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Abstract

Railway accidents, particularly serious derailments, can lead to catastrophic consequences. Therefore, it is essential to
prevent derailment escalation to reduce the likelihood of severe derailments. Train post-derailment behaviours and contain-
ment methods play a critical role in preventing derailment escalation and providing passive safety protection and accident
prevention in the event of a derailment. However, despite the increasing attention on this field from academia and industry
in recent years, there is a lack of systematic exploration and summarization of emerging applications and containment
methods in train post-derailment research. For this reason, this paper presents a comprehensive review of existing studies
on train post-derailment behaviours, encompassing various topics such as post-derailment contact—impact models, dynamic
modelling and simulation techniques, and the primary factors influencing post-derailment behaviours. Significantly, this
review introduces and elucidates substitute guidance mechanisms (SGMs), which serve as railway-specific passive safety
protection and accident prevention measures. The various types of SGMs are depicted, and their ongoing developments and
applications are explored in depth. The review additionally points out several unresolved challenges including the adverse
effects of SGMs, and proposes future research directions to advance the theoretical understanding and practical applica-
tion of train post-derailment behaviours and containment methods. This review seeks to be a valuable reference for railway
industry professionals in preventing catastrophic derailment consequences through post-derailment containment methods.

Keywords Railway passive safety - Railway accident prevention - Post-derailment behaviours - Substitute guidance
mechanisms (SGMs) - Contact-impact model

1 Introduction
1.1 Background

Derailments are the most common type of train accident
[1-3]. According to statistics from the Federal Railroad
Administration (FRA) [4], derailment accidents accounted
for over 60% of all serious railway accidents in the USA. In
other regions, such as Europe and China, the International
Union of Railways (UIC) and European Union Agency for
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Railways (ERA) report derailment accidents also account
for a significant proportion of total railway accidents [5, 6].

Derailment accidents can be classified into two catego-
ries: on-track and off-track. On-track derailments occur
when derailed cars slide off the rails but remain on the rail-
way track. Although this type of derailment accident is the
most common, it typically results in minimal injuries or rail-
way transportation delays and presents a relatively low risk
to passenger safety.

In contrast, off-track derailments occur when a part or
the whole train not only runs off the rail but also completely
veers off the railway tracks. This type of derailment is far
more severe and can lead to the train tipping over or roll-
ing over, colliding with catenary pillars, buildings, stations,
or other objects within or near the railway line, and even
falling under a viaduct. Off-track derailment accidents can
cause catastrophic consequences and result in heavy loss of
human life and property. Figure 1 depicts several notable
off-track derailment accidents that took place between 2017
and 2023, leading to 21 fatalities and hundreds of injuries.
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Fig. 1 Off-track derailment accidents in recent years

In particular, the recent Ohio derailment caused significant
environmental concerns due to a large chemical spill that
posed a serious threat to the ecosystem.

Upon thoroughly analysing the off-track derailments
depicted in Fig. 1, it becomes evident that the post-derail-
ment behaviours resulting in fatal consequences are diverse
and complex. These behaviours include falling off a bridge,
colliding with lineside infrastructure, striking a landslip, and
crashing into a railway bridge deck. Gaining a comprehen-
sive understanding of these post-derailment behaviours is
essential for enhancing railway safety and minimizing the
impact of off-track derailment accidents.

In theory, preventing derailment is an ideal solution
to avoid such accidents. However, the loosely coupled
wheel-rail relationship makes it almost impossible to com-
pletely avoid the occurrence of derailment accidents. There-
fore, it is important to focus on reducing the occurrence of
off-track derailments and minimizing their consequences
through passive safety protection and accident prevention
measures. The derailment of a Shinkansen train caused by
an earthquake on 23 October 2004 [7] brought attention to
the significance of post-derailment studies among railway
safety researchers. As shown in Fig. 2, the wheels of the
train pinned the rails against the lifeguard of the lead car,
bringing the train to a halt without veering off the track and
ultimately preventing an off-track derailment accident.

1.2 Concept and scope of the post-derailment study
The study of train post-derailment behaviours is an essential

aspect of railway passive safety, as it aims to provide effec-
tive containment methods to minimize the consequences
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Fig.2 The derailment accident of a Shinkansen train, in operation
since 1964, which highlighted the need for increased focus on train
post-derailment studies in both academic and industrial sectors [7]

of derailment accidents. Post-derailment studies primarily
focus on understanding the dynamic behaviours of a train
after a derailment occurs. The objective of post-derailment
investigations is to develop appropriate countermeasures
or containment methods that maintain a train upright posi-
tion and proximity to the track centreline after a derailment,
thereby reducing the incident’s severity, preventing further
escalation, and mitigating the potential for catastrophic
derailment accidents.

Post-derailment studies mainly focus on several key
research areas, including dynamic modelling and simulations
to represent and analyse train behaviours after derailment
events, and the development of contact-impact models that
depict interactions between derailed trains and their surround-
ings. These studies also investigate the design and implemen-
tation of substitute guidance mechanisms (SGMs), which are
passive safety protection measures for railways, and explore
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various testing methods and experimental research in both
laboratory and field settings to validate theoretical research
findings and refine containment methods accordingly.

2 Post-derailment behaviours of railway
rolling stock

2.1 The main influential factors

Figure 3 illustrates the multitude of factors that can influence
the behaviour of rolling stock after a derailment. These fac-
tors include various vehicle-related parameters, such as train
length, weight, and component geometry, as well as railway-
related factors such as track geometry and friction coefficient.
Other factors, such as marshalling, derailment velocity, and
cause, also play a significant role.

There is a correlation between the cause of a derailment
and its escalation, specifically in terms of the severity of the
derailment accident [8, 9]. By analysing statistics on derail-
ment accidents, it can be observed that the post-derailment
behaviour of each derailment is different. Some derailments
escalate immediately, while others rarely do. Some derailments
escalate at the beginning of the derailment, while others can
travel several kilometres before escalating. The cause of the
derailment can be one of the reasons for explaining this phe-
nomenon. A report [10] found that some types of derailments,
such as track buckle, defective switches, collision, and over-
speed, may escalate quickly, while other types of derailments,
including broken wheels, wheel climb, bogie defects, etc.,
escalate slowly. It is evident that the cause of a derailment can
be a significant factor that influences the behaviour of rolling
stock after the incident.

The speed at which the derailment occurred (herein-
after referred to as ‘derailment speed’) also has a signifi-
cant impact on the post-derailment distance and posture.
Derailment kinetic energy is proportional to the square of
the derailment speed, so even a small increase in derail-
ment speed can have a huge impact on the post-derailment
lateral and longitudinal motion of the vehicle. Reducing
the derailment speed has a very positive effect on decreas-
ing the post-derailment distance and severity of the derail-
ment accident, as verified by both numerical simulation
[10, 11] and test [12, 13]. However, different derailment
speeds can cause the railway component to play different

Cause

Train

factors -
Track

Material strength, coefficient of friction, etc.

roles in post-derailment behaviour, as revealed by a full-
scale derailment test [13]. In this test, different derailment
velocities were selected and compared, and it was found
that the humps in the concrete track had an influence on
post-derailment behaviour when the test bogie derailed at
a lower speed (28.08 km/h), but not at a higher derailment
speed (55.05 km/h).

Low-speed post-derailment tests on different types of
tracks also revealed that track type has an influence on the
post-derailment behaviour of a derailed vehicle. Compared
to CRT-I slab ballastless track, CRTS-II ballastless track
has a better performance in restricting the lateral motion
of a derailed vehicle [12].

According to the studies [14, 15], there is a correla-
tion between train lengths and the severity of derailments.
Likewise, full-scale derailment tests have demonstrated
that the weight of the leading car has a more significant
impact on post-derailment distance compared to the rest
of the train [12]. The weight of the train and the coeffi-
cient of friction are among the factors that influence the
effect of ground resistance on the train, in accordance with
Coulomb’s friction law. Furthermore, the post-derailment
behaviour is influenced by track geometry, such as sleeper
intensity, as reported in Refs. [8, 15].

In summary, the factors influencing post-derailment
behaviour are multifaceted and intricate. The precise
mechanisms through which these factors affect the post-
derailment process are not yet fully understood, and there
remain several unknown variables. Additionally, a detailed
analysis of the relationship between these factors and post-
derailment behaviour is lacking.

2.2 Post-derailment contact-impact behaviours

Describing all contact-impact behaviours that occur after
the derailment is the foundation and prerequisite for mod-
elling and simulating post-derailment contact—impact
interactions. Post-derailment contact—collision behaviours
can be roughly and typically divided into three catego-
ries: contact—impact behaviour between the car bodies,
contact—impact behaviour between the vehicle compo-
nents and the railway track, and contact—impact behaviour
between the vehicle and surrounding structures.

Escalate quickly: buckled track, defective switches, collision, and overspeed, etc.
Escalate slowly: broken wheels, wheel climb, bogie defects, etc.

Derailment speed, train weight, train length, etc.

Track type: ballasted track, ballastless track (CRT-I slab ballastless track, CRTS-II ballastless track, etc.)

Fig.3 Main factors that influence the train post-derailment behaviours
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2.2.1 Post-derailment contact-impact between the car
bodies

When a train derails at high speed, the front derailed vehicle
decelerates and rotates, driving the rear vehicle to generate yaw
motion one after another. Due to the huge kinetic energy and
inertia, large relative rotation and displacement of the vehicle
body occur after coupler failure, resulting in contact between
the car bodies. Consequently, damage to the car bodies will
be produced in the form of penetration, extrusion, and tear-
ing [16-20]. Corner-to-corner contact and corner-to-car body
contact are the two main contact pairs between the car bodies,
which can be found in authentic accident scene photos (Fig. 4).
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2.2.2 Post-derailment contact-impact between the car
body and railway tracks

Compared with contact-impact interactions between car
bodies, the post-derailment contacts between the vehicle and
the railway track are more complex and unpredictable. From
intermittent abrasions left by tests and accidents [12, 21-26],
it can be found that collisions between the motor, brake disc,
gearbox, and rail frequently occur since the wheel falls on
the railway track in a similar parabolic motion. As shown in
Fig. 5, the main post-derailment contact-impact behaviours
between vehicle components and railway track are summa-
rized as follows:

Corner-corner
Y

20 7, Washington
R

Sl Eiie

P| Low-reaching bogie frame

R S Wi ™ ]

Fig.5 Typical contact—impact between vehicle components and railway track: a wheel-fastener contact and wheel—sleeper contact [27]; b rail—
gearbox contact and rail-motor contact [12]; ¢ rail-brake disc contact [12]; d wheel-track slab contact [12]; e rail-bogie frame contact [16]
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the contact—impact between the wheel and the sleeper,
the contact—impact between the wheel and the fastener,
the contact—impact between the gearbox and the rail,
the contact—impact between the motor and the rail,

the contact—impact between the brake disc and the rail,
the contact—impact between the wheel and the track slab,
and the contact-impact between the low-reaching bogie
frame and the rail.

2.2.3 Post-derailment contact-impact between the vehicle
and surrounding structures

In addition to colliding with track structures and other roll-
ing stock, derailed vehicles can also run off the track and col-
lide with nearby structures, such as tunnels, platforms, and
buildings. Previous accident scenes have demonstrated that
such collisions can cause significant damage or destruction
to these structures, as shown in Fig. 6, presenting a serious
safety risk to the area. Therefore, it is crucial to consider
the safety implications of derailments on nearby structures
and implement appropriate measures to protect surrounding
buildings and individuals.

2.3 Post-derailment dynamics tests

The most reliable method for analysing and studying the
dynamic behaviours of rolling stock is through tests, which
mainly include laboratory tests and field tests. In post-derail-
ment studies, laboratory tests typically use scaled models
instead of full-scale railway vehicles. While scaled mod-
els have advantages such as low cost and ease of operation,

2020, New York [

there remains an issue of unclear similarity. For instance,
a 1/10 scale vehicle and roller rig were used to examine
the derailment process caused by a large earthquake, which
could provide a large amplitude excitation condition [28].
However, the analogical work (similarity) was not explained
well. Similarly, Cao et al. [22] constructed a scaled model to
investigate the response of a train-ballasted track-subgrade
system subject to an earthquake, but the reason for selecting
scale factors such as geometric dimensions and density was
unexplained.

Only a few laboratory full-scale tests were conducted for
the wheelset [29] or bogie [30], and not for the full-scale
vehicle. Most of these tests were focused on derailment,
but they were also useful in understanding post-derailment
behaviours, especially the complex wheel—track contact
interactions. It is worth noting that laboratory tests were
often used to test objects statically, which made it difficult
to study the effect of dynamic parameters such as derailment
velocity.

For the specific purpose of post-derailment investiga-
tions, four major experiments have been conducted since
2011, as summarized in Table 1 [12, 13, 24, 31]. Among
the four experiments, the derailment velocity varied from
16 to 60 km/h. Two of them were conducted in the labo-
ratory, and the others were conducted in the field. There
are three main purposes of these experiments: (1) to under-
stand the post-derailment behaviours, such as the effect of
track type on post-derailment behaviours [12] and hump in
the concrete track [13]; (2) to evaluate anti-derailment or
vehicle-mounted post-derailment protection devices, such as
the stopper [24] and the safety device [12]; and, (3) to verify

2020, New York
~ TR pms——

2008, Landriickentunnel

Carbody-tunnel contact

Fig.6 Typical post-derailment scenarios where a derailed vehicle has impacted surrounding structures, including stations, tunnels, and buildings

Railway Engineering Science

@ Springer



Z.Tang et al.

PAAIISQO Sem 9150q PIIEIOP Y} JO JUIW
Ao [eIate JuedyrusIs “(y/ury §0°'Ss) A
-00[0A JUQWITEIAP ISYSTY & 0 "Y/ury §0°8T
sem KJ100[oA JUSWIT BIOP I} UM

9130q 9y} Jo InolAeYaq Juaurerap-jsod S0'SS (SdD@)seniyioey uornooid
QY3 palodye yoen dja1ouod oyj ur sdwny  915oq Sunse) 80'8C JuowIreIop Jo oouewroyrod oy) AJireA oJ, pIoId [eT]ea10y 610 ¥
Juw
-0AOW [eIoYe] 9y} UTBNSUOD 0) SAINGINU0D
3yoen ssopise[[eq 1odod[s Yo0[q-1q [I-SLAD
"9[OIY2A JOJOUW PITRIIP
o) JO SUOTIOW [e10Je] oY) SUIIOLI)SaT
ur 9[o1 jueyroduwir ue sAefd x0qIead oy, saInseow
'20UN0q [BINIA Kyoyes Juow
oY) pue uruun 9y} Jo SISISU0D A[urewt -[rexop-jsod 00°0€ saInseawr
90124 ) Jo uonouwr juawirerap-ysod oy, paddinbo urery 0002 Kyoyes Juawrerap-isod ayy Apmys o, pPIoId [cileulyd 910 €
Juowredxa sty
£Q payLIoA sem [opowr drwreukp padojarsp v [epow orweuAp
PAAIISQO Sem [T PUB X0GIBIT J) Udamlaq padoeasp e 9)en[eAd PUR SINOIABYQQ [ce
uouswouayd uoIsSI[[0o SnonNUNUod YT, Ieo-JleHq 0097 orweuAp jusuwrerap-isod oY) gjednsoaur o], Kiojeroqe] ‘Ieleuryd  $10T T
[opow uone[nwis Surpuodsariod Ay
Jo suonipuod wnqImba o1jeIs are[nored
0} pasn 9q U 159) ) WOIJ Paure)Iqo ejeq
"POAISQO AIOM §1S9) 1addojs e
Suruuni Surump payoepe sem 1oddoys ay)  ym paddinbe Koeoygo
uayMm durelj 21309 9Y) JO SUONOW JeI[Nddg Jwely a130g 0009 )1 9jenead pue 1oddoss oy dojoasp o], AIojeioqe] [pglueder 1107 1
(yyury)
K)10070A
s3urpuy Jolejy 102fqp  JuswreIog asoding BN OLIBUQDS JuowLradxy Anuno)  Ieox ‘ON

s1eak Juadal1 ur uoneSnsaAur JudwreIap-jsod J0y sjuawrradxa Jofew o | djqe]

Railway Engineering Science

pringer

Qs



Train post-derailment behaviours and containment methods: a review

the effectiveness of railway track-mounted post-derailment
protection facilities, including guard rails [24] and the con-
tainment wall [13]. These experiments provided insight into
the complex post-derailment behaviours and verified a few
newly developed post-derailment protection measures.

The first experiment aimed to evaluate the efficacy of
the developed stopper, which caught the guard rails to
prevent a derailed vehicle from deviating from the track
centreline. The derailment velocity reached 60 km/h in
this experiment.

The second experiment revealed the sequence of the
wheelset’s contact with the rails, fasteners, and sleepers
after the derailment, as shown in Fig. 7. The whole process
includes three stages: (a) the wheel falls on the fastener,
and only collides with the fastener; (b) the wheel continues
to move laterally and falls on the sleepers; (c) when the
wheel falls on the track slab, the motor collides vertically
with the top of the track.

The third experiment found a negative correlation
between the vehicle weight and post-derailment distance,
contrary to the derailment speed. Increased vehicle weight
was associated with decreased lateral displacement after

Derail direction

==
i —

M

@ | |
4

—

derailment. Different types of slab tracks were also inves-
tigated and compared. The results showed that, compared
to the ballastless track slab (CRTS 1), the double-block
ballastless track slab (CRTS II) had better performance in
shortening the post-derailment distance and lateral motion
due to its high shoulder.

The fourth experiment was a full-scale and in-field train
bogie post-derailment test. The diagram in Fig. 8 shows the
typical process of such an experiment [26].

These experiments highlight several aspects that require
special attention when conducting train post-derailment
experiments, including:

e To obtain sufficient data during the short duration of
post-derailment contact, the sampling frequency can
be selected from 1000 to 10,000 Hz. For instance, the
sampling frequency was set to 5000 Hz in the low-speed
running test [12], allowing the detailed recording of the
entire post-derailment process.

e To eliminate noise from the raw test data, a filtering
process is necessary. The standard EN 15227 (Railway
applications—Crashworthiness requirements for railway

H H

-~

%

Fig.7 The post-derailment contact procedure between wheelset and track: a contacting with fastners; b contacting with sleepers; ¢ contacting

with track slabs
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Fig.8 Typical test apparatus and process of a post-derailment experiment

vehicle bodies [33]) recommends the average method
[34] and Butterworth low-pass filtering with 180 Hz.

In summary, the three testing methods have unique
advantages and limitations. Laboratory tests with scaled
models are more suitable for conducting preliminary
research on train post-derailment behaviour due to their
ability to generate a large amount of data quickly and
at a relatively low cost and easy operation. It can safely
and controllably perform difficult-to-repeat tests, such
as seismic derailment, by providing high-amplitude exci-
tation. However, accurate consideration of the model
similarity ratio is necessary to ensure the accuracy and
reliability of test results. Laboratory full-scale tests can
replicate and analyse the post-derailment behaviour of
full-size wheelsets and bogies, with a short test period,
relatively low cost, and adjustable test parameters. How-
ever, the scope of post-derailment research is limited by
the size of the laboratory. Laboratory full-scale tests are
more suitable for evaluating the post-derailment behav-
iour of a specific vehicle or track under actual size and
load. Field tests offer the most accurate representation of
post-derailment behaviour for full-scale vehicles or trains
under real-world conditions. The limitations of field tests
primarily involve high risks and costs, complex data
processing, and difficulties in controlling test variables.
Therefore, it is crucial to select appropriate test methods
according to specific research objectives, resources, and
expertise to improve the reliability of experimental and
research results.

@ Springer

S

A

2.4 Post-derailment dynamics simulation

Due to the high cost and safety hazards of the train post-
derailment experiments, numerical simulations have become
a popular alternative in this field.

2.4.1 Modelling the post-derailment contact-impact
behaviours

After a derailment, the train’s movement is guided by com-
plex and ever-changing interactions, as mentioned earlier.
These interactions differ from the single pre-derailment
wheel-rail interaction that existed before the derailment. To
achieve an accurate analysis of train post-derailment behav-
iours, it is necessary to model the dynamic characteriza-
tions of the post-derailment contact behaviours. However,
the post-derailment contact behaviours involve a variety of
highly nonlinear contact interactions and large elastoplastic
deformation, which pose great difficulties and challenges in
their dynamics modelling and simulation. Therefore, exist-
ing studies generally use a simplified modelling method [18,
19, 35-37].

The process of post-derailment contact—impact model-
ling typically involves three steps: (1) identifying all pos-
sible post-derailment contact—impacts, (2) detecting the
occurrence of contacts, contact area or point, and (3) cal-
culating the contact force. An overview of the process of
post-derailment contact—impact modelling is shown in Fig. 9.

The detection of contacts and calculation of con-
tact—impact forces are critical to model the contact behaviour

Railway Engineering Science
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Fig.9 The process of modelling the post-derailment contact—impact behaviour

between vehicle components and the railway track. Differ-
ent methods are used to detect contact and calculate con-
tact—impact forces depending on the contact conditions

2.4.1.1 Contact detection When a train derails, its compo-
nents, such as wheelsets, car body, and bogie frame, make
contact with the track components, including rails, fasten-
ers, sleepers, and track slab. Detecting the contact point or
location is essential to calculate the contact force accurately.
To support the analysis of derailments or switch scenarios,
researchers developed a generic wheel-rail contact detec-
tion formulation [38] capable of detecting lead and lag
flange contact online. In the collision-caused derailment
scenario, the minimum distance scanning algorithm was
used to detect the contact points between the wheel and the
track [39]. Tanabe et al. developed a software (DIASTARS
[40]) used to simulate the post-derailment behaviours of the
Shinkansen high-speed train caused by an earthquake. To
improve contact calculation efficiency, researchers proposed
a simple contact detection algorithm that used the displace-
ment between the point on the multi-body system (MBS)

(C))

o @ The location of contact detection points at
e : The location of contact detection points at r+A7

Contact surface /Comact detection point C

e; | © o v o9
i
=0 p=1 p=0 p=1 p=0 p=1
(1) Contact (2) Non-contact  (3) Non-contact
(CSiria=l) (CSiriam-1) (CS;1+a=0)

model and the surface on the finite element (FE) model of
the railway track [41]. As shown in Fig. 10a, three contact
statuses (1, 0, —1) were applied to describe whether the vehi-
cle components contact with the railway track. Inspired by
collision detection methods in computer graphics, Wu et al.
[31, 37, 42] implemented the oriented bounding boxes tree
(OBBTree) algorithm [43], widely used in the game engine
of computer animation, to detect the contacts of the train
post-derailment models. In the OBBTree algorithm, a hier-
archical representation of the vehicle components and track
structure needs to be pre-computed, and overlaps between
the oriented bounding boxes (OBBs) were tested based on
a separating axis theory [44]. As shown in Fig. 10b, when
the projection of the distance between the two OBBs on the
oblique axis (IT - LI) was smaller than the sum of the projec-
tion of the OBB radius on the oblique axis (r, + 1), the two
objects were considered to be in contact.

The point-surface displacement-based method simplifies
the contact object by representing it as a shape composed of
sensor points for faster detection. However, its accuracy is
heavily dependent on sensor point density, which can lead to

N

B | | |
= Ll |

L
7L

Fig. 10 The methods of determining the contact status: a the point-surface displacement-based method [41]; b the separating axis method [44].
CS is contact status, T is the distance between object A and B, r, and ry are the OBB radius on the oblique axis, and L is the separating axis
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incomplete detection of non-convex shapes. The minimum
distance scanning algorithm can accurately detect dynamic
collisions of non-convex bodies. However, it requires multi-
ple scans for complex objects, which significantly increases
computational complexity. The OBBTree algorithm has the
ability for handling objects of various shapes, but its imple-
mentation is intricate and time-consuming. As a result, when
choosing an algorithm for a simulation model, it is crucial
to consider the pertinent scenarios and specific objectives
for its application. For example, the point-surface displace-
ment-based method is well suited for simplified train derail-
ment collision detection, whereas the OBBTree algorithm
is appropriate for derailment detection that retains specific
structures, such as motors and gearboxes. The minimum
distance scanning algorithm is ideal for post-derailment
research that requires a certain level of detection accuracy.

2.4.1.2 Contact-impact force calculation The momentum-
based technique and the force-based technique are two mod-
elling techniques that have been used in post-derailment
investigations of rolling stocks. Post-derailment contact—
impact is a highly nonlinear phenomenon, which makes
constructing its dynamic model very difficult. The momen-
tum-based technique assumes that the contact is instantane-
ous and applies the impulse-momentum law to estimate the
velocity of the collided rigid body. Although this technique
is simple and computationally efficient, it cannot provide
information on transient stresses, collisional forces, and
impact duration. Due to its simplicity, this technique has
been widely used in the early stage of post-derailment inves-
tigations for 1D or 2D simulation [16, 45]. The equations for
this technique are described as follows:

m2(V1 _Vz)
V/l =V —(1+€)W, (1)
m(v; —v
v’2=v2+(l+6)M, 2)
my +m,

where v, and v, are the speeds of the contact objects before
contact; m; and m, are the masses of the contact objects;
v’l and \/2 are the speeds after contact; e is the coefficient of
restitution.

The momentum-based technique often creates a signifi-
cant gap with reality. In complex derailment cases, the force-
based technique is widely used to compute contact-impact
forces following derailments. The force-based technique
describes the contact interactions with a force element. Once
the contact is detected, the contact force element will be
activated. In the early days, piecewise linear springs force
elements obtained from FE or experimental data were used
to simplify the calculation of contact forces:

@ Springer

Fe = Kc(6¢), 3)

where K- is the function to describe the relationship between
the penetration depth 6. and the contact force F- and is
obtained from tests or finite element method (FEM) simu-
lations. However, the piecewise linear springs ignore the
energy dissipation of the contact.

To simulate energy loss during a collision, the nonlinear
spring—damper force element is widely used in the model-
ling of post-derailment contact—impact behaviour [16, 20,
24, 35, 46, 47]. Normal contact forces are generally repre-
sented by the formula that relates to the stiffness and damp-
ing coefficient:

F,=K& +Dé, 4)

where K is the stiffness coefficient; 6 is the contact depth
between contact objects; c¢ is the rigidity index; D is the
damping coefficient; § is the relative velocity between con-
tact objects.

Tangential contact forces are simplified and calculated
by using the Coulomb friction model [11, 40, 46, 48, 49]:

Ff:”Fn, (5)

where u is coefficient of friction.
2.4.2 Typical post-derailment contact-impact models

2.4.2.1 Contact-impact models between car bodies The
contact model between car bodies should be considered
first since they have a significant influence on the final atti-
tude and posture of the derailed vehicle. Anderson [50]
established a contact model between car bodies using the
impulse-momentum-based method, which is based on the
classical collision theory. There are several assumptions in
Anderson’s model, such as the time duration of colliding
between vehicles being infinitesimal, and the displacement
of the car bodies being constant. However, these assump-
tions do not fully reflect the actual situation of collision
between car bodies, which are shell structures rather than
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Fig. 11 Contacts of the car bodies. d is the contact depth at maximum
damping
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solids. A better method to describe the contact between
car bodies is the contact force element, which can simulate
complex deformations in contact areas and energy dissipa-
tion. Both corner-to-corner contact and corner-to-car body
contact are modelled as nonlinear force elements, as shown
in Fig. 11 [20]. The normal contact force, F,, is composed
of elastic force F, and damping force F.

Fo= 0 c<0
T\ max [0,F, 4+ Fg] 620’
F, =Ko*,
Fy=¢6-step(o,0,0,d, C),

(6)

where o is the contact depth, K is the spring stiffness, d is the
contact depth at maximum damping, and C is the maximum
damping coefficient. The variation of the damping coeffi-
cient with contact depth is described by the step function.

However, these 2D contact-impact models between car
bodies have limitations and may not be applicable in all sce-
narios. In 3D contact—-impact models between car bodies, the
automatic-surface-to-surface contact method is frequently
adopted to detect contact and calculate the contact force in
FE simulation [27, 51-55]. The nonlinear elastic—plastic
spring force element provided by most commercial MBS
software has been used to model the contact—impact between
vehicle bodies [56-58].

2.4.2.2 Wheel-sleeper contact-impact model A wheel-
sleeper impact model was developed by Yu et al. [47] to
describe contact interactions between the wheelset and the
sleeper in the event of a derailment. The wheel-sleeper
impact model was described by a special set of vertical
irregularities instead of a wheel-sleeper dynamics model.

(b)

Wheel flange profile ~ Sleeper

The simplified model could simulate the dropping and run-
ning behaviour of the wheelset on the sleepers, but the lat-
eral motion was ignored in this model. To predict the wheel-
set behaviour after impacting concrete sleepers, Brabie et al.
[36, 59, 60] proposed a wheel-sleeper impact model. The
geometric relationship between the wheel and the sleeper,
considering fastener and without considering fastener, was
calculated to detect the contact or non-contact status, as
shown in Fig. 12.

Once the vertical contact displacement £, is greater than
0, and the lateral distance | Ax;,_,,| between the midpoint of
the wheel and the sleeper is less than the radius of the wheel,
the geometric relationship between the wheel and the sleeper
can be regarded as the contact status. The contact force of
the wheel—sleeper impact model is obtained by a look-up
table, which is previously generated through finite element
simulation. Since the look-up table method is based on the
results of finite element simulations or tests, it is difficult to
apply this method in other models or working conditions.

2.4.2.3 Wheel-fastener contact-impact model A wheel-
fastener impact model was also proposed by Brabie et al.
[36]. It was similar to the wheel—-sleeper impact model in
terms of the geometric description and contact detection.
The difference was that the wheel-fastener contact was
simulated by a spring of piecewise linear stiffness. The
spring was used between the wheel and fastener when the
contact occurred, which was considered as plastic defor-
mation and failure of the fastener components. The contact
force between the wheel and fastener depended on the non-
linear force—displacement characteristics of the spring, as
shown in Fig. 13. The parameter of the force—displacement
characteristics was determined by comparisons between the
actual derailment accident, the Bomansberget accident, and

During impact

AXimpact —f Fastener profile
>

without clip

Cz

Fig. 12 The geometric relationship between the wheel and the sleeper [36, 59, 60]: a without the fastener; b considering the fastener. Axg_,,
and Axg_,, are the longitudinal distances of the wheel lowest point to the sleeper front-edge; Axy . and Axj,,, ¢ are the minimum longitu-
dinal distances at the time of collision; v is the relative speed between the wheel and sleepers; x, and x, are the longitudinal lengths of sleeper
upper surface; A, is the height between the bottom of wheel and the top of sleeper; h,_; is the height between the bottom of wheel and the top of
fastener; k. is the stiffness coefficient between wheel and fastener; k, is the stiffness coefficient between sleeper and ground; c, is the damping

coefficient between sleeper and ground
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Fig. 13 The nonlinear force—displacement characteristics of the
spring for describing the wheel—-fastener contact [36]

its MBS simulation counterpart. However, this model pos-
sibly generates unrealistic simulation results. For instance,
the front wheelset rolled and bounced on the sleepers while
the rear wheelset remained on track. Furthermore, some
parameters, such as fastener types, track—ground stiffness,
and damping, were not considered in the model. At the same
time, the longitudinal and lateral force between the wheel
and fasteners was ignored.

Based on Barbie’s wheel-fastener impact model, with the
assumption of non-deformation in the heel seat and shoul-
der, Ling et al. [49, 61] proposed a vertical wheel-fastener
contact—-impact model, which is described by the following
equations:

Zyf1 6 6§26
F, 6 <66,

F f= wif —max ’ 7
" wa—max_wa2(5_52) 52 <5S53 ( )

Fut-max = Kupa (83 = 63) = K3 (6 = 63) 63 <6 <22

where 6 is the contact deformation between the wheel and
centre leg; §,, 6,, and 6, are average value from brabie’s tests;
K> Ky, and K¢ are the stiffnesses of the centre leg. In
addition, the longitudinal and lateral force was described by
the coulomb friction law.

2.4.2.4 Motor-guard rail contact-impact model Hironobu
et al. [24] proposed a motor-rail (guard rail) impact model to
study the motion of motors and a developed stopper between
the guard rail during a running test. The contact/non-contact
status is determined by the contact force F,, contact point
coordinates z and velocity

Fy = (Kung/Kingo) Fao = Kimg (2 = 2) = CingZ = M 2> 0,
7 <Ahg,
£<0,
®)
where K, and K, are the current spring stiffness and ini-

tial spring stiffness depending on the longitudinal position
of the motor, respectively; C,,, is the damping ratio of the
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Fig. 14 The wheel-guard contact-impact model [62]

guard; Mg is the mass of the guard; Ah, is the vertical dis-
tance between the contact point of the motor and the guards.

2.4.2.5 Wheel-guard contact-impact model The guard
is mounted on high-risk sections of a railway track, to pre-
vent the derailed vehicle from veering off the track. Thus,
the direction of the wheel-guard contact—impact force is
transverse, as shown in Fig. 14.

The transverse contact—impact force Fr can be calcu-
lated by

Fr = fep(Pr), )

where fgp is the function between the penetration area
P and the contact-impact force, which is similar to the
force—displacement curve of the wheel-sleeper con-
tact-impact force and can be obtained from either FE simu-
lation or experiment.

2.4.2.6 Wheel-track structure contact-impact model A
unified model for describing the contact behaviour of
wheel and track components, including fastener, sleeper,
track slab, etc., was summarized by Ling et al. [49], where
the minimum distance scanning algorithm was used to
detect whether contact occurred. The contact force f,,, in
the vertical direction is defined as a function of the rela-
tive displacement between the wheel and the track compo-
nents, as shown in Eq. (10):

fnwl = kwt(uw - ut) + th(uw - ut) s (10)

where k, is the stiffness of the wheel-track structure inter-
action, which is obtained from a test or FE analysis [63]; ¢,
is viscous damping; u,, and u, are the displacement of the
wheels and track components in contact, respectively. The
tangent forces are described by the coulomb friction theo-
rem, which is related to the sliding friction coefficient g,

and the relative sliding velocity i,,, as shown in Eq. (11):

Frw = My Fo sign(=ity,). (1D
This model was applied and validated in several

dynamic derailment simulation cases [49, 57, 61, 64]. The
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contact surface between the wheel and the track compo-
nents was assumed to be smooth so that the roughness
and damage to the track components were not included in
the contact force calculation. To reflect the influence of
the surface roughness of track components on the contact
force, the multi-point contact model was proposed by Tan-
abe [40, 62, 63, 65], as shown in Fig. 15.

The contact displacement in the vertical direction between
the wheel and track structure in section i is defined as 6;
which is obtained from the displacements of track structure
ZQ, the wheel z{,v and the roughness of the surface of the track
structure in the vertical direction, as shown below:
6L =2 — oy e (12)

The contact force F; in section i is described as a function
of the contact displacement &

Fi=fc(61). (13)

where f¢ is a nonlinear function related to the contact dis-
placement. The friction in the transverse direction is defined
by the Coulomb friction theorem. Contact checkpoints are
set on rigid car bodies to detect the contact between car bod-
ies and FE track structures. The irregularity of the contact
surface is considered in the contact displacement calcula-
tion. The relationship between the contact force and the con-
tact displacement is obtained by experiments and finite ele-
ment simulation. However, the effect of the impact velocity
and sliding velocity is ignored in the vertical contact force.

A continuous contact force model based on the penalty
formulation [66] was adopted by Jun et al. [11] to con-
struct the wheel-track contact—impact model. The model

Track structure

Fig. 15 Multi-point contact spring model [40]. 6i is the displacement
of the wheels and track structure in contact, and AL is length of each
section
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considered the geometric characteristics, material properties,
friction coefficient, and impact velocity, and derived specific
formulas of stiffness coefficient K and damping coefficient
D:

K= 4 < i >1/2
3z(oy+0y) \ri+7 ’

K(1-) | (1

€

D=
0

where o, and o, are the material properties of the wheel
and track related to Poisson’s ratio and Young’s modulus,
respectively; r; and r, are the radius of the wheel and track,
respectively; v;) is the initial impact velocity; c, is the res-
titution coefficient; 4 is normal penetration depth; n is the
expression constant and is set to 1.5.

2.4.2.7 Vehicle-track structure contact-impact model A
vehicle—track components contact model was developed
based on the OBBTree algorithm [21], which can model
the contact interactions between vehicle components,
including the wheel, motor, gearbox, brake disc, and rail-
way track. In the calculation of the normal contact force,
Hertzian spring contact theory with hysteretic damping
was used, and its formula was shown as follows:

. 1+3(1_£2) s
Fy = |Kyy,62 4 60
07

6>0

6<0° (15)

where Ky, is the Hertzian contact stiffness; 6 is the contact
penetration; € is the collision restitution coefficient; 5 is the
approach velocity of the two objects at any time; 67 is the
relative approach velocity of the two contact objects when
they start to contact each other. The tangential force of the
collision can be calculated by Coulomb friction force.

The proposed model was integrated into ADAMS/rail
by secondary development to avoid computing interrup-
tion caused by the failure of the wheel-rail contact force
element when the wheel deviated from the rails and kept
a long duration.

The typical post-derailment contact—collision models
mentioned above utilize various methods, all of which
necessitate geometric analysis of the object shape to deter-
mine contact. Widely used methods for contact—impact
force calculation include the look-up table method, the
stereomechanical method, and the contact element method.
The general approach is to determine the contact status and
compute the relative displacement according to the object
geometric relationship, and then calculate the contact force
using the formula f=kx (k is the contact stiffness, and x
is the contact displacement between contact objects). As
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more contact parameters are considered, modified formu-
las need to be proposed.

2.4.3 Typical post-derailment simulation methods

The 2D simulation model of the train post-derailment dynam-
ics was widely in the early days because of its advantage in
the modelling complexity. Yang et al. [17] first proposed the
2D post-derailment dynamics model of a train in 1972. In this
model, each vehicle body had only three degrees of freedom.
Although the number of derailed vehicles generated by this
model matches well with the statistical data from authentic
derailment accidents, there was an overlap between vehicles
that does not occur in a real accident (Fig. 16a). The reason is
that this model was incapable to simulate the coupler failure,
uncoupling and collision between vehicles. References [18,
19] addressed these limitations by using stiff springs to rep-
resent the couplers. Different from Yang’s 3D model, this 4D
model can estimate vehicle rollover after derailment, as shown
in Fig. 16b. Similarly, to analyse the influence of derailed
vehicles on adjacent structures, a 2D equation was used to
describe the post-derailment motion [67]. The influence of the
derailment velocity, the friction coefficients, and the derail-
ment angle on the post-derailment behaviour were discussed.
Edward [20] in Canada used a plane rigid body model to
simulate and calculate the resistance of a truck derailment
accident. The connection between vehicles was considered
in the model, which was regarded as a hinge constraint. It
avoided the shortage of stiff springs in the Anderson model,
and the results were closer to reality, as shown in Fig. 16b.
Additional 2D post-derailment dynamics models can be found
in Ref. [46].

In the above works, all models are implemented by self-
developed computer programs. With the emergence of com-
mercial simulation software, researchers have begun to build
2D post-derailment dynamics models using commercial
multi-body dynamics software, such as ADAMS [46, 68].
The high computational efficiency of commercial software
made it easy to conduct a sensitivity analysis of a few param-
eters including the number of vehicles, the friction coeffi-
cient, the characteristics of the coupler (coupler stiffness,
length, and maximum swing angle), and the initial condi-
tion of the train (angular velocity and longitudinal velocity).

@

The results show that the derailment speed, the friction coef-
ficient, and the characteristics of the coupler have a great
influence on the overall post-derailment motion of the train.

2D simulation of train post-derailment dynamics can
tentatively reveal the forces and the interactions among
vehicles and surrounding structures under different initial
conditions, which has certain significance to understand the
train post-derailment behaviour. However, the simplifica-
tion of contact interactions in the 2D models has dramati-
cally reduced the reliability and accuracy of their simulation
results.

Generally, 3D MBS simulation is capable of model-
ling and simulating all interactions among vehicles and
under-track structures during the entire derailment pro-
cess. Compared with the above 2D models, 3D MBS
models have better performance in simulation accuracy,
but with a high cost of computation. Therefore, unlike the
2D post-derailment models constructed by self-developed
programs, almost all 3D MBS simulation cases of train
post-derailment dynamics that we found in the literature
use commercial MBS software, such as SIMPACK [58,
69], UM [70], ADAMS [21], MEDYNA [47], DADS [23],
and GENSYS [35, 36].

An MBS model of a train set was built by Han et al. [23]
using commercial MBS software DADS to simulate the
collision-causing derailment. The MBS model consisted of
20 cars, with the first 5 cars modelled in detail including
bogie, suspension element, coupler, and car body, while the
remaining 15 were simplified as lumped mass to improve
computational efficiency. This MBS model is capable of
simulating the overriding and lateral buckling phenomena
during and after a train derailment, but improvements are
needed to enhance its computational efficiency and simula-
tion capability for large structural deformations.

A comprehensive MBS post-derailment model of the
Swedish high-speed tilting train X2000 was developed by
using the MBS software GENSYS for studying its post-
derailment dynamic behaviour [35, 36, 60, 71, 72]. The
accuracy of the developed MBS models was verified through
its FE counterpart simulation in LS-DYNA. By using the
developed model, the influence of the train design param-
eters on the post-derailment behaviours and calculation con-
sequences were analysed in detail.

(b)

Fig. 16 The results of the 2D post-derailment dynamic simulation: a overlap between vehicles generated by the first post-derailment dynamic
model developed in 1972 [16, 17]; b an improved post-derailment model which can simulate the failure of the couplers [18, 19]
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A post-derailment dynamic model of a half-car was estab-
lished and implemented by the secondary development in
ADAMS/rail. But there was no comparison of the difference
or similarity between the half-car and the full-scale vehi-
cle in this study [21, 31, 39]. The post-derailment dynamic
model was also used to investigate the post-derailment
behaviour of a high-speed train set consisting of two motor
cars and two trailer cars [37].

An MBS truck-train collision model was proposed by
Ling [39], in which the truck was modelled as a nonlin-
ear mass-spring system, while the train was described in
derailed MBS model with 42 DOFs in each vehicle. A 3D
train—track dynamic model [73] based on the vehicle-track
dynamics model was developed to verify the protective
effect of guard rail on a derailed freight train and the sur-
rounding environment [11]. This model was composed of
4 subsystems, including a vehicle system, track system,
wheel-rail contact system, and coupler buffer system. The
post-derailment dynamics model was compared with a pre-
derailment dynamic model to validate its validity.

Although the MBS-based post-derailment model has
the advantages of predicting the gross motion of a train set,
fast modelling, and high computational efficiency, it cannot
simulate the large deformation when the high-speed impact
occurs after a train derails and directly analyse the stress/
strain of the contact object. In contrast, FE simulation can
clearly reflect the elastic—plastic behaviour and energy dis-
sipation between colliders after the derailment, providing
better simulation accuracy.

A simplified FE bogie model was proposed by Song et al.
[27, 74] to investigate the train post-derailment behaviours.
Instead of constructing the detailed FE bogie model, a node
with mass and moment of inertia of the bogie frame was
placed at the centre of gravity of the bogie. The reason for
simplifying the bogie was that the author assumed that the
simplified parts of the bogie will not contact the railway
track after the train derailed. This simplification reduced the
number of elements from about 80,000 to 1, as shown in
Fig. 17, which dramatically decreased the scale of the FE
model, and largely improved the solving efficiency.

However, simplified FE models usually lead to the loss of
simulation accuracy. The FEM-MBS co-simulation method,
which combines the advantages of both MBS and FE, has
become a dominant method for post-derailment simulation
in recent years. One of the combined methods is that the
nonlinear characteristics obtained from the FE simulation
are integrated into the MBS model as a force element, which
was used in an early stage of post-derailment studies. For
example, Brabie [36] developed a FE wheel-sleeper model
to generate a look-up table which was used in the MBS post-
derailment model to calculate the contact force between the
wheel and the sleeper.

Another method for combining FE and MBS in the post-
derailment study is to use force elements to directly integrate
the MBS model with the FE model. This method was proposed
by Tanabe et al. [40, 62, 63, 65] to study the post-derailment
dynamic behaviours of the Shinkansen train caused by an earth-
quake. The train and the railway structure were constructed
as a MBS model and an FE model, respectively, and a multi-
point contact springs model was used to combine the two
models. In addition, a modal reduction method and a robust
time integration method were applied to reduce the solving
time and improve the stability of the combined model, respec-
tively. Based on Tanabe’s method, a combined FE-MBS 3D
train—track—bridge model was developed by Ling et al. [39] to
predict the post-derailment behaviour of derailed trains on the
bridge. FE modal analysis was used to determine the mass stiff-
ness matrix of the bridge, and the train—track—bridge dynamic
equation was established. To efficiently compute the nonlinear
equations generated by the numerical model, an explicit integral
algorithm based on the Newmark method, which is proposed
by Zhai [73, 74], was used to solve these equations.

3 Containment methods of post-derailment
behaviours

The aim of understanding the post-derailment behav-
iours of rolling stock is to find a solution for restraining
the derailed vehicle deviated from the track centreline too

Fig. 17 The simplified FE bogie model for the train post-derailment study [27, 73]
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far, and consequently guiding and stopping a train after a
derailment in a much safer way, instead of the wheel-rail
interaction. Substitute guidance mechanisms (SGMs) are
exactly used for achieving such a purpose. They are devices
or facilities mounted on vehicles, railways, or components
of a vehicle itself to guide the running train. As a railway-
specific passive safety protection and accident prevention
method, it is proved that SGM can efficiently diminish the
severity of a derailment accident. SGMs can be roughly
divided into three types, as shown in Fig. 18.

e Vehicle component-based SGM (indicated in green in
Fig. 16). Purpose-designed vehicle components act as an
SGM, such as the brake disc, bogie frames, and gearbox
[21].

e Vehicle-mounted SGM (indicated in pink in Fig. 16).
Specific devices are mounted in the vehicle for anti-
derailment or derailment escalating containment. A typi-
cal example is the ‘L-shaped guide’ device in Japan [7].

e Railway track-mounted SGM (indicated in yellow in
Fig. 16). The guiding facilities are installed in or along
the railway track, such as guard rail, restraining rail,
and various types of derailment containment provision
(DCPs) [9].

3.1 Vehicle component-based SGMs
Past derailment accidents [71] and laboratory [12, 31] and

field tests [13] have shown that certain components of a
vehicle, such as brake discs, gearboxes, and low-reaching

Brake disc
7

Gear box

L-Shaped‘?:

guide

DCP type 2 Guard rails

D Extended parts of

bogie frames

DCP }ype 3

DCPtypel L= i- i
yz yp P Anti-overturning

device

/

® Vchicle component-based SGMs @ Railway track-mounted SGMs @ Vehicle-mounted SGMs

Fig. 18 Three types of SGMs
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Fig. 19 Typical vehicle component-based SGMs: a brake disc [12]; b low-reaching bogie frame [71]; ¢ gearbox [31]; d motor [12]; e low-reach-

ing axel journal part [71]; f coupler

@ Springer

Railway Engineering Science



Train post-derailment behaviours and containment methods: a review

bogie frames, can guide a derailed vehicle to a safe stop.
Some of the vehicle component-based SGMs are illustrated
in Fig. 19.

As shown in Fig. 19, the low-reaching bogie frame and
axle-mounted parts, including the low-reaching axle journal,
gearbox, and brake disc, have the potential to serve as SGMs
[16]. The guidance condition is created when the rails fill
into the lateral gap between the SGMs and the wheel. Lateral
derailment velocity impacts the effect of minimizing the lat-
eral displacement of the SGMs. Within a lateral derailment
velocity of 1.7 m/s, the lateral impact force generated by
the contact and collision between the vehicle component-
based SGMs (brake disc, gearbox, low-reaching part) and
the rails is enough to keep the vehicle staying on track. By
contrast, when the lateral velocity of derailment is greater
than 1.7 m/s, these components cross over the track under
the combined action of the vertical displacement produced
by the wheels bouncing from the sleepers and the lateral
displacement produced by the lateral motion of the car body,
in this case, the derailed vehicle cannot be stopped by the
vehicle component-based SGMs [24].

Motors have a smaller guidance ability compared to the
low-reaching bogie frame and axle-mounted parts due to
their different contact status [22-24]. When a derailment
occurs, the motor generally collides with the top of the rail
in the vertical direction, and sometimes slides. It cannot
help limiting the lateral displacement of a derailed vehicle.
However, the friction between the bottom of the motor and
the top of the rail can play a positive role in reducing lateral
deviation. This is because the motor is positioned higher
above the rail than the brake disc and gearbox, which pre-
vents it from making lateral contact with the rail.

Other vehicle components including the coupler (maxi-
mum rotation angle and coupler height) and wheel flange
have also the potential to reduce derailment consequences
[7, 13]. The coupler can be the ultimate barrier to avoid
lateral deviations after a derailment. If the stiffness is
robust enough, the adjacent vehicle would not be revolved
extremely [19]. The wheel flange will be constrained
between the rails and shoulders during the derailment, lead-
ing to a restriction on the lateral movement of the vehicle.

In addition, a special wheelset is designed and proved that
adding additional running area and reverse flanges is effec-
tive in preventing derailment [7].

The main way to enhance the guidance ability of vehi-
cle component-based SGMs is to increase the possibility of
contact or collision between the vehicle components and the
track by optimizing their geometry shapes, size, materials,
and positions, hence reducing or limiting the lateral offset
of the vehicle body.

3.2 Vehicle-mounted SGMs

Unlike vehicle component-based SGM, vehicle-mounted
SGMs are anti-derailment devices attached to the vehicle
for guiding a derailed vehicle. The position where they are
mounted can be in the axle box, bogie frame, etc. The exist-
ing vehicle-mounted SGMs mainly include the L-shaped
guide [7], the post-derailment stopper [24] developed by
Japan, and the post-derailment safety device developed by
China [12, 21], as shown in Fig. 20.

The L-shaped guide and the post-derailment safety device
are mounted at the axle box, but the post-derailment stopper
is attached to the bogie frame to fit the specific track struc-
ture of the Tokaido Shinkansen. All three vehicle-mounted
SGMs guide or stop the derailed vehicle by resisting its lat-
eral motion, but they are different in the way to prevent lat-
eral deviation. The L-shaped guide and the post-derailment
safety device catch on the rails, while the post-derailment
stopper catches the guard rail. The L-shaped guide is suc-
cessfully installed on the in-service trains of running on
Tohoku, Joetsu, and Nagano Shinkansen. When the wheelset
is derailed, the vehicle-mounted SGMs will contact and rub
against the side of the rail or guard, limiting further lateral
displacement, as shown in Fig. 20a.

The laboratory test of the vehicle-mounted SGMs veri-
fied their validity in low-speed conditions [26]. In addition,
the test also clarified that running and vertical bouncing
motions are the main component of the post-derailment
motion. However, the existing studies only focus on the
limitation of lateral motion without considering other direc-
tions. Therefore, optimizing vehicle-mounted SGMs with

Fig.20 Vehicle-mounted SGMs: a L-shaped guide, Japan [7]; b post-derailment stopper, Japan [24]; ¢ post-derailment safety device, China [12]
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the consideration of multi-directional coupling control needs
further study. For example, adding a hook-shaped structure
to the L-shaped vehicle-mounted SGM can help collide
with the bottom of the rail head vertically, which reduces
the kinetic energy of the derailed vehicle.

In addition, the collision between the wheelset and the
fasteners causes the failure of fasteners after the derailment,
and the force generated by the collision between the vehicle-
mounted SGMs and the track may cause the rail to tip over.
Therefore, anti-rail overturning measures are often used to
prevent the track from overturning when vehicle-mounted
SGMs work, such as reinforcing the material stiffness of the
fastener and installing protective devices on the rail web.

3.3 Railway track-mounted SGMs

Railway track-mounted SGMs here refer to the DCPs [9]
which are usually mounted in high-risk sections of the track,
such as sharply curved track sections, bridges, and areas with
a high risk of natural hazards (earthquake, landslide, etc.),
to guide or stop the derailed train, reduce the severity of a
derailment accident, and prevent the secondary damage to the
railway infrastructure. Reference [9] divides railway track-
mounted SGMs into three types: DCP type 1, DCP type 2,
and DCP type 3, as listed in Table 2. DCP type 1 generally
use the check rails to keep the rolling stock in line with the
subgrade, which is suitable for being applied on the viaduct.
The provisions are installed inside the running rails. Differ-
ent from DCP type 1, DCP type 2 is to place the provisions
outside the running rails and applied in locations where it
is difficult to use DCP type 1 due to the inside provisions.
Like DCP type 2, DCP type 3 is made of a guide wall which
is mounted outside of the running rail. The difference in the
guide wall is higher and stronger than the guide rails used in
DCP type 2. Therefore, the DCP type 3 can provide effective
containment ability for a train running at 200-300 km/h.

In Japan, due to the 2004 derailment accident caused by
the Niigata Chuetsu Earthquake, the development and study
of new passive safety protection facilities have been widely
endorsed and supported. For example, a vehicle guide wall
equipped on the ballasted ladder track was developed by
Kiyoshi ASANUMA [76]. The reinforced concrete wall is
mounted outside the track gauge, so a derailment prevention

Table 2 Three types of DCPS

Type Collision position Installed location  Being effec-
tive at high
speed

DCPtype1 Wheel Inside the gauge  Not

DCP type2 Wheel Outside the gauge Not

DCPtype3 Bogie Outside the gauge Yes

@ Springer

guard could be placed inside the gauge, further improving
the protection ability during the earthquake-caused derail-
ment accident.

Two types of protection facilities in South Korea, guide
rails and derailment containment walls, are frequently used
in high-speed railway lines [13, 54], as shown in Fig. 21.
Guard rails are employed at sharp curves, bridges, and
switches. Derailment containment walls are applied on
bridges for high-speed railways where the passing speed is
over 200 km/h and installed at a relatively long distance from
the running rails. The height of the walls is high so that the
walls can contact and collide with the sides of the bearing
axle box of the bogie when the train has an excessive lateral
motion. To evaluate the containment effect of the derailment
containment walls, a few simulations [27, 77] and full-scale
tests [13] were conducted to analyse the impact force and
containment effect in various installation situations.

Taking the guard rail as the representative of the inter-rail
device, when the lateral impact derailment occurred [69], the
wheels made multiple impacts with the guard rail, and the
energy of the whole collision process was consumed by the
wheel/rail friction, the wheel/guard rail friction, and the vehi-
cle damper. In the sensitivity analysis of the guard rail, the
installation position of the guard rail (the lateral width [58]
and vertical heights of the guard rail and the rail), the mate-
rial properties (friction coefficient, material strength, etc.)
and the installation method (fasteners, etc. [70]) have inter-
related effects on the performance of the guard rail [13, 78].

3.4 Comparison and analysis of the SGMs

Effective containment methods are crucial for minimizing
the risks and consequences of a derailment. Each of the three
typical SGMs designed to control post-derailment behaviour
has its own strengths and limitations.

Vehicle component-based SGMs are integral to the train’s
assembly and do not require additional equipment or instal-
lation. However, they serve only as auxiliary measures to

Derailment
containment

Guard rails walls

Fig.21 Guard rails and derailment containment walls used in South
Korea
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prevent derailment and are effective within a specific speed
range. Derailment at high speeds may cause the vehicle to
overturn, leading to more severe consequences. Vehicle-
mounted SGMs offer superior versatility and flexibility,
making them easy to integrate into various trains. Neverthe-
less, these systems have speed range limitations and require
periodic inspections. Therefore, they are most suitable for
prolonged operations or in harsh environmental conditions.
Railway track-mounted SGMs are highly effective in pre-
venting derailment, but their high construction costs make
them feasible only for short-distance track areas such as via-
ducts and valleys.

In Table 3, we summarize the advantages and disadvan-
tages of the three SGMs to help researchers and decision-
makers make informed choices when selecting appropriate
containment methods.

4 Future research

Although there is a general agreement on the significance
of post-derailment research in improving and enhancing
railway passive safety protection, there are still a few argu-
ments and unsolved challenges. For example, there is no
unified standard for applying post-derailment containment
methods and facilities, and different countries have differ-
ent solutions. More importantly, these solutions still lack
theoretical foundations and thoughtful analysis to support
them, such as quantified risk assessment. In addition, the
details of the existing methods need to be investigated and
further improved, such as real-time dynamics simulations,
full-scale field tests, and more refined contact modelling
methods. Moreover, the absence of validation experiments
for theoretical models of train post-derailment dynamics
poses a significant challenge in comprehending the role
of post-derailment behaviours in catastrophic derailment
accidents. Therefore, to address the above challenges, it is
necessary to further ascertain the post-derailment dynamic
behaviour and optimize derailment prevention in the future.

Table 3 The advantages and disadvantages of the three SGMs

Some practicable future research topics listed below are sug-
gested from the following three aspects.

4.1 Post-derailment behaviour modelling

A dynamic model with the ability to simulate the behaviour
of both pre-derailment and post-derailment is essential for
train post-derailment investigations. However, post-derail-
ment behaviours involve a variety of highly nonlinear con-
tact—impact interactions and large elastoplastic deformation,
which pose huge challenges in their dynamics modelling
and simulation. In order to establish an accurate dynamic
model and predict the post-derailment behaviours of rolling
stock, more factors need to be considered. For example, due
to the effect of penetration depth, the contact force between
the car body and the railway structure is strongly nonlinear
and profoundly different from the behaviours assumed by
the Hertz law. However, most of the existing contact force
dynamic models adopt the simplified Hertz spring—damper
model. Therefore, a more accurate contact—impact force
model between the car body and the railway structure needs
to be further developed as a non-Hertz problem.

On the other hand, computational efficiency is a criti-
cal factor to determine the practicability of a contact force
model. The existing MBS or FE model has relatively low
computational efficiency. Although parallel computing
shows great capabilities in improving the efficiency of con-
ventional FEM and MBS simulations, its reliance on high-
performance computers significantly inflates the expenses
associated with simulation hardware. Therefore, it is worth
exploring new alternative approaches that can deliver high
computational efficiency while maintaining a reasonable cost
level. Therefore, it is worth exploring new methods that can
achieve high computational efficiency as well as a reason-
able level of accuracy. The physics engine can approximately
simulate the dynamic behaviours of objects in the real world
based on physical principles, which have been successfully
applied in the field of virtual reality, mechanical simulations,
vehicle dynamics [52], and other sectors. More notably, the

Type

Specific facilities

Advantages

Disadvantages

Application

Vehicle component-based
SGMs

Vehicle-mounted SGMs

Railway track-mounted
SGMs

Brake disc, bogie frame,
gearbox, motor, axel jour-
nal part; coupler et al

L-shaped guide,

post-derailment stopper, and

post-derailment safety
device

DCP type 1,
DCP type 2, and
DCP type 3

No additional equipment or
installation,

easy maintenance

High adaptability and flex-
ibility,

easy installation

Effective derailment preven-
tion capabilities, and
easy maintenance

The anti-derailment
effect is limited

Speed limitation and
periodic maintenance

High installation cost
and
narrow applicability

As an aid to prevent derail-
ment

Long railway section and
harsh climatic environment

Mountainous section,
viaduct section, and
railway crossing section
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collision detection algorithms, which have already been suc-
cessfully used in the simulation of post-derailment behav-
iour [21], and the real-time rigid body simulation framework
in the physics engine, are suitable for rapidly constructing
and simulating the large-scale post-derailment model of a
train set. A tentative study of using a physics engine to simu-
late the train running behaviour has been conducted in [79],
which has proved the feasibility of using a physics engine in
the dynamic simulation of railway vehicles to some extent.
It is also noteworthy that the accuracy of the physics engine-
based simulation is inadequate. Therefore, combining phys-
ics engine and data-driven simulation methods [80, 81] is
more feasible to obtain a reasonable result.

4.2 The adverse effect of the SGMs

There is no doubt that SGMs can help to prevent derail-
ment escalation, thereby reducing the likelihood of severe
off-track derailment accidents. The question is whether there
are any adverse effects and how they manifest under different
conditions and situations. To date, several studies provide
some insight into how SGMs work in a derailment process,
but these studies focus on specific conditions, and it is not
clear whether these SGMs are robust or have adverse effects
on the safety of a running train. For instance, almost all
existing studies report that SGMs limit the lateral motion of
a derailed vehicle. However, vertical and longitudinal dis-
placements also have a significant influence on the train’s
post-derailment behaviours, especially when the vehicle
overturns and telescopes. Therefore, it is crucial to consider
the coupling effect of lateral, vertical, and longitudinal
motions on the train’s post-derailment behaviours. Further-
more, the details of known SGMs require further explora-
tions, such as geometric dimensions, material strength, and
installation location, which significantly impact SGMs’ con-
tainment ability and service life.

Meanwhile, the drawbacks and adverse effects of SGMs
require further investigation. Some are understandable, such
as additional costs and maintenance, but some need clarifica-
tion. For instance, whether SGMs may pose additional risks.
Fragmented analysis and information already indicate that
some SGMs can cause derailment escalation under specific
circumstances [9]. An example is the application of DCP
type 1. The check rail of DCP type 1 may increase the prob-
ability of wheel climb if debris stays between the running
rails. Additionally, the check rail also limits the design of
the bogie and axle. Therefore, the detailed adverse effects
of SGMs need to be specified and identified further. Mean-
while, to address these adverse effects, the optimization of
existing SGMs needs to be studied.

In addition, post-derailment protection facilities for
railway transportation have been tentatively used in
some countries, but their validity, cost—benefit ratio, and
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effectiveness have not been well investigated. To improve
safety and reduce potential catastrophic accidents, it is
urgent to develop more efficient and low-cost facilities for
passive safety protection in railway transportation.

4.3 Standardization of post-derailment
containment

Almost all existing practical applications of post-derail-
ment containment have been conducted on a case-by-case
basis. There is no unified standard or approach that can
be used as a reference or recommendation in the study
of post-derailment containment. Therefore, promoting the
standardization of post-derailment containment, including
the design of SGMs, can greatly improve the safety of the
railway system.

5 Conclusion

This paper provides a comprehensive review and discussion
of existing knowledge and findings related to train post-
derailment behaviours and current practical applications
of post-derailment containment methods for rolling stock.
Understanding post-derailment behaviours is crucial for
improving railway passive safety. In recent decades, numer-
ous simulation methods based on FEM and MBS, as well
as various practical tests conducted in laboratories or fields,
have been proposed and developed. Some of these methods
have been widely used in train post-derailment investiga-
tions. Our review summarizes key technical points of labo-
ratory and field tests of train post-derailment behaviour and
systematically sorts out the widely used FEM and MBS in
post-derailment simulation, including post-behaviour contact
modelling. We also introduce and analyse the concepts, meth-
ods, and applications of SGM-based containment methods
for train post-derailment behaviours. Finally, we propose the
potential application of artificial intelligence and physical
engines in future studies to improve the understanding of
train post-derailment behaviours, thereby enhancing railway
passive safety.
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