-—— —— )

‘ CURRENT PROBLEMS L XXVII. conference with international participation

"> IN RAIL VEHICLES = 17-19 September 2025, Ceska Trebova

INCREASE OF TRACTION FORCES IN HEAD OF A TRAIN ABOVE
CURRENT LIMIT IN THE NETWORK OF SPRAVA ZELEZNIC

ZVYSENI LIMITU TAZNYCH SIL V CELE VLAKU NAD SOUCASNY LIMIT
V SITI SPRAVY ZELEZNIC

Jan PULDA', Rudolf MRZENA?, Toma$ HEPTNER?, Zdenék MOURECEK?*

e-ISBN: 978-80-7560-564-1 ISSN: 3029-8342
DOI: 10.46585/spkv20252685 (@) |
Abstract

Since the 1960s, a traction force limit at the head of the train of 350 kN has been applied on the
Czech railway network. Compared to neighbouring countries, this limit is relatively low and negatively
impacts freight transport efficiency. Therefore, Sprava Zeleznic initiated steps to revise relevant
regulations and increase the traction force limit. One aspect addressed in cooperation with VUKV
during 2023-2024 was the interaction between vehicle and track and the running safety under traction
forces exceeding 350 kN. The study began with theoretical analyses based on calculations and
computer simulations of running dynamics. In the second phase, a test run was conducted with a train
set capable of exceeding the current traction limit, with included an instrumented freight wagon
equipped to measure key parameters (e.g., wheel forces via an instrumented wheelset and coupler
forces at both ends). This paper summarizes the work carried out, key findings from the testing, and
the resulting conclusions.
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Abstrakt

Jiz od 60. let plati na ceské Zeleznici limit tazné sily v ¢ele viaku 350 kN. Tento limit je v kontextu
sousednich zemi znac¢né nizky a snizuje vykonnost zejména nékladni dopravy. Proto zahajila Sprava
Zeleznic sérii ¢innosti vedoucich k novelizaci pfedpist a zvySeni limitu tazné sily. Jednim aspektem,
ktery byl feen ve spolupraci Spravy Zeleznic a VUKV v letech 2023 a 2024, byla interakce mezi
vozidlem a trati a bezpecnost jizdy pfi pisobeni taznych sil nad 350 kN. Studium téchto oblasti bylo
nejprve teoretické, zaloZené na vypoctech a pocéitacovych simulacich jizdy vozidla. V druhé ¢asti byla
provedena jizdni zkouSka se soupravou schopnou vyvinout taZznou silu nad 350 kN, pficemz
v soupravé byl zafazen instrumentovany nakladni viz, na némz byly méreny relevantni veliciny (napfr.
kolové sily na vsech kolech prostfednictvim mériciho dvojkoli, sily ve sprahlech na obou koncich).
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Tento prispévek se zabyva shrnutim téchto provedenych praci, poznatkt z provadéni a zavérd téchto
praci.
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1 INTRODUCTION

The current state regarding the maximum traction force at the head of the train in the Czech Republic
(specifically on the Sprava Zeleznic network) dates back to the 1960s (see Regulation D 12 of 1962 [1]
and later D 2/1 [2]). At that time Czechoslovak railway faced a critical situation with an extreme number of
screw coupler ruptures (circa 2 600 in 1960). This led to a thorough investigation into the causes of these
failures and the development of solutions to mitigate them. The main reason identified was the longitudinal
dynamics within a train set when traction and braking forces were exerted. To eliminate the risk posed by
traction forces, a traction force limit was introduced. Based on experimental analysis, a limit of 350 kN at
the head of the train was established [3], and this limit remains unchanged to this day [2].

However, this limit is now considered low. It restricts the effective use of modern locomotives,
especially when two are positioned at the front of the train. It has been demonstrated that longitudinal
dynamics are no longer critical with respect to screw coupler strength [4]. Similar conclusions can be drawn
from the situation in other European countries. Summary of the limits is given in Tab. 1. This overview
highlights the need to increase the traction force limit in the Czech Republic.

Tab. 1 Overview of the traction forces in head of train in selected European countries [5]

Country Limit
Czech Republic 350 kN
Slovakia No explicit limit
e Until 2006: 350 kN
Austria 450 kN
e Can be individually increased
Germany No explicit limit

e Limited with “operational strength of the coupler”
e Until 2021: 450 kN for 1.0 MN screw coupler, 500 kN for 1.2 MN screw coupler

Poland No explicit limit

Hungary No explicit limit

These findings concern only the vehicle side (screw coupler strength) and existing regulations.
Another crucial aspect is the interaction between the vehicle (subjected to traction force) and the
infrastructure. Moreover, we shall concern running safety of such vehicle. A coupler's force applied to
a vehicle in a curved track alters the distribution of the guiding force Y and the vertical force Q. This study
addresses:

1. quasistatic changes in wheel force during curving,

2. dynamic changes in wheel forces during run through S-curves (crossovers).

Accordingly, the study investigates the behaviour of a representative train set subjected to traction
forces while passing through simple curves and S-curves.

2 THEORETICAL STUDY

Theoretical analysis was conducted using analytical calculations and numerical simulations. The
primary objectives were:
1. preliminary assessment of running safety,
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2. identification of critical phenomena and definition of evaluation metrics,

3. instrumentation requirements,

4. investigated train set composition,

5. track alignment determination.

Simplified analytical model of a three-wagon train set in a curve was developed. The outer wagons
induce angular misalignment in the screw couplers, generating F;, (lateral components of traction force

F;) on the middle wagon (see Fig. 1).

F, tx Ft,x

Fig. 1 Principle of generation of the lateral component of the coupler force

This lateral force redistributes Q forces, causing wheel unloading on one side of the wagon. As traction
increases, the unloading becomes more severe and may approach the (Y/Q);;, criterion or even lead to
overturning. A sensitivity analysis identified the following.

1. maximum F,, occurs with combination “short wagon with short overhang” + “long wagon with long
overhang”;
minimum F , occurs for combination of similar wagons;
on the front end of the wagon is the maximum F, on rear end of the wagon is the minimum F ;
lower the own weight of the wagon the relative wheel unloading Aq is more significant;

. tighter the curve the F, is larger.

The train set configuration fulfilling these criteria is: Shimmns + Sggnss 80’ + Sggnss 80’, where bold
indicates the investigated wagon. This composition of the train set was selected among other 15
compositions. Wagon classes were selected accordingly to standard freight operation in Czech Republic.

MBS simulations using rigid body models (see Fig. 2) with detailed bogie suspension model, draw
gear and buffers with hysteresis suspension and spherical buffer contact were performed for several
traction force magnitudes. With this model, simulation scenarios with different magnitude of the traction
force were calculated. The scenarios in simple curves catch sensitivities on cant deficiency, radius of
250 m was selected as the common minimum radius on main lines. For S-curves radii of 190 m and 300 m
were selected. Radius 190 m is one of the least possible and corresponds to alignment in standard [6].
Radius 300 m is presumed as common minimum on main lines. Sprava Zeleznic performed a thorough
analysis of track alignment in order to find all S-curve with radius less than 300 m and intermediate straight
shorter than 8 m (without crossovers). All 26 found track sections were located on local lines without
extensive freight transport. Simulations were run for empty wagons. Parameters are given in Tab. 2.

o wbN

Fig. 2 SIMPACK visualisation of the model; composition: pulling body + Shimmns + 2x Sggnss 80’ + braking body
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Tab. 2 Overview of parameters of performed simulations

Track alignment Radius Intermediate straight Speed Traction force
[m] Length [m] [km/h] [kN]
Simple curve 250 - 56 (balanced speed) 0; 350; 500
Simple curve 250 - 21; 33; 46; 56; 65; 73 500
S-curve 190 5 10 0; 350; 500
S-curve 190 5;7;8;9;11; 14 10 500
S-curve 300 7;8;9;11; 14 10 500

Criteria were primarily based on [7]. Overview is given in Tab. 3 (other quantities from [7] has been
shown as non-significant). The Prud’homme criterion for the limit of sum of guiding forces XY, seems
too restrictive, so an alternative from [6] was adopted. A minimum wheel force Q,,;, limit was also added
to the criteria set. This quantity describes the risk of overturn.

Tab. 3 Criterion overview used for evaluation

Quantity Abbr. Criterion Description
Minimum vertical wheel force Qmin > 0.1-0Q, Wheel unloading

< 0.8 (simple curve)
< 1.2 (S-curve)

<0.85-(2Q,/3 +10kN) Prud’homme acc. [7], informative
<0.6-2Q,+ 25kN Prud’homme acc. [6]

Maximum ratio of wheel forces (Y/Q)max Safety against derailment

Maximum sum of guiding forces EYmax

Results showed that the most critical case was a simple curve with maximum cant excess. This
scenario corresponds for example to setting the train set in motion. The Q,,;, criterion on outer wheels
proved to be a limiting factor, partly due to its conservative nature as it is applied per wheel. The worst
results for simple curve for Q,,;, and XY,,.x are shown in Fig. 3 and Fig. 4. From these we can conclude
that the operation should be safe up to traction force F; = 500 kN.
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Fig. 3 Dependence between Q,,;, and cd in simple curve,Fig. 4 Dependence between XY,,., and traction force F; in
Wheelset 2, F, = 500 kN, outer wheel 21 simple curve, Wheelset 2, cd = 0 mm

For S-curves, Q,in remained close to the limit at 190 m radius even with long intermediate straight L
(Fig. 5). On the contrary, 300 m was found safe (Fig. 6). Hence, experiments were limited to S-curves with
radius = 300 m.
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Fig. 5 Dependence between Q,,;, and L in S-curve of Fig. 6 Dependence between Q.,;, and L in S-curve of
radius 190 m, Wheelset 4, F, = 500 kN radius 300 m, Wheelset 4, F, = 500 kN
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3 EXPERIMENTAL STUDY

3.1 Design of Experiment

Requirements for the experiments and solutions are summarised in Tab. 4.

Tab. 4 Summary of requirements for the experiments

Requirement

Implementation

Train set must achieve 500 kN traction force and maintain
it on a constant level.

Two Class 193D CD electric locomotives (320 kN each)
were used for traction. Four Class 363.5 CD Cargo
locomotives, each providing 160 kN of braking force via
EDB, ensured speed regulation.

The train set composition is: Shimmns (front wagon in
running direction) + Sggnss 80’ (instrumented wagon) +
Sggnss 80'.

The train set composition is: Eamnoss + Sggnss 80’ +
Sggnss 80’ (Fig. 7); Shimmns was replaced by a similar
Eamnoss wagon due to better availability.

The instrumented wagon has to be able to provide data
of all relevant quantities.

The instrumentation is shown on Fig. 8. The
instrumented wagon was equipped to measure all
relevant quantities, including inter-wagon forces and
wheel forces, using four instrumented wheelsets and
additional sensors in compliance with [7].

The track shall consist of range of curves’ radii 250 m up
to 500 m with sufficient length.

The track line 502A, sections Gol¢lv Jenikov — Lestina u
Svétlé and Okrouhlice — Havlick(v Brod were selected.
These cover Zone 3 and Zone 4 according to [7].

The track shall consist of S-curves with radius 300 m and
the shortest possible length of intermediate straight.

In the station Vlkane¢ in the section Golélv Jenikov —
Lestina u Svétlé there is a crossover with radius 300 m
and intermediate straight 9,49 m long.

The experiments shall be done for maximum permissible
speed on the track (maximum dynamic forces); minimum
possible speed (maximum possible cant excess).

The experiments were performed for the maximum
permissible speed (cant deficiency 100 mm) and for
speed between 25 km/h and 35 km/h.

Fig. 7 Photography of the train set consisting of: 2x 193D + Eamnoss + Sggnss 80’ + Sggnss 80’ + 4x 363.5
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Fig. 8 Scheme of the instrumentation of the middle Sggnss 80’ wagon
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The evaluation is divided to two parts: evaluation of running through curves and evaluation of running
through S-curve. Both parts are evaluated statistically with linear regression. The principle is similar to the
evaluation of the dynamic performance assessment according to [7]. The input data are processed
(according to the [7]). They are categorized by curve type and divided to evaluation sections (simple curves
are cut to sections of length 70 m, for S-curves the section is over their overall length). Moreover, the
sections in simple curves are categorized according to radius (same as division to Zones in [7]). In each
evaluation section, if all required boundary conditions are met (e.g. minimum variability in the traction force,
speed, cant deficiency), the characteristic values for all quantities are calculated. For each set of
characteristic value of quantity linear regression was calculated (in dependence on traction force and cant
deficiency for curves; in dependence on traction force for S-curves). Then the prediction intervals were
calculated with a confidence level 99 % for the simple curves. An intersection between the prediction
interval for maximum admissible cant excess (cd = —150 mm) and the limit value defines the admissible
traction force F,,qm- For the S-curves, the set of usable sections for evaluation is lesser, therefore no
prediction intervals were calculated and F; ,q4n, iS determined from an intersection between a regression
line and the quantity limit value. The value of F; .4, is calculated for all quantities. The lowest value from
the set of F ,qm defines the limit value to traction force Fi;y,.

The used limit values of quantities are the same as in the theoretical study (see Tab. 3). However, we
replaced the extremely restricting criterion for Q,,,;, with sum of the vertical wheel forces on one bogie side
XQnin- This quantity better captures the possibility of overturn, although still conservative with enough
margin to physical overturn. The limit value for £Q,;, is 0.1 - Pgy, Where Pg, is static wheelset loading.

3.2 Experiment Results
Results for Simple Curves

First part considers running through simple curve. The quantity giving the lowest value of F; ,4p, iS
XQ,in, On outer wheels. Other quantities according to [6, 7] were proved not to be as critical. The resulting
permissible traction forces calculated for each range of curve radii are in Tab. 5. Results with lowest
admissible traction force are depicted in Fig. 9. The cant deficiency and traction force are well covered.
Achieved maximum traction force is around 500 kN. The dispersion around regression line of results for
2Qminrec (Values of vertical wheel force sum recalculated on cd = —150 mm with use of the regression
coefficient) is not significant. This indicates great stability and reliability of the results. Prediction interval
intersects with the limit value at F;, = 730 kN.

Tab. 5 Overview of limit traction forces in dependence on curve radius

Curve radius range Mean radius value Number of sections Limit traction force Note

250m <R <300m 275m 280 730 kN Main range to eval.
300m <R <350m 325 m 27 780 kN

350m < R <450 m 400 m 81 > 1000 kN

450 m < R < 600 m 525 m 38 > 1000 kN

600m <R - -- -- No sections
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deficiency; right: regression for recalculated quantity to cd = —150 mm in dependence on traction force

Results for S-curves

For evaluation of the S-curve the statistical set is lesser as for simple curves. The lowest possible
value of traction force is given by the criteria for (Y/Q)max and ZQn,in- However, particularly (Y/Q)max IS
distorted with significant dynamic effects when the wheel is passing over frogs. The results are in Fig. 10.
Even under these conditions the maximum permissible traction force is above 870 kN.
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Fig. 10 Results for (Y/Q)max and ZQpin in S-curves

4 REMARKS AND CONCLUSION

The presented analysis shows that the limit can be increased above current limit 350 kN and Sprava
Zeleznic proceeds with necessary steps to its change. There is a discussion upon the new limit value which
has to fulfil following boundary conditions. Possible proposed safe value is 450 kN.

The limit has to be under value 730 kN. This is the lowest admissible value according to the
experiments.

The limit applies for track sections with allowed two bank locomotives as in Tables of Track
Conditions (TTP — Tabulky tratovych pomérd). This follows from requirements for the minimum
curve radius 250 m and two bank locomotives are permitted only in curves with radius 250 m and
greater.

The limit applies only for crossovers with radius higher or equal than 300 m (lower radii were not
investigated). Thus, the limit applies only for stations with indicated speed above 50 km/h.

State of a track is suitable for normal operation according to Tables of Track Conditions. If there is
any deviation in track quality affecting interaction with a vehicle the limit can be locally reduced.

In a case of favourable conditions (quality, track alignment) the limit can be locally increased based
on an expert opinion.
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However, from measured data we can conclude other interesting findings.

o The quality of the track can have significant influence on the Q force, even if there is no apparent
defect. In a few track sections significant periodicity in vertical irregularities led to wheel unloading,
ultimately in combination with higher traction force to a wheel lifting.

o Although weather during testing was acceptable (partly cloudy, dry rails) the locomotives had
problems to exert its maximum traction force. Especially in curves a significant lateral creepage
caused substantial decrease in traction force.

o These observations do not necessarily apply only to the standard UIC coupling (screw coupler
with buffers), but its nature (generation of a lateral force with respect to a vehicle axis in a central
pulling element when curving) also applies to any central coupler (e.g. DAC — Digital Automatic
Coupler). Therefore, the consequences of these experiments shall be also reflected for the DAC.

e As the traction force in curve changes distribution of the Y forces, wear between rail and wheel
also changes. According to a MBS simulation, Wear Number (describing dissipated energy in
a rail-wheel contact responsible for wear) for an empty wagon rises about 25 % for traction force
400 kN.
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