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Executive Summary
This deliverable report presents the outcomes of activities carried out within Task 3.3 of Work
Package 3 (WP3) of the INNOWAG project. The objective of WP3 is to develop and analyse a
lightweight concept design for freight vehicles, and test the most critical aspects of the novel
design. The objective of Task 3.3 was to support the design activities in Task 3.2, and to further
partly validate the lightweight concept designs for freight vehicles that have been developed in
Task 3.2. The concept designs produced in Task 3.2 have been, therefore, analysed in Task 3.3
with respect to the structural strength and the dynamic performance of the designs. The outcomes
feedback to Task 3.2 for supporting the iterative design phases.
Most of the critical aspects in the final versions of the lightweight concepts have been validated
through simulations; however, a few key issues could not be properly checked due to various
limitations of the modelling and simulation techniques and tools that have been used. Therefore,
these remaining ‘open-points’ will be further investigated within Task 3.4 through laboratory
testing techniques.
Section 1, Introduction, presents the main WP3 activities, in the context of the overall objectives
of the INNOWAG project, and those of Task 3.3 in particular, in view of Tasks 3.4, which follow
the activities presented in this deliverable.
Section 2, Structural strength analyses, provides details on all the FE analyses that have been
carried out for supporting the design iterations carried out within Task 3.2, and to validate the
majority of the critical aspects relating to the implementation of innovative materials and solutions
for wagon lightweighting.
Section 3, Analysis of impacts on vehicle dynamics, presents the investigation of lightweight
vehicle dynamics based on computer simulation using multibody dynamic simulation (MBS). The
research focused on the lightest design developed within Task 3.2 (a lightweight flat wagon
equipped with lightweight Y25 bogies), with respect to potential effects on critical issues such as
derailment, running safety, stability, forces on track, etc.
The final Section 4, Conclusions, summarises the outcomes of the work, and highlights the key
issues that have been resolved and validated, as well as the open points that would require further
investigation through laboratory testing.
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1 INTRODUCTION
The INNOWAG project aims to work towards increasing rail freight competitiveness by enabling
the increase of capacity and logistic capability, improved reliability, availability, maintainability and
safety, and lower life-cycle costs.
This will be achieved through the development of the next generation of lightweight and intelligent
freight wagons; the development is divided into three work streams:




Cargo condition monitoring;
Wagon design, and
Predictive maintenance.

The scope of Work Package 3 (WP3) is to develop a lightweight wagon concept, and analyse and
test the most critical aspects related to the novel concept design.
This report presents the outcomes of activities carried out within Task 3.3, in order to contribute
towards achieving the following specific objectives of WP3:



Design new optimised structural solutions for lightweight freight vehicles, using the
most promising selected materials;
Validate new lightweighting concepts through modelling and simulation techniques
(structural strength and impacts on vehicle dynamics).

The scope of Task 3.3 is threefold:





Support the design work carried out within Task 3.2 through inputs relating to various
issues identified through simulation work and subsequent analysis of results; the Task 3.3
inputs enabled iterative phases of the lightweight concept designs, in which the identified
issues have been tackled through design modifications;
Partial validation of key aspects related to the implementation of the various lightweighting
solutions, in terms of both structural strength of the new designs and potential impacts on
the vehicle dynamics;
Identify critical issues that cannot be fully resolved and/or validated through modelling and
simulation techniques due to either the limitations of these methods or to the lack of widely
accepted procedures and rules.

The structural strength analyses presented in the following sections focus on two case studies:
1. Lightweight Y25 bogie concept; the structural strength of a frame made of high strength
steel (HSS) is crucial, and has been assessed against the conventional design, in both
static and dynamic (fatigue) conditions;
2. The implementation of light composite panels, along with HSS structural elements and
optimised design solutions applied to the lightweight cereal hopper concept raises multiple
issues relating to the strength and carrying capacity of the underframe, hybrid (steelcomposite) walls, joints, etc. All these have been investigated in the case of the lightweight
hopper design through a static stress analysis.
In addition to issues relating to the structural strength of the lightweight designs, potential impacts
on the vehicle dynamics have been identified as well. The main concerns relate to:






safety against derailments;
running safety (in terms of maximum guiding force);
stability;
effect on track loading forces in tare and laden conditions;
impacts on carbody accelerations.

All the above issues have been analysed in the case of the most critical scenario of the lightest
design that has been proposed in deliverable D3.1., i.e., the lightweight 60’ flat container wagon
with a tare mass slightly below the minimal one authorised by the current standards.
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2 STRUCTURAL STRENGTH ANALYSES
2.1

Structural issues in INNOWAG lightweight concept designs

Different lightweight wagon design concepts have been developed in the previous INNOWAG
tasks, and have been reported in the deliverable D3.1 “Freight vehicle lightweight concept
design”. The lightweight concepts reported in D3.1 are based on the implementation of lightweight
materials and novel lightweight systems onto optimised structural designs of the wagon and its
main sub-system, the bogie.
Therefore, the following potential structural issues have been identified and further considered for
being investigated in depth:
 Structural strength and deformations of main carrying structures made of HSS, i.e., the
bogie frame, the hopper underframe and bottom discharging assembly;
 Fatigue strength of the Y25 bogie frame made of HSS;
 Welds of HSS beams in the above mentioned structures;
 Structural strength and maximum deformations of the composite panels on the hopper
side walls;
 Hybrid joints between the composite and steel components.
Considering these potential issues, the investigation focused on the key sub-assemblies:
 Lightweight Y25 bogie frame made of HSS (case study 1);
 Lightweight hopper body and underframe, combining the use of HSS and composite
materials into an optimised design (case study 2).

2.2

Methodology for structural design of freight vehicles

The methodology that has been employed for the structural analyses aiming to support the design
of lightweight structural solutions is largely based on existing standard procedures and
specifications. In addition to these, methods from other relevant reports and/or scientific articles
have been reviewed and partly adapted for the scope of the INNOWAG analyses.
The methodology described below mostly relies on using strong computational tools based on
the finite element method, which would be further employed for carrying out the analyses through
modelling and simulation work.
2.2.1

Bogie frame

Structural analysis of bogie frames of railway vehicles is based on the requirement that the
structure does not suffer static failure under exceptional loading and has sufficient fatigue strength
to withstand normal operational loading. The relevant normative document on bogie frame
structural analysis is the European standard EN 13749:2011, Method of specifying the structural
requirements of bogie frames, referred to by the Technical Specifications for Interoperability (TSI)
for freight wagons (European Commission, 2013). However it must be noted that most of the
information given in the standard is contained within informative annexes. Thus, no strict and
generally applicable guideline for structural analysis is prescribed and engineering judgment and
experience play an important part.
2.2.1.1 Static structural analysis
The loads for a typical freight wagon bogie with single-stage suspension are explained in
EN 13749, Section C.3. For static analysis, exceptional loads are relevant; the loads are derived
from the force Fz, which is the static vertical load supported by one bogie in laden condition. The
following list gives only the loads that were considered in the studies presented in this report.
1. Vertical loads include two cases,
a. Exceptional vertical loading of the central pivot bearing:
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𝐹𝑧pmax = 2 ⋅ 𝐹𝑧 – on the pivot bearing.
b. The case of carbody roll where a part of the loading is transferred to one of the
side bearers:
𝐹𝑧pmax = 1.5 ⋅ (1 − 𝛼) ⋅ 𝐹𝑧 – on the pivot bearing,
𝐹𝑧1max or 𝐹𝑧2max = 1.5 ⋅ 𝛼 ⋅ 𝐹𝑧 – on a side bearer,
with the exceptional roll coefficient 𝛼 = 0.3.
2. Transverse force is set to the Prud’homme limit of track shifting forces:
𝐹𝑦max = 2 ⋅ 104 +

𝐹𝑧 +𝑚+ 𝑔
3

– on the pivot bearing,

where 𝑚+ is the mass of the bogie frame.
3. Twist loading represents the loading imposed on a bogie on a twisted track. It is defined
by an exceptional track twist of g = 1 %, i.e. one of the wheels is displaced vertically by
0.01 times the bogie wheelbase. This value can be used as input directly, or transformed
into force(s) acting on suspension supports, depending on the model used for the analysis.
The load forces are illustrated in Figure 1.

Figure 1 Forces acting on bogie frame considered in structural analyses

The standard does not specify how these forces should be reacted, but from the physical context
it is obvious that the bogie frame should be constrained in the places where suspension and
axlebox guides are located. The constraints should reflect the real freedom of movement; a
preferable way of specifying the boundary conditions involves flexible elements representing the
suspension of the bogie frame. At the same time, the longitudinal and lateral movements of the
bogie frame must be constrained, but in such a way that does not bring about additional horizontal
loads when the frame bends.
The loads listed above are combined into load cases for the structural analysis. An example of a
set of load cases is given in EN 13749, Section F.3.3.2. For the sake of unification with the fatigue
analysis (see below), the set of load cases used in the present static analysis follows the previous
issue of TSI (European Commission, 2006); further details are given in Section 2.3 of this report.
Stresses in the bogie frame resulting from the application of the forces in the static load cases
are evaluated. For ductile materials, it is appropriate to use the von Mises equivalent stress to
represent the response of the material. This equivalent stress should be compared with yield
strength of the material. The von Mises equivalent stress in the material should be less than the
yield strength of the materials, however localised exceeding of the yield limit is permissible as
long as its extent is small enough not to cause significant permanent deformation.
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2.2.1.2 Fatigue analysis
The objective of structural fatigue analysis is to verify that normal loads that occur repeatedly in
service do not cause a fatigue failure. The forces representing the loads are specified in a similar
way to that specified in the exceptional load cases, but the values are lower.
1. Vertical loads:
a. Normal vertical loading of the central pivot bearing:
𝐹𝑧p = 𝐹𝑧 – on the pivot bearing.
b. The case of carbody roll where a part of the loading is transferred to one of the
side bearers:
𝐹𝑧p = (1 − 𝛼) ⋅ 𝐹𝑧 – on the pivot bearing,
𝐹𝑧1 or 𝐹𝑧2 = 𝛼 ⋅ 𝐹𝑧 – on a side bearer,
with the normal roll coefficient 𝛼 = 0.2.
2. Transverse force reflects the loads normally experienced during curving:
𝐹𝑦 = 0.1 ⋅ (𝐹𝑧 + 𝑚+ 𝑔) – on the pivot bearing,
where 𝑚+ is the mass of the bogie frame.
1. Twist loading is defined by a normal track twist of g = 0.5 %.
As described in Section G.3 of the standard, these loads are combined to form a loading cycle of
periodically variable vertical and lateral forces, where




the static part is given only by the vertical load on the pivot bearing,
the quasi-static loading cycle is constituted by load components related to curving, i.e.
carbody roll and lateral force), and
the dynamic cycle superimposed on the above components represents vertical and
lateral oscillations, the amplitude of the oscillations being represented by the bouncing
factor, 𝛽, for which the value 0.3 is used.

This specification is suitable for fatigue tests but brings problems in numerical analyses. The
loading cycle constitutes non-proportional loading with non-constant amplitude, where the
directions of principal stresses change in a complicated way. This loading pattern cannot be
handled by most finite element computing tools.
Therefore, a different approach has been used in this study. It is a methodology of simplified
fatigue analysis based on static testing that was introduced in the report ERRI B12/RP17 (1997).
This methodology was incorporated by the previous version of TSI for freight wagons
(2006/861/EC). Although the current version of the TSI no longer refers to it, the methodology is
still used in studies to get approximate results related to fatigue without (or before) fatigue testing,
see Slavchev et al. (2017, 2018), Šťastniak et al. (2018). The most complete description of the
procedure applied to numerical analyses is given by San Román et al. (2005).
The procedure (see also Figure 2) can be summarised as follows:
1. Define a set of load cases for normal service loading;
2. Obtain stress results for all load cases.
3. Find critical points (CP) on the bogie frame where high stresses are observed. Note that
a critical “point” should represent a location that can be evaluated by a strain gauge in an
experimental procedure. Therefore,



The “points” must be actual elements of the FE mesh rather than nodes; if the
mesh is very fine, several elements should be combined to form one critical point.
Surface results of the shell elements must be used rather than mid-surface, and
top and bottom results should be judged independently.
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4. Apply the following evaluation to each CP separately:
a) Find principal stresses 𝜎1 , 𝜎3 and the direction of the first principal stress 𝜓 for
each load case.
b) Find the maximum principal stress 𝜎1max among all load cases and its direction
𝜓max . According to theory, this determines the direction of fatigue cracking.
c) Calculate the directional (projected) stress 𝜎p for each load case in the direction
𝜓max .
d) Find the maximum and minimum values (𝜎pmin , 𝜎pmax ) among the results. These
stresses are deemed to represent a periodic loading cycle relevant for fatigue
performance of the structure in the given CP.
5. Plot the results for all CP’s into the Smith/Goodman diagram for the bogie frame material
as given in the report ERRI B12/RP17 (1997). These diagrams already include safety
factors appropriate for this type of analysis.
6. Observe if each point falls within the boundaries for the given structural detail (basic
material, fully penetrated weld or T-joint). If yes, fatigue strength of the structure is verified.

Figure 2 Illustration to the fatigue analysis procedure; a part of this procedure related to a single critical
point is displayed (CP = critical point, LC = load case).

In this study, the load cases of the previous edition of TSI were adopted. To select the critical
points, the structure was divided into zones corresponding to the plates of which the frame is
welded, and the elements with maximum principal stresses in each zone were found. Tables with
specification of concrete load cases, critical points etc. are given in Section 2.3.1 (traditional bogie
frame) and 2.3.2 (lightweight bogie frame).
It must be noted that the Smith/Goodman diagrams available in ERRI B12/RP17 are related to
steel grades with yield stresses of 370 MPa, 420 MPa and 520 MPa (corresponding to S235,
S275 and S355), and there is no comparable data available for high strength steels (HSS). The
HSS used in the lightweight models in this study is a low-alloy steel of similar composition to
normal construction steels (high strength is obtained by heat treatment and is a property of the
fine grain structure); therefore it was assumed that the ratio of fatigue strength to yield strength is
also similar and that the Smith/Goodman diagram for normal construction steels can be scaled to
obtain the equivalent diagrams for the evaluation of the fatigue properties of the HSS structure in
this study – see Section 2.3.2.4.
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2.2.2

Freight wagon body

Structural analysis of bodies for freight wagons is dealt with by the European standard EN 126632:2010, Structural requirements of railway vehicle bodies. This standard gives static load cases
and strength requirements for freight wagon bodies. In addition, the standard describes the
process for fatigue strength assessment based on static testing.
2.2.2.1 Static structural analysis
For the purpose of strength requirements, freight wagons are divided into two categories:



F-I for wagons that can be shunted without restriction,
F-II for wagons that are excluded from hump and loose shunting, hence the strength
requirements need not be so strict.

The static load cases on a freight wagon body – considering a F-I category wagon with side
buffers, as usual, rather than central couplers – are prescribed as follows:
Longitudinal loads (Figure 3 left), applied together with vertical loads of an empty wagon and of
a fully laden wagon (up to maximum payload):
1. Compressive force at buffer height of 2000 kN, i.e. 1000 kN on each buffer
2. Compressive force acting 50 mm below the buffer axis of 1500 kN, i.e. 750 kN on each
buffer
3. Compressive force applied diagonally at buffer height of 400 kN (single buffer)
4. Tensile force on draw gear attachment of 1500 kN / 1000 kN depending on design
Vertical loads (Figure 3 right), applied without superposition of longitudinal loads:
1. Exceptional vertical load – laden wagon with an additional factor of 30 %
2. Lifting/jacking scenarios with a wagon laden to full payload:
a. supported at one bogie and one pair of lifting/jacking points, thus adding the
vertical load of the lifted bogie
b. supported by lifting/jacking points on both ends, thus adding the vertical load of
both lifted bogies
c. the same as above with one point displaced vertically (carbody twist)

Figure 3 Illustration of the longitudinal load cases (left) and vertical load cases (right) according to EN
12663-2

For all load cases except the lifting/jacking cases, the structure shall fulfil the following
requirements:
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1. Maximum permissible stress is based on yield strength of the material. For normal
construction steel grades, safety factor of 1.0 is applied for basic metal and 1.1 in the
immediate vicinity of welds.
2. Maximum permissible deflection of the underframe is 0.3 % of bogie pivot distance.
For the lifting/jacking scenarios, the requirement is that there shall be no significant permanent
deformation.
In addition to these load cases, tests for equipment attachments are prescribed, as well as buffing
impact testing. These load cases have not been considered in the present study.
Procedures for testing carbody parts and equipment (side flaps, gondola wagon walls, stanchions
etc.) are also given in EN 12663-2. None of these are relevant for the hopper wagon considered
in this study.
2.2.2.2 Fatigue analysis
For practical reasons, dynamic fatigue testing of complete wagon bodies is usually not undertaken
(prior to on-track running tests). Results relevant to fatigue can be obtained from static analyses,
as described in EN 12663-2.
For the wagon body, dynamic fatigue loading induced by running on track with irregularities
includes vertical and lateral components. These dynamic effects are defined by means of
acceleration, which is



(1 ± 0.3) g vertically, and
± 0.2 g laterally.

Lateral fatigue loading is not a compulsory part of the tests, as this requirement is deemed to be
complied with if certain other load cases are passed.
Stresses in the vertical fatigue load case are compared to the boundaries of a Smith/Goodman
diagram. Under the assumption of linearity, the loading/unloading cycle of (1 ± K) g vertically
(where K is a load factor) causes the stresses oscillate in the range of (1 ± K) σm, where σm is the
static load case stress. Therefore it is possible to simply use a limit value for σm, based on a
construction in the diagram (see Figure 4). Values for K and three typical steel grades (S235,
S275 and S355) are given in the standard; the value of K is specified as 0.3). The permissible
stress values are differentiated according to five notch cases which represent stress
concentration and safety factors in the vicinity of welds.

Figure 4 Derivation of limit values for the fatigue load case; σm,limit is the maximum mean stress for which
a dynamic variation in the range of ±K will keep within the bounds of the Smith/Goodman diagram

Fatigue load cases for component attachments are also given in the standard, but these have not
been considered in this study.
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2.3

Case study 1: Y25 Bogie

2.3.1

Analysis of conventional Y25 bogie structure (benchmark)

2.3.1.1 Conventional Y25 bogie design
The key element of the bogie structural strength is the fatigue integrity of the design; the fatigue
integrity evaluation tools have reached high levels in terms of the accuracy and the level of detail
of the simulation. There are two essential factors directly used in assessing whether the
investigation results for any structural design are reliable. The first one is the accuracy and
robustness of the structural analysis tool used to evaluate the output response of the design
model. The second factor is related to the calculation methodology of the fatigue strength, whether
it is applicable to the current design or not, whether it is compatible with the state of stress
generated in the design model (Cera et al., 2008).
This section presents the investigation of the conventional Y25 bogie frame design under both
static and dynamic load cases; this investigation was carried out as a benchmark for comparison
with modified designs, and for identifying the critical zones that should be further evaluated for
each modified design.
The following sub-sections describe the details of the Finite Element Model (FEM), the design
loads used in the static and dynamic analyses of the model, the mechanism of selecting the critical
points used in the fatigue test, how the critical points are assigned, and the calculation procedure
for the dynamic stresses. Furthermore, the fatigue safety boundaries (Smith diagram) will be
sketched for the selected modelling material (S355) to show the status of critical points with
respect to the prescribed failure limits.
According to EN 13749 (2011), the static loads could be divided into normal and exceptional
operation loads. Due to the symmetry of the bogie frame structure, the static load cases are
limited to only five, while the dynamic load cases cover all possible dynamic service conditions of
the vehicle under normal and exceptional running circumstances. The 3D geometry of the model
is shown in Figure 5; it consists of 5 main structural components:
1.
2.
3.
4.
5.

Transverse beam assembly;
Side frame assembly;
Pivot bearer part;
Suspension supports;
Headstocks.

Figure 5 3D geometry for the typical Y25 bogie frame model
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The weight of some accessories, which are attached to the different parts of the bogie frame, are
considered negligible compared to the magnitude of design loads, and are therefore omitted from
the model.
2.3.1.2 FE model of typical Y25 bogie frame
The FE model of the typical Y25 bogie frame was created using ANSYS Workbench (v18), as
shown in Figure 6. It consists of thin-walled plates, where the SHELL181 element is used to model
shell elements of the bogie frame, whereas SOLID186 solid elements are employed to model the
suspension supports and the pivot seat. Furthermore, spring elements, represented by the
COMBIN14 element available in ANSYS software, have been added to the lower part of each
suspension support (as illustrated in Figure 1) as boundary conditions to simulate the load
conditions of an actual bogie. The axial and radial stiffnesses of all spring elements follow the
typical values of conventional Y25 bogies for 22.5t axle load.
Overall, the bogie frame model consists of 108658 elements and 154083 nodes. The material
properties of the model have been set to represent the bogie frame parts being made from nonalloy European grade steel S355, which has a yield stress of 355 MPa.
The SHELL181 element has six degrees of freedom, i.e., 3 translations in the nodal x, y, and z
directions, and 3 rotations about the nodal x, y, and z axes. The SOLID186 element has three
degrees of freedom at each node, which are translations in the nodal x, y, and z directions, with
capability of stress stiffening, large deflection and large strain.

Figure 6 Finite Element model for the typical Y25 bogie frame

Realistically representing the distribution of loads applied to the bogie frame in real world
situations is a complex task, hence it is difficult to evaluate them precisely in analysis. To cope
with this, a series of simplified loads can be calculated to represent the loading conditions as
individual forces, provided that the true loads are not underestimated (Šťastniak, Moravčík et al.
2018).
2.3.1.3 Static load cases
In current investigation, five exceptional static load cases were considered:
1. Pure vertical load (applied to the pivot seat).
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2. Vertical loads and twist down (load applied to the pivot bearing, one side bearer and one
suspension support).
3. Vertical loads and twist up (load applied to the pivot bearing, one side bearer and one
suspension support).
4. Vertical and lateral loads (pivot bearing loaded by a vertical force and a lateral force
towards the side bearer 1; side bearer 1 loaded by a vertical force).
5. Vertical and lateral loads (pivot bearing loaded by a vertical force and a lateral force
towards the side bearer 2; side bearer 2 loaded by a vertical force).
In the twisting load cases, the “up” direction means that the vertical force applied to the
suspension support 1 acts upwards (in positive z-direction); the “down” direction means the
opposite.
The reference force Fz , from which the values of all other forces are derived, is 446355 N. A list
of loading forces in individual load cases is given in Table 1.
Table 1 Static load forces applied to the conventional Y25 bogie frame
Forces [N]
Fz)PB Fz)SB1 Fz)SB2

Load
case

Fy)PB

P1

P2

P4

P6

P7

1

0

-892710

0

0

0

exceptional load 1

2

0

-468673 -200860

0

-63984

exceptional load 2 (twist down)

3

0

-468673 -200860

0

63984

exceptional load 2 (twist up)

4

173690

-468673 -200860

0

0

exceptional load 3

5

-173690 -468673

-200860

0

exceptional load 4

0

Fz)SS1

Notes

In Table 1, Fy)PB is the transverse static force 𝐹𝑦max exerted on the pivot bearer (see section
2.2.1.1), which is prescribed as an input parameter to the Ansys program; Fz)PB is the vertical
static force 𝐹𝑧pmax applied to the pivot bearer. In the same sense, Fz)SB1 is vertical static force
applied to the side bearer 1 (𝐹𝑧1max ), while Fz)SB2 is vertical static force applied to the side bearer
2 (𝐹𝑧2max ). Fz)SS1 is a vertical force on one of the suspension supports; its magnitude is
calculated in such a way to represent the twist condition prescribed in section 2.2.1.1.
2.3.1.4 Outcomes of static structural analysis
Values of maximum equivalent stress, maximum vertical displacement and minimum safety factor
relative to the yield stress for the material for all exceptional load cases are given in Table 2. Note
that the displacement includes compression of suspension and thus is not representative of
bending of the frame itself.
In load case 1, the maximum equivalent stress is 296 MPa, located on the reinforcement gusset
of the transverse beam (Figure 7) In load cases 2 and 3, the most loaded parts are the bent plates
that constitute the rim of the opening in the side frames (Figure 8). The values of the maximum
equivalent stress in the first three load cases are less than the 355MPa yield stress of the material
(S355 grade steel), therefore, a standard Y25 bogie frame made from S355 grade steel passes
the stress safety test for the first three load cases.
In the load case 4, there is a considerable change in the state of stress and the deformation for
the bogie frame compared to the previous load cases. There is a substantial unbalanced force
trying to generate a twisting moment to distort the bogie frame about the global x-axis. The
criticality in stress has noticeably transferred the upper flange edge of the transverse beam as
depicted in Figure 9, where the stress exceeds the yield point slightly due to the effect of this
distortion with a value of 389 MPa. Since the area of critical stress is located on the extreme edge
of the side frame, the design can be considered safe, since no welding or critical corner is
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involved. The results for load case 5 are a mirror image of the results for load case 4, with the
stresses reflected in a vertical longitudinal plane through the central pivot. The slight differences
in maximum values between cases 4 and 5 (Table 2) can be attributed to the fact that the
boundary conditions (restriction of movement of suspension supports in the horizontal plane) are
not completely symmetrical. As with case 4 the area of critical stress is located on the extreme
edge of the side frame, therefore the design can be considered safe, since no welding or critical
corner is involved.
Table 2 Static response data for the traditional Y25 bogie frame model; σvm is von-Mises equivalent
stress, δz is vertical displacement and SF stands for safety factor

Load
case
1
2
3
4
5

(𝝈𝒗𝒎 )𝐦𝐚𝐱

(𝜹𝒛 )𝐦𝐢𝐧

(𝑺𝑭)𝐦𝐢𝐧

[MPa]

[mm]

[1]

296.3
272.5
268.6
388.6
382.1

–89.3
–86.4
–87.1
–86.1
–86.0

Critical part

1.21 Rein. Gusset of Trans. Beam
1.31 Bent Plate (Horseshoe)
1.33 Bent Plate (Horseshoe)
0.92 Trans. Beam Upper Flange
0.93 Trans. Beam Upper Flange

Figure 7 Equivalent stress in the load case 1
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Figure 8 Equivalent stress in the load case 2; load case 3 is symmetric

Figure 9 Equivalent stress in the load case 4; load case 5 is symmetric

2.3.1.5 Fatigue load cases
Table 3 lists the normal load cases used for fatigue analysis, as calculated according to EN 13749
(see section 2.2.1.2). The symbols Fy)PB, Fz)PB, Fz)SB1, Fz)SB2 and Fz)SS1 represent forces
acting on defined loading areas which are the same as in Table 1. A grand parametric table, which
encompasses the list of input and output parameters, has been created in the ANSYS programme
to control the design parameters of the structure under study. Fatigue tests have been performed
for the 15 load cases mentioned in Table 3.
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Table 3 List of normal load cases with their respective forces

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

Fy)PB
P1
0
0
0
92214
-92214
92214
-92214
92214
-92214
92214
-92214
92214
-92214
92214
-92214

Fz)PB
P2
-446355
-580262
-312449
-464209
-464209
-249959
-249959
-464209
-464209
-249959
-249959
-464209
-464209
-249959
-249959

Forces [N]
Fz)SB1
P4
0
0
0
-116052
0
-62489.7
0
-116052
0
-62489.7
0
-116052
0
-62489.7
0

Fz)SB2
P6
0
0
0
0
-116052
0
-62489.7
0
-116052
0
-62489.7
0
-116052
0
-62489.7

Fz)SS1
P7
0
0
0
0
0
0
0
-31992
-31992
-31992
-31992
31992
31992
31992
31992

Note
normal load 1
normal load 2
normal load 3
normal load 4
normal load 5
normal load 6
normal load 7
normal load 4 + twist down
normal load 5 + twist down
normal load 6 + twist down
normal load 7 + twist down
normal load 4 + twist up
normal load 5 + twist up
normal load 6 + twist up
normal load 7 + twist up

For the fatigue load cases, a Smith diagram is used to check the safety against fatigue fracture.
The Smith diagram for steel grade S355 is given in the report ERRI B12/RP17 (1997). It includes
three variants: for parent metal, for fully penetrated welds and for T-joints which are not fully
penetrated. The parametric description of the Smith diagram (Table 4) has been obtained by
approximation of the scanned drawing (Figure 10).
230

130

30
-370

-270

-170

-70

30

130

230

-70

-170

-270

-370

Figure 10 Smith diagram describing the fatigue properties of S355 grade steel
22 / 86

Deliverable D3.2
Table 4 Set of material properties used to prepare the required database for Smith diagram concerning
S355; maximum stress equals yield stress divided by safety factor of 1.5 or 1.65

Parameter
Maximum stress [MPa]
Fatigue limit [MPa]
Slope [1]

Parent metal
curve b
240
130
0.75

Penetrated welds
curve a1
218
93
0.67

T-joints
curve a2
218
88
0.67

2.3.1.6 Selection of critical points
Fatigue strength assessment according to the current methodology is performed with a set of
selected elements, also referred to as critical points (CP). To select the most appropriate critical
points, the whole bogie frame structure is discretised into a finite number of separate entities (9
structural components are characterized in this case – see Figure 11) and the locations of
maximum stress for each entity over the diverse load cases considered in this analysis are
identified. Since each structural component has its own range of output response, the critical point
for each part can be easily identified through quantifying the maximum and minimum stresses
induced in that particular part. Two principal stresses (S1 & S3) were selected to be most critical
stress components typifying the state of stress for the part under investigation.
Plate_I

Plate_F

Plate_B
Plate_D

Plate_A
Plate_G

Plate_C

Plate_E
Plate_H

Figure 11 Structural Components of the conventional bogie frame (Y25) considered in the fatigue test

Due to the symmetry of the model and the applied loads involved, some of the critical points
identified are located in the same position and have the same ID for two or more load cases as
recorded by the program.
For each structural component, one critical point – the point with the highest stress – has been
selected, hence there are 9 critical points specified for the overall bogie frame structure. They are
symbolised alphabetically (CA, CB, ... CI), where the first letter C denotes that it relates to the
conventional bogie frame design and the second letter refers to the part name (Plate_A, Plate_B,
... Plate_I).
One critical point has been selected in each of the structural components shown in Figure 11. A
list of these points is given in

Table 5.
Figure 12 to Figure 20 demonstrate the state of stress and clarify the positions of the critical points
for the structural components considered in the fatigue test. Nine different structural components
were considered in the estimation of fatigue stress of the bogie frame. Subsequently, the most 9
vulnerable points existing in the bogie frame have been tested against the fatigue.
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Table 5 List of critical points with their respective worst load cases and elements IDs

Component

Critical Worst load case and
point
stress component

Plate_A
Plate_B
Plate_C
Plate_D
Plate_E
Plate_F
Plate_G
Plate_H
Plate_I

CA
CB
CC
CD
CE
CF
CG
CH
CI

Element ID

Critical stress
value [MPa]

Construction
detail (weld)

33164
42654
31787
10413
35602
12161
34823
37236
72140

–230.0
–245.0
231.5
–173.6
–195.7
–251.6
–223.6
190.4
148.6

V-joint
V-joint
edge, no weld
V-joint
V-joint
V-joint
T-joint
edge, no weld
T-joint

LC 8, S3_MIN
LC 8, S3_MIN
LC 12, S1_MAX
LC 2, S3_MIN
LC 2, S3_MIN
LC 8, S3_MIN
LC 12, S3_MIN
LC 12, S1_MAX
LC 13, S1_MAX

Plate_A

CA
Figure 12 FE results showing location and stress value of the critical point (CA) specified for Plate_A
(conventional design)
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Plate_B

CB

Figure 13 FE results showing location and stress value of the critical point (CB) specified for Plate_B
(conventional design)

Plate_C

CC

Figure 14 FE results showing location and stress value of the critical point (CC) specified for Plate_C
(conventional design)
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Plate_D

CD

Figure 15 FE results showing location and stress value of the critical point (CD) specified for Plate_D
(conventional design)

Plate_E

CE

Figure 16 FE results showing location and stress value of the critical point (CE) specified for Plate_E
(conventional design)
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Plate_F

CF

Figure 17 FE results showing location and stress value of the critical point (CF) specified for Plate_F
(conventional design)

Plate_G

CG

Figure 18 FE results showing location and stress value of the critical point (CG) specified for Plate_G
(conventional design)
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Plate_H

CH

Figure 19 FE results showing location and stress value of the critical point (CH) specified for Plate_H
(conventional design)

Plate_I

CI

Figure 20 FE results showing location and stress value of the critical point (CI) specified for Plate_I
(conventional design)
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For each of the selected critical points, the procedure described in section 2.2.1.2 was used to
provide results on fatigue strength of the structure. In each CP, a load case with the highest
principal stress was identified and the direction of the principal stress was found. Stress in that
direction was found for each load case and its extremes were considered to make up a response
to a loading cycle to be plotted in the Smith diagram.
2.3.1.7 Outcomes of conventional bogie design fatigue strength analysis
The fatigue test results for the typical bogie frame is shown in Table 6, where the stresses
correspond to those with the same names in Section 2.3.1.6. The last column (σlim) indicates the
limit on maximum stress for given mean stress and corresponding zone (parent metal / penetrated
weld / T-joint) according to the Smith diagrams – this is to be compared with σpmax. The same data
are shown in Figure 21.
Table 6 Fatigue test results for the conventional bogie frame (Y25); letters “T” and “B” in the critical point
designation mean top and bottom faces of the elements (red shaded cells indicate that the boundary of
the corresponding Smith diagram is exceeded).

Stress from FEA [MPa]

Critical
Point
CA T
CA B
CB T
CB B
CC T
CC B
CD T
CD B
CE T
CE B
CF T
CF B
CG T
CG B
CH T
CH B
CI T
CI B

Smith
diagram
zone

Stress
limit
[MPa]
σlim
55.0
47.5

σpmax
49.8

σpmin
-163.9

σpmean
-57.1

σamp
106.8

57.3
61.2
50.3

-193.9
-60.7
-80.8

-68.3
0.2
-15.3

125.6
60.9
65.5

a1
a1
a1

213.7

-103.1

55.3

158.4

b

118.4
0.6

-65.1
-22.8

26.7
-11.1

91.7
11.7

b
a1

150.0

-36.6
75.8
139.8

-94.6
28.7
60.2

-65.6
52.2
100.0

29.0
23.6
39.8

a1
a1
a1

49.3
127.8

55.8

-176.7

-60.5

116.2

a1

64.4
0.5

-200.3
-21.0

-67.9
-10.2

132.3
10.7

a1
a2

52.7
47.7

0.4
151.8
121.6

-21.1
52.3
42.1

-10.3
102.0
81.8

10.8
49.7
39.8

a2
b
b

58.1
118.4

-80.1
-65.1

-11.0
26.7

69.1
91.7

a2
a2

a1

93.2
82.8
171.5
85.6

159.7

81.2
81.1
206.5
191.4
80.7
105.8

The results show that the stresses calculated in most of the evaluated items do not exceed the
boundary of the Smith diagram. However, there are five points in the plot that are beyond the
boundary. The highest stress is found in the critical point CC on Plate_C (the lower flange of the
transverse beam) with element ID = 31787 – the maximum principal stress recorded for this
element is 213.7 MPa. This critical spot is shown clearly in Figure 14, being located at the curved
edge of the plate, away from any welds, and exceeding the boundary of the Smith diagram “b” by
about 38 MPa. The worst load case for this point is LC 12 (normal load 4 + twisting up). This
region is subject to a high extent of stress reversal due to the twist loading applied on the bogie
frame.
29 / 86

Deliverable D3.2

In addition to this, there are four points (shown in Figure 21) that do not exceed the Smith diagram
boundary for the basic metal, but they correspond to locations near welds on the structure and
thus must be compared to the lower boundaries (a1, a2). These critical points are CA, CF (both
sides) and CI; the maximum principal stress exceeds the limit by 3–17 MPa.
300

b
a1

200

Maximum/minimum strress

a2

-300

100

0
-200

-100

0

100

200

300

-100

-200

Parent metal
Fully penetrated welds
T-joints
Smax
Smin

-300

Mean stress

Figure 21 Fatigue test results for the typical bogie frame (Y25) in accordance to Smith diagram for S355
grade steel

2.3.2

Analysis of lightweight Y25 bogie structure

2.3.2.1 Lightweight frame design
Some of the current key areas of importance in terms of railway design development are
measures to increase the payload carrying capacity of freight wagons through improving the
structural performance. This enables more efficient freight trains through reducing the proportion
of the total weight of a loaded train of which the tare weight of the wagons is the constituent part,
either reducing the total weight for the same cargo weight or increasing the proportion of cargo
weight within a weight or axle load limit. The development of lightweight bogies which use less
mass to carry the same loads is an important part of this development.
The main concept behind the investigation performed in this section is to design a smart geometry
for the bogie frame, which meets the requirements of the Y25 family of bogies, such that it has
lower structural weight along with higher load carrying capacity than the conventional design.
These characteristics can be achieved through the use of improved geometry and specifying a
different material with superior mechanical properties. Hence, the same finite element procedure
mentioned in section 2.3.1 is applicable to this model. The isometric view of the lightweight bogie
frame model proposed in this section is shown in Figure 22.
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Figure 22 3D geometry for the lightweight bogie frame model

The modelling material used in this design is S690 QL, which is a high yield structural steel grade
produced in compliance with EN 10025:6:2004. The material is heat treated using the quench
and temper process and has good bending and welding properties. The designation characters
of the material refer to the following information:





S = Structural Steel
690 = minimum yield strength (MPa)
Q = Quenching & Tempering
L = Low notch toughness testing temperature

Figure 23 Finite Element model for the lightweight Y25 bogie frame
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2.3.2.2 FE model of lightweight Y25 bogie frame
The Finite Element model of the lightweight bogie frame was developed in the same way as that
of the conventional design, as described in section 2.3.1.2. As was the case for the conventional
design, there are 3 basic element types used in the modelling of the lightweight bogie frame, they
are: SHELL181, SOLID186, and COMBIN14. The finite element model of the lightweight bogie
frame, shown in Figure 23, has 156587 elements, and 214485 nodes; both the number of
elements and nodes are slightly higher than for the conventional model. The equivalent elastic
spring constant used for the element COMBIN14 is 2666 N/mm which is based on known stiffness
of the springs of this type of bogie, which are not considered as different between the two designs.
2.3.2.3 Static structural analysis of lightweight Y25 bogie frame
For the static structural analysis (exceptional load cases), the same load cases as for the
conventional bogie frame were used. The load cases are described in Section 2.3.1.3 and
summarized in Table 1.
Resulting stresses and displacements for the five exceptional load cases for the lightweight bogie
frame are given in Table 7. It should be noted that for the lightweight bogie frame design the
maximum von-Mises equivalent stress that occurred in the model should be compared to the yield
stress of the S690 QL grade steel (690MPa) specified for the design, therefore higher values are
potentially acceptable than if S355 grade steel is specified as was the case for the conventional
design. The results show that the bogie frame has successfully passed the stress safety test for
all load cases, with the minimum safety factor reported being 1.19 which is acceptable.
Table 7 Static response data for the lightweight Y25 bogie frame model; σvm is von-Mises equivalent
stress, δz is vertical displacement and SF stands for safety factor

Load
case
1
2
3
4
5

(𝝈𝒗𝒎 )𝐦𝐚𝐱

(𝜹𝒛 )𝐦𝐢𝐧

(𝑺𝑭)𝐦𝐢𝐧

[MPa]

[mm]

[1]

470.5
374.9
433.5
576.3
581.6

–90.4
–84.4
–84.6
–86.4
–86.4

Critical part

1.47 Trans. Beam Rein. Gusset
1.84 Trans. Beam Web
1.59 Trans. Beam Upper Flange
1.20 End Plate of Side Frame
1.19 End Plate of Side Frame

The maximum value of equivalent von-Mises stress occurring in response to load case 1, was
recorded as 470.5 MPa, which is located on the internal reinforcement gusset of the transverse
beam (see Figure 24).
The distribution of von-Mises stress induced in the lightweight bogie frame (Y25) in response to
load case 2 is shown in Figure 25; the maximum value of stress is 374.9 MPa, which is located
on web plate of the transverse beam assembly. In the results for Load case 3 (Figure 26), the
critical stress seems to be located on the upper flange of the transverse beam, and have a value
of 433.5 MPa, but this is a singular point of stress, i.e., there is no concentration of high stress
distributed around that node. Hence, the effective maximum stress for load case 3 of the bogie
frame is located on the external reinforcement gusset of the transverse, which is equal to
348.4 MPa.
Load cases 4 and 5 are almost mirror images in terms of stress distribution; they represent the
two most hazardous load cases in comparison to other static load cases. The extra transverse
load applied to the pivot bearer causes a significant torsional moment on the side frames.
Subsequently, a couple of unbalanced forces will be produced to create a substantial twisting
moment to rotate the bogie frame about the global x-axis in clockwise direction. The results of the
FE analysis, shown in Figure 27 and Figure 28, show that the maximum equivalent von-Mises
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stress is developed to around 580 MPa in both load cases, while the maximum shear stress
captured for these cases is around 300 MPa at the same critical spot (the end plate of the side
frame).

Figure 24 State of stress for the lightweight Y25 bogie frame model under load case 1 (maximum vonMises stress equivalent stress 470.5 MPa)

Figure 25 State of stress for the lightweight Y25 bogie frame model under load case 2 (maximum vonMises stress equivalent stress 374.9 MPa)
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Figure 26 State of stress for the lightweight Y25 bogie frame model under load case 3; maximum vonMises stress equivalent stress 433.5 MPa (point load near pivot) and effectively 348.4 MPa (in side
frame)

Figure 27 State of stress for the lightweight Y25 bogie frame model under load case 4 (maximum vonMises stress equivalent stress 576.3 MPa)
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Figure 28 State of stress for the lightweight Y25 bogie frame model under load case 5 (maximum vonMises stress equivalent stress 581.6 MPa)

2.3.2.4 Fatigue load cases
The fatigue strength analysis of the lightweight bogie frame makes use of the same table of
normal load cases as used for the benchmark structure – see Section 2.3.1.5 and Table 3.
However, with regards to higher strength of the material, different limit values were used. Since
comparable data for Smith diagrams for HSS were not available, it was decided to scale the S355
diagram with the factor equal to ratio of yield strengths. This is regarded as sufficient for the
purpose of this study and, in any case, more reliable than adopting fatigue related data obtained
by laboratory tests of specimens that are not representative of a bogie frame structure.
Parameters of the scaled Smith diagram are listed in
Table 8; the diagram is displayed in Figure 29.
600

b
400

maximum/minimum stress [MPa]

a1
a2

200

0
-600

-400

-200

0

200

400

600

-200

-400

-600

mean stress [MPa]
Figure 29 Reconstructed scaled Smith diagram for S690 or equivalent
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Table 8 Assumed parameters for Smith diagram for steel grade S690 or equivalent

Parameter
Maximum stress [MPa]
Fatigue limit [MPa]
Slope [1]

Parent metal
curve b
460
249
0.75

Penetrated welds
curve a1
418
178
0.67

T-joints
curve a2
418
169
0.67

Plate_G
Plate_I
Plate_D
Plate_E
Plate_H

Plate_A

Plate_I

Plate_D

Plate_H

Plate_H
Plate_G

Plate_B
Plate_F

Plate_C

Figure 30 Structural Components of the lightweight bogie frame (Y25) considered in the fatigue test
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2.3.2.5 Selection of critical points
The approach to the definition of critical points and evaluation of stress is the same as for the
benchmark structure, as described in section 2.3.1.6.
The structural components of the lightweight bogie frame (Y25) are shown in Figure 30. The bogie
frame structure has discretised into 9 separate structural components, the same as for the
conventional design. Each component is named as “Plate_” followed by an alphabetical letter (A,
B, ..., I) to identify it with respect to other parts of the structure. Hence the critical points for the
lightweight design will be designated alphabetically as LA, LB, …, LI, depending on the number
of the most vulnerable parts of the bogie frame. The letter L indicates the lightweight design, as
opposed to C for the conventional bogie frame, to differentiate the critical points because their
location may differ.
One critical point has been selected in each of the structural components shown in Figure 30. A
list of these points is given in Table 9.
Table 9 List of critical points with their respective worst load cases and elements IDs

Component
Plate_A
Plate_B
Plate_C
Plate_D
Plate_E
Plate_F
Plate_G
Plate_H
Plate_I

Critical
point
LA
LB
LC
LD
LE
LF
LG
LH
LI

Worst load case and Element Critical stress
stress component
ID
value [MPa]
LC 13, S3_MIN
LC 13, S3_MIN
LC 7, S1_MAX
LC 18, S3_MIN
LC 7, S3_MIN
LC 18, S3_MIN
LC 18, S3_MIN
LC 18, S3_MIN
LC 13, S1_MAX

31391
39861
30151
10911
33031
21233
34353
34822
65873

–262.4
–322.1
276.9
–336.3
–333.2
–324.2
–324.0
–310.7
202.5

Construction
detail (weld)
edge, no weld
V-joint
edge, no weld
T-joint
V-joint
edge, no weld
T-joint
edge, no weld
T-joint

Location of critical points for fatigue strength analysis of the lightweight bogie frame is shown in
Figure 31 to Figure 39.
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Plate_A

LA

Figure 31 FE results showing location and stress value of the critical point (LA) specified for Plate_A
(lightweight design)

Plate_B
LB

Figure 32 FE results showing location and stress value of the critical point (LB) specified for Plate_B
(lightweight design)
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Plate_C

LC
Figure 33 FE results showing location and stress value of the critical point (LC) specified for Plate_C
(lightweight design)

Plate_D

LD

Figure 34 FE results showing location and stress value of the critical point (LD) specified for Plate_D
(lightweight design)
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LE

Plate_E

Figure 35 FE results showing location and stress value of the critical point (LE) specified for Plate_E
(lightweight design)

Plate_F

LF

Figure 36 FE results showing location and stress value of the critical point (LF) specified for Plate_F
(lightweight design)
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Plate_G

LG
Figure 37 FE results showing location and stress value of the critical point (LG) specified for Plate_G
(lightweight design)

Plate_H

LH

Figure 38 FE results showing location and stress value of the critical point (LH) specified for Plate_H
(lightweight design)
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LI

Plate_I

Figure 39 FE results showing location and stress value of the critical point (LI) specified for Plate_I
(lightweight design)

2.3.2.6 Outcomes of lightweight bogie design fatigue strength analysis
The fatigue test results for this model, shown in Table 10 and illustrated in Figure 40, indicate that
the lightweight bogie design is superior in comparison with the conventional design.
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b
400
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-600

a2
200

0
-400

-200
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200

400
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-200

-400
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Fully penetrated welds
T-joints
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-600

Mean stress

Figure 40 Fatigue test results for the typical bogie frame (Y25) in accordance with scaled Smith diagram
for S690 grade steel
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The fatigue test data shows that the critical point in the fatigue test for the conventional design
that failed the fatigue tests for the conventional model is in an approximately equivalent location
to the critical point in the lightweight design. However, in the lightweight design, that critical point,
shown in figure Figure 33 is within safety limits. This critical spot is labelled as “CC T” in the
conventional model and “LC T” in the lightweight model; the designation means the critical point
originated at Plate_C in both models, for the maximum principal stress S1 estimated at the top of
the plate element. The maximum dynamic stress for these points was 213.7 MPa for the
conventional model, whereas it was 274.7 MPa for the lightweight model. Whilst the value for the
lightweight design is higher, it is within the higher safety limit for the stronger material used in the
lightweight design.
Consequently, the results of the lightweight model are promising and establishing that there would
be a potential advantage for extended studies in this and other applications, where advanced
material is used in combination with lightweight structure.
Table 10 Fatigue test results for the conventional bogie frame (Y25); letters “T” and “B” in the critical point
designation mean top and bottom faces of the elements

Critical
Point

Stress from FEA [MPa]
σpmax

σpmin

σpmean

σamp

Smith
diagram
zone

Limit stress
[MPa]
σlim

LA T
LA B

75.0
19.7

29.1
-276.9

52.1
-128.6

23.0
148.3

b
b

288.2
152.7

LB T
LB B
LC T

102.0
152.4
274.7

-60.0
-57.7
120.0

21.0
47.3
197.4

81.0
105.0
77.4

a1
a1
b

192.3
209.8
397.2

LC B
LD T
LD B

-1.8
11.8
10.1

-8.8
-5.3
-36.9

-5.3
3.3
-13.4

3.5
8.5
23.5

b
a2
a2

245.2
170.8
159.7

LE T
LE B
LF T

-0.7
-6.1
66.2

-8.1
-16.3
-230.7

-4.4
-11.2
-82.2

3.7
5.1
148.5

a1
a1
b

175.3
170.8
187.5

LF B

77.6

-264.1

-93.3

170.8

b

179.2

LG T

2.5
2.6

-28.7
-28.8

-13.1
-13.1

15.6
15.7

a2
a2

159.9
159.9

LI T

-5.1
-5.0
166.2

-15.6
-16.3
-131.4

-10.3
-10.7
17.4

5.3
5.7
148.8

b
b
a2

241.4
241.2
180.3

LI B

111.1

-141.4

-15.1

126.3

a2

158.6

LG B
LH T
LH B
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2.4

Case study 2: Hopper Wagon

Hopper wagons are designed for carrying bulk cargo, loaded from top and unloaded by gravity
through discharge openings at the bottom of the hopper. The carbody of a hopper wagon consists
of the hopper superstructure and an underframe (chassis), which provides attachment points for
the running gear, buffers, braking system etc., and support of the hopper superstructure.
The superstructure of most hopper wagons can be divided into the bottom assembly and main
top assembly including the side and end walls. The bottom assembly contains openings covered
by flaps with operating mechanisms; the arrangement of the openings in the bottom assembly
can be designed in various ways for different arrangements of discharging the load (on both sides,
between the rails, etc.). The top of the hopper can be either left open or have some form of cover
or roof; to provide access for loading, the roof can be either moveable, or have opening hatches.
2.4.1

Analysis of conventional design of hopper wagons for cereals (benchmark)

Different types of bulk cargo (such as coal and cereals) impose different requirements on the
wagons used to transport them; therefore, specific designs or categories of hopper wagons have
been developed, intended to fulfil the requirements of transporting different types of bulk cargos
effectively and efficiently. To allow comparison of novel lightweight designs and conventional
designs, a conventional type and design of hopper wagon has been selected and analysed, and
will be compared with a lightweight design intended to fulfil the same role, to which the novel
design techniques and materials have been applied. The selected conventional design type, and
subject of this analysis, is a cereal hopper wagon of a traditional European design, type Uagps
(Figure 41). Only the carbody section of the vehicle will be analysed in this section, which is the
underframe and superstructure in the conventional design. These structures are formed from
steel plates and rolled beams welded together.

Figure 41 Four-axle cereal hopper wagon of the Uagps type

The bottom discharge assembly of the superstructure consists of three sections, each in the
shape of four-sided chutes or funnels ending with a rectangular opening for discharge between
the rails. To this bottom section are attached straight vertical side walls, consisting of vertical
posts and corrugated plate, and slanted end walls. This vessel (hopper) is covered by an arched
roof with an elongated oval opening.
The superstructure is connected with the underframe in such a way that both components share
loads acting on the wagon body.
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2.4.1.1 FE model of conventional hopper
The model of the conventional hopper wagon used for finite element analyses is based on a CAD
model of solid bodies. The model includes both underframe and superstructure, but does not
contain parts that are not incorporated into the fixed structure (roof lids, bottom flaps), running
gear components, buffers, brake parts, platforms and steps etc. In the model, the discharge
openings were modelled with material across them so that the loading of the hopper by the cargo
could be applied correctly.
All solid bodies of the CAD model were transformed into surface components with defined
thickness. Care was taken to avoid the need for creating contact elements in the FE model, which
also means that lap joints had to be eliminated – the sections where two plates overlap were
replaced with a single surface of equivalent thickness.
The geometry was meshed with SHELL181 elements. The automatic meshing was
complemented by applying face meshing control to mappable faces and mesh refinement in
zones of high stress gradient. The resultant FE model of the conventional hopper wagon carbody
(shown in Figure 42 ) has 175112 nodes and 177572 elements in total.

Figure 42 Top: the hopper wagon carbody model for FEA, no meshing shown; bottom: detail views
illustrating the mesh
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2.4.1.2 Loads and boundary conditions
The load cases applied to the model for the static structural analysis were the load cases defined
in the European standard EN 12663-2, as described in Section 2.2.2. Each of the load cases used
a subset of the boundary conditions detailed below; for identification of model parts to which the
boundary conditions are applied, refer to Figure 43. The constraints and loads applied were as
follows:
Constraints:







Support on pivot bearers of bogies is modelled by two remote displacement constraints.
Each of them is applied to the central part of the underside of a main crossbeam, and
prevents vertical, lateral and roll movements.
Support on bogie side bearers involves representing the preload of the side bearer
springs. As no roll movements are considered in this analysis, each side bearer support
was modelled as a constant vertical force of 16 kN acting on a corresponding area on the
underside of a main crossbeam.
Buffer reactions at the buffer axis level as well as below it are modelled by remote
displacement constraints. In both cases, the constraint is applied on the same areas on
one of the underframe headstocks, but the vertical position of the central point is different.
These constraints prevent only longitudinal movement.
Draw gear reaction is also represented by a remote displacement constraint in the xdirection only. It is applied to longitudinal members of the underframe in the position where
draw gear stops are attached.

Loads:










Carbody tare weight - this load is represented by the mass of the carbody with a
gravitational force equal to standard Earth gravity.
Loading by cargo contained in the hopper is modelled as hydrostatic pressure, see
Figure 44. This model is not perfectly accurate as the cargo (cereals) has a certain amount
of internal friction. However, it is assumed that in this case of a low vessel (rather than a
high silo), the effect is small. The hydrostatic pressure is applied to all internal surfaces
except the roof. The density of the cargo is set to 900 kg/m 3, which is typical for heavier
cereals. A check of vertical reactions on supports confirms that this corresponds to a
wagon laden to maximum payload (at 22.5 t axle load).
Exceptional vertical load is introduced by:
o additional vertical acceleration of 0.3 g (for the tare mass) and
o increasing the hydrostatic load density by the factor of 1.3 (cargo).
Compression at buffer level is represented by remote forces of 1000 kN applied to each
of the buffer zones of the headstock at the other end of the underframe to where buffer
constraints are applied.
Compression below buffer level is represented by remote forces of 750 kN applied to
each of the buffer zones of the headstock at the other end of the underframe to where
buffer constraints are applied. The location to which the force is applied within the buffer
zone is lower by 50 mm than in the previous case.
Diagonal compression at buffer level is represented by a remote force of 400 kN
applied to one buffer zone of the headstock at the other end of the underframe to where
buffer constraints are applied.
Tensile loading is represented by a remote force of 1500 kN applied to one set of draw
gear stops, at the opposite end of the underframe to where the draw gear constraint is
applied.

For each load case, the combinations of constraints and external forces applied are given in Table
11.
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Figure 43 Areas for application of constraints and external forces

Figure 44 Hydrostatic pressure representing the loading by cargo contained in the hopper

In the conventional hopper wagon design, the whole carbody is manufactured of S235 grade
structural steel; therefore, the permissible stress is derived from yield strength with the safety
factor of 1.0 for parent metal or 1.1 near welds. This gives values of permissible stress of 235
MPa and 214 MPa, for parent metal or metal near welds respectively.
Fatigue loading of the carbody structure is based on inertial effects only, rather than external
forces; it is defined by means of amplitudes of vertical acceleration (az = 1 ± 0.3 g) and lateral
acceleration (ay = ± 0.2 g). According to Table 22 in the European standard EN 12663-2, the
lateral dynamic load case needs not be examined if the structure passes static and buffing impact
tests.
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Table 11 Load cases for static structural analysis of the carbody of a standard cereal hopper wagon (Y =
used, empty = suppressed)

Y
Y
Y
Y
Y

Y

Y
Y

Y
Y

draw gear 2 1500 kN

buffer 22 (axis) 1000 kN
Y
Y

buffer 22 (axis) 400 kN

buffer 21 (axis) 1000 kN

cargo – exceptional

carbody tare – exceptional

cargo

Y
Y

buffer 22 (below axis) 750 kN

Y
Y

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

buffer 21 (below axis) 750 kN

Y
Y

carbody tare

Y
Y
Y
Y

draw gear 1

Y
Y
Y
Y

Loads

buffer 12 (below axis)

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

buffer 11 (below axis)

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

buffer 12 (axis)

side bearers 11, 12, 21, 22

1E
1L
2E
2L
3E
3L
4E
4L
5E
5L
6

buffer 11 (axis)

Load
case

bogie pivots 1 and 2

Constraints

Y
Y
Y

Y
Y

Y
Y
Y

Y
Y
Y

Y

In this study, only the vertical fatigue load is considered; following the standard, it is not combined
with any other load (tensile, compressive). No separate load cases are created for fatigue
analysis; the assessment is based on a construction in the Smith diagram, where static stress
results for the laden wagon (load case 1L in Table 11) are compared with limit values defined in
the standard. Different limit values are used for different notch cases (weld shapes). However, it
is not the purpose of this work to assess strength of a standard wagon against a prescribed limit
but rather provide a benchmark for lightweight options.
2.4.1.3 Results
General results for the standard hopper wagon are presented in Table 12. In the visualizations,
deformation is magnified by a factor of 100, and the colour scale for equivalent stress ends at the
value of 235 MPa – zones of higher stress (black) correspond to zones of plastic deformation.
The results show that the loads imposed by the cargo mainly causes increase of stress in hopper
walls and some supports, but the underframe and hopper bottom is not loaded significantly. Under
longitudinal loads, stresses in the underframe increase, and a part of the load is carried by the
superstructure as well – particularly the bottom discharge assembly and the lower parts of the
walls. In the worst bending cases (2E and 5L), the colour scales show increased stresses in the
roof.
Vertical displacement under load, measured at the middle discharge opening, can be as high as
7 mm downwards when load of cargo is combined with longitudinal tension. On the other hand, if
an empty wagon is subjected to compression at buffers, the carbody bends upwards by 4 mm.
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Table 12 Overview of results of FE analysis of the standard hopper wagon; numerical values indicate
maximum equivalent stress and vertical bending of the carbody under the assumption of elasticity.

Load cases
1

2

3

4

5

6

empty (E)

laden (L)

no longitudinal
load

57 MPa

–0.4 mm

951 MPa

–4.1 mm

567 MPa

+4.1 mm

946 MPa

+0.2 mm

575 MPa

+3.4 mm

941 MPa

–0.4 mm

213 MPa

+0.7 mm

989 MPa

–3.0 mm

616 MPa

–3.6 mm

1186 MPa

–7.3 mm

1237 MPa

–5.3 mm

compression at
buffer level

compression
below buffer
level

diagonal
compression

tension at draw
gear level

exceptional
vertical loading
N/A

No black zones indicating areas where the stress exceeds the maximum permissible stress can
be seen in the small, overall views in Table 12. However, numeric results indicate that in all cases
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except 1E and 4E, the yield strength of S235 grade steel is exceeded at some points. A closer
view (Figure 45) shows that most of these zones are small, include significant local peaks and
are situated in places that are probably affected by modelling simplifications – representation of
a solid structure by shell elements, simplification of shapes and modifications of lap joints to
eliminate parallel shells with contact between them.

a) corner support of the hopper frame

b) base of a vertical rib of side wall plate (inside the
hopper, view through the roof opening)

c) corrugations of side wall plate

d) upper parts of the hopper end wall and the roof end
plate (view from inside, roof cover removed)

Figure 45 Local critical zones for the standard hopper wagon (grey colour indicates equivalent stress of
less than 235 MPa)

The largest high stress zones are situated at the discontinuities of the transverse beam of “V”
section that supports the end wall of the hopper body (Figure 46). The mode of deformation that
is connected with this stress can be described as “buckling” or “folding” of the hopper end wall
due to the fact that the forces from the supports (located closer together than on the side walls)
are not transmitted to the side walls directly but rather through the end wall.
It is not known that the real wagon would have serious strength issues, so this may be due to the
numeric method or differences of the underlying CAD model from the actual manufactured wagon.
In this study, however, these results are meant to make a base for comparisons in further work.
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Figure 46 The largest critical zone for the standard wagon – a discontinuous transverse beam supporting
the end wall (the wall is removed from the view, only the beam and the vertical support are visible).

One of the means of lightweight design investigated in this study consists of replacing of side wall
plates with composite panels. The panels would be more flexible than steel and might be
connected to the wall frame in a way that would not be as stiff as welds of a continuous side wall
plate to the posts. This would reduce the contribution of the side wall to the stiffness and overall
load carrying capacity of the carbody.
To estimate the contribution of the side wall plates to the carbody stiffness, an extreme case
(worst case) was simulated. It was assumed that the joints are so flexible that they carry almost
no load, which can be approximated by leaving out a part of the side wall plate. This approximation
is not appropriate for the laden wagon, as it changes the way that the pressure is applied. Results
for selected load cases and an example graphic are given in Table 13. The contribution of the
wall plates to the overall carbody strength was proved to be significant; if removing the side wall
plates, the vertical displacement measured at the carbody centre is up to twice as high.
Table 13 Contribution of side wall plates to strength and stiffness of the carbody

Load
case
1E
2E
5E

2.4.2

Result
max. stress [MPa]
displacement [mm]
max. stress [MPa]
displacement [mm]
max. stress [MPa]
displacement [mm]

Complete Without side
model
wall plates
57
76
–0.4
–0.8
567
692
+4.1
+6.3
616
749
–3.6
–6.1

Approach to analysis of proposed hopper wagon lightweight design options

A number of design options and lightweighting measures for lightweighting hopper wagons were
proposed in D3.1 of the INNOWAG project. Some, or all of these design elements were combined
into three different lightweight design concepts which are summarised in Table 14.
To better understand the effects of individual design elements, analysis cases were carried out
where design elements were only applied individually or only a few design elements were applied
at a time. These analyses are described in the subsequent subsections of this report. The first
analysis concerns the case where only the underframe is different, the second analysis is of the
case where the standard steel hopper side walls have been replaced with composite panels. The
third analysis is of the case where the lightweight underframe and the composite hopper side
sidewalls design elements in the previous cases are both applied together along with a lightweight
bottom discharge assembly.
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Table 14 Lightweight design concepts presented in Deliverable 3.1

Concept 1

Concept 2

Concept 3













Design elements

Underframe redesign + HSS
Superstructure HSS
Composite side wall panels
Increased volume

2.4.3

Analysis of hopper wagon with a lightweight underframe

2.4.3.1 FE model of hopper wagon with a lightweight underframe
In this case, the conventional underframe design is replaced with a lightweight underframe design
that consists of two end assemblies, which contain all necessary attachments for buffers, draw
gear and running gear, and a very light intermediate part constructed from thin-walled beams of
the omega-profile welded together. In addition to the changes to the geometry of the frame and
the sections of the members used, the lightweight underframe also uses different materials.
In the FE model, the standard underframe geometry was replaced by the new one (see Figure
47), prepared in the same way. Based on a CAD model, a geometry consisting solely of surface
bodies was created. The superstructure geometry underwent minor modifications to provide
proper connections to the new underframe.
All aspects of FE model preparation are the same as described in 2.4.1.

Figure 47 Model of the lightweight underframe for FE analysis

It is intended that the lightweight underframe should be manufactured of high strength steel of the
RQT (rolled – quenched – tempered) type, grade S690 or equivalent. Yield strength of this steel
is Re = 690 MPa. However, since the simulations performed in this study use the assumption of
linear elasticity, there is no change in the simulation inputs related to the material, only the
geometry is changed and the criteria applied to the assessment of the stresses is that relevant to
the properties of the new material.
Boundary conditions and applied forces are the same as described in Section 2.4.1 and
illustrated, in part, in Figure 43 and Figure 44. The load cases applied to the conventional wagon,
described in Table 11, were also applied to the wagon with lightweight frame.
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2.4.3.2 Results
An overview of results for a hopper wagon with lightweight underframe is presented in Table 15.
The colour scale of Table 14 has been kept for comparison, but as the deformations were higher,
a smaller scaling factor (40×) was applied to the deformed shape.
Table 15 Overview of results of FE analysis of the hopper wagon with lightweight frame; numerical values
indicate maximum equivalent stress and vertical bending of the carbody under the assumption of
elasticity.

Load cases
1

2

3

4

5

6

empty (E)

laden (L)

no longitudinal
load

73 MPa

–0.4 mm

947 MPa

–5.5 mm

1661 MPa

+9.6 mm

1564 MPa

+4.4 mm

1546 MPa

+7.9 mm

1450 MPa

+2.7 mm

700 MPa

+1.7 mm

983 MPa

–3.4 mm

1264 MPa

–7 mm

2015 MPa

–12 mm

1231 MPa

–7.1 mm

compression at
buffer level

compression
below buffer
level

diagonal
compression

tension at draw
gear level

exceptional
vertical loading
N/A
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In load cases without longitudinal forces, there is little difference from the conventional wagon.
Overall stress in the superstructure are somewhat increased, since it has to take over some stress
from the more flexible underframe, but this is quite evenly distributed – the highest stress peaks
have even decreased. As expected, the contribution of the underframe to the bending resistance
of the whole carbody is very small in a wagon like this.
In contrast to the load cases without longitudinal forces, stress and deformation increases
noticeably in load cases with longitudinal loads (especially 2E and 5L). The longitudinal beams of
the conventional frame, being arranged at the level of buffers and draw gear, absorb a significant
part of the longitudinal loads directly. The lightweight frame, however, leaves more of the load to
the superstructure, since the superstructure lies above the level of buffers and draw gear, the
whole structure is subject to additional bending. As shown in Figure 48, some high stress zones
observed in the conventional design grow more significant (A, B), and some new zones emerge
(C, D, E, F). Zone F is the largest one and is far from being a strictly local peak influenced by the
model simplifications.

A

D

B

E
F

C
Figure 48 Zones of high stress in the superstructure of the wagon with lightweight frame; black colour
denotes zones of σeqv ≥ 235 MPa.

High stress occurs in the underframe, which was expected – after all, it is designed to be made
from high strength steel, therefore it is intended for the stresses to be somewhat higher to utilise
the higher stress carrying properties of the high strength steel. However, the equivalent stress
exceeds even the high yield strength of 690 MPa of the high strength material in some places,
which is not a trivial issue. To overcome the issue of small areas of high stress, whilst retaining
most of the weight reductions obtained from the general modifications to the design, detail design
modifications aimed at reducing the stress in the high stress zones are proposed in section 2.4.5,
where the stress in these zones is discussed in more detail.
2.4.4

Analysis of hopper wagon with composite wall panels

2.4.4.1 FE model of hopper wagon with composite wall panels
The model used in this section involves the basic traditional underframe, but a major part of side
wall plates are replaced with composite panels (see Figure 49). Thus, the effect of replacing
significant parts of the steel hopper side walls with composite panels is studied separately.
The FE model was adopted from the conventional wagon model described in 2.4.1 with these
differences:



The material of the side wall parts marked in Figure 49 was changed to composite.
The thin intermediate vertical ribs that stiffen the original side wall plates were removed.

At this stage, it has not been decided whether the composite panels will involve corrugations or
other shape features, therefore the original geometry with corrugations was used in the FE model.
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Figure 49 Model of a hopper wagon with composite panels (yellow) replacing a part of side walls

The composite material is characterized as e-glass woven fabric/polyester composite, biaxial
laminate, manufactured by wet resin process. The nominal glass fibre ratio is 45 % (40–50 %).
The material properties are as follows – scaled down a bit to account for the possibility that the
share of glass may be less than 40 %:





Young’s modulus 12 GPa (compared to steel: 210 GPa)
Poisson’s ratio 0.17 (steel: 0.3)
Tensile yield strength 210 MPa (steel: 235 MPa)
Compressive yield strength 90 MPa

The composite material was modelled as isotropic, linear elastic, which is a usual simplification
in modelling of composite parts. The thickness of the composite panels is 8 mm; for comparison,
thickness of the original steel sheet is 4 mm.
In the actual lightweight hopper concept, the edges of the composite panels have been designed
bent so that to fit into U-profiled steel structural beams, glued to them and secured by light inserted
beams or pads bolted or riveted to the structural beams. This hybrid joint design is not reflected
in the FE model; the joint is represented simply by shared topology of faces to which different
materials are assigned.
Considering the simplifications described above, it is considered that the analysis is just partly
meaningful, being relevant for the overall strength of the hopper body sub-assembly and its steel
structure. The outcomes relating to the composite panels’ strength can confirm the compliance to
strength and maximum deformation requirements, however, the mechanical properties of a real
composite panel would be superior to those of the isotropic model used in the study. Superior
properties of composite panel could be achieved through proper reinforcement with bidirectional
or mat fibres, with respect to the stresses applied in the most critical load cases.
For all other details on the FE model, boundary conditions and loading forces, see Section 2.4.1.
2.4.4.2 Results
Overview of results is given in Table 16. The lightweight side wall panels, made of composite
material of higher flexibility, contribute less to the load carrying capacity of the carbody, hence
more stress is transferred to other parts – see, e.g., load case 2L in Table 12 and Table 16. This
stress is mostly equally distributed, and no significant increase of high stress zones is observed;
also, the flexibility of the carbody as a whole is somewhat increased.
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Some stress values in Table 16 are even lower than in Table 12; in some cases, this is because
the intermediate ribs were removed, which eliminated the most significant stress peak (Figure 45
b). In other cases, the most critical point is still the same, as in Figure 46, but the more flexible
walls probably deformed more and the end walls were not forced to deform as much; therefore,
the stresses in the end walls were lower.
Table 16 Overview of results of FE analysis of the hopper wagon with standard frame and composite side
wall panels; the numerical values indicate maximum equivalent stress and maximum vertical bending of
the carbody under the assumption of elasticity.

Load cases
1

2

3

4

5

6

empty (E)

laden (L)

no longitudinal
load

58 MPa

–0.4 mm

693 MPa

–5.4 mm

575 MPa

+4.4 mm

452 MPa

–0.7 mm

586 MPa

+3.7 mm

384 MPa

–1.3 mm

217 MPa

+0.7 mm

586 MPa

–4.2 mm

626 MPa

–4.0 mm

1261 MPa

–8.9 mm

898 MPa

–7.0 mm

compression at
buffer level

compression
below buffer
level

diagonal
compression

tension at draw
gear level

exceptional
vertical loading
N/A
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The only new high stress zones are located on the bottom longitudinal beam of the superstructure
(L-profile), below the centre of each composite panel – see zone A in Figure 50, maximum σeqv ≈
350 MPa. In reality, stress in this region will depend mostly on the design of the joint of the
composite panel with the steel frame.
Composite wall panels, being flexible, suffer little stress connected with bending of the carbody
as a whole. Their main loading comes from the pressure of cargo, in the worst load case, case 6,
the maximum equivalent stress in the panels is about 220 MPa, which is in the corrugations (point
B in Figure 50). This is not regarded as a significant result, as it depends on geometrical
simplification and joint design simplification. In addition to this, the final design (not known at this
stage) might not require such corrugations.
Besides zone B, the maximum equivalent stress is about 95 MPa, and this is still near the vertical
steel beams (C in Figure 50), so it will be affected by the actual design of the joints.

B
C
A

Figure 50 Equivalent stress in carbody with composite panels – load case 6

2.4.5

Proposed design modifications

In section 2.4.2, it was found that there are weak zones in the lightweight underframe, which
caused high stress not only in the underframe, but also in the superstructure. Therefore, a set of
simple design modifications was proposed to eliminate the weak points without significantly
affecting the total weight of the structure.
2.4.5.1 Underframe
The critical zones of the lightweight underframe are best displayed in the load case 2 L –
compression at buffer level of the empty wagon. The results are shown in Figure 51. This time, a
different colour map was selected:





shades of grey represent equivalent stress of less than 235 MPa – yield limit of S235 is
not exceeded;
blue colour means stress between 235 MPa and 355 MPa – these parts must be
manufactured of S355 to withstand the load;
yellow colour indicates stress higher than 355 MPa, but not exceeding 690 MPa – high
strength steel of the S690 grade or similar would be required;
red zones have σeqv > 690 MPa.
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1
2

1’
1

2

Figure 51 Critical zones of the lightweight underframe

The primary weak point (number 1 in Figure 51) is situated on the side part of the underframe
behind the headstock. The structure almost “breaks” in that region, deflects significantly and
transfers high loads to the beams between which draw gear is located – this can be seen in Figure
51 (denoted as 1’). This problem occurs only in the compressive load cases. In the case of applied
tensile load, stress in these parts is lower.
To eliminate this problem, it is proposed to extend the vertical plate that forms the side of the end
frame assembly (thickness 10 mm). This plate would connect the headstock with the main
crossbeam. During testing of this option, it was found that further extension towards the centre of
the carbody would also help better transfer of forces between the underframe and the
superstructure. These modifications are marked with blue fill in Figure 52.
The second point (number 2 in Figure 51) is found where the stiffer part of the underframe ends
and joins the light longitudinal beams. Some very high stresses are observed near the joints of
these omega-profiles. The high stress zone also extends into the bottom discharge assembly of
the superstructure. It is observed that in this zone, the omega-profiles are not only bent but also
distorted significantly – particularly in tensile load cases. Creating a closed profile in this area
would be the first choice as a solution to the high stresses. At this stage of design, no detailed
mechanical design of the closed beams was done; material of the same thickness as the basic
profile (5 mm) was simply added to the bottom of the simplified profile meshed by shell elements;
this added material is coloured red in Figure 52.
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Figure 52 Proposed modifications of the underframe: extension of side plates (blue) and closing the open
profiles (red)

2.4.5.2 Superstructure
To eliminate high stress zones in the end walls of the hopper, which are more significant when
lightweighting solutions are applied (Figure 48 left), two simple modifications to the design of the
hopper end wall were proposed. Their purpose is to improve transmission of forces between the
supports and the end wall.
The first modification is illustrated in Figure 53. The short lateral part of the transverse support
beam is modified in shape to remove the discontinuity in Figure 46. Also the thickness of this plate
is increased from 4 mm to 6 mm, which is the same as the central section of the beam.
original

modified

Figure 53 Proposed modification of the transverse support of the end wall

modified

original

Figure 54 Proposed modification of the end supports
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Secondly, the connection of the vertical supports to the transverse beam of the roof is improved
(Figure 54). In the original design, the interface between these members is very short, which leads
to distortion of the transverse beam; it is proposed to extend the vertical plates so that they support
the transverse beam over its whole width.
2.4.6

Analysis of lightweight hopper wagon design

2.4.6.1 FE model of a hopper wagon with lightweight underframe and bottom discharge
assembly of HSS, and composite side wall panels
The final design of a lightweight hopper wagon analysed in this study integrates:





lightweight underframe of new design with the use of HSS – examined separately in 2.4.2;
lightweight bottom discharge assembly achieved by reducing thickness of plates and
using HSS;
composite panels replacing steel plate in the hopper side walls – examined separately in
2.4.4;
modifications to the wagon geometry to reduce stress concentrations described in section
2.4.5.

This combination of lightweighting design elements corresponds to Concept 2 reported in
INNOWAG Deliverable D3.2 (see Table 14); the modifications were integrated into the original
CAD model, on which the initial FE analysis was based, in the same way as described when each
design element was modelled individually. Additionally, the CAD model was modified to
incorporate the design modifications described in section 2.4.5, which are intended to reduce the
stress in critical areas to levels which are within the limits of the material, whilst still obtaining
significant weight savings.
The thickness of the composite panels used to replace the steel plate in the hopper side walls is
8 mm, which was represented in the model so the stress in these sections could be evaluated
and compared with the properties of the composite material. If the thickness of the hopper sidewall
panels had been left at the same thickness as the steels sidewalls, then the stresses reported by
the model would have been unrepresentatively high.
The design of the lightweight bottom discharge assembly is basically the same as that for the
conventional design, except that the material specification was changed to HSS and the thickness
of the components was reduced to take advantage of the superior strength of the HSS. The
changes to the thicknesses of the components were as follows:




plates of 6 mm thickness were reduced to 3 mm;
plates of 10 mm thickness were reduced to 5 mm;
rolled L-profiles of 5 mm wall thickness were reduced to 4 mm.

The model for finite element analyses was prepared in the same way as the benchmark model.
Solid bodies from CAD were replaced with surfaces. Lap joints were simplified to eliminate the
need for contact elements. The whole geometry was meshed with SHELL181 elements with
shared nodes at the edges of surface bodies. The mesh consists of 190691 nodes and 193755
elements; the FE model of the lightweight hopper wagon carbody is shown in Figure 55.
Boundary conditions and load cases applied to the FE model of the lightweight hopper wagon
design were the same as described in 2.4.1.
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Figure 55 Lightweight hopper wagon carbody model for FEA (grey – steel S235, blue – HSS, yellow –
composite)

2.4.6.2 Results
An overview of results for the complete range of load cases applied to the lightweight hopper
wagon is given in Table 17. This design makes use of high strength steel, hence zones of
equivalent stress exceeding 235 MPa are not necessarily critical since the yield stress of HSS is
up to 690 MPa. Nevertheless, the same colour map as in previous sections is used here, to allow
visual comparison.
Comparison of the vertical bending results for the conventional design and lightweight wagon
design clearly show that the lightweighting solutions have an impact on the bending stiffness of
the carbody. The worst case is 5L where loading by cargo and longitudinal tension combine to
produce the largest downwards bending result. For the same load case, the vertical displacement
due to bending, measured at the rim of the middle chute, is 7.3 mm for the conventional design,
while it is 12.7 mm for the lightweight wagon. This displacement is chosen to represent the
bending of the wagon as a whole, but it is not the overall maximum displacement. Under the load
of the cargo, plates of the bottom discharge assembly show additional sag, which can be seen in
the graphics in Table 17, where the displacements and distortions are exaggerated, as
protrusions below the underframe level. This displacement, relative to the underframe, is about
12 mm in the worst load cases.
Regarding the dimensions of the carbody, it is not expected that this vertical deformation would
cause gauging problems. The limit on vertical displacement set out in EN 12663-2 (maximum
displacement = 0.3% of bogie pivot distance) equals 29.4 mm, which is not exceeded in the
results.
Comparison of maximum values of equivalent stress in Table 12 and Table 17 shows that in many
load cases, the maximum stress in the lightweight wagon design dropped compared to the
conventional design. This is due to local high stress zones being eliminated by design
modifications.
From the results for lightweight hopper wagon design, the worst load case with respect to the
underframe is load case 2E, which is shown in Figure 56. The high stresses in the longitudinal
beams and some parts of the end assemblies indicates that the use of high strength steel would
be required in these sections. The yield strength of HSS (690 MPa) is exceeded in the vicinity of
only a single node in the model (in each quarter), and this is probably influenced by simplification
of model geometry. Therefore it is possible that the actual stress could be acceptable, or that a
slight change to the geometry of the design could reduce the stress to acceptable levels.
Significant stress peaks are not observed near welds.
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Table 17 Overview of results of FE analysis of the lightweight hopper wagon; the numerical values
indicate maximum equivalent stress and vertical bending of the carbody under the assumption of
elasticity.

Load cases
1

2

3

4

5

6

empty (E)

laden (L)

no longitudinal
load

22 MPa

–0.3 mm

385 MPa

–6.2 mm

783 MPa

+9.0 mm

688 MPa

+2.6 mm

607 MPa

+7.1 mm

513 MPa

+0.8 mm

373 MPa

+1.8 mm

400 MPa

–4.1 mm

581 MPa

–6.8 mm

708 MPa

–12.7 mm

500 MPa

–8.1 mm

compression at
buffer level

compression
below buffer
level

diagonal
compression

tension at draw
gear level

exceptional
vertical loading
N/A
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Figure 56 Stress in the underframe in the load case 2E; deformation is magnified with the factor of 40

In the tensile load case, 5L (Figure 57), the point of maximum equivalent stress shifts to the
superstructure, being located at the top edge of one of the vertical ribs of the bottom discharge
assembly. In common with the underframe, the area where the peak stress exceeds 690 MPa in
the superstructure is much localised in the worst load cases for the superstructure.
Zones of stress higher than 235 MPa are due to



load transferred from the lightweight underframe, and
bending of composite panels – this effect, however, will depend on the actual design of
the composite–metal joint.

Figure 57 Stress in metal parts of the superstructure in the load case 5L; deformation is magnified with
the factor of 15

In the parts of the superstructure that are not intended to be made of higher grade steel, the only
remaining zone where the equivalent stress exceeds 235 MPa is at the modified transverse
support of the end wall. However, the stress concentration is much lower than in the original
design.
The findings regarding the composite panels are similar to what was found when they were
investigated separately, without other lightweighting solutions. Shearing or bending of the panels
related to overall deflection of the carbody has a small effect on the stress in the panels, as they
have much less stiffness than the surrounding steel structure. The major contribution to the
stresses in the hopper side wall panels comes directly from the pressure of the cargo. In the worst
load case with respect to the composite panels (6L), the maximum equivalent stress is about
230 MPa, which is slightly in excess of the tensile yield strength of the composite material (which
is 210 MPa), but this depends on the corrugations and joints to the posts.
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Apart from the zones influenced by the corrugations, stress maxima are found near the posts and
do not exceed 100 MPa. In reality, these will still depend on the way the panels are joined to the
frame, and the maximum equivalent stress in the centre of each panel does not exceed 50 MPa.
Distribution of equivalent stress in the side walls is shown in Figure 58.

Figure 58 Stress in the side walls in the load case 6 (extreme vertical loading)

2.5

Conclusions and recommendations for lightweight design

In the previous INNOWAG deliverable D3.1 “Freight vehicle lightweight concept design”, a series
of lightweighting options suitable for freight wagons was presented. Based on selected design
concepts, models were created and computational analyses were performed to assess their
strength properties. This is the subject of the present report, where the selected concepts are
presented as two case studies, namely
1. Lightweight bogie frame based on the Y25 design,
2. Lightweight carbody for a cereal hopper wagon.
The analyses, except for fatigue analysis of a bogie frame, follows the methodologies of European
standards EN 12663-2:2010 (carbody) and EN 13749:2011 (bogie frame), referred to by the
current Technical Specifications for Interoperability for freight wagons. Because of the difficulties
of applying the EN 13749 fatigue test methodology to FE analysis, the fatigue test methodology
applied in this study was a simplified method presented in the report ERRI B12/RP17 (1997) and
incorporated into the previous version of TSI. The procedures were applied to the extent
considered relevant and practicable at this stage of development.
The lightweight bogie frame was compared to a benchmark – traditional Y25 bogie frame made
of S355 steel grade. The traditional frame passed the static load cases, but the fatigue analysis
showed several points where the stress limit for infinite life was exceeded. Nevertheless, it is
accepted as a benchmark, representing a structure that has been used in operation for a long
time and does not have systematic strength issues.
In comparison with the benchmark, the lightweight frame of high strength steel passed the static
and fatigue tests with higher factors of safety. Some fatigue critical points were in different
locations compared to those for the equivalent part on the traditional bogie frame, but no principal
new high stress zones were observed. The FE analysis thus leads to the conclusion that the
lightweight bogie frame fulfils requirements for structural integrity, maybe even with a higher
safety factor than the conventional frame. However, the accuracy of results is still affected by the
numeric method and relative lack of knowledge of fatigue properties of HSS, so static and
dynamic testing is necessary. This testing is the subject of Task 3.4 of the INNOWAG project.
The lightweight hopper wagon body was compared to a conventional structure – carbody of
an Uagps cereal hopper wagon, manufactured of S235 steel grade. The results for the
conventional carbody indicated several zones of limited extent, where yield stress was exceeded.
These zones may be influenced by modelling simplifications, numeric method or differences of
the CAD models from the real manufactured wagon. The results are considered suitable for use
as a benchmark for the novel design solution.
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The carbody underframe (chassis) was lightweighted by reducing the volume of material –
especially by employing slender cold formed longitudinal beams – and assuming the use of HSS.
It was found that the original concept was strong enough as far as vertical loads were considered,
and the slender underframe had a very little impact on stresses in the large hopper superstructure
located above. However, in tensile and compressive load cases, high stress would be transferred
to the hopper bottom and the underframe itself would fail. Weak points were clearly identified and
reinforcements were proposed.
Another lightweighting solution investigated was the replacement of the steel plate covering the
side walls with composite panels. Results indicate that the strength of the panels can be regarded
sufficient, except for zones that will depend on the actual panel shape (corrugations etc.) or hybrid
joint design (connection of the panels to the steel frame), which could be resolved in a detailed
design. In addition, modelling of the composite material was simplified, therefore, experiments
are necessary to test the various properties of the composite panel and hybrid joints, which are
subjects for Task 3.4 in this project. FE analysis confirmed that a major part of stresses in the
composite panel comes from direct loading by bulk cargo, and the effects of bending or shearing
of the frame, related to deformation of the carbody as a whole, are negligible.
Finally, these solutions were integrated into one model, which in addition incorporated
lightweighting of the bottom discharge assembly by using thinner plates of HSS. Naturally, the
structure was found to be less stiff than the conventional carbody, however the deformation limit
given in EN 12663-2 was not exceeded. As far as stress is concerned, strength of the structure
was found to be satisfactory, except for zones that are influenced by modelling simplifications.
With respect to HSS components (underframe and bottom discharge assembly), material
utilization is not very high throughout, so it can be considered that



some high stress zones can be eliminated by design modifications and a cheaper steel
can be used (S355, S460), or
if S690 would be used, further lightweighting may be possible in zones of low stress.
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3 ANALYSIS OF IMPACTS ON VEHICLE DYNAMICS
The objective of lightweight design for freight wagons is either to reduce the total mass of the
freight wagon for the same payload, or to increase loading capacity within the same total mass
limits, by increasing the ratio of the laden to tare mass of a freight wagon. On one hand, reducing
the tare mass of the wagon might have negative effects on the dynamics performance of the
wagon, such as the running stability. This should be taken into account in the design and
acceptance process. On the other hand, there are potential benefits to reducing the wagon tare
mass that may be used to support the case of lightweight solutions (e.g., lower dynamic loading
on vehicle and track components). Therefore, it is necessary to investigate and compare the
dynamic characteristics of the standard wagon and the lightweight one.
The intermodal flat wagon and cereal hopper wagon have been selected as case studies in the
INNOWAG project. In terms of vehicle dynamics, the only difference between flat wagons and
hopper wagons is the mass parameters of the wagon body. The effects of lightweight design are
the same for both wagon types, i.e., reducing the weight and inertia, as well as lowering the centre
of gravity of the entire wagon. Therefore, the wagon type plays little role in the assessment of
lightweight design impacts on vehicle dynamics. However, considering that the lightweight flat
wagon has the lowest mass in tare condition, its running stability could be critical for increasing
derailment risks in a train configuration. Therefore, the flat wagon has been selected as case
study for the analysis of vehicle dynamics.
Table 18 Investigation scenarios

Analysis/ Characteristic

Assessment
indicators

Relevance

1. Quasi-static safety against derailment
Twisted track (EN 14363)

Wheel lift

HIGH, as the decrease in vertical
loading is unfavourable for safety
against derailment.

S-shaped curves (EN
15839)

Permissible longitudinal
compression force

HIGH, light wagons in tare condition
can be more easily derailed when
pushed through a reverse curve

Flange climb derailment
(EN 14363)

Y/Q ratio

HIGH, decrease in vertical loading is
unfavourable for safety against
derailment

Track shifting (EN 14363)

ΣY max.

Not critical but may be used to show if
the lightweight wagon is more trackfriendly

Ride stability (EN 14363)

ΣY RMS, critical speed

HIGH, it should be demonstrated that
lightweighting does not have a
negative impact on ride stability

Y and Q quasistatic,
Qmax.

Not critical but may be used to show if
the lightweight wagon is more trackfriendly

Carbody accelerations

HIGH, lightweight wagons can be
excited by high vibrations

2. Dynamic safety

3. Track loading
Vertical and lateral wheel
forces (EN 14363)
4. Ride characteristics
Carbody vibration (EN
14363)
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3.1

Analysis methodology

The investigation of vehicle dynamics is based on computer simulation using the multibody
dynamic simulation (MBS) software SIMPACK 2017. Considering the flat wagon has the larger
load/tare ratio than the hopper wagon, the lightweight flat wagon has the highest safety risk due
to low weight. Therefore, the flat wagon is modelled for performing dynamic simulations.
The standards EN 14363:2016 and EN 15839:2012 specify several test scenarios including quasi
static tests and dynamic tests that should be carried out on the test wagon. The simulation models
described here were established according to these scenarios defined in the standards. The
simulation results of the specific scenarios are analysed according to the corresponding criteria
specified in the standards EN 14363 and EN 15839. Table 18 shows the potential impacts of
lightweighting on dynamic characteristics, which are investigated in SIMPACK.
3.1.1

Wagon modelling

Computer simulation of freight vehicles is not at all as common as for passenger vehicles. Since
many of the European freight vehicles are standardised very little new development has been
carried out and in general the manufacturers do not perform a simulation analysis of the running
behaviour of freight wagons. Since manufacturers do not usually build simulation models of freight
vehicles themselves, one of the main challenges in modelling a freight wagon is to obtain all the
input parameters required. Another aspect is that most suspension elements are strongly
nonlinear and in many cases even mathematically non-smooth. This makes it very difficult to build
up simulation models that provide good results compared with measurement results (Iwnicki et
al., 2015).
For the INNOWAG purposes, the Multibody Simulation (MBS) model of a standard 60’ flat wagon
(i.e., Sgnss) with Y25 bogies was built as the reference model. The mass parameters were
provided by a manufacturer, while the data of the suspension characteristics was obtained
through laboratory tests in a previous project (Keudel et al., 2005, Keudel, 2003).
Figure 59 shows the topology diagram and MBS model of the Sgnss wagon. This model considers
15 mass elements, comprising one car body, two bogie frames, 4 wheel-sets and 8 axleboxes. It
has 55 degrees of freedom (DOFs) in total. The models of the standard wagon and the lightweight
wagon are the same, except that they differ in terms of the mass parameters (incl. weight, inertia
and central of gravity), see Table 19.
The primary suspension of the Y25 bogie, as shown in Figure 60 is between the bogie frame (1)
and axlebox housing (2). It consists of a spring cap (3) linked to the bogie frame via a Lenoir link
(4), plunger (5), friction plate (6) and the sliding surface (7). Between the bogie frame and each
of the axlebox housing there are also two pairs of nested coil springs, one pair at each end of the
housing, with an inner coil spring inside an outer coil spring. The outer spring acts in all load
conditions, whereas the inner spring is shorter that the outer one, so that it only comes into action
when the suspension is compressed a certain amount by the vertical load. The axlebox housing
is constrained in the lateral and longitudinal directions by sliding guide surfaces. Steel coil springs
have minimal internal damping, the damping in the primary suspension system being provided by
friction surfaces controlled by a single Lenoir link (4). This provides damping proportional to the
load by transmitting a part of the spring force through the angled link to the axlebox housing via
the plunger (5). The force transmitted to the plunger acts on the friction plate and creates a normal
force between the friction plate (6) and the sliding surface (7). In this way, both the relative vertical
and lateral motions between bogie frame and axlebox housing can result in a frictional force on
the contact surfaces (6) and (7).
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a

b

Figure 59 Topology diagram and MBS model of the Sgnss wagon in SIMPACK 2017

Figure 60 Primary suspension of the Y25 bogie (Schelle et al., 2010)

The primary suspension is modelled with the vertical stiffness for each nested coil spring
represented by a force element which has its parameters defined by a measured characteristic
curve. The lateral stiffness is a step function of the vertical deflection of the outer spring due to
the load-depending-effect of the inner springs; this characteristic is represented by a formula in
the force element. The longitudinal stiffness of each axle is a property of the pendulum stiffness
of the Lenoir link and the horizontal stiffness of the nested spring, which was obtained by the
laboratory measurements (Keudel, 2003). The limits of travel determined by the bump stop of the
spring sets are also considered in the longitudinal and vertical direction. The lateral and vertical
friction is modelled as dry Coulomb friction, where the friction force is proportional to the normal
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load; the friction coefficient is assumed to be constant, and this friction results in a longitudinal
friction force (Schelle, 2010).
There is no real secondary suspension on the Y25 bogie. The secondary suspension system
consists of a spherical centre pivot, only allowing rotation motion, and two sprung sidebearers.
The centre pivot is modelled using a constraint element for preventing translational motions
between wagon body and bogie frame as well as frictional force elements. The sidebearers are
mounted outboard of the bogie pivot, providing friction damping in yaw and restraint in roll. They
each consist of horizontal friction plates mounted on twin vertical coil springs (Evans et al., 1998);
each sidebearer is modelled as mass element and two force elements. One force element
connects bogie frame and the mass element, and has the summed stiffness of the two coil
springs, with vertical displacement limited by the bump stop. The other force element represents
the frictional force between wagon body and the sidebearer, whose normal force stems from a
constraint element between wagon body and the mass element (Schelle, 2010).
In terms of the wheel-rail contact geometry, the model uses the standard wheel S1002 tread
profile, the UIC 60E2 rail profile, and the rail inclination is 1/40.
The MBS model of the lightweight flat wagon has the same structure as the standard one and
different mass parameters (Table 19).
Table 19 Mass parameters of the standard Sgnss wagon and the lightweight wagon for MBS modelling
Parameter
Vehicle frame mass
Bogie frame mass
Bearing and axlebox mass
Wheelset mass
Sum

3.1.2

Standard value
10600
1887
152
1121
20074

Lightweight value
7723
1265
152
1034
15605

Unit
[kg]
[kg]
[kg]
[kg]
[kg]

Modelling of investigation scenarios

3.1.2.1 Quasi-static safety against derailment in twisted track
Due to lower axle loads in the case of the unladen lightweight vehicle, there could be an increased
risk of derailment in twisted track. The derailment analysis is carried out according to Method 1
specified in EN 14363 to establish if the lightweight vehicle would be within required limits. The
vehicle must negotiate a curve of 150 m radius with applied cant and track twist without wheel lift
of the outer leading wheel exceeding 5 mm.
The twisted track is modelled according to EN 14363, which consists of the following elements.


a straight line of 11 m



a 100 m long transition curve with the end radius of 150 m



a 430 m long full arc with a radius of 150 m



a straight line of 60 m

The twist 𝑔 should be determined by the wheelbase distance and the distance between the pivots
of front and rear bogie. In the simulation model, however, a constant twist of 3‰ is used for the
parameter 𝑔0 to model the track. As shown in Figure 61, the cant changes from +45 mm to -45
mm within a distance of 30 m, resulting in a twist of 𝑔0 = 3‰. As 𝑔0 is smaller than the required
twist, additional shims should be added under the primary and secondary suspension systems,
see Figure 62. The thicknesses of the shims are calculated by the following formulas.


+
Wheel base distance 2𝑎+ ≤ 4 m: 𝑔𝑙𝑖𝑚
= 7‰



∗
Pivot distance 4 m ≤ 2𝑎∗ ≤ 20 mm: 𝑔𝑙𝑖𝑚
= 20⁄2𝑎∗ + 2 = 3.4‰
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From the required test conditions, the necessary twisting thicknesses need to be calculated.


Bogie: ℎ+ = (𝑔+ − 𝑔0 )2𝑎+ = (7‰ − 3‰) ⋅ 1.8 m = 7.2 mm



Carbody: ℎ∗ = (𝑔∗ − 𝑔0 )2𝑎∗ = (3.4‰ − 3‰) ⋅ 14.2 m = 5.68 mm

The twisting thicknesses are converted according to the lateral distances of the primary
suspension of 2𝑏 +, the secondary suspension 2𝑏 ∗ and the wheel-rail contact points 2𝑏𝐴 .


For the bogie twisting test: 𝑑+ = ℎ+ 𝑏+⁄(2𝑏𝐴 ) = 7.2⁄1.46 = 4.9 mm



For the car body twisting test: 𝑑∗ = ℎ∗ 𝑏 ∗⁄(2𝑏𝐴 ) = 5.68 ⋅ 0.85⁄1.46 = 3.3 mm

The shims with thicknesses 𝑑 + and 𝑑∗ are added separately under the primary- and secondary
suspensions, see Figure 62.

Cant (mm)

Distance (m)

Distance (m)
Figure 61 Track layout used in the simulation model of the twisted track (top: curvature; bottom: cant)

Figure 62 Distribution of the shims (Schnelle, 2010).

The vehicle speed is set as 10 km/h. The assessment criterion is the maximum value ∆𝑍max of
the wheel lift of the curve-outer wheel of the leading wheelset. The limit value is ∆𝑍max < ∆𝑍lim =
5 mm.
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3.1.2.2 Quasi-static safety against derailment in S-curves
High longitudinal push forces between coupled vehicles occur due to the operational conditions
during braking or pushing traction. These forces can be safety relevant under some conditions,
which also depend on the design of the coupling, especially for freight trains in S-shaped curves
of small radius. The test for quasi-static safety against derailment in S-curves is specified in the
standard EN 15839:2012, which is derived from UIC leaflet 530-2 (2006).
For 4-axle freight wagons it is not necessary to perform the push test, when the following criteria
are met:




tare weight more than or equal to 16 t
ratio of tare weight and length over buffers (LoB) more than or equal to 1 t/m
Length of overhang and pivot distance are compliant with the diagram in EN 15839.

Therefore, it is not required to perform the push test for the standard Sgnss wagon. The push test
is more critical for the lightweight wagon, whose tare weight and tare weight to LoB ratio do not
meet the requirements to be exempt from assessment.
The test is conducted to demonstrate the permissible Longitudinal Compression Force (LCF)
through push tests. These tests are carried out on an S-curve with a radius of 150 m, and with
6 m of straight track section between the curved sections. The train configuration is shown in
Figure 63, where the empty test wagon 5 is surrounded by two loaded barrier wagons, whose
specifications are also given in the standard.

Figure 63 Train configuration of the push test (top: train configuration specified in EN 15839; bottom:
simulation model)

The test wagon is pushed by a constant LCF, running at low speeds (max. up to 8 km/h). This
process is repeated with increased LCF until one of the following criteria is exceeded or a LCF of
280 kN is reached. The assessment criteria for a 4-axle freight wagon are:



Wheel lift of a non-guided wheel of more than 50 mm over a distance of 2 m.
Minimal horizontal overlap of the buffer plates 𝐿lim() ≥ 25 mm
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Axle bearing lateral force 𝐻lim(2m) ≥ 25 kN + 0.6 ⋅ 2𝑄0, where 𝑄0 is the mean vertical force
of the wheel on rail.

It is worth noting that the derailment quotient Y/Q is irrelevant in determining the LCF limit value.
The torsion stiffness of wagon body is an elementary factor for assessing running safety under
the influence of longitudinal forces, therefore the wagon model used for simulations has a
difference in wagon body. The wagon body is modelled as two rigid bodies, connected by a torsion
spring around longitudinal axis, representing the torsion stiffness of the wagon body.
3.1.2.3 Running characteristics
Regarding running characteristics, the tests aim to determine running safety, track loading and
carbody vibrations of the vehicles tested. As described in Standard EN 14363, the test conditions
are the combinations of load status, vehicle speed, cant deficiency and curve radius. For the
assessment of running safety, the scenarios shown in Table 20 are simulated.
Table 20 Simulation scenarios for assessment of running safety

Scenario
1
2
3
4
5
6
7
8
9
10

Curve
radius
300 m
300 m
1000 m
1000 m
Straight
Straight
Straight
Straight
Straight
Straight

Speed
88.7 km/h
88.7 km/h
110 km/h
110 km/h
132 km/h
132 km/h
110 km/h
110 km/h
91 km/h
91 km/h

Cant deficiency
149.46 mm
149.46 mm
132.78 mm
132.78 mm

Cant
160 mm
160 mm
10 mm
10 mm

Load
status
tare
laden
tare
laden
tare
laden
tare
laden
tare
laden

The scenarios with a 300 m radius represent a curve with very small radius for normal running;
the cant of 160 mm is the cant upper limit for the chosen curve specified in the standard EN
13803:2017. Based on this, the maximum chosen test speed is 88.7 km/h, so that the cant
deficiency under the upper limit of 150 mm specified in EN 14363.
The scenarios with a 1000 m radius represent a curve with large radius; the cant of 10 mm is an
assumed typical value. The test speed of 110 km/h is based on the maximum permitted speed of
a vehicle on this curve (100 km/h), with a safety factor added to ensure the vehicle running is still
safe in the case of a small overspeed.
On a straight track, vehicle dynamics under different test speeds are investigated. The test speed
of 132 km/h and 110 km/h are based on assessing if the vehicle running is safe at permitted
running speeds of 120 km/h and 100 km/h respectively, which are two common admissible vehicle
speeds of freight wagons. The slightly higher assessment speeds than permitted running speeds
is due to the addition of a safety factor to ensure the vehicle running is still safe in the case of a
small overspeed. The test speed of 91 km/h is the roughly estimated critical speed of the
lightweight wagon.
These scenarios are used for different assessment purposes with different assessment criteria,
as shown in Table 21.
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Table 21 Assessment matrix for running characteristics

Assessment
purposes
Running safety
against
derailment

Running safety stability

Track loading

Carbody
vibration

3.2

Assessment criteria
Sum of the lateral forces of the
right and left wheels ∑ 𝑌max , also
called track shifting force
Quotient (𝑌⁄𝑄 )max
Root Mean Square (RMS) value
of the track shifting force ∑ 𝑌RMS
Critical speed according to
stability assessment (Polach,
2006)
Quasi static lateral force 𝑌qst

Limit value
0.85 ⋅ (10 kN + 𝑃𝐹0 /3)

1, 2, 3, 4
0.8
0.85 ⋅ (10 kN + 𝑃𝐹0 /3)/2
No limit value, only for
comparison

5, 7, 9

60 kN

Quasi static vertical force 𝑄qst

145 kN

Maximum vertical force 𝑄𝑚𝑎𝑥
Maximum lateral acceleration of
carbody 𝑦̈max

min(90𝑘𝑁 + 𝑄0 ; 200𝑘𝑁)
3 m/s2 for tare, 3.5 m/s2
for laden (typical value,
not a limit value)
5 m/s2 (typical value, not
a limit value)

Maximum vertical acceleration of
carbody 𝑧̈max

Relevant
scenarios

1–10

1–10

Impacts of INNOWAG lightweighting solutions on vehicle dynamics

In the following subsections, the impacts of lightweighting solutions on vehicle dynamics are
analysed according to the simulation results.
3.2.1

Safety against derailment in twisted track

The low speed flange climb assessment is used to assess both the steering and twist
performance of a vehicle. The assessment criterion is the maximum value of wheel lift (∆𝑍max )
of the outer wheel of the leading wheelset with respect to the curve. The limit value is:
∆𝑍max < ∆𝑍lim = 5 mm.
The results of the wheel lift simulation in Figure 64 show that, although the lightweight wagon has
a clear increase of wheel lift on the twisted curved track section, although that wheel lift is
significantly below the limit value. Whereas the wheel lift in the case of the standard wagon does
not have a clear increase on the twisted curved track section. The maximum Y/Q ratio of the
lightweight wagon, see Figure 65, almost reaches limit value of 1.2, compared to the maximum
of around 1.0 for the standard wagon, however it does not exceed it. It should be noted that EN
14363:2016 states the Y/Q ratio is not the assessment criterion for this test.
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Figure 64 Comparison of wheel lift between lightweight (black line), standard wagon (blue line), and limit
value (red line)

Figure 65 Comparison of Nadal derailment quotient Y/Q between lightweight (black line), standard wagon
(blue line), and limit value (red line)

3.2.2

Safety against derailment in S- curves

The permissible LCF is determined in an iterative process, in which the LCF is repeatedly
increased until the maximum wheel lift, the maximum axle bearing lateral force, or the minimal
horizontal overlap of the buffer plates reaches the limit value.
The results for the test wagon running through the S-shaped curve with an LCF of 280 kN are
presented in Figure 66, Figure 67, and Figure 68, which present the wheel lift, axle bearing lateral
force and horizontal overlap of the buffer plates respectively. In Figure 66, the wheel lifts of the
test wagon wheels are presented. The maximum wheel lift of 42.72 mm is found on the rear right
wheel of the leading bogie, which is smaller than the limit value of 50 mm. In Figure 67, the lateral
bearing force on each axle is presented. The maximum force of 19.79 kN is found on the rear
axle of the rear bogie, which is smaller than the calculated limit value of 47.96 kN. In Figure 68,
the horizontal overlap of the buffer plates between the leading barrier wagon and the test wagon
as well as between the test wagon and the rear barrier wagon are presented. The minimum
overlap of 104.95 mm is found between the test wagon and the rear barrier wagon, which is
greater than the limit value of 25 mm.
As the extreme values are below the limits, the lightweight wagon meets the safety requirements
in the push test.
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Figure 66 Wheel lift of the test wagon, running through the S-shaped curve (dz_11 – dz_42 represent the
lift of each wheel)

Figure 67 Axle bearing lateral force running through the S-shaped curve (H1-H4 represent the lateral
bearing force of each axle)
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Figure 68 Horizontal overlap of the buffer plates between the leading barrier wagon and the test wagon
(black line) and between the test wagon and the rear barrier wagon (red line), running through the Sshaped curve

The LCF is further increased in order to determine the maximum permissible value. The maximum
wheel lift reaches the limit value of 50 mm first, while axle bearing lateral force and buffer overlap
are still within the limit value. Figure 69 shows the calculated permissible LCF of the lightweight
wagon and the standard one. The lightweight wagon has a maximum permissible LCF of 319.12
kN, which is much lower than the 412.56 kN for the standard wagon.

Figure 69 Wheel lift vs longitudinal compression force for the lightweight wagon and the standard wagon
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3.2.3

Running characteristics of lightweight vehicles

3.2.3.1 Running safety against derailment
As introduced in Table 21, the running safety against derailment is assessed according to the
maximum values of track shifting force ∑ 𝑌max and quotient (𝑌⁄𝑄 )max .
∑ 𝑌max is obtained as the 99.85% percentile value of the track shifting force for each wheelset that
is processed by a low-pass filter and sliding mean function. For each test scenario, the maximum
∑ 𝑌max is selected and shown in Table 22 along with the results for the lightweight and standard
wagons in those scenarios.
Table 22 Simulation results of ∑ 𝑌𝑚𝑎𝑥 in different scenarios

Wagon condition
tare lightweight
tare standard
laden lightweight
laden standard

Radius 300 m
12.20 kN
13.53 kN
57.56 kN
58.55 kN

Radius 1000 m
13.54 kN
13.53 kN
53.76 kN
51.02 kN

Limit values
19.34 kN
22.45 kN
71.04 kN
71.04 kN

The limit values are calculated using the following formula:
∑ 𝑌max,lim = 0.85 ⋅ (10 kN + 𝑃𝐹0 /3)
where 𝑃𝐹0 denotes the static vertical wheelset force.
All values of ∑ 𝑌max are significantly below the safety limits, regardless of load condition, the
lightweight wagon has less track shifting force in a small curve than the standard wagon. In a
large curve, the lightweight has more track shifting force especially in the laden condition,
although they have the same weight (i.e. 90 t).
In terms of the Y/Q quotient, a set of simulation results have been selected. It was found that the
leading outer wheel in tare condition has the highest Y/Q quotient. Figure 70 presents the Y/Q
quotients of the leading outer wheel of the lightweight wagon and the standard wagon, running
on the 300 m radius curve, while Figure 71 presents the quotients for the 1000 m radius curve.
The limit value is 0.8. The Y/Q quotients of both wagons are below the safety limit of 0.8 for the
300m radius curve and the 1000m radius curve. The peaks in the Y/Q results of the lightweight
wagon are higher than that of the standard wagon. This indicates the tare lightweight wagon has
a stronger response to track irregularities than the tare standard one.
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Figure 70 Simulation results of Y/Q quotients of the leading outer wheel for the tare lightweight wagon
and the tare standard wagon (on 300m radius curve)

Figure 71 Simulation results of Y/Q quotients of the leading outer wheel for the tare lightweight wagon
and the tare standard wagon (on 1000m radius curve)
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3.2.3.2 Running safety – stability
The assessment of running stability has been carried out in two ways, by estimating the nonlinear critical speed using the deceleration method (Polach, 2006) and by comparing RMS-values
of the track shifting force ∑ 𝑌RMS at different speeds.
In the deceleration method, wheelset lateral displacement is considered as the assessment
criterion. The vehicle running at high speed is the initial condition of the simulation; a continuous
speed reduction is applied afterwards. The speed at which the vibrations subside is designated
as being the critical speed (Polach, 2006), see Figure 72 and Figure 73. The simulation runs show
that the lightweight wagon has a critical speed of about 91 km/h, while the standard one has a
critical speed of about 85 km/h.

Figure 72 Oscillations of lateral position at different speeds for simulations run with decreasing speeds for
the lightweight wagon to evaluate critical speed

Figure 73 Oscillations of lateral position at different speeds for simulations run with decreasing speeds for
the standard wagon to evaluate critical speed

Another assessment criterion is the track shifting force that is applied for track tests in the
standard EN 14363 and UIC 518. The tare condition test vehicle runs with a predefined speed on
a straight track with track irregularities. The selected test speeds consider the common permitted
speeds of freight wagons, namely 120 km/h and 100 km/h, and estimated critical speed of the
wagon, which in the case of the lightweight wagon is 91 km/h. For the permitted speed of
120 km/h, the test speed is 132 km/h (i.e. 𝑉test = 1.1 ⋅ 𝑉adm ), for the permitted speed of 100 km/h,
the test speed is 110 km/h. The results of the modelling runs for both wagons in the tare condition
at the different speeds are shown in Table 23.
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Table 23 Simulation results of RMS values of the track shifting force ∑ 𝑌𝑅𝑀𝑆

Wagon condition
tare lightweight
tare standard

132 km/h

110 km/h

9.09 kN
11.68 kN

6.15 kN
8.42 kN

Limit ∑ 𝒀𝐑𝐌𝐒,𝐥𝒊𝒎

91 km/h

9.67 kN
11.23 kN

2.51 kN
5.48 kN

Table 23 shows that the lightweight wagon has lower ∑ 𝑌RMS than the standard one regardless of
vehicle speeds. The ∑ 𝑌RMS values of both wagons are close to the limit values at the speed of
132 km/h, with the maximum ∑ 𝑌RMS of the standard wagon being slightly higher than the limit
value in the defined simulation conditions, and that of the lightweight wagon being slightly less.
This indicates that the lightweight wagon could be acceptable for running at 120 km/h (the
maximum permitted speed relevant to the test speed of 132 km/h), whereas the standard wagon
would not. Considering a series of parameters, such as track gauge, rail/wheel profile, track
irregularities, etc., could affect the results, a statistical analysis for different conditions is required
in the approval tests. Accordingly, a sensitivity analysis of these parameters could be done
through simulations. However, the task objective is to compare the lightweight wagon with the
standard one rather than to simulate approval tests.
3.2.3.3 Track loading
Track loading is assessed by quasi static lateral force 𝑌qst , quasi static vertical force 𝑄qst and
maximum vertical force 𝑄max . 𝑌qst is the 50% percentile value of the low-pass filtered lateral force
𝑌 for each wheel, while 𝑄qst is the 50% percentile value of the low-pass filtered vertical force 𝑄
for each wheel. 𝑄max is the 99.85% percentile value of the low-pass filtered vertical force 𝑄 for
each wheel. Table 24 presents the maximum wheel forces of the wagon in different scenarios.
Table 24 Maximum wheel forces of the wagon in different scenarios

Wagon condition
Limit value

Max. 𝒀𝐪𝐬𝐭
60 kN

tare lightweight
tare standard
laden lightweight
laden standard

9.41 kN
12.04 kN
49.39 kN
49.49 kN

tare lightweight
tare standard
laden lightweight
laden standard

2.91 kN
3.75 kN
20.99 kN
19.72 kN

tare lightweight
tare standard
laden lightweight
laden standard
tare lightweight
tare standard

Max. 𝑸𝐪𝐬𝐭
145 kN for 𝑃𝐹0 = 225 kN
300 m Curve
23.44 kN
30.02 kN
158.47 kN
157.76 kN
1000 m Curve
21.57 kN
28.65 kN
145.44 kN
149.88 kN
Straight 132 km/h
20.14 kN
24.73 kN
113.96 kN
112.99 kN
Straight 91 km/h
19.31 kN
24.94 kN
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Max. 𝑸𝐦𝐚𝐱
laden: 200 kN
tare lightweight: 109.62 kN
tare standard: 114.53 kN
32.17 kN
40.53 kN
199.92 kN
199.60 kN
34.08 kN
42.93 kN
188.18 kN
184.76 kN
37.69 kN
42.48 kN
147.92 kN
150.68 kN
28.84 kN
36.69 kN
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laden lightweight
laden standard

113.01 kN
112.52 kN

143.93 kN
144.40 kN

In general, the test wagons have higher track loading in a small radius curve than that in a large
radius curve and on the straight track. In tare condition, the lightweight wagon has less track
loading in comparison with the standard one due to its lower weight. However, the lightweight
wagon has slightly higher vertical force than the standard one in laden condition, although both
wagons have the same weight of 90 t. In laden condition, track loading of both wagons exceeds
the limit value for quasi static vertical force, 𝑄qst , in a curved track, especially in a small radius
curve. As mentioned, the limit value is applicable for the statistical analysis in approval tests. In
the simulation model, only the most critical scenarios is simulated. In the curve of 300 m radius,
the maximum cant deficiency is used in the model. Therefore it is plausible that although the
simulation results of 𝑄qst are a little higher than the limit value for the cases considered here, the
statistical analysis of the results for all of the cases required for approvals tests might result in a
value below the limit and, therefore, the vehicle could meet the approval criteria.
3.2.3.4 Carbody vibration
In terms of freight wagons, carbody vibration relates to potential damage to the goods being
transported caused by vibration. It is assessed by the maximum lateral acceleration of carbody
𝑦̈max and the maximum vertical acceleration of carbody 𝑧̈max . There are no limit values specified
in the standard EN 14363, but typical values for freight wagons are given for specific goods, and
these specific limit values should be applied. Table 25 shows the simulation results and the typical
values given in the standard.
Table 25 Lateral and vertical carbody accelerations for different scenarios

Wagon condition
Typical value

tare lightweight
tare standard
laden lightweight
laden standard
tare lightweight
tare standard
laden lightweight
laden standard
tare lightweight
tare standard
laden lightweight
laden standard
tare lightweight
tare standard
laden lightweight
laden standard

Max. 𝒚̈ 𝐦𝐚𝐱
3 m/s2 for tare condition
3.5 m/s2 for laden condition
300 m Curve
2.67 m/s2
2.68 m/s2
2.88 m/s2
2.84 m/s2
1000 m Curve
2.00 m/s2
1.80 m/s2
1.93 m/s2
2.22 m/s2
Straight 132 km/h
4.28 m/s2
4.08 m/s2
1.83 m/s2
1.68 m/s2
Straight 91 km/h
1.01 m/s2
1.34 m/s2
1.09 m/s2
1.16 m/s2
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Max. 𝒛̈ 𝐦𝐚𝐱
5 m/s2
1.09 m/s2
1.08 m/s2
0.94 m/s2
0.97 m/s2
1.31 m/s2
1.32 m/s2
0.89 m/s2
1.07 m/s2
1.26 m/s2
1.01 m/s2
1.08 m/s2
1.03 m/s2
1.21 m/s2
1.04 m/s2
0.98 m/s2
0.99 m/s2
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Only the lateral carbody accelerations of both wagons in tare condition at the speed of 132 km/h
exceed the typical values, although in tare condition there would be no goods being carried to
damage. As shown in the simulation results for the critical speed, 132 km/h is much higher than
the critical speed of the tare wagon, which means the wagon is hunting at this speed, resulting in
a large lateral accelerations. However, the wagons in laden condition is still not in hunting motion,
therefore, have much lower lateral accelerations.

3.3

Discussion and conclusions of analysis of impact of lightweighting on vehicle
dynamics

The impacts of the lightweighting solutions on dynamic performance has been investigated based
on multibody simulations according to the standard EN 14363 and EN 15839, with the following
conclusions:








The lightweighting solution has a negative impact on safety against derailment: the
simulations showed higher wheel lift on twisted track, lower permissible compression force
in S-curves and higher dynamic Y/Q ratio under excitation by track irregularity.
Nevertheless, limit values were not exceeded, thus the lightweight design can be
considered safe.
The lightweighting solution has little impact on running safety in terms of maximum guiding
force ΣYmax. The wagon can be considered safe according to this criterion.
The lightweighting solution has a positive effect on stability in terms of critical speed and
the RMS-values of the track shifting force (ΣYrms) index. The wagon fulfils the requirements
at speeds up to 110 km/h (relevant for a maximum permitted speed of 100 km/h). With the
present simulation model and selected scenarios, the lightweight wagon still fulfils the
requirement at 132 km/h (relevant for a maximum permitted speed of 120 km/h), whereas
the standard wagon exceeded the RMS-values of the track shifting force limit.
Naturally, the lightweighting solution has a positive effect on track loading forces in tare
condition. In laden condition (unchanged total mass of 90 t), no clear differences were
observed in the track loading forces.
The lightweighting solution has little impact on carbody accelerations. The lateral
accelerations of both wagons in tare condition exceed the typical maximum values for
freight wagons due to hunting motion on the straight track at the speed of 132 km/h.
However, the accelerations for both wagons were within typical maximum values for all
other scenarios.

The negative effects of the lightweighting solution can be attributed to the fact that distribution of
mass is changed (lower sprung mass in tare condition, higher sprung mass and higher centre of
gravity in laden condition), whereas suspension parameters remain unchanged. Improvements
might be achieved by modification of suspension parameters (optimisation of spring stiffnesses),
although the suspension must still fulfil different requirements, and high load to tare ratio is a
known challenge in the design of freight wagon suspension. However it is plausible that the
proposed lightweight wagon design would meet the safety and running characteristic
requirements for acceptance into service, including those for operating at speeds of 100 km/h and
120 km/h.
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4 CONCLUSIONS
The first concern in lightweight solutions for freight wagon design is the fulfilment of structural
strength requirements. Thus, the lightweight design solutions presented in the previous
INNOWAG deliverable D3.1 were supported by the modelling and analyses carried out within
Task 2.3, i.e., the two case studies presented in this report. The first case study (section 2.3)
deals with lightweighting of a bogie frame of the Y25 family by reducing thickness of plates and
width of some beams while using a high strength steel (HSS) of 690 MPa yield stress. Finite
element analyses have been carried out to quantify the response of the lightweight bogie frame
design to standard static and fatigue load cases, in comparison with the response of a
conventional Y25 bogie frame to the same load cases. The results indicate that the lightweight
frame meets the structural requirements according to current European standards. The second
case study (section 2.4) was a lightweight carbody concept design of a four-axle cereal hopper
wagon. Several lightweighting options were analysed: optimised design of underframe made of
HSS, lightweight bottom part of the superstructure (thinner plates of HSS), and replacement of
side wall plates with composite panels. The original design of the novel underframe was found to
have insufficient strength; based on the FE analyses, design modifications have been proposed
and implemented in the CAD design. With these modifications, the results were positive, except
for zones that are considered open points and require use of other methods to be examined.
Lightweighting of a freight wagon allows higher payload while maintaining axle load limits,
however, this might lead to issues relating to running behaviour, particularly when the vehicle is
in the unloaded state. With respect to this, an extremely lightweight vehicle – four-axle 60’
container wagon with lightweight Y25 bogies and optimised HSS frame – was subjected to vehicle
dynamics analysis (section 3). The simulation results have shown that the lightweight vehicle
exhibited slightly worse behaviour than for a traditional four-axle 60’ container wagon with Y25
bogies in some tests (quasi-static and dynamic safety against derailment), however, safety criteria
were not exceeded. In other evaluated quantities (wheel load, track shifting force, carbody
accelerations, and critical speed), the impact of the lightweight design was negligible or positive.
The main open point concerning the analysis of HSS structures (bogie frame or carbody) is with
respect to the evaluation of fatigue loading in the vicinity of welds. Whereas the fatigue properties
for steel grades S235 and S355, traditionally used in railway vehicle construction, are well known,
this is not the case for HSS. In this study, the scaling of the Smith diagram of S355 was selected
as the best option to bridge the gap in the knowledge of the fatigue properties of HSS. However,
if the use of HSS is considered promising, its fatigue properties should be studied in depth in the
context that is relevant for rail vehicles.
A simplified material model was used in this study to represent the composite panels and their
joining in the side walls of a hopper wagon. This model can be considered accurate enough to
study the overall behaviour of the structure, but not sufficiently detailed as far as the stresses and
deformations of the panels are considered, particularly at the joints between the panels and the
frame.
The joints of the composite panels with steel beams were modelled in a very simplified way and
need a more detailed study with respect to their shape (bent edges of panels fitting into U-section
beams) and joining (glue, rivets).
Furthermore, it is appreciated that the FE analysis of the hopper carbody does not provide any
conclusions relating to other loads and degradation processes the composite material would be
subject to in a real wagon, e.g., abrasion and impacts to the inside surface of the panels.
With respect to the dynamical behaviour of the lightweight container wagon, it is possible that
modification of suspension parameters (selection of spring stiffnesses) could reduce negative
impacts of the lightweight design, however, the behaviour could be expected to be adequate
considering the parameters used.
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In order to address the open points that could not be studied in detail by computational analyses,
experimental activities have been further considered in the INNOWAG project, as part of the
following Task 3.4.
The lightweight bogie frame considered in section 2.3 will be prototyped and tested to static and
fatigue stresses, according to European standards. This will enable assessment of the design, as
well as the practical issues associated with manufacturing the design without affecting the
superior properties of the HSS.
Other issues relating to the cereal hopper wagon will be investigated on smaller scale specimens
comprising:


a full scale composite panel tested for strength under the pressure of cargo;



sections of hybrid joints (composite-steel) for testing of strength in bending;



specimens of composite material for laboratory testing of resistance to abrasion.
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