
 

 
 

Figure 1: Flow-chart of the new tool. 
 

 The Matlab routine solves both the longitudinal train dynamics (LTD) equation 

and the rotational equilibrium equation for the braked wheel, based on an existing 

LTD code [18-21] and an existing heuristic wheel-rail adhesion model [22-25] 

developed in past activities. Starting from the results computed by the Matlab routine, 

which for drag braking operations correspond to wheel-shoe pressing force and 

friction coefficient, the FE contact module calculates the distribution of the normal 

and tangential pressure at the wheel-shoe interface, thanks to the application of 

ANSYS 2D surface-to-surface contact elements CONTA172 and TARGE169, 

solving the problem with the augmented Lagrangian method [26]. The rest of the 

wheel and shoe is meshed with the PLANE183 element, applying the normal force on 

an external node which is connected to the brake shoe with rigid elements, 

representing the block holder, see Figure 2a).  
 

 From the distribution of the contact pressure, the thermal module calculates the 

heat flux flowing into the wheel in each circumferential position. The thermal module 

only models the wheel, which is meshed using the PLANE77 elements. The thermal 

loads are applied to layers of SURF151 elements, by defining two ANSYS tables for 

the convective and friction heat fluxes. The nodes of the wheel outer periphery not in 

contact with the shoe undergo cooling due to air convection, with the convection 

coefficient being a function of the wheel speed [27], while the rail chill effect is 

applied to the nodes that would be in contact with the rail through an equivalent 
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convection coefficient [8]. To reduce the computational efforts, only a 45° sector of 

the wheel is modelled, and an adiabatic boundary condition is superimposed to the 

lateral edges, thus assuming that the heat flux in circumferential direction has a limited 

effect compared to the one in radial direction, see Figure 2b). 

 

 
 

Figure 2: Mesh of a) contact module (1Bg) and b) thermal module. 
 

 

3  Results 
 

To validate the new model, a drag braking operation with conditions corresponding 

to the ones simulated and reproduced experimentally by Vernersson [28] (wheel speed 

of 100 km/h, axle-load of 20 tonnes, braking power of 31.5 kW, 1Bg cast-iron shoe 

arrangement) was first investigated. The new model predicts a temperature increase 

by 226.8 °C after 15 minutes, which is in excellent agreement with the 225 °C value 

calculated by Vernersson. 
 

 Then, the code was launched to compare the wheel temperature evolution obtained 

with 1Bg and 2Bg cast iron block arrangements under the same braking scenario 

suggested by the standard [29], namely a drag braking operation with track slope of 

the Gotthard line (21‰) and running speed of 60 km/h. Obviously, since the 2Bg 

configuration features two contact interfaces, the normal force acting on each wheel-

shoe contact patch is lower, and the friction heat flux generated at the single wheel 

shoe-interface is much lower, see Figure 3a). Furthermore, a wheel node is cooled 

down by convection after the contact with the first shoe and as a result, the final 

temperature for the 2Bg configuration is lower, while focusing on a single wheel 

revolution, it can be observed that the difference between the maximum and minimum 

recorded temperature in a revolution is higher for the 1Bg arrangement, which 

therefore is more thermally harmful, see Figure 3b). Please note in Figure 3a) that 

since the contact algorithm considers the effects of friction and sliding, the heat flux 

distribution, which is proportional to the pressure distribution, is not symmetric, and 

a peak at the leading edge is observed, which is due to block jamming effects. 
 

 Finally, a simulation was also carried out at constant braking power of 31.88 kW 

for three different values of the running speed. The block arrangement considered in 
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this case is the 2Bg configuration, which is less thermally stressful and therefore more 

common on freight vehicles. As noticeable in Figure 4, for larger running speed 

values, the final wheel temperature decreases as the convection heat flux is lower at 

lower speeds. Furthermore, when the wheel speed increases while keeping the braking 

power at a constant value, the pressing force decreases, and this leads to lower contact 

pressures and lower friction coefficients. 
 

 
 

Figure 3: 1Bg and 2Bg configurations comparison. a) Heat flux and b) wheel 

temperature. 
 

 
 

Figure 4: Wheel temperature evolution for different values of wheel speed (2Bg). 

 
 

4  Conclusions and Contributions 
 

The present work shows the development and validation of a new tool for the 

simulation of the wheel-shoe thermo-mechanical interaction, designed to ensure a 

good compromise between accuracy of output results and reduction of the 

computational times. The main strategies to limit the computational effort include 

the decoupling of the mechanical and thermal problems and the modelling of a 
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limited portion of the wheel in the FE thermal module, thanks to the definition of 

ANSYS tables, which allow to reproduce the wheel rotation by rotating the thermal 

loads. 
 

A simulation of a drag braking operation similar to a literature case study shows a 

good agreement between the wheel temperature calculated by the model and the 

values obtained experimentally and used for the validation of the 2D axisymmetric 

models developed by Swedish researchers. Therefore, the model can be considered as 

suitable for the simulation of the wheel-shoe thermo-mechanical behaviour in drag 

braking operations.  
 

A big point of merit of the present code is the contact module, which solves the 

wheel-shoe contact problem considering friction and sliding. The pressure distribution 

is asymmetric due to friction and features a peak at the leading edge, probably related 

to a block jamming effect caused by full sliding. Therefore, the model can be regarded 

as able to study thermo-elastic instability phenomena, which occur at the contact 

edges.  
 

The comparison between the 1Bg and 2Bg block arrangements under the same drag 

braking operation shows that, as expected, the 1Bg configuration can lead to higher 

surface temperatures and therefore it can cause more damages to the wheel surface.  

 

Finally, simulations performed with the same braking power and block 

configuration but different wheel running speed show that the convective heat flux 

plays a key role in tread braking, as when the running speed increases the wheel 

temperature tends to be lower due to the increase of the convection coefficient. 
 

The new tool can be easily adapted to simulate stop braking operations as well as 

different shoe materials, therefore future works will deal with the investigation of the 

effects of different composite and sintered shoe materials in both drag and stop 

braking operations. 

 
 

References 
 

 

[1] S. Teimourimanesh, R. Lundén, T. Vernersson, "Braking capacity of railway 

wheels—state-of-the-art survey", in "Proceedings of the 16th International 

Wheelset Congress (IWC16)", 2010.  

[2] J. P. Srivastava, P. K. Sarkar, V. Ranjan, "Effects of thermal load on wheel–

rail contacts: A review", Journal of Thermal Stresses, 39, 1389-1418, 2016. 

[3] A. Tudor, C. Radulescu, I. Petre, "Thermal effect of the brake shoes friction 

on the wheel/rail contact", Tribology in Industry, 25, 27-32, 2003. 

[4] A. Tudor,M. M. Khonsari, "Analysis of Heat Partitioning in Wheel/Rail and 

Wheel/Brake Shoe Friction Contact: An Analytical Approach", Tribology 

Transactions, 49, 635-642, 2006. 



7 

 

[5] T. Vernersson, "Temperatures at railway tread braking. Part 1: Modelling", 

Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail 

and Rapid Transit, 221, 167-182, 2007. 

[6] T. Vernersson,R. Lundén, "Wear of disc brakes and block brakes–influence of 

design on modelled wear for repeated brake cycles", in "Proceeding of the 16th 

International Wheelset Congress (IWC16)", 2010.  

[7] T. Vernersson,R. Lundén, "Wear of brake blocks for in-service conditions—

Influence of the level of modelling", Wear, 314, 125-131, 2014. 

[8] M. R. K. Vakkalagadda, K. P. Vineesh, V. Racherla, "Estimation of railway 

wheel running temperatures using a hybrid approach", Wear, 328-329, 537-

551, 2015. 

[9] M. Faccoli, A. Ghidini, A. Mazzù, "Experimental and Numerical Investigation 

of the Thermal Effects on Railway Wheels for Shoe-Braked High-Speed Train 

Applications", Metallurgical and Materials Transactions A, 49, 4544-4554, 

2018. 

[10] M. S. Walia, T. Vernersson, R. Lundén, F. Blennow, M. Meinel, 

"Temperatures and wear at railway tread braking: Field experiments and 

simulations", Wear, 440-441, 203086, 2019. 

[11] M. Milošević, D. Stamenković, M. Tomić, A. Milojević, M. Mijajlović, 

"Modeling thermal effects in braking systems of railway vehicles", Thermal 

Science, 16, 515-526, 2012. 

[12] A. Haidari,P. Hosseini-Tehrani, "Fatigue Analysis of Railway Wheels Under 

Combined Thermal and Mechanical Loads", Journal of Thermal Stresses, 37, 

34-50, 2014. 

[13] A. Haidari,P. H. Tehrani, "Thermal load effects on fatigue life of a cracked 

railway wheel", Latin American Journal of Solids and Structures, 12, 1144-

1157, 2015. 

[14] S. Pradhan,A. K. Samantaray, "A Recursive Wheel Wear and Vehicle 

Dynamic Performance Evolution Computational Model for Rail Vehicles with 

Tread Brakes", Vehicles, 1, 88-115, 2019. 

[15] M. Petersson, "Two-dimensional finite element simulation of the thermal 

problem at railway block braking", Proceedings of the Institution of 

Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, 

216, 259-273, 2002. 

[16] S. Teimourimanesh, T. Vernersson, R. Lundén, "Modelling of temperatures 

during railway tread braking: Influence of contact conditions and rail cooling 

effect", Proceedings of the Institution of Mechanical Engineers, Part F: Journal 

of Rail and Rapid Transit, 228, 93-109, 2014. 

[17] A. Suresh Babu,N. Siva Prasad, "Coupled field finite element analysis of 

railway block brakes", Proceedings of the Institution of Mechanical Engineers, 

Part F: Journal of Rail and Rapid Transit, 223, 345-352, 2009. 

[18] N. Bosso, M. Magelli, N. Zampieri, "Long Train Dynamic Simulation by 

means of a New In-House Code", in G. Passerini, J. M. Mera, R. Takagi, 

(Editors), "Computers in Railways XVII: Railway Engineering Design and 

Operation", WIT Press, Southampton, UK, 2020.  



8 

 

[19] N. Bosso, M. Magelli, N. Zampieri, "Development and validation of a new 

code for longitudinal train dynamics simulation", Proceedings of the 

Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 

235, 286-299, 2021. 

[20] N. Bosso, M. Magelli, N. Zampieri, "Validation of a new longitudinal train 

dynamics code for time domain simulations and modal analyses", 

International Journal of Transport Development and Integration, 5, 41-56, 

2021. 

[21] N. Bosso, M. Magelli, L. Rossi Bartoli, N. Zampieri, "The influence of 

resistant force equations and coupling system on long train dynamics 

simulations", Proceedings of the Institution of Mechanical Engineers, Part F: 

Journal of Rail and Rapid Transit, 236, 35-47, 2022. 

[22] N. Bosso,N. Zampieri, "A Novel Analytical Method to Calculate Wheel-Rail 

Tangential Forces and Validation on a Scaled Roller-Rig", Advances in 

Tribology, 2018, 7298236, 2018. 

[23] N. Bosso, A. Gugliotta, M. Magelli, I. F. Oresta, N. Zampieri, "Study of 

wheel-rail adhesion during braking maneuvers", Procedia Structural Integrity, 

24, 680-691, 2019. 

[24] N. Bosso, A. Gugliotta, M. Magelli, N. Zampieri, "Experimental Setup of an 

Innovative Multi-Axle Roller Rig for the Investigation of the Adhesion 

Recovery Phenomenon", Experimental Techniques, 43, 695-706, 2019. 

[25] N. Bosso, M. Magelli, N. Zampieri, "Investigation of adhesion recovery 

phenomenon using a scaled roller-rig", Vehicle System Dynamics, 59, 295-

312, 2021. 

[26] J. C. Simo,T. A. Laursen, "An augmented lagrangian treatment of contact 

problems involving friction", Computers & Structures, 42, 97-116, 1992. 

[27] S. W. Churchill,M. Bernstein, "A Correlating Equation for Forced Convection 

From Gases and Liquids to a Circular Cylinder in Crossflow", Journal of Heat 

Transfer, 99, 300-306, 1977. 

[28] T. Vernersson,R. Lundén, "Temperatures at railway tread braking. Part 3: 

wheel and block temperatures and the influence of rail chill", Proceedings of 

the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid 

Transit, 221, 443-454, 2007. 

[29] EN:13979-1, "Railway applications - Wheelsets and bogies - Monobloc 

Wheels - Technical approval procedure", 2020. 

 




