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1 Contract Details
1.1 Order

Based on the offer [1], which originally was sent to UIC, DB Systemtechnik GmbH has been as-
signed by DB Cargo AG via order 69976-001-0 [2] to undertake the study at hand.

1.2 Contracting Parties

Client: DB Cargo AG
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55116 Mainz
Germany

Lukas Joa
Tel.: +49 6131 15 62364
E-Mail: Lukas.Joa@deutschebahn.com
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E-Mail: Robert.Karbstein@deutschebahn.com

Distribution List: Digital Report in Portable Document Format (*.pdf):
Lukas.Joa@deutschebahn.com

1.3 Clarification

This report frequently uses terms like train mass or mass of the train. This term refers to the
hauled mass of the train and does not include the mass of the locomotives.

A certain number of trains virtually built under the same conditions is named train family.

1.4 Description of situation

There are ongoing activities to support the UIC/Xrail cooperation for the CEF PSA UBS Action
project! which is aiming to identify and solve issues to interoperability, hampering international
Rail Freight Traffic, especially on Rail Freight Corridors as well as make European Single Wag-
onload a more competitive and more sustainable alternative to road transport.

1 The CEF PSA UBS Action Project was launched to resolve the technical operational issue of different national brak-
ing rules and requirements along with the implementing of the Unified Braking Scheme (UBS) as a pilot project along
the Rhine-Alpine Corridor.
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Two TrainDy? studies were released in the past. The report of the first study, carried out by
SNCF and described in the last TrainDy activity report, is published on the UIC ETF shop as re-
port B 177.4 [ RP 5. Its results have been considered in the first edition of IRS 40421 [4], now
referenced into the AMOC [6].

A second technical study has been released recently, dealing with the integration of articulated
wagons in trains with a total mass higher than 1600 t and a rearrangement of the wagon order
to tolerate wagon masses lower than 32 t and 40 t respectively. In addition, the potential of in-
creasing the total train mass by running up to seven wagons in brake position G at the head of
the train was investigated. Also, the effect of the track radius was considered by applying ex-
trapolation rules of IRS 40421 to get estimations of tolerable forces. All those studies have been
performed based on a relative approach by comparing the results with a reference system that
is regarded as a safe operational system.

Due to the special nature of articulated wagons, which normally have a shared Jacobs’ bogie
between the two sides of a wagon, they can experience remarkable differences in individual
axle loads in case of uneven loading. As a result, one of the end bogies may have a much lower
axle load than the others, meaning that the risk for derailment in case of excessive longitudinal
compressive forces is increased. Therefore, it is not possible to apply rules that are normally ap-
plicable to regular axle and bogie wagons without additional safety precautions.

As for the current IRS 40421, articulated wagons are only allowed in P-trains of up to 1600 t.
However, this places rather severe boundaries to the business opportunities of rail freight oper-
ators, which can therefore not use the full capacity of a train or they are forced to run in a less
efficient brake position G. Operation of G-trains uses up more track capacity due to lower aver-
age speed compared to other traffic (e.g., freight trains in position P or passenger trains), thus
increasing timetabling complexity and reducing path availability.

In the previous studies, a weak point was the consideration of those articulated wagons in com-
bination with an appropriate reference train family. To overcome the problems related to articu-
lated wagons this third TrainDy study was performed.

1.5 Tasks

It shall be demonstrated by means of statistical TrainDy simulations how much heavier P-trains
could be when containing articulated wagons and if additional mitigation measures for the limita-
tion of Longitudinal Compression Forces would be put in place. The study must therefore per-
form a comparative analysis of a reference system currently allowing articulated wagons against
a proposed system allowing heavier trains but by applying compensation measures one-by-one
as well as in combination.

The study is primarily focused on derailment risk and secondarily on train disruption risk. There-
fore, the change of longitudinal forces is investigated. The effect of the proposed mitigation
measures in terms of stopping distances is not subject of the study.

The reference system is defined as follows: P-trains in the range of 1200 - 1600 t (either a train
exclusively formed of articulated wagons or a mixed consist, evoking highest LCF).

2 TrainDy is a simulation software that enables to simulate the longitudinal dynamics of trains. Originally, the main
software features had been developed by University of Rome, Tor Vergata, with the support of Faiveley Transport.
Today the software is further developed and maintained by the UIC special group TrainDy.
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LCF compensation measures to be analysed (simulation variants):

» Variant 1
Reference train family with Brake Regime XLL (extended “Long Locomotive”) (ref. [8],
[11])

» Variant 1b3
Reference train family with Brake Regime XLL, new mass range 1600 - 1900 t, no mini-
mum wagon mass limit (ref. [10], [11])

» Variant 2
Reference train family with Brake Regime XLL, new mass range 1600 - 2200 t, mini-
mum wagon mass of 26 t (ref. [8], [9])

» Variant 3
Reference train family with Brake Regime XLL, new mass range 1600 - 2200 t, mini-
mum wagon mass of 26 t, shifting articulated and permanently coupled wagons to end of
train (ref. [8], [9])

» Variant 4
Same as Variant 3, just in reverse order (running in the opposite direction) (ref. [8], [9])

2 Main Steps of the Study
2.1 Definition of a suitable Reference System

Mixed train consists of mass-ranges between 1200 and 1600 t running in brake regime LL
evoke a high level of LCF. Especially trains close to 1600 t can be found frequently because op-
erators try to avoid running in Brake Regime G with correspondingly lower speeds. Therefore,
this LL operation can be considered as a representative scenario that is considered save.

In a first step the tendency of the above listed simulation variants has been investigated in
terms of their longitudinal response and whether the applied compensation measure is benefi-
cial or not ([8], [9] and [10]). This is realised by simulating smaller samples of trains. Train mod-
els have a train mass of 1200 to 1600 t.

At a later stage, after identification of beneficial scenarios, those scenarios were investigated by
a high number of simulation samples [11]. For these simulations, the reference system has
been concentrated to LL trains with a quite small mass range between 1550 and 1600 t. A rea-
son for this rather punctual comparison minimizes any impact on the results due to different
mass ranges between reference and variant scenarios. In a similar way as presented in recent
publications [5] the assumption in the study has been a linear increase of masses

(Mnew,max - Mnew,min) (

Mref - Mref,min)

Mpey = Mnew,min +

(Mref,max - Mref,min)
Equation 1: Mass increase from reference system Mref to new system (variant) with new mass Mnew

and is probably not realistic.

2.2 Building Virtual Trains

A large data set [3] of freight train formation had been made available by DB Cargo AG in the
framework of the EU project FFL4E. This data set was filtered as follows: only trains are consid-
ered that have at least one intermodal wagon.

Analysing this filtered data set the train mass distribution, the cumulative probabilities of the pay
load distribution as well as of the group size (number of subsequent wagons having same

3 variant 1b was not part of the original simulation task but came up during the presentation of first results [10] and
this variant is considered beneficial for freight train operators.
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wagon type and pay load) are determined. These distributions form the basis of the virtual train
formation process described in the IRS 40421 [4].
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Figure 1: Cumulative histogram of wagon types for intermodal trains, extracted from data sample of DB Cargo AG [3].
The wagon types shown represent 50 % of the total running distance of all wagons within the data sample.

Figure 1 shows the most relevant wagon types covering 50 % of the overall kilometric perfor-
mance of the data sample. To limit modelling efforts®, the number of representative wagon types
is limited to the number that represents 80 % of the total kilometric performance. This reduced
wagon database for simulation is supposed to be representative in terms of scatter of wagon
length, wagon mass and coupler equipment.

Additionally, the cumulative probability distributions of wagon load and group size’ of each rele-
vant wagon type have been determined. As an example, Figure 2 shows the statistical analysis
of wagon type Sggmrs 715. Most of the wagon groups consisting of wagon type Sggmrs 715
have up to 5 wagons (90 % have 5 or less wagons forming a group). In about 10 % of all load-
ing cases the wagons are running as empty wagons.
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Figure 2: Group size (left) and pay load (right) distribution of intermodal wagon type Sggmrs 715

The resulting distribution of the maximum LCF of all trains is quite stable when approximately
1.000 trains are built and simulated.

2.3 Virtual Target Trains

Target trains consist of the reference trains but have a higher pay load and include compensa-
tion measures. As already described in section 2.1, the mass range of the reference trains is

4 Up to now wagon models have to be built manually which is a time-consuming task because technical information
about wagons is not always easily accessible.
5> The group size refers to the number of successive wagons of the same wagon type forming a group
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linearly mapped to a higher mass range. It is crucial to notice that the study is robust due to the
following properties:

> the study is based on relative approach

> the study uses exactly the same wagon types and the same number of wagons for each
train

Only the wagon mass, the train’s brake regime and the wagon sequence may differ.

2.4 Assessment Criteria

The relative comparison of the longitudinal dynamics of different train families is based on the
following assessment criteria:

» LCF10m
Minimum value of LCF acting on buffers within a running distance of 10 m

> LCFl1s
Minimum value of LCF acting on buffers within a time frame of 1 s

» LCF-Ratio
Ratio of LCF acting on buffers and maximum LCF that a wagon can support under cer-
tain conditions (TLCF)

TLCF depend on various operational parameters like pay load and adjacent wagon as well as
on technical parameters like buffer plate geometry, track curve radius, type of running gear, car
body stiffness etc.. Currently, the maximum LCF is computed based on extrapolation rules pub-
lished in IRS 40421 [4]. A ratio lower than minus one is associated with a potential derailment,
thus must be avoided.

Articulated and permanently coupled wagons are more complex in terms of derailment predic-

tion. There is no rule in IRS 40421 how to compute TLCF for that kind of wagons. To provide a
safe assumption on TLCF those wagons are virtually split in two parts, both considered as two-
axle wagons, so that the TLCF of each part can be computed based on the IRS as well.

The assumption on the load distribution of an articulated wagon is done in a way that one part
of the joint-connected wagons is laden up to the maximum value that has been observed in the
data set [3] and the other part carries the rest of the pay load. The mathematical pendant is set
out in Equation 2.

LWagon,max *

Liign = min (L, —XHSIMET); 1 = L — Lyig

Equation 2: Assumption on mass distribution for articulated and permanently coupled wagons

The assumption above frequently leads to unladen wagon parts. The wagon’s TLCF is com-
puted based on the unladen part, i. e. there is always an unfavourable load distribution as-
sumed.

For the application of IRS 40421 a track radius of 190 m is assumed in analogy to the previous
TrainDy studies. Distinctions regarding buffer plates are ignored as trains are simulated on a
straight track.
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2.5 Relevant manoeuvres

The decision which manoeuvres shall be analysed are derived based on the conclusions of
Shift2Rail projects [7]. These manoeuvres provoke a high level of longitudinal forces:

e Emergency braking from coasting
e Emergency braking during braking

Both manoeuvres have an initial speed of 30 km/h in common when the emergency brake is ap-
plied.

3 Results
3.1 Introduction

The results of the study are expressed in different ways. The typical diagrams used are ex-
plained in the following sections

3.1.1 Cumulative Probability Distributions

One typical diagram is dealing with cumulative probability curves as shown in Figure 3. It means
that 90 % of all wagon groups have a size of 5 or less, or vice versa, 10 % have a size greater
than 5. During the virtual train formation process for each varying parameter of each wagon and
each train a random number between 0 and 1 is provided. With this random number the corre-
sponding abscissa value of the cumulative distribution is inversely determined.

1,0

09 —====~=

08

7 B e B N N e B I N

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Group size

Figure 3: Display option: cumulative probability distribution. Here dealing with the group size®

® number of subsequent wagons of the same wagon type
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3.1.2 Boxplots

Another type of results are box plots as shown in Figure 4. The meaning of the box is that 50 %
of all values are inside of this rectangle. Starting from the abscissa. Between the abscissa and
the upper boundary of the box there are 25 %, between abscissa and median there are 50 %
and between the lower boundary and the abscissa there are 75 % of all values.

The most exterior horizontal lines correspond to the whiskers. They are setin a way that 99.3 %
of all values can be found between the whiskers. Outside of the whiskers there are 0.7 % of all
values indicated as single values of the so-called outliers.
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Figure 4: Display option: Boxplot
3.1.3 Quartile Plots

Finally, another helpful way to express results is the quartile plot that can be used if each result
(each point) has a corresponding counterpart and thus occurs with the same probability. First
the results are sorted in ascending order for both, result A and result B in Figure 5. Then each
data pair with the same quartile is printed (first with first, second with second in the list etc.). If
alle points are coincident with the black diagonal it means that result A and B belong to the
same distribution. Quartile plots are typically shown with positive numbers. Therefore, in this
case the axes show absolute values for the compression forces.
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Figure 5: Display option: Quartile Plot
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Results may be expressed on wagon or train level. The term “wagon level” indicates that for ex-
ample the maximum longitudinal compression force of each wagon is considered. If the term
“train level” is referred, it means that only the maximum of all wagons in the train is considered.

Furthermore, confidence intervals are used when defining the probability of derailment. The
given intervals refer to a confidence value of 95 %. As an example, if the confidence interval is
ranging between 0.1 and 0.2 % it means that with a probability of 95 % it is true that the real
portion of derailment is in between the boundaries of the confidence interval.

3.2 Emergency brake from coasting

3.2.1 Variants 1-4, target mass range 1600-2200t, 26 t min. wagon mass, 200 samples
3.2.1.1 Description
Simulations with 200 samples are a pragmatic and fast way to identify promising operational

scenarios as well as risky ones. For a final usage as a part of a superior risk analysis larger
samples are needed to reach a converging distribution of longitudinal forces.

Figure 6 gives an overview of the train mass distribution of the reference case and information
concerning the sufficiency of the sample size.
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Figure 6: Distribution of hauled train mass as scatter plot on the left. On the righthand side: histogram showing the
distribution of maximum occurring longitudinal force for all samples (trains) in the reference when comparing 128 ver-
sus 200 samples

On the right-hand side the figure shows the distribution of maximum longitudinal forces for com-
pression (upper diagram) and tension (lower diagram) as histograms. The grey and thinner col-
umns indicate the distribution of 128 samples and the columns coloured in orange refer to 200
samples. There is a sufficient similarity of the grey and the coloured bars in terms of their height.
Therefore, the sample size proves to be sufficient to determine the tendency of the different var-
iants that will be compared in the following sections. On the left-hand side of the figure the
hauled train masses of the sample are shown as scatter plot.
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3.2.1.2 Comparison of LCF

Figure 7 compares the distribution of the minimum longitudinal compression forces within a run-

ning distance of 10 m.
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Figure 7: Longitudinal Forces within moving distance of 10 m, reference and variants 1 to 4

The figure shows that the mass increase to 2200 tons leads to significantly higher 10m-com-
pression forces compared to the reference, especially for the case when all articulated and per-
manently coupled wagons are shifted to the front end of the train just behind the locomotives
(see dashed line on the very left). Also, in the case of shifting intermodal wagons to the end of
the train there is a worse dynamic compared to the reference. This is because intermodal wag-
ons are frequently equipped with an automatic load weigh device. Those devices have a harmo-
nizing effect on longitudinal dynamics but at the end of the train with a usually lower level of
compression forces they cannot unfold their harmonizing effect.

3.2.1.3 Ratio of LCF to TLCF

This section deals with a potential derailment of wagons. Figure 8 compares the probability of
potential derailment of reference and variants.
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Figure 8: Ratio of actual 10m-force vs. tolerable force, target 2200 t, reference and variants 1 to 4, left figure: max.
TCLF of 240/400 kN for 2-axle/bogie wagons; right figure: max. TCLF 400/600 kN.

In this consideration the ratio of compression forces does not confirm the feasibility of the target
mass range as the frequency of samples below minus one is much higher when intermodal
wagons are shifted to the front (see dashed line, last entry in legend).
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The study has been performed with different assumptions to check the overall validity of the rel-
ative approach. The left diagram of Figure 8 is applying restrictive values for the maximum pos-
sible TLCF of 240 kN for 2-axle wagons and 400 kN for bogie wagons. IRS 40421 [4] instead
accepts higher values for the maximum possible LCF. In both cases the front shift variant is not
acceptable.

Proceeding with the higher values of the IRS (400 and 600 kN) and therefore focusing the right
diagram of Figure 8, rear shifting seems to be comparable with the reference because the
curves seem quite coincident for values lower than -0.9. However, the upper value of the confi-
dence interval shown in the legend is 0.1 % higher (0.2 % instead of 0.1 %).

The lower boundary of the confidence interval of the reference is defined as “NaN”’ and indi-
cates that there was no value below minus one at all in the computed sample. Variant 2 (Re-
sults-XLL-2200t with mass increase to 2200 t but no shifting of intermodal wagons to favourable
locations) is very likely worse than the reference as its confidence interval is ranging between
0.1 to 0.3 % and does not overlap with the interval of the reference.

3.2.1.4 Assessment of variants 1 - 4

To ensure a safe operation, the target mass must be significantly lower than 2200 tons. Also, a
shunting process which would include shifting of intermodal wagons to the front or rear end of
the train can be expected as cost and time intensive.

Therefore, during the study a new variant came up dealing with a lower train mass limit but with-
out the need to consider any other measures like minimum wagon mass or wagon position in
the train. The results of this new variant are presented in the following section 3.2.2

3.2.2 Variant 1b, target mass range 1790-1900 t &, 2000 samples

3.2.2.1 Description

Simulations with 1000 samples or more allow a proof of concept and are used do demonstrate a
safe operation when dealing with an accepted reference system.

Figure 9 shows the distribution of longitudinal forces for compression (upper diagram) and ten-
sion (lower diagram) and the mass distribution of the reference.
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Figure 9: Left diagram: distribution of hauled train mass as scatter plot. Right diagram: histogram of maximum longitu-
dinal forces on train level for variant 1b.

7 Not a Number
8 In the section title, the value of 1790 t instead of 1600 t is due to application of Equation 1. The value is related to a

smaller mass range of the reference. Of course, the conclusions here are valid also for the wider mass range of 1600
- 1900 t.



Report: 22-69976-3rd-TrainDy-Study Page 14 of 17

The thin and grey columns of the histograms refer to 1280 samples and the columns coloured in
orange indicate the distribution for 2000 samples.

This time a smaller mass range has been used for the reference to allow a more punctual com-
parison by minimizing any eventually adulterant effect due to a different size of mass range® (s.
section 2.1).

3.2.2.2 Comparison of LCF

The distribution of longitudinal compression forces is very similar for reference and variant 1b.
Figure 10 shows a slightly higher median and slightly lower whisker of the reference (see box-
plots on the left).
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Figure 10: Longitudinal Forces within moving distance of 10 m, Ref. + Variant 1b

3.2.2.3 Ratio of LCF to TLCF
Figure 11 shows two different ways to assess potential derailment of wagons.
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Figure 11: Ratio of Longitudinal Forces within moving distance of 10 m, Ref. + Variant 1b

Especially the boxplot on the right identifies an acceptable level of longitudinal forces as 99.3 %
of all coupler forces are showing a higher!? ratio and thus a lower risk of derailment than the ref-
erence.

Figure 12 provides another way of comparing the derailment risk based on quartile plots as ex-
plained in section 3.1.3. However, as an exception, the compression ratios in these plots are ex-
pressed positive by their absolute value.

? size in terms of maximum minus minimum value
10 Higher values are less critical because compression force ratio is negative.
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Figure 12: Quartile Plots of Ratio of Longitudinal Forces within 10 m, Ref. + Variant 1b

The quartile plots on wagon level in Figure 12 show, that especially in the “no derailment area”
the values of Variant 1b are lower. The curve is leaving this area below the diagonal and that
means, that there are less samples in variant 1b entering the critical area of derailment. Up to
values of roundabout 1.4 the values are following the diagonal. Above a value of 1.4 the plus-
signs, each identifying a single sample, show a random behaviour that does not show an alarm-
ing tendency.

The situation on train level is comparable. The general trend, shown by the red dashed line of
the linear regression, reveals lower values for variant 1b. In the area of potential derailment (val-
ues greater one) the samples show a small increase. That means, that only a small increase of
longitudinal forces must be expected. This can be confirmed by having a look to Figure 10
again. The outliers are not extending to an alarming level of compression forces.

3.2.2.4 Assessment of Variant 1b

Significant deviations can be observed for ratios larger than one. Both considerations, the one
on wagon level and the one on train level show a lower rate or equal rate of samples that enter
the critical area of potential derailment. The deviations in this area are small so that there is no
hint that the amount of kinetic and potential energy provoking derailment is significantly in-
creased.

3.3 Emergency brake during traction (T+EB)

3.3.1 Variant 1b, target mass range 1790-1900 t, 1000 samples
3.3.1.1 Description

This manoeuvre is usually the most challenging scenario. However, in a relative approach this
hazard is expected to have a low impact on the results because also the reference must deal
with this unfavourable situation. There is a complete analogy to the previous case of emergency
braking from coasting. Only the manoeuvre is changing. However, it is not the same train family
as in section 3.2.
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3.3.1.2 Comparison of LCF

Figure 13 compares the distribution of longitudinal compression forces for reference and variant

1b.
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Figure 13: Longitudinal Forces within moving distance of 10 m, Ref. + Variant 1b

The level of forces is very similar for reference and variant 1b. On train level, the reference case
shows small differences in terms of a higher median and higher whisker (see boxplots on the
right). Furthermore, the variant seems to provide higher compression forces in rare cases with

respect to the outliers of the variant’s boxplot.

3.3.1.3 Ratio of LCF to TLCF

The results of the manoeuvre in Figure 14 show a comparable behaviour to emergency braking

from coasting in section 3.2.
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Figure 14: Quartile Plots of Ratio of Longitudinal Forces within 10 m, Ref. + Variant 1b

When the reference enters the derailment area (values greater than 1) the variant does not.
So, the variant provides less wagons that enter a critical level of forces.

Considering the potentially derailed wagons it can be observed that variant 1b tends to provide
slightly higher ratios. This tendency is not alarming because there are arguments why the oper-
ational risk is not significantly increased:

¢ the deviations from the diagonal are small. There is no hint that kinetic and potential
energy of the wagons is increased in a way that different, more severe hazards (com-
pared to the reference) must be faced than those that can be expected for the refer-

ence case.



Report: 22-69976-3rd-TrainDy-Study Page 17 of 17

e thereis always a random nature on the last points of a distribution showing all their
samples

e the extrapolation rules of IRS 40421 [4] for estimating TLCF are considered conserva-
tive (s. appendix B section 3.4.2). That means, real values of TLCF are expected to be
higher. As there is a cautious linear increase of TLCF depending on the wagon mass it
is logical that with increasing LCF due to more mass of the variant the underestimation
of TLCF leads to higher values of the variant in terms of the ratio of forces when com-
pared to the reference.

4 Conclusion

The study shows the feasibility of introducing harmonising measures to increase the mass of
freight trains when running as P-trains in the network without exclusion of critical wagons, i.e.,
articulated or permanently coupled wagons, and without increasing the rate of potential derail-
ment or train disruption in an unacceptable way.

The main promising measure is the introduction of a new brake regime XLL that means an ex-
tended “Long Locomotive” which adds two more wagons in brake regime G at the front of the
train. Instead, shifting critical wagons to favourable positions in the train did not reveal signifi-
cant benefits when considering substantially higher shunting efforts as well.

Applying the XLL measure to the simulation models increases the maximum of hauled train
mass up to 1900 tons without the need to impose additional restrictions regarding minimum
mass of wagons, wagon type or wagon sequence.
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