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Abstract 

In the simulation of the longitudinal dynamics of long trains, the modeling of the resistant forces 

and of the coupling system are two essential aspects. The modeling of the resistant forces directly 

affects the speed reached by each vehicle as well as the in-train forces. A literature review 

witnesses different laws for the calculation of both ordinary and accidental resistances. One of the 

objectives of this paper is to evaluate from the numerical point of view the influence of the 

resistant forces modeling strategy on the simulation outputs, i.e., on the speeds and in-train 

forces, by comparing different laws for propulsion and curving resistances. For what concerns the 

connection between the vehicles of the train, it is well known that the connection system is of 

utmost importance for the safety and running stability of the train. In this paper, the two existing 

coupling systems, i.e., the European buffer-hook system and the coupler used outside the 

European continent are first described, both in terms of operation and modelling techniques, and 

then they are compared on the same simulation scenario. All the simulations are performed on 

the first scenario of the International benchmark of the longitudinal train dynamic simulators, 

using the LTDPoliTO code developed by the railway research team from Politecnico di Torino. 
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1. Introduction 

The study of the longitudinal train dynamics (LTD) of long freight trains is of utmost 

importance to predict the speeds reached by the train and the in-train forces. The increase 

in the length of freight trains in recent years, in fact, has generated an increase in the in-

train forces1, which can lead to disastrous consequences such as the breakage of the 

coupling elements or the derailment of the train caused by excessive tensile and 

compressive forces, respectively.2-4 LTD is strongly affected by the type of coupling element 

adopted for vehicle connections. Two main solutions exist nowadays, namely the buffer-

hook system, installed on European vehicles, and the automatic coupler, used in the rest of 

the world, both sketched in Figure 1.5  

 

Figure 1: a) Schematic of the buffer-hook coupling system. b) Schematic of the coupler system. 

The European system is completely manual and consists of two buffers, transmitting 

compressive loads, and a hook in series with a tensioner and an elastic group providing 

friction damping, that transmits tensile forces.6, 7 On the other hand, the coupler is an 

automatic system consisting of two hooks which connect automatically when two adjacent 

vehicles approach to each other and it can transmit both tensile and compressive forces, 
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while the friction damping action is given by an elastic group named draft gear. Despite the 

advantages of the coupler over the buffer-hook system in terms of safety and maximum 

permissible loads, the coupler has not yet been adopted in Europe mainly for economic 

reasons, since the connection systems of thousands of vehicles circulating on the continent 

should be modified.  

From the modelling point of view, the train system can be simulated considering only the 

longitudinal degree of freedom, treating the vehicles as concentrated masses connected to 

each other through non-linear elements that represent the coupling systems. This approach 

was also adopted in the recently established International benchmark of LTD simulators 

(“the benchmark” in the rest of the paper).8, 9 The forces acting on the generic vehicle in the 

train composition are the resisting forces 𝐹𝑟, the traction and dynamic braking (DB) forces 

𝐹𝑑𝑏/𝑡 (equal to 0 if the vehicle is not a locomotive), the braking force of the pneumatic 

system 𝐹𝑝𝑏 and the in-train forces 𝐹𝑐𝑒, as shown in Figure2, where 𝑥, �̇�, �̈� are respectively 

the position, the velocity and the acceleration of the vehicle. By applying the balance of 

forces to each vehicle, see Equation 1, where Mv is the total mass of the vehicle, we obtain a 

system of N non-linear ordinary differential equations, with N total number of vehicles.10, 11 

𝑀𝑣�̈� = 𝐹𝑑𝑏/𝑡 + 𝐹𝑐𝑒,𝑖/𝑖+1 − 𝐹𝑟 − 𝐹𝑝𝑏 − 𝐹𝑐𝑒,𝑖/𝑖−1 (1) 
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Figure  2: a) Free body diagram of a generic vehicle in the train composition. 

The outputs computed by an LTD simulator thus depend on the modelling strategy adopted 

for the calculation of the in-train forces and on the expressions for the determination of the 

resistant forces. 

The modeling of the coupling systems represents one of the most complex tasks in the 

simulation of longitudinal dynamics as it involves several nonlinearities to be considered, such 

as friction, slack, preload and the typical hysteresis cycle which is experimentally obtained in 

drop-hammer12 tests.13-15 The main techniques used to model these systems are three: i) look-

up table (LUT) approaches16-22, ii) mathematical functions fitting experimental data23-32 and 

white-box models based on the physical and geometrical parameters of the system.33-36  

Focusing on the resistant forces, they can be classified as ordinary or accidental forces. The 

first ones are present in the uniform and straight motion of the train and include the 

mechanical resistance due to rolling and friction between wheel and rail and the 

aerodynamic resistance. Accidental resistances, on the other hand, include the curving 

resistance and the resistance due to the slope of the track.  
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Ordinary resistances, also known as “propulsion resistances”, are usually modeled with a 

second order polynomial expression as a function of the vehicle speed V, see Equation 2, 

where the first two terms refer to the mechanical resistance component, while the last one 

to the aerodynamic component.33, 37, 38 Several laws are witnessed in the literature with 

polynomial coefficients depending on the type of considered vehicle, as noticeable in Table 

1, where 𝑟 indicates the specific resistance expressed in N/tonne, 𝑚𝑎 the axle-load in tons, 𝑛 

the number of axles and 𝑉 the vehicle speed in km/h. 33, 39, 40 

𝐹𝑅,𝑜𝑟𝑑 = 𝐴 + 𝐵𝑉 + 𝐶𝑉
2 (2) 

Table 1: List of propulsion specific resistance laws for wagons. 

Wagons 
Benchmark 

𝑟 = (2.943 +
89.2

𝑚𝑎

+ 0.0306𝑉 +
0.122𝑉2

𝑚𝑎𝑛
) 

Original Davis 
𝑟 = 6.376 +

129

𝑚𝑎

+ 𝐵𝑉 +
𝐶𝑉2

𝑚𝑎𝑛
 

Modified Davis 
𝑟 = 2.943 +

89

𝑚𝑎

+ 0.0305𝑉 +
1.718𝑘𝑎𝑑𝑉

2

𝑚𝑎𝑛
 

Eig Ton France 
𝑟 = 9.81 ∙ (1.2 +

𝑉2

4000
) 

Heavy Freigth France 
𝑟 = 9.81 ∙ (1 +

𝑉2

4000
) 

German Strahl Full  
𝑟 = 10 ∙ (𝑐0 + (0.007 + 𝑐1) ∙ (

𝑉

10
)
2

) 

𝑐0 = 1.4 𝑓𝑢𝑙𝑙 𝑤𝑎𝑔𝑜𝑛𝑠  
𝑐0 = 2 𝑒𝑚𝑝𝑡𝑦 𝑤𝑎𝑔𝑜𝑛𝑠 

𝑐1 = 0.025 𝑓𝑜𝑟 4 − 𝑎𝑥𝑙𝑒 𝑤𝑎𝑔𝑜𝑛𝑠 
China Full Freigth 9.81 ∙ (0.92 + 0.0048𝑉 + 0.000126𝑉2) 

Australia Min. Full 5.17 + 0.010997𝑉 + 0.00051𝑉2 

Full Freigth CZE 9.81 ∙ (1.3 + 0.00015𝑉2) 

Russian 
9.81 ∙ (0.7 +

3 + 0.1𝑉 + 0.0025𝑉2

𝑚𝑎

) 

DeutchBahn Full Freigth 
9.81 ∙ (1 + 0.1 ∙ 0.2 ∙ (

𝑉

10
)
2

) 

Serbian Formula 9.81 ∙ (4.83 ∙ 10−1 + 1.83 ∙ 10−2𝑉 + 1 ∙ 10−4𝑉2) 
Koffman BR carriages 9.81 ∙ (1.1 + 0.021𝑉 + 0.000175𝑉2) 

Locomotives 
Benchmark 

𝑟 = 3.2 ∙ (2.943 +
89.2

𝑚𝑎

+ 0.0306𝑉 +
0.122𝑉2

𝑚𝑎𝑛
) 

China SS4DC Loco 𝑟 = 9.81 ∙ (2.25 + 0.019𝑉 + 0.00032𝑉2) 
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China DF Diesel Loco  𝑟 = 9.81 ∙ (2.93 + 0.0073𝑉 + 0.000271𝑉2) 

China HXD1 Loco 𝑟 = 9.81 ∙ (1.4 + 0.0038𝑉 + 0.0003𝑉2) 

China HXD2 Loco 𝑟 = 9.81 ∙ (0.84 + 0.0012𝑉 + 0.000313𝑉2) 

British Loco 𝑟 = 9.81 ∙ (4.587 + 0.0245𝑉 + 0.00036697𝑉2) 

 

As regards the accidental resistances, the literature review37, 41-43 highlighted three main 

expressions used for the calculation of the curving resistance, namely i) the benchmark law, 

suggested in the international benchmark, see Equation 3, ii) the Roeckl formula, see 

Equation 4, and iii) an equation depending on the wheelbase, see Equation 5, which is 

referred to as the wheelbase formula in the rest of the paper. Please note that in Equations 

3-5, 𝑟𝑐 indicates the specific curving resistance in N/tonne, 𝑎 the wheelbase in meters and Rc 

is the curve radius in meter.  

𝑟𝑐 =
6116

𝑅𝑐
(3) 

𝑟𝑐 =

{
  
 

  
 

6500

𝑅𝑐 − 55
   𝑅𝑐 > 350𝑚

5300

𝑅𝑐 − 35
   250𝑚 < 𝑅𝑐 < 350𝑚

5000

𝑅𝑐 − 30
   𝑅𝑐 < 250𝑚

(4) 

𝑟𝑐 =
1600𝑎 + 1620

𝑅𝑐
(5) 

The resistance due to the track grade instead is usually modeled simply considering the 

component of the weight force parallel to the ground, according to Equation 6, where Mv is 

the total vehicle mass in kg, g is the gravitational acceleration and is is the track slope in ‰, 

therefore different LTD simulators tend to compute the same values of force. 
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𝐹𝑔 =
𝑀𝑣𝑔𝑖𝑠
1000

(6) 

The aim of the present paper is the investigation of the outputs computed in LTD simulations 

using different laws for the calculation of the ordinary and curving resistant forces. In fact, 

since the railway literature witnesses many different expressions for the calculation of these 

forces, it is of paramount importance to verify whether different equations can lead to 

significant changes in the outputs computed by LTD simulators. Moreover, simulations are 

also carried out in the same simulation scenario considering long train with high axle-load 

wagons, using both the automatic coupler and the buffer-hook system as coupling elements, 

to investigate whether the development of new longer freight trains in Europe can still rely 

on the traditional system. 

For the simulations, input data from the international benchmark of LTD simulators was 

used for the track data, the train configuration, the wagon connection systems and the 

locomotive traction and DB characteristics. Among the four trains proposed in the 

benchmark, only the first one was considered in this work because it requires the lowest 

computational effort since it has a lower number of vehicles, and because it is the most 

similar to European trains at least in terms of configuration, even though the wagon axle-

load is above the European limits. It is therefore the only benchmark train configuration that 

can be used to perform the comparison between the European buffer-hook connection 

system and the automatic coupler used in the rest of the world. 

The paper is organized as follows. In the following section, the LTD code LTDPoliTO, 

developed by the Politecnico di Torino railway research group and used to perform the 

simulations, is briefly described. Then, a subsequent section focuses on the description of 

the simulation scenario and on the simulations performed. Finally, the results obtained are 
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presented and discussed, and a last section deals with the conclusions of the numerical 

activity presented in this paper.  

2. Description of the LTDPoliTO code 

In this section, the LTDPoliTO code is briefly described. The code only considers the 

longitudinal degree of freedom, as usual in the simulation of the longitudinal dynamics of 

long trains, modeling the elevation and curvature of the track as extra resistant forces 

applied to each vehicle in the train. The wheel-rail contact is neglected as common to most 

LTD simulators since the calculation of the wheel-rail contact forces can be computationally 

expensive even in case fast algorithms44-48 are used. 

The pneumatic braking is not considered in accordance with the benchmark input, but the 

code will be updated in the future in order to include a pneumatic module for the simulation 

of the braking forces due to the air brake system. 

The code was validated in previous works49-51 on the four simulation scenarios proposed in 

the international benchmark of LTD simulators using the laws suggested by the benchmark 

for the computation of the resistant forces, see Table 1 and Equations 3 and 6. The code 

validation showed that the outputs computed by the new code are in good agreement with 

the other simulators joining the benchmark. Moreover, the code proved to be able to 

produce numerically stable results with good computational efficiency in all four train 

configurations. This was a big upgrade with respect to a previous LTD code developed by the 

authors52, 53 using the Simpack multibody software package, which showed numerical 

instabilities and lower computational speeds. 
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The new code was upgraded in order to introduce the possibility of modifying the 

expressions for the calculation of the retarding forces, to perform the comparison among 

different resistant laws in terms of the simulation outputs, which is one of the main 

objectives of this work.  

The in-train forces on the coupling systems are calculated with a LUT strategy as a function 

of the deflection Δx and relative speed Δv on each coupling element using for the coupler 

the mechanical characteristic provided by the benchmark. A linear smoothing approach, 

based on the work by Zhang et al.3, is used to manage the transition between the loading 

and unloading curves, which occurs when the absolute value of the relative speed Δv is less 

than a threshold term vε. On the other hand, if the absolute value of the relative speed is 

greater than the threshold vε the loading or unloading force is applied, as stated by 

Equations 7-9.  

𝐹𝐶(∆𝑥, 𝑡) = {

𝐹𝐶𝑀(∆𝑥, 𝑡) + 𝐹𝐶𝐴,𝑗(∆𝑥, 𝑡) sign(∆𝑥 · ∆𝑣) , |∆𝑣| ≥ 𝑣𝜀

𝐹𝐶𝑀(∆𝑥, 𝑡) +
|𝐹𝐶𝐴(∆𝑥, 𝑡)|

𝑣𝜀
∆𝑣, |∆𝑣| < 𝑣𝜀

(7) 

𝐹𝐶𝑀(∆𝑥, 𝑡) =
𝐹𝐶𝐿,𝑗(∆𝑥, 𝑡) + 𝐹𝐶𝑈(∆𝑥, 𝑡)

2
(8) 

𝐹𝐶𝐴(∆𝑥, 𝑡) =
𝐹𝐶𝐿,𝑗(∆𝑥, 𝑡) − 𝐹𝐶𝑈(∆𝑥, 𝑡)

2
(9) 

For what concerns the implementation of the code, The LTDPoliTO code has been developed 

in MATLAB, exploiting the arithmetic vector strategy that allows to obtain a high 

computational efficiency. The LTDPoliTO code is characterized by 4 stages: 

• Loading of the input data from text files (slope and curve radius of the track, loading 

and unloading curves for coupling systems, driving cycle and the mechanical 

characteristics of traction motors and dynamic brake). 
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• Pre-processing stage for the definition of the train configuration and initial 

conditions, as well as for the re-interpolation of the input data characteristics using 

fixed discretization steps. 

• Numerical solution of the differential equations by means of the variable step-size 

MATLAB ode solver ode15s54, 55, which computes the position and speed of each 

vehicle for each time step. 

• Post-processing stage: the deflections, the relative velocities and the in-train forces 

are obtained for each connection element in all time steps and they can be saved in 

binary files for further analysis or for storage purposes. 

The re-interpolation of the input text files through fixed discretization steps in the pre-

processing stage is the key to speed up the indexing operations for the calculation of the 

forces acting on each vehicle during the simulation, avoiding the use of loop flows that 

would slow down the computation. The variable step-size predictor-corrector stiff solver 

ode15s is also an efficient choice both for the accuracy of the results and the reduction of 

calculation times, since it auto-adjusts the time step during the simulation depending on 

whether the simulation error is within or above a tolerance range.  

A further decrease in calculation times is obtained by passing to the solver the constant 

Jacobian sparsity pattern as an input, in order to reduce the number of elements in the 

Jacobian matrix to be calculated by the built-in routine for the Jacobian numerical estimation 

in the failed steps. 
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3. Simulation input data 

In this section, the input data used for the simulations are presented. As mentioned before, 

data was taken from the International benchmark questions paper.8 

For all simulations, the first train of the benchmark is considered, consisting of 2 leading 

locomotives and 50 wagons. Each locomotive has a total length of 22.95 m, including half of 

the coupling system on the front and on the rear, and 6 axles with an axle-load of 22.33 

tonne, while the wagons comprise four axles with an axle-load of 32 tonne and have a total 

length of 15 m. 

For the connection of the vehicles, the connection systems indicated by the benchmark, i.e., 

draw-bars and couplers, are used for the first two comparisons concerning the resistance 

laws, while in the last comparison concerning the connection element, the European buffer-

hook system is used. The only difference between drawbars and couplers is the slack, which 

is 0 mm for the drawbars, 10 mm for the couplers, divided into 8 mm for the tensile state 

and 2 mm for the compressive state. The bars are used to form wagon pairs which are then 

connected by couplers. The locomotive-locomotive and locomotive-wagon connections are 

always performed through couplers. Figure 3a shows the mechanical force-deflection 

characteristic of the series of two draft gears and a coupler/bar both in tensile and 

compressive states, obtained from the benchmark data. In Figure 3a, also the mechanical 

characteristic of the buffer-hook system is plotted, obtained from the characteristic of a 

single buffer and a single hook considering that the two buffers on each side work in series, 

the two pairs instead work in parallel. The two hooks work in series, as in the case of the 

coupler. Please note from the detailed view of Figure 3a both the coupler slack and the 
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preload of the buffer-hook system. According to the benchmark rules, tensile forces and 

tensile deflections have a negative sign, the opposite for compressive state. 

 

Figure 3: a) Force-deflection characteristics of coupler/bar and buffer-hook system. b) Track grade and 
curvature. 

Locomotives have 8 notch levels for traction and dynamic braking, the conditions and the 

parameters used to generate traction and DB characteristics are specified in the benchmark 

questions paper. The leading locomotive driving cycle for each simulation scenario is given in 

the international benchmark as a function of the simulation time, and a 3 s shift is applied on 

the remote locomotives, i.e., the locomotives which are not directly connected to the 

leading locomotive, to represent the radio signal delay. However, the next section will show 

that for the sake of a fair comparison among different laws for the calculation of the 

resistant forces, the notch level should be defined as a function of the position of the leading 

locomotive. 
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The track has a length of 50 kilometers and is characterized by 12 curves, each one featuring 

a 50 m entry transition, a 300 m circular curve and a 50 m exit transition. Track curvatures 

and grades are again extracted from the benchmark input dataset and they are shown in 

Figure 3b, where positive values refer to uphill track sections and right-handed curves, while 

negative values are used for downhill track sections and left-handed curves.  

In this paper the influence of the motion resistance laws and the coupling element on the 

simulation results are investigated, by performing three sets of simulations. More in detail, 

the first set of simulations is performed to assess the influence of the ordinary resistance law 

on the outputs results, using in the first simulation the benchmark law for both wagons and 

locomotives, in the second simulation the Russian law for all vehicles, in the third simulation 

two distinct Chinese laws for wagons and locomotives, and finally in the last one the 

benchmark law for wagons and the Chinese HXD2 law for locomotives. Please note that only 

the laws with the axle-load as an explicit parameter (benchmark and Russian law) and the 

two Chinese laws (China HXD2 loco and China full freight laws), which are valid for wagons 

with axle-load and wheel arrangement similar to those considered in the benchmark, are 

taken into account. The other expressions listed in Table 1, instead, are valid for vehicles 

with values of axle-load significantly different from the ones indicated in the benchmark, so 

they are not considered in this work. 

In the second set of simulations, the influence of the curving resistance law is evaluated, 

while the ordinary resistant forces are calculated with the original expression suggested in 

the benchmark. The benchmark law, the Roeckl law and the wheelbase formula are 

compared. In the wheelbase formula, 𝑎 is set equal to 2.032 meters for locomotives and to 
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1.95 meters for wagons, according to the typical values of the vehicles considered in the 

simulations. 

Finally, the last set of simulations is performed to assess the influence of the coupling 

system. The first simulation in this set is performed using the drawbars and couplers as 

suggested in the benchmark, while the second simulation is carried out by replacing the 

benchmark connection systems with buffer-hook systems. Of course, in this comparison, the 

expressions for the calculation of both propulsion and curving retarding forces are those 

suggested in the benchmark. 

All the simulations performed are summarized in Table 2. Please note that simulation 1 for 

each simulation set is the reference simulation using all the expressions and input data 

provided by the benchmark. 

Table 2: Comparison between different propulsion resistance laws. 

1st set of simulations (Propulsion resistance) 

N. simulation Locomotive law Wagon law 

Simulation 1 Benchmark (locomotive) Benchmark (wagon) 

Simulation 2 Russian Russian 

Simulation 3 China HXD2 loco China full freight 

Simulation 4 China HXD2 loco Benchmark (wagon) 

2nd set of simulations (Curving resistance) 

N. simulation Law 

Simulation 1 Benchmark 

Simulation 2 Roeckl 

Simulation 3 Wheelbase formula 

3rd set of simulations (Coupling system) 

N. simulation Coupling system 

Simulation 1 Coupler and bar 

Simulation 2 Buffer-hook system 
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All simulations are performed by setting the relative tolerance and the absolute tolerance 

values to 1e-06 and 1e-07 respectively, the threshold value 𝑣𝜀  to 1e-3 m/s and adopting the 

following discretization steps for the input data: 

• 0.01 mm for the coupling system deflections.  

• 1 m for the track section length.  

• 1 ms for the notch level characteristic.  

• 1 mm/s for the locomotive speed.  

4. Results  

In this section, the results obtained from the three simulation sets are presented, focusing 

on the following outputs:  

• Main outputs, as suggested in the benchmark results paper9, namely, the maximum and 

average speed reached throughout the simulation among all vehicles, the largest in-train 

force for both tensile and compressive states among all the coupling systems, the mean 

value of the maximum tensile and compressive forces of all connecting systems and the 

maximum deflection registered on a selected coupling system position. 

• The speed of the leading locomotive as a function of its position along the track. 

• The ordinary and curving resistances of a selected vehicle as a function of its position (for 

the first and the second comparison). 

• The in-train force on a specific coupling system as a function of the position of the first of 

the connected vehicles starting from the leading locomotive. 

• The force-displacement (F-D) cross-plot of the selected coupling system.  
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According to the benchmark questions paper, the coupling system between the 10th and 11th 

vehicle is selected for the first two set of simulations. In the last set of simulations, the 

connection system between the 36th and 37th vehicles, on which traction forces are below 

the maximum value allowed for the European hook, is instead considered. Please note that 

in this section the benchmark vehicle numbering rule is adopted, which counts the vehicles 

in ascending order starting from the leading locomotive. 

4.1 Modification of the driving control characteristic 

In the original LTDPoliTO code, the driving control, i.e., the level of the notch regulated by 

the train driver, is given as a function of the simulation time, according to the benchmark 

prescription. In fact, the research group establishing the benchmark agreed that in this 

manner it would have been easier to deal with the implementation of the radio signal delay 

on the locomotives in the middle of the train composition, with no big discrepancies among 

the benchmark participants, since all simulators had to use the same expressions for the 

calculation of all the resistant forces. However, the authors of the benchmark questions 

paper specified that generally the driving control should be given as a function of the 

locomotive position. 

The analyses carried out in this paper require the modification of the driving control 

characteristic, which must be provided as a function of the position of the leading 

locomotive. On the contrary, in fact, the simulation results would be affected by the 

different levels of notch at the same position of the leading locomotive in different 

simulations. In fact, due to the modification of the resistance laws or also of the vehicle 

connection systems, the leading locomotive could be in different track position in the 

various simulations, since the train speed depends on resistance laws and coupling system. 
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Consequently, if the notch level is given as a function of the simulation time, a different 

value is imposed to the locomotive at the same track position in different simulations, thus 

altering the comparison. This change is also justified from the physical point of view since 

the notch level mainly depends on the track characteristics and on the desired speed profile 

that the train driver wants to achieve. Therefore, the notch characteristic is reconstructed as 

a function of the position of the leading locomotive starting from the outputs computed by 

LTDPoliTO in the four benchmark simulation scenarios. The notch level applied to the leading 

locomotive is thus given as a function of its position, while in case a train configuration 

including remote locomotives was considered, the 3 s delay should be left unchanged, in 

accordance with the benchmark data, in order to simulate the radio communication delay. 

Obviously, this change has no effect on the first simulation of each comparison, that is the 

reference simulation using the benchmark input data. Please note that the 3 s delay is not 

applied in the simulations presented in the paper, which refer to the first benchmark 

simulation scenario, since the first train only has two locomotives at its head, directly 

connect to each other, and no remote locomotives are present in the train composition. 

Therefore, the same notch level is applied to both locomotives, as a function of the leading 

locomotive position along the track. 

In Figure 4a, the leading locomotive notch level for the third simulation of the first 

comparison is shown in two different cases, i.e., i) when the notch is provided as a function 

of the simulation time and ii) when the notch characteristic is reconstructed as a function of 

the position of the leading locomotive. The two characteristics are significantly out of phase, 

consequently the comparison is completely altered, as can be seen for example in Figure 4 

4b where the speed of the leading locomotive is shown for the four simulations, using the 
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notch characteristic as a function of the simulation time. In the following subsections, only 

the results obtained with the corrected notch characteristic, given as a function of the 

leading locomotive position, will be presented. Table 3 summarizes the main simulation 

outputs obtained from all the simulations performed in each of the three simulation sets, 

which will be discussed in the following subsections. 

 

Figure 4: a) Level of notch of the leading locomotive in the third simulation (Chinese laws) if the notch is 
provided as a function of the time (black curve) or it is provided as a function of the position (red curve). b) 

Speed of the leading locomotive with the driving cycle given as a function of time. 

Table 3: Main simulation outputs for all simulation sets. 

   Largest in-train 
forces (kN) 
@coupler position 

Mean in-train 
forces (kN) 

Max. deflection of 
selected coupler 
position (mm) 

N. 
simulation 

Max. 
speed 
(km/h) 

Av. 
speed 
(km/h) 

Tensile Comp Tensile Comp Pos Tensile Comp 

First simulation set: Ordinary resistances 

1 87.31 65.43 -563@2 338@2 
 

-336 
 

194 
 

10 
 

-64.56 
 

45.07 
 

2 87.31 65.34 -563@2 
 

338@2 
 

-334 
 

195 
 

10 
 

-64.77 
  

45.03 
  

3 81.67 58.48 -570@2 
 

397@2 
 

-340 
 

214 
 

10 
 

-78.57 
 

50.15 
 

4 87.17 65.3 -564@2 
 

340@2 
 

-335 
 

195 
 

10 
 

-64.53 
 

45.3 
  

Second simulation set: Curving resistances 

1 87.31 65.43 -563@2 
 

338@2 
 

-336 
 

194 
 

10 
 

-64.56 
 

45.07 
 

2 87.31 65.34 -563@2 
 

338@2 
 

-334 
 

195 
 

10 
 

-64.77 
  

45.03 
  

3 87.7 65.86 -563@2 
 

339@2 
 

-334 
 

193 
 

10 
 

-64.19 
 

44.74 

Third simulation set: Coupling system 

1 87.31 65.43 -563@2 338@2 -336 194 36 -35.07 21.62 
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2 87.32 65.43 -564@2 339@2 -330 195 36 
 

-60.11 34.04 

4.2 Propulsion resistance comparison 

From Table 3, considering the first simulation set, it can be noticed that the results of the 

second and fourth simulations agree with those obtained using the benchmark expression, 

both for speeds and in-train forces. On the other hand, the results of the third simulation, 

which uses two Chinese laws for wagons and locomotives, are significantly different, with a 

decrease of 6% and 10% in maximum and average speed respectively, and a remarkable 

increase in the in-train force and deflections of the selected coupling systems. In fact, the 

Chinese laws estimate a higher resistance than benchmark and Russian laws, as shown 

Figure 5a, where the propulsion resistance of the 10th vehicle is represented. The values of 

resistant force predicted by the Chinese law for wagons are from 1.5 to 2 times higher than 

those computed with the Benchmark and Russian laws, at the same speed. This generates a 

decrease of the train speed, see Figure 5b, which is related to the difference in the resistant 

forces acting on the vehicles, however, due to the strong nonlinearity of the problem, the 

difference in the computed speed is not directly proportional to the difference in the 

computed resistant forces. Moreover, an increase of the in-train forces, both in traction and 

compression, can be observed in Figure 5c, which is related to the larger values of resistant 

forces computed with the laws from Chinese standards, too. Please note how the variation 

of the propulsion resistance law produces only a translation of the in-train force, since only 

the “static” component of the force is modified, whereas the “dynamic” one is not altered. 
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Figure 5: a) Propulsion resistance of the 10th vehicle. b) Speed of the leading locomotive. c) In-train force 
between 10th and 11th vehicles. 

4.3 Curving resistance comparison 

Focusing on the main outputs of the second simulation set shown in Table 3, they agree in 

terms of both in-train forces and velocities for all three curving resistance laws, with an 

increase of the values of maximum and average speed less than 1% in the third simulation 

(wheelbase formula). The wheelbase formula estimates lower values of curving resistance 

with respect to the other laws along all the track, while the highest resistance is given by the 

Roeckl formula, except for the curves at the 24th and 28th kilometers, where the benchmark 

formula estimates the highest resistant force, see Figure 6a. Figure 6b and Figure 6c show 

again the speed of the leading locomotive and the in-train force on the selected coupling 

system, respectively. In all three simulations, the results in terms of forces and speeds do 

not differ significantly, although slightly higher values of speed are calculated for the leading 

locomotive in case the wheelbase formula is used. 
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Of course, this consideration could be due to the low index of tortuosity of the track. 

Therefore, simulations not shown in the paper were carried out increasing the length of each 

curve in the track from 300 m to 600 m and 900 m. However, the results confirmed that the 

three laws for the calculation of the curving resistance lead to limited variations of the main 

simulation outputs. 

 

Figure 6: a) Curving resistance along the track. b) Speed of the leading locomotive. c) In-train force between 
10th and 11th vehicles. 

4.4 Coupling system comparison 

From the main outputs of the third simulation set shown in Table 3, it can be noticed that 

the substitution of the coupler system with the European buffer-hook system does not 

significantly affect the values of maximum and average speed reached by the train and the 

values of in-train forces. On the other hand, the maximum deflections of the selected 

coupling system obtained with the European system are much higher than those obtained 

with couplers and bars, respectively of 57% and 71% for compression and tensile states. In 
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fact, the coupler/bar is much stiffer than the European coupling system, as it can be noticed 

in Figure 3a. Figure 7a shows the speed of the leading locomotives in the two simulations 

performed in this comparison, while Figure 7b and Figure 7c show the in-train forces and the 

deflections on the 36th connection system in the first train configuration of the international 

benchmark, on which the maximum tensile forces are below the limit value for the European 

hook (250 kN) throughout the simulation. Despite the values of in-train forces are not 

significantly different in the two simulations, the in-train force response obtained using the 

buffer-hook system shows a more vibrated pattern with greater amplitude and duration 

characterized by lower frequencies, see the detailed view of Figure 7b, since the European 

buffer-hook system is less stiff than the coupler or drawbar. Moreover, a cause for this 

vibration is also represented by the preloads of the buffer and of the hook, which are 

extremely difficult to manage numerically when a transition between tensile and 

compressive states occurs. 

For both coupling systems, Figure 7c highlights the nonlinear transition paths of the in-train 

forces due to the transitions between the loading and unloading curves, which occurs when 

the relative speed on the coupling element is less than the threshold speed, set to 1e-3 m/s 

in all the simulations presented in this paper, see Equations 7-9. Figure 7d shows the 

maximum tensile and compressive forces of all couplers for the two simulations. The values 

of the in-train forces are below the maximum force supported by the buffer-hook system, 

according to the European standard EN 1556656, although they are very close to the fatigue 

limits, especially in the vehicles close to the train head. Therefore, such load conditions 

would be excessively high in the long way  
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Figure 7: a) Speed of the leading locomotive. b) In-train force between 36th and 37th vehicles. c) Force -
deflection cross plot of the 36th connection system. d) Maximum tensile and compressive forces on all 

coupling positions. 

5. Conclusions  

This paper deals with two fundamental topics of the longitudinal dynamic simulation of long 

freight trains, i.e., the modelling of the propulsion and curving resistance and the coupling 

system. 

Simulations are performed on the first scenario of the International benchmark of LTD 

simulators, using the LTDPoliTO code. Compared to the code used for the benchmark 

simulations, it was necessary to modify the driving control, i.e., the notch level regulated by 

the train driver, expressing it as a function of the position of the leading locomotive instead 

of the simulation time, so that the differences between the simulations of each simulation 

set can only be related to the modification of the law of resistance or to the type of coupling 

system. 

a) b) 

c) d)
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The first set of simulations, in which only the ordinary resistance law was changed from one 

simulation to another, showed that the modelling of propulsion resistances can have 

significant effects on the simulation outputs, both in terms of speed and in-train forces. It is 

therefore necessary to appropriately choose the propulsion resistance law, possibly using a 

law obtained on the specific vehicles under examination.  

The second set of simulations, in which three different curving resistance laws were used, 

did not show instead significant differences. No big discrepancies arose even with an 

increase in length of the track curves, and this is probably related to the fact that with all the 

three laws considered, the curving resistance is lower than the ordinary resistances and than 

the resistant force due track grade. 

Anyway, modifying the resistance laws produces only a translation of the in-train forces, 

since only the “static” component of the force is modified, whereas the “dynamic” one is not 

altered. 

For what concerns the coupling system, the usage of the European hook-buffer system does 

not produce significant increases in the train speed and in the maximum coupling forces, 

while the deflections are much higher than those obtained with the coupler/bar, due to the 

different stiffness of the two systems. Nevertheless, the maximum forces on the coupler 

positions next to the train head are very close to the fatigue limits of the hook system. 

Therefore, for the future development of new European freight corridors, where longer 

trains could presumably be adopted, it will be necessary the use of the coupler system, since 

the European buffer-hook system can support significantly lower loads and shows excessive 

deflections if the loads are large. 
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