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Abstract: The majority of freight trains are characterized by a braking system that does not
guarantee synchronous braking between different wagons. This results in the generation of
considerable in-train forces during emergency braking operations, which are sometimes
imposed by the railway infrastructure due to certain running speeds being exceeded. The
magnitude of in-train forces is contingent upon a number of factors, the most significant
ones being the length, mass and load composition of the trainset, in addition to the specific
braking imposed. The application of excessive compressive in-train forces has the potential
to cause the wagon to derail, particularly if the wagon is lightweight and traversing a small
radius curve. Similarly, excessive tensile in-train forces applied to the screw couplers can
cause them to fail, typically through fatigue, resulting in train disruption and necessitating
the recovery of both portions of the trainset. The objective of this study is to perform a
preliminary analysis of the UIC (International Union of Railways) unified screw couplers
fatigue phenomenon, employing load spectra computed by the UIC 1.4.6 software TrainDy.
A possible future development is developing a maintenance model functional to predict
the extent of damage in freight wagon screw couplers during their service life.

Keywords: screw couplers; freight trains; fatigue; finite element model

1. Introduction

Longitudinal Train Dynamics (LTD) is defined as the relative motion between wagons
in their movement along the traveling direction. This movement is caused by the elasticity
of the connecting elements between wagons. Such a phenomenon occurs during both
acceleration and braking phases, and it is influenced by a number of factors, including the
train length and mass, the type of wagons (and their respective braking characteristics)
and the speed and elevation of the track [1,2]. In particular, the braking phase is of great
importance for the longitudinal train dynamics, as the unified brake, which is used in freight
trains in the major European countries, does not guarantee the application of braking action
in a synchronous manner between the different wagons [3]. The asynchronous braking
action among wagons results in a delay in the application of the brakes, particularly in
long trains. In such a scenario, also depending on the brake position, the first wagons
brake immediately, while the subsequent wagons brake with a delay, contingent upon
the emptying of the brake pipe. This inevitably leads to the generation of high values of
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longitudinal compressive forces, given that the first wagons brake while the last wagons
do not.

To effectively address the consequences of non-synchronous braking, it is fundamental
to not only regulate the mass and length of trains but also to monitor the braking posi-
tion [4,5]. In accordance with IRS 40421, a freight train must comply with a series of criteria
to operate on the international rail network, including requirements for length and mass.
These limits are based on operational practice within the member countries of the Union
Internationale des Chemins de fer (UIC) and exceptions are granted on the basis of bilateral
agreements. Furthermore, additional limits may be applied if it is demonstrated that the
probability of derailment caused by excessive longitudinal compressive forces (or in-train)
at the buffers is less than that of the trains permitted to run [6].

While longitudinal compressive forces are the most critical of the longitudinal forces
(as they can cause train derailment), the consequences of excessive tensile forces on the
connecting elements between wagons should not be overlooked. Such forces can lead to the
“disruption” of the train and the consequent interruption of service, with repercussions on
the movement of other trains on the same line. The wagons are maintained in a relatively
controlled position by the buffers (which prevent an excessive approach), and by the
coupling elements (which prevent an excessive spacing). With regard to the latter, each
wagon is equipped with a draw gear at both ends, comprising a hook and a screw coupler.
An example of the assembly is shown in Figure 1 [7].

Draw hook

Figure 1. Example of the connection assembly between the wagons considered in the case study [7].

The screw is considered to be the weakest component, susceptible to failure under
excessive longitudinal tensile forces. According to UIC EN 15566 [8], draw gear and screw
coupling are classified into three categories based on their maximum tensile force: 1 MN,
1.2 MN, 1.5 MN. For the 1 MN screw coupling, the minimum breaking lod is 850 kN, while
the maximum is 980 kN. In comparison, the draw gear and draw hook have a minimum
breaking load of 1 MN. Indeed, it is typical that the screw coupling breaks at the screw.
However, there are also cases in which failure occurs at the coupling links or even at
the draw hook. In ordinary operation, the screw coupling is subjected to tensile forces
during acceleration and braking phases due to longitudinal dynamics. From a mechanical
perspective, it is susceptible to fatigue cycles that can lead to its deterioration. However,
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failure can also occur in a static manner due to the presence of excessive tensile forces
resulting from braking after acceleration [9].

In light of a review of the literature on the structural integrity criticalities of freight
train screw couplings, this study performs a preliminary fatigue analysis of the screw
(prEN 15566:2018) based on load spectra computed by the UIC software TrainDy [10],
based on version 1.4.6: this software has been initially developed by the University of Rome
Tor Vergata, with the financial and technical support of Faiveley Transport (a company of
Wabtec group), and since 2007 it is owned by the UIC; the software is currently developed
by the TrainDy Special Group within the UIC. The main target of the work is to evaluate the
extent of possible fatigue at different points of the screw to forecast the extent of damage
incurred by such a component over its operational lifespan.

2. Materials and Methods

A simulation was conducted using the finite element method (FEM) with the Altair
HyperWorks software 2024.1 [11]. The screw geometry was obtained from the norm [9].
The screw was 445 mm in length, with a diameter of 52 mm in the central area and an
average diameter of 46.85 mm at the thread location. The areas deemed critical for analysis
were those situated between the central zone and the thread, since they exhibited the lowest
resistance, with a diameter of 42.5 mm. Using CAD software (SolidEdge 2023) [12], an
initial static analysis of the component was conducted.

The FE model (Figure 2) consists of about 2.1 million 3D elements (tetrahedral CTE-
TRA4 and pyramidal CPRYA). The density of the mesh was 1 mm both in the areas where
loads/constraints are applied, and in the central zone area where the resistant section is
smaller (see boxes a, b and c in Figure 2). In the other zones, we decided to increase the
mesh size from 2 up to 4 mm to decrease the computational costs. The fixed support and
the application of loads were modeled as shown: using 10 groups of RBE3 elements which
were connected to the central node on the mean circumference of the screw (Figure 3).

(b) (c)

Figure 2. (a) FE model of the complete screw, with the application points of the RBE3 elements
in light pink and dark pink; (b) enlargement of the left window: detail of the FE modeling in the
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connection area between the screw and the mother screw with visualization; (c) enlargement of the
middle window: detail of the FE modeling in the middle area.

(b)

Figure 3. Detail of the FE model of the RBE3 elements. (a) Point of load application; (b) point of
application of the interlocking constraint.

The selected nodes along the circumference were spaced 7 mm apart (thus, there
were seven elements) to model the pitch of the screw and the screw—mother contacts. Ten
groups of RBE3 elements were chosen since the length of the connection via the mother
screw turned out to be 75 mm long. Such a model configuration the stress pattern on
each screw thread to be simulated quite well from a qualitative point of view. On the
contrary, this method is not effective for simulating load distributions at a quantitative
level. This is because RBE3 elements do not allow local deformations to be captured; in
addition, distributing the load node by node may result in higher stresses being encoun-
tered. That said, these considerations are of secondary importance, as the objective of the
work is investigating the behavior of the central regions of the tie rod, without focusing
on connections.

A second static simulation was performed using the model shown in Figure 4.

,,,,,
uuuuuuuu

Figure 4. Modeling of the component split in half. Left is the modeling of the screw-mother screw
connection with the differently elastic constant (differently colored) CBUSH elements connected to
the constrained node. The triang]le is the constraint application. On the right is the application of the
load (yellow indicator), distributed via RBE3 elements over the entire sectioned surface.

In this case, the model was split in half, thus reducing the number of TETRA4 elements
to 850,000 (only TETRA4 elements are used). The forces were applied in a distributed
manner over the entire cut surface of the screw, while for the interlocking constraint and
the associated screw—mother screw connection, a different configuration was adopted with
respect to the previous version of the model (Figure 5).
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Figure 5. Schematic diagram of the simulation of the screw-to-screw connection using
CBUSH elements.

Adopting a simplified version of the Masing model [13], 10 CBUSH elements are
connected to the constrained nodes. Each CBUSH element is characterized by an elastic
stiffness given by the following formula:

o _EA
nl

where k is the elastic constant, E is the Young’s modulus, A is the resistant section, n is the
elastic element considered and ! is the screw pitch. For the resistant section, the average
screw diameter was chosen.

The RBE3 elements were 7 mm apart to account for the screw pitch. The first CBUSH
element was the most rigid, and subsequent elements were gradually less rigid. Such an ap-
proach better captures the load distribution between threads, as provided in Reference [14].

However, again this modeling turns out to be too simplistic to model the connection,
since it is well known that stress concentrations are influenced by the thread profile shape,
the radius at the root and the contact conditions [15,16]. Using CBUSH elements to rep-
resent each thread and measuring load at the nodes of the mean circumference means
that information about the local stress variations occurring at the roots of the threads is
lost [17,18]. That said, the main target of the model was not to perform a local analysis
of the connection between the screw and the hook, but an analysis of the areas with the
smallest resistant cross-section. Additionally, such a modeling approach was chosen to
have a distribution of load lines from the connection to the central zone of the screw, with
the latter being the most representative.

After performing static simulations, the HyperLife software 2024.1 was used [19] to
perform fatigue analyses starting with the data from the FEM simulations. HyperLife
uses Palmgrem—Miner’s cumulative damage method [20,21] to calculate the service life
of a component under varying loads; such a method shows that each repeated load cycle
contributes partially to the overall damage of the component. The version of the software
used does not consider the effects of surface roughness that could affect the fatigue life of
the component.

As shown in Figure 6, we decided to implement a uniaxial analysis through S-N
curves and to use Goodman’s method to correct the sensitivity factor according to the mean
stress [22].

As shown in Figure 6, the material selected for analysis was a 4140 Steel that was
quenched and tempered, which appears to be consistent with the standard for the design
of the component. The analysis is focused on two train operations, taken from load spectra
computed by the UIC 1.4.6 software TrainDy [10]. The first one is defined as “Emergency
Braking” (EB), and it shows a trainset traveling at a speed of 30 km/h performing emer-
gency braking. The second one is referred to as the “Traction Emergency Brake” (TEB),
and it shows that the trainset is at a standstill, after which it accelerates and then brakes
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abruptly by emergency braking. The computation of in-train forces was performed using
the TrainDy software, as suggested by the IRS 40421.

2000
1
B
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400
300
200
Stress Life (SN)
Method Uni Axial
|$ FE Model Units [MPa]
gg Stress combination Abs Max Principal
60 Mean Stress Correction Goodman
%0 Layer Waorst
40 Material
301 | Name Steel 4140, Q&P, BHN-293(812)
Elastic modulus 207000 [MPa]
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10
160 1E1 1€2 163 1€4 1€5 16  1E7  1€8 1€9  1E10
Num of Cycles (N)

Figure 6. Setting details for using Hyerlife: top left shows the mechanical properties of AISI4140
steel and the right shows an S-N diagram of the same material with stress amplitude in MPa as the
ordinate. Bottom left shows the settings for the S-N analysis.

Figure 7 depicts the trends in the stresses acting on each screw coupling of the convoy
during the emergency braking (referred to as the “block”). The ordinate provides the
intensity of the load (in kN), while the abscissa provides elapsed time (in s).

Image “a” refers to the TEB event, while image “b” refers to the EB event. The two
events were employed to quantify the extent of damage that occurred in the screw coupling

by applying the following four limit cases:

1.  TEB event considering block 1 (maximum tension in the first phase);

2 TEB event considering block 22 (maximum tension in the second phase);
3.  EBevent considering block 1 (maximum tension in the first phase);

4. EB event considering block 13 (maximum tension in the second phase).

According to the above approach, we decided to consider only the TEB event, given
that the EB event failed to prove critical for the component, as shown in Figure 8 and
critically discussed in the Section 3. Consequently, for the second analysis, the following
blocks were considered:

1.  TEB event considering block 1 (maximum tension in the first phase);
2. TEB event considering block 23 (maximum tension in the second phase).
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Figure 7. Load history for each screw coupling in the simulated train. Each block corresponds to a
screw coupling: (a) trend in loads with TEB operation; (b) trend in loads with EB operation.



Eng. Proc. 2025, 85, 46

8 of 13

Load Magnitude
g

el Bl
Figure 8. Trend in loads with TEB operation for the second FE model.

3. Results and Discussion

This section provides the results of both the static and fatigue simulations for the two
models described above. Table 1 shows the list of analyses performed.

Table 1. List of analyses performed and shown in the results.

Code Type Analysis Operation Reference Figure Operation Block FE Model
Al Static TEB (Max Load) 7a 22 Full
A2 Fatigue TEB 7a 1 Full
A3 Fatigue TEB 7a 22 Full
A4 Fatigue EB 7b 1 Full
A5 Fatigue EB 7b 13 Full
A6 Static TEB (Max Load) 8 1 Half
A7 Fatigue TEB 8 1 Half
A8 Fatigue TEB 8 23 Half

The results of Al obtained through the first model described above are shown in
Figure 9.

The Figure shows that the screw has a deformation along the z-axis with a displace-
ment of about 0.34 mm. The screw is subjected to the maximum tensile force, recorded in
block 22 in Figure 7, which is 575 kN. The central zone of the screw (characterized by the
least resistant section of the component) does not reach the yield strength value; indeed, a
stress between 325 and 650 MPa was measured, against a yield strength of 655 MPa.

On the other hand, the RBE3 elements qualitatively represent the first thread, as the
most loaded, and the subsequent threads, as less loaded, well.

Figure 10 shows the results of A2 and A3, the fatigue analyzes of the TEB event. In
particular, we wanted to analyse how much the emergency braking affects the fatigue life
of the analysed component.
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Figure 9. FEM analysis of the screw. (a) Displacement results; (b) element stresses results.
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Figure 10. Fatigue analysis of the screw with TEB operation. (a) A2 results; (b) A3 results.
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For both event 1 (corresponding to block 1) and event 2 (corresponding to block 23),
the fatigue life of the screw in the central zone is not significantly reduced, since the damage
index is close to zero. Values higher than 1 (indicating component failure) are found in areas
where constraints and loads are applied, which, as mentioned above, are not significant
from a physical point of view.

Figure 11 shows the analysis of the simulations for the EB operation (A4 and A5).
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Figure 11. Fatigue analysis of the screw with EB operation. (a) A4 results; (b) A5 results.

In both cases (block 1 and block 13), there is no reduction in fatigue life due to the
load cycle. In particular, there is no damage in the connector caused by loads of block
1; on the other hand, minor damage is observed in the thread areas due to block 13 load
cycles. In view of these results, it is concluded that the EB event is not particularly severe
for the component analysed. For this reason, in the second FE modeling (modeling of half
the component), we decided to simulate only the TEB event; A6’s results are reported in
Figure 12.

As shown in the Figure, the static analysis (using an equivalent load of 570 kN in
the -Z direction) shows a deformation of 0.20 mm; this result is consistent with previous
studies, because the component is globally stiffer than in previous simulations due to its
reduced length. Figure 12 also shows that in the area with the smallest resistant section
the maximum equivalent stress is between 500 and 650 MPa, which is lower than the yield
strength of the considered material. Stress peaks were detected in areas where constraints
were applied, with the reason for this being the same as the one explained for dealing with
the first version of the model.

Figure 13 shows A7 and A8’s results.
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Figure 12. A6 FE model analysis of the half screw. (a) Displacement results; (b) element stresses
results.
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Figure 13. Fatigue analysis of the half screw with TEB operation. (a) A7 results; (b) A8 results.

For block 1 (event 1), the damage is in the range between 1 x 1073 and 5 x 1073 of the
area of minimum resistant section. Considering the inverse of the damage as an estimate of
the number of cycles, the component could withstand approximately 200 cycles subjected
to load cycles of TEB block 1. In other words, this component will be able to resist these
emergency braking operations approximately 200 times.
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References

On the other hand, no damage is recorded in the central zone for block 23 (event 2).

In this context, with the analyses performed, this component would appear to
withstand such emergency cycles, without them significantly affecting the component’s
fatigue life.

4. Conclusions

The article provides a preliminary analysis of the fatigue phenomenon on a UIC
unified coupling device. The “Traction Emergency Braking” and “Emergency Braking”
load simulations were computed by TrainDy v1.4.6 and used to see whether and how much
they affect the operational life of the component by causing fatigue damage. We performed
static and fatigue analyses of the railway screw coupling using the finite element method
(FEM) using the Altair HyperWorks software 2024.1. Two versions of the FE model were
developed. The first one considers the entire screw and uses RBE3 elements to model the
constraints; the second one considers only half of the screw and uses CBUSH elements
to account for the stiffness of the screw-to-screw connection. Both versions of the model
were statically simulated to provide a baseline for fatigue analysis, which was conducted
using the HyperLife software 2024.1. The static analysis of the components considers a
tensile force of 570 kN along the z-axis, which turns out to be the maximum tensile force
that occurs in the events considered. For both FEM simulations, no equivalent stress values
were recorded that would cause the screw to yield. The results of the fatigue investigation
show that the considered load cycles do not affect the component’s duration, except in
the case of TEB block 1 modeled in the half-component simulation, which provides a rate
of damage between 1 x 1073 and 5 x 10~3. Possible future developments of the study
include the use of fatigue results for conceiving a predictive maintenance model that is able
to forecast the extent of damage in the turn buckle during its operational lifetime.
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