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ABSTRACT

Nowadays, railway play an important role in land transportation, both of goods and
passengers, and it is considered one of the safest means of transport. However,
train derailments represent a relatively frequent cause of accidents and are likely
to occur under different conditions: structural defects (both in tracks and running
gears), bad quality of the infrastructure, problem occurring at wheel-rail interface,
extreme weather, human error or impact with obstacles [1, 2]. Some experiments
have been carried out to reproduce and analyse controlled derailments [3, 4], however
it is extremely challenging and expensive to perform these typology of experiments.
Thus, mathematical models and numerical simulations are adopted to study derail-
ment events [5, 6]. The aim of this paper is to present a non-linear multibody model
for simulations in time-domain of the post-derailment behaviour of railway vehicle
and the subsequent interaction with a derailment containment structure. The vehicle
is schematized as a set of rigid bodies connected through different linear and nonlin-
ear visco-elastic components representing suspension elements. In addition to this,
a wheel-rail contact model and a model of the track are introduced. Regarding the
schematization of the containment structure, a finite element model (FEM) has been
adopted and MATLAB was used as the environment for the realization of the simula-
tion package.
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1 INTRODUCTION
Train derailments still remain nowadays a major problem in the rail transport sector. These events
can lead to catastrophic consequences in terms of passenger safety and also to economic losses,
damages to the structure surrounding the railway network and interruption of service. The increase
in train service speed, especially in the high-speed sector, has led this problem to become more and
more critical, especially with regards to passenger’s safety. For this reason, railway industry has
increasingly focused on understanding the causes of derailments, and on finding measures to avoid
them [5, 7]. Active safety controllers have been introduced to reduce the number of derailment
accidents due to improper operation mainly caused by over-speeding or high-speed train collisions.
However, despite the use of advanced signalling and traffic control systems and the enhancement
of vehicle reliability, derailments continue to occur due to various reasons which can be related
to human error, poor infrastructure condition, mechanical failure, impact with obstacles or even
earthquakes [1, 8, 9].

These safety-critical events can cause not only damage to the railway vehicle itself but also sec-
ondary damage to the surrounding infrastructure. In fact, there are high-risk zones along the
railway network where the consequences of a train derailment can be catastrophic in terms of ca-
sualties and damages.These include, e.g., viaducts, stations entrances and areas where the railway
track is very close to surrounding domestic or industrial buildings. For these reasons, various



passive measures have been studied, aimed to mitigate the outcome of a derailment. A solution
presented in [10] is to attach guidance mechanisms to the bogie frame in order to constrain the
lateral motion of the vehicle once it is derailed. Another possibility, proposed in [11], is to use ge-
ometrical specifications of the rolling stock component allowing the use of brake discs, gearboxes
or bogie frames to obtain a similar effect. A final option is to adopt infrastructure-based devices:
both guard-rails and containment walls have been studied. In [12] guard-rails placed between run-
ning rails are studied to prevent secondary damage caused by derailed trains on high-risk lines,
whereas in [13, 14] the containment capacity and crash-worthiness of a derailment containment
wall is evaluated using a finite element analysis to perform a collision simulation. Some experi-
ments have been carried out to reproduce and analyse controlled derailments and different mea-
sures to mitigate them [3, 4]. However, it is extremely challenging and expensive to perform these
typology of in-field tests. For these reasons, numerical simulations are mainly performed to study
derailment events [9, 10]. In this paper a non-linear multibody model, for the simulation in time-
domain of the post-derailment behaviour of railway vehicle and the subsequent interaction with
a derailment containment wall is presented. The behaviour of the interaction of the containment
structure with the derailed train is investigated using a finite element model (FEM), assembled
with plate elements. In particular, in this paper, emphasis is placed on deriving estimates of the
impact force applied by the derailed vehicle on the containment wall and on the resulting bending
moment at the base of the wall. Finally, a sensitivity analysis on the effect of some parameters
describing the position and dimension of the DCW is performed.

2 VEHICLE AND DERAILMENT CONTAINMENT WALL MODELS
The proposed 3D train model considers a single vehicle with one carbody, two bogies and four
wheelsets, all considered as rigid bodies. Each rigid body has six degrees of freedom (DOF),
resulting in a total of 42 DOF system. Each bogie is connected to two wheelsets by primary
suspensions and to the carbody by secondary suspensions. The suspensions (both primary and
secondary) are modelled by a set of massless visco-elastic elements with non-linear characteris-
tics defined in the form of force-deformation or force-velocity curves. The equations of motion
describing the system dynamics are expressed as:

M(x)ẍ = Qv(x, ẋ)+Q(x, ẋ, t). (1)

Where x is the vector collecting the 42 independent coordinates of the system, M(x) is the config-
uration dependent mass matrix of the vehicle, Qv is the vector of generalized inertia forces which
are a quadratic function of the vehicle’s velocity ẋ, and Q is the vector of the generalized forces
acting on the vehicle. This latter term can be in turn expressed as the sum of the contribution of
different forces acting on the system:

Q(x, ẋ, t) = Qg +Qs(x, ẋ)+Qc(x, ẋ, t). (2)

Where Qg is a constant vector defining the effect of weight on each body, Qs the vector of gener-
alised forces produced by suspension components and Qc the vector of generalised forces arising
from wheel-rail contact (or wheel-soil contact after derailment has occurred) at all wheels in the
vehicle. The expressions of the mass matrix and of vectors Qv and Qg are derived according to
standard multibody techniques as can be found in [15]. The derivation of vector Qs for a generic
suspension component is obtained using non-linear compact force element (CMP) models of sus-
pension components [16], which allows to consider the stiffness or viscous damping properties
along three directions defined in a component-specific reference system. Wheel-rail contact forces
Qc are introduced according to a simplified model, based on contact tables, in order to obtain a
good trade-off between a fast and accurate estimation.



The vehicle model is finally coupled with a dynamic Finite Element Model (FEM) describing
the behaviour of a deformable Derailment Containment Wall (DCW), as shown in Fig. 1. These
two models interact through the exchanged forces once the derailed vehicle impacts against the
structure. From a mathematical point of view, the system of equations describing the dynamics of
the overall system composed by the vehicle and the derailment containment wall, is expressed as:

M(x)ẍ = Qv(x, ẋ)+Q(x, ẋ, t)+Qi,v(x, ẋ,xs, ẋs),

Msẍs =−Ksxs −Rsẋs +Qi,s(x, ẋ,xs, ẋs).
(3)

Where the first system of equation represents the vehicle equations of motion (see Eq.s (1) and (2)),
considering additionally the generalised forces on the vehicle coordinates caused by the impact
with the DCW, whilst the second set of equations describes the dynamics of the DCW according
to the FEM schematisation. The vector xs collects the DOFs of the complete structure. Finally, as
can be seen from Equations (3), the coupling terms of the two sets of equations are vectors Q(i,v)
representing the Lagrangian components of the impact forces respectively on the vehicle and on
the deformable structure as nodal forces. Referring to second row in Equations (3), the terms
Ms,Rs and Ks represent respectively the mass, damping and the stiffness matrices of the complete
FEM of the structure.

Equations (3) are used to estimate the impact forces and the bending moment in the DCW gen-
erated by the contact between parts of the rolling stock and the derailment containment structure
built aside the track. The derailment scenario considered in this work was identified in agreement
with experts from RFI (the Italian infrastructure manager) as particularly relevant to the structural
sizing of the DCW and consists of the derailment of a high-speed vehicle travelling at 300 km/h in
a curve with radius 5500 m and superelevation 95 mm. As can be seen from right drawing in Fig. 1
(left), the DCW (red line) is parallel to the track in the curve, and therefore its centre line in the
horizontal plane is an arc of circumference with radius Rw. The curvature of the DCW is however
neglected in the FEM model of the DCW, considering that the radius of the curve is two orders
of magnitude larger than the length of the DCW interested by the impact with the vehicle. The
portion of derailment containment wall modelled is 80 m long, 1.6 m tall and 0.3 m thick and is
made of C30/37 reinforced concrete is used as construction material. Figure 1 (right) qualitatively
shows the FEM model of the DCW, which is composed by 4-node rectangular Kirchoff plate ele-
ments. Each element has a length in longitudinal direction of 1 m and a height in vertical direction
of 0.55 m, and the plate elements are arranged in three rows, resulting in 240 plate elements and
324 nodes of which 81, representing the foundations, are clamped. The expressions of the stiffness
and mass matrices of each single plate element can be found in [17]. The structural matrices of
the single elements are assembled to form the global structural matrices Ms,Rs and Ks satisfying
the conditions of equilibrium and congruence of displacements. In the FEM model of the DCW,
the in-plane motion of the structure is neglected so the only generalised coordinates considered
are z displacements, θx and θy rotation, according to the axes of the reference system shown in
Fig. 1 (right). As far as the boundary condition are concerned, the nodes at the base of the DCW
are fully constrained, to reflect the clamping of the lower base of the DCW.

The method adopted to compute the impact forces is based on the selection of suitable control
points on the surface of the rolling stock, particularly the axle boxes and some points in the outer
surface of the bogie frame. The trajectory of each control point is computed during the motion of
the vehicle at each time-step in order to identify the positions at which contact with the containment
structure occurs.



Figure 1: Left: Top-view of the front bogie and the derailment containment wall (in red) in the
curved section. Right: 3-meter portion of FEM of the deformable structure. In both the sub-figures
it is highlighted the potential contact point P.

For each i-th control point Pi, the distance from the undeformed DCW δi and its time-derivative δ̇i

are computed as:

δi =
√
(xi − xC)2 +(yi − yC)2 −Rw,

δ̇i = ẋi
(xi−xc)√

(xi−xC)2+(yi−yC)2
+ ẏi

(yi−yC)√
(xi−xC)2+(yi−yC)2

.
(4)

where subscript C denotes the coordinates of the curve centre (see Fig. (2)), subscript i denotes the
coordinates of the i-th candidate contact point Pi, and Rw is the radius of the derailment contain-
ment structure. The initial impact is detected at point Pi when a positive value of the distance δi is
found. From the point of initial contact, the curvilinear coordinate and vertical position of point Pi

across the surface of the wall, si and hi respectively, are computed as:

si = Rwαi,
hi = zi.

(5)

where αi is the angular position of point Pi with respect to the position of the initial contact and
zi is the vertical coordinate of the point in the absolute reference. In case multiple contact points
between the vehicle and the wall occur at the same time, the angular position αi of the different
contact points are all referred to the position of the first impact, so that the relative position of the
multiple contacts is preserved.

Finally the xwi and ywi coordinates of i-th control point in the xw − yw − zw reference system of the
DCW FEM model (see Fig. (1) - right) are obtained as:

xwi = si + xw0,

ywi = zi −hb.
(6)

where xw0 is the initial distance of the impact point from one end of the FEM model and is set to
10 m (i.e. 12.5% of the total length of the model) to minimise the effect of the model’s boundaries
on the calculation of the deflection of the wall. In Eq. (6) hb is the vertical position of the base of
the DCW in the absolute reference.

Once the coordinates of the potential contact point are computed in the local reference frame of
the containment structure using Equations (6), it is possible to find the single plate element in
the FEM model being in contact with the vehicle at control point Pi. Next, the non-dimensional
local coordinates ξi and ηi with respect of the local reference frame of the element are calculated.



Figure 2: Left: Top-viev of the track layout (black lines) and DCW (red line). Right: Side-view of
the DCW (in grey) with highlighted potential contact point P. With orange lines are reported the
parameters defining the DCW.

Finally, the out-of-plane deflection wi of the wall at the i-th contact point and its time-derivative
ẇi are obtained as:

wi = φi(ξ ,η)T xs,i,
ẇi = φi(ξ ,η)T ẋs,i.

(7)

where φi is the vector of the shape functions of the plate finite element evaluated at the i-th contact
point, xs,i is the vector of nodal coordinates of the finite element obtained as xs,i = Eixs, with Ei
the Boolean extraction matrix selecting the coordinates of the impacted element in the vectorxs
collecting all the nodal coordinates of the FEM model.

The normal component of the impact force at the i-th contact point is computed using the Lankarani-
Nikravesh contact model [18], which allows to consider in an approximate way the local stiffness
of the contacting bodies whilst the overall deformability of the DCW is modelled accurately thanks
to the finite element model. The actual virtual compenetration δ i at the i-th contact point consid-
ering the deflection of the DCW and its time-derivative δ̇ i are obtained as:

δ i = δi −wi,

δ̇ i = δ̇i − ẇi.
(8)

The normal contact force is obtained, according to [18], as:

FN,i =

Hcδ̄ 1.5
i

[
1+ 3(1−e2)

4
˙̄
δi

˙̄
δi(−)

]
, δ̄i > 0

0 δ̄i ≤ 0
(9)

where Hc, is a Hertztian stiffness accounting for the local deformability of the structure and e is
the coefficient of restitution which is related to local dissipative effects in the impact. A tangential
force component is also considered to occur at the impact point, according to the law of dry fric-
tion. Using standard multibody techniques, the normal and tangential components of the impact
forces at each active point of contact between the vehicle and the DCW are used to derive the
vector Qi,v of the generalised impact forces acting on the coordinates of the vehicle. Moreover,
the normal force components FN,i are used to define the vector Qi,s of the generalised nodal forces
representing the effect of the impact on the FEM model of the DCW:

Qi,s = ∑
i

ET
i φi(ξi,ηi)FN,i. (10)



The two coupled sets of equations 3 are numerically integrated in the time domain obtaining the
motion of the vehicle and of the DCW, together with the time history of the impact force at all
active impact points. As a post-processing of these results, the time history of the bending moment
in the DCW is also obtained using the following equations [19]:

Mx(ξ ,η) =−D
(

∂ 2w(ξ ,η)

∂x2 +ν
∂ 2w(ξ ,η)

∂y2

)
=−D

(
∂ 2φk(ξ ,η)T

∂x2 xs,k +ν
∂ 2φk(ξ ,η)T

∂y2 xs,k

)
,

My(ξ ,η) =−D
(

∂ 2w(ξ ,η)

∂y2 +ν
∂ 2w(ξ ,η)

∂x2

)
=−D

(
∂ 2φk(ξ ,η)T

∂y2 xs,k +ν
∂ 2φk(ξ ,η)T

∂y2 xs,k

)
,

Mxy(ξ ,η) = (1−ν)D
∂ 2w(ξ ,η)

∂x∂y
= (1−ν)D

∂ 2φk(ξ ,η)T

∂x∂y
xs,k. (11)

Where D is the flexural rigidity of the elementary plate element, defined as:

D =
Es3

12(1−ν2)
. (12)

where s is the thickness of the plate. Finally the integral of the bending moment is computed along
the base of the derailment containment structure as:

Mtot =
∫ l

0
My(ξ ,η)dx. (13)

where l is the total length of the structure and My is the bending moment with respect of xw axis in
the local reference system as shown in Fig. (2).

3 SIMULATIONS AND RESULTS
To validate the vehicle model, simulations in ’standard’ conditions where the vehicle has no me-
chanical problems and runs at a usual service speed through a curved section have been considered.
The same vehicle and the same scenario have been modelled in software Simpack. For the sake
of brevity the comparisons are not reported in these paper, but a very good agreement between the
two models is observed and it can be concluded that the models of suspension components and
of wheel-rail contact forces introduced ensure a good level of accuracy, at least as far as a stan-
dard running condition of the vehicle is considered. Next, the developed multibody/FEM model
is applied to the case of a high-speed ETR-500 class locomotive running at 300 km/h along a
curve with radius 5500 m and potential contact points are placed on the axle-boxes of the external
wheelset of front bogie. While the vehicle runs in the full-curve section, a mechanical failure of
one journal in the trailing wheelset of the front bogie is simulated by suddenly setting to zero the
force transmitted by the corresponding primary suspension. This leads to the derailment of the
front bogie and then to the impact of the leading wheelset of the same bogie with the derailment
containment wall. Since the aim of this paper is to analyse the interaction of the derailed vehicle
with the DCW, the derailment phase of the vehicle is not reported here.

Focusing on the impact between the two systems, once the vehicle and the DCW come into contact
the normal force is computed using Equation (9). The results of the simulation are reported in
Fig. (3), where the normal force FN (left) at the single impact point is plotted with respect to the
abscissa xw of the contact point in the DCW reference frame. The first impact occurs after 10
m as prescribed, in order to avoid unwanted boundary effects. The impact force suddenly grows
after the impact, due to the high stiffness of the structure. After having been in contact with the
DCW over approximately 2 m (xw=10-12 m), the axle box looses contact with the wall and impacts
again a few meters later, until this force settles on nearly constant value and the DCW acts as a



guide for the derailed vehicle to a relatively low and nearly constant value which is the centripetal
force applied by the DCW to guide the derailed vehicle along the curve. Fig. (3) (right) instead
shows the time-history of the integral of the bending moment calculated along the length of base
of the DCW using Equation (13). As expected, the maximum value of the integral of the bending
moment takes place immediately after the initial impact, and an oscillatory trend can be clearly
seen as the structure itself starts oscillating.

Figure 3: Left: Normal impact force between derailment containment wall and the derailed vehicle
with respect of xw of the structure. Right: Integral of the bending moment at the base of the
derailment containment wall with respect of xw of the structure. The first impact is 10 m after the
starting point of the DCW.

In Fig. (4) (left), the distribution of the bending moment along the foundation of the DCW is
shown, considering the time instant immediately after the impact, corresponding to xw = 10 m.
It is worth pointing out that the integral of this distribution over the total length of the structure
(80 m) will lead to the peak value in Fig. (3) (right). Another important result, shown in this plot,
is that the influence region of the first and maximum impact is ± 5 m approximately. Fig. (4)
(right) shows the distribution of the bending moment across the entire wall surface, at a time
instant closely following the first interaction of the wall with the derailed vehicle. As expected,
the maximum bending moment takes place at the base of the structure, exactly under the impact
point at 10 m.
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Figure 4: Left: Distribution of the bending moment at the base of the derailment containment wall
along its total length (80 m) at the first impact with the derailed vehicle. Right: Distribution of the
bending moment on the overall surface of the DCW (1.6 m x 80 m) at the same time.



Finally, a sensitivity analysis in terms of maximum impact force and bending moment is performed
changing some parameters that define the dimensions and the position of the DCW with respect
to track centre-line. Referring to Fig. (2), the parameters changed are the height of the wall hw

affecting the structure dimensions and as consequence the total mass, and the distance from the
centre-line d. In configuration #0, considered as the reference case, the DCW is placed 2.2 m
outside the track centreline an is 1.7 m tall. All the configurations analysed are shown in Table 1,
where the results are also reported in terms of the parameters that define the tested scenario: peak
impact forces, maximum bending moments at the foundation of the DCW and maximum moments
for unit length. Focusing on the analysis related to the position of the DCW with respect to the
track centreline, two different configurations (#1.a and #1.b) have been simulated by modifying the
distance of DCW from the track by a ± 0.3 m amount. The results of the simulations are reported
in Fig. (5). The left plot shows the trend of the integral of the bending moment at the base of the
DCW (blue line) in case the DCW is closer to the centreline compared with the configuration #0
(dotted black line), while the right plot reports the same quantity but in case the DCW is farther
from the centreline by 0.3 m, again compared with the simulation obtained with configuration #0.
The differences are small since the wall is shifted by a small amount, but it can be seen that the
closer the wall is to the track, the lower is the peak of the bending moment transmitted at the base
of the structure, see also the peak values compared in Table 1. Conversely, the farther the wall
is from the track, the higher the angle at which the vehicle impacts, resulting in a higher peak of
bending moment. It should be remembered that these analyses do not take into account the fact
that the vehicle, once derailed, must travel some distance on the ballast rocks and the sleepers, and
this could affect the results obtained so far.

Figure 5: Integral of the bending moment at the base of the DCW with respect of xw in case of
distance from the centreline is - 0.3 m with respect of configuration 0 (left) or + 0.3 m (rigth).

As far as the sensitivity analysis on the dimensions of the structure is concerned a change of this
parameter has influence on two aspects: it increases the height of impact point with respect of the
base of the DCW (arm with which the force is transmitted to the base of the DCW) but also the
total mass of the structure will be affected. The result is therefore influenced by the effect of these
two changes in a combined way. By increasing the arm, the moment slightly increases but, at the
same time, it is mitigated by the fact that the mass for unit length has also increased. A higher
mass of the structure has an effect on the inertia force of the DCW that arise a the very beginning
of the impact and reacts with the impulsive part of the contact, reducing the overall elastic bending
moment at the foundations. Finally, two different scenarios (#2.a and #2.b) have been simulated:
by increasing the height of DCW respectively by 0.25 m and 0.5 m. For the sake of brevity, only
the peak values of the bending moment of these simulations are reported in Table 1.



Table 1: Results of the simulations of the different configurations in terms of peak impact force F ,
integral of the bending moment at the base of the DCW M and moment per unit length M∗.

# hDCW D F Mtot M∗

- [m] [m] [kN] [kNm] [kNm/m]

0 1.65 2.2 435 886 181
1.a 1.65 1.9 385 820 175
1.b 1.65 2.4 528 1018 212
2.a 1.90 2.2 436 879 164
2.b 2.15 2.2 483 916 158

4 CONCLUSION
In this paper, a model that simulates the dynamics of a derailed train with focus on its subsequent
interaction with a deformable containment structure is presented. The specific derailment case
considered in the paper is due to the mechanical failure of one axle journal and causes the front
bogie of the vehicle to collide with the flexible containment structure, modelled according to the
finite element method using Kirchoff plate elements. Different positions and dimensions of the
DCW have been considered and for each one of these the loads from the impact and the bending
moment in the structure have been computed.

From the sensitivity analyses regarding the position and size (height) of the DCW, it has been
shown that the distance from the centre line of the track has a greater influence than its height.
Furthermore, the further the structure is from the track, the higher the bending moment at the base.
Conversely, a closer structure will be subjected to a slightly lower bending moment. A change in
the height of the wall does not produce significant variations in reaction forces on the structure. A
detailed model of the interaction of the derailed wheels with the ballast and sleepers is targeted as
the next development of the model. Finally, the aim of this research is to analyse different layouts
of the DCW, in order to obtain results that can be used for the structural sizing of the structure
itself.
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