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The collision phenomenon of high-speed trains colliding with obstacles is prone to resulting in de-
railment. This study focuses on analyzing the mechanical responses of a high-speed train when colliding with
a deformable obstacle at different angles and speeds. The results show that the derailment initiation speed de-
creases with the increase in angle. Overall, as the angle increased from 0 to 45°, derailment risk increased.
Specifically, when the speed was 110kmh~! and the angle was 45°, the wheels of the front bogie of the head
train derailed; by contrast, no derailment occurred for collision angles ranging from 0 to 40°. When the angle
was lower than 5°, derailment did not occur even when the speed increased up to the train’s design speed of
250 kmh~!. Jumping derailment and climbing derailment were observed, respectively, when the collision angle
ranged from 10 to 25° and from 30 to 45°. It was revealed that derailment occurred due to the combined effect
of lateral and vertical forces acting on the contact interface. By establishing a derailment boundary incorporat-
ing both collision angle and speed parameters, the research provides valuable insights for railway infrastructure
design and safety speed limit determination in high-speed rail operations.

The high-speed railway network in China is experiencing
rapid development, accompanied by continuous improve-
ments in operational speed, service coverage, and transporta-
tion efficiency. Alongside such remarkable progress, how-
ever, the occurrence of train collision accidents has grad-
ually increased, posing persistent challenges to the opera-
tional safety of rail transit systems. Among various types of
railway accidents, those induced by train derailment account
for an extremely high proportion, reaching up to 60 % of all
collision-related incidents (Liu et al., 2017). As emphasized
in official reports issued by the Federal Railroad Administra-
tion, unexpected obstacles intruding onto the track are recog-
nized as one of the primary causal factors leading to sudden
train derailment during normal operation (Ling et al., 2016a).
These obstacles cover a wide spectrum of real-world scenar-
ios, including trucks and other road vehicles stranded or im-

properly traversing level crossings (Ling et al., 2016b, 2017),
urban trams intersecting with main railway lines (Zhou et al.,
2013), aged or deformed tunnel infrastructure (Yan et al.,
2020), station platforms (Li et al., 2023), bridge abutments
(Zhang and Li, 2023), and unattended maintenance equip-
ment temporarily left on the rails during engineering oper-
ations (Ling et al., 2019). In sections of railway lines with-
out fully enclosed protective fencing, large domestic animals
such as pigs and cows (Lu et al., 2021), as well as wild an-
imals including moose (Peng et al., 2023), may also enter
the track zone unexpectedly and become hazardous obstacles
that trigger severe collisions.

Compared with collisions involving conventional road ve-
hicles (Neves et al., 2018), train derailment accidents tend
to result in significantly more catastrophic consequences, in-
cluding heavy casualties, extensive structural damage, and
prolonged disruptions to transportation systems (Liu et al.,



2012; Madsen et al., 2024). A representative and tragic exam-
ple is the accident involving Taiwan’s Taroko Express train,
which collided with a construction vehicle that slid onto the
rail, leading to severe train derailment and more than 200
casualties (Jiang and Chen, 2021). This disastrous accident
strongly highlights the urgent necessity of systematically in-
vestigating the derailment mechanism of trains during colli-
sions with track obstacles, so as to support the development
of effective prevention and mitigation measures for future rail
safety management.

Obstacles involved in train collisions exhibit diverse phys-
ical and mechanical properties, leading to highly variable
mechanical responses during the impact process. For in-
stance, Ling et al. (2017) suggested that the lateral displace-
ment of the train induced by lateral impact forces repre-
sents the fundamental cause of derailment when trains col-
lide with trucks at level crossings. For inclined trucks, Zhuo
et al. (2023) further concluded that lateral wheel-set displace-
ment and wheel lift-off from the rail surface are the dominant
mechanisms responsible for train derailment. In addition, the
collision angle and initial impact speed have been widely
identified as critical parameters that significantly govern the
dynamic collision response and subsequent operational sta-
bility of trains (Zhang and Li, 2023; Yao et al., 2020; Yao
et al., 2019; Zhang et al., 2021; Hou et al., 2020). Never-
theless, most existing studies focus on fixed collision condi-
tions; few have established derailment boundaries or classify
derailment modes for deformable obstacles.

In practical engineering situations, trains may collide with
obstacles across a wide range of speeds and intrusion angles,
under which the dynamic responses and stability boundaries
may change substantially and potentially lead to derailment.
For deformable obstacles in particular, significant large-scale
deformation and energy absorption occur during the colli-
sion process (Cho and Koo, 2012; Yuan et al., 2026), causing
continuous variations in the effective contact angle and force
distribution. Therefore, systematically investigating collision
responses by varying impact angles and speeds, and further
determining the critical boundary conditions for train de-
railment, is of great theoretical significance and engineering
value for clarifying derailment mechanisms and proposing
targeted derailment prevention strategies.

Accordingly, this study establishes a refined train—obstacle
collision model using the finite-element (FE) method (Wu et
al., 2025; Giir and Cen, 2024). It analyzes the response the
train under initial collision angles and impact speeds. Based
on the simulation results, a comprehensive analysis is con-
ducted to examine the influence of collision parameters (an-
gle and speed) on dynamics and derailment risk. Finally, a
derailment boundary is proposed to critical safety thresholds
for speed trains colliding with deformable obstacles

The high-speed train collision model with obstacle estab-
lished in this study comprises three interconnected subsys-
tems: the train model, the obstacle model, and the rail model.

This research concentrates on a Chinese high-speed train
with a design speed of 250kmh~!, developing an FE model
for a three-carriage train that includes a head train, middle
train, and tail train. According to the requirements of EN
15227 (BSI, 2020), the collision mass is the curb weight un-
der normal operating conditions plus 50 % of the mass of
seated passengers, with each passenger weighing 0.08 t. The
total collision mass of the train is 167 t.

According to standard EN 15227 (BSI, 2020), honeycomb
energy-absorbing devices, train body structure, and bogies
were established for the head train. The honeycomb energy-
absorbing devices consist of an upper honeycomb energy-
absorbing device and a lower device with an anti-creep de-
vice. The train body structure includes the pilot frame, un-
derframe, driver’s cab, side walls, end walls, and roof. The
bogie is mainly composed of a traction seat, a frame, and
two wheel sets. The head train model established is depicted
in Fig. 1a. The size of the mesh is an important factor affect-
ing the simulation accuracy and computational efficiency of
rail trains. In order to balance accuracy and efficiency, in this
paper, the head train model was established with a 10 mm
grid size for the front part of the train body and a 20 mm grid
size for the rear part.

The honeycomb energy-absorbing devices are de-
fined in LS-DYNA (Hallquist, 2007) using MAT26:
*MAT_HONEYCOMB and simulated using solid
elements. Aluminum 6005A-T6 and 6082-T6 are
mainly used for the train body, and stainless steel
SUS301L_ST is used for the pilot frame (Zou et al.,
2025). These metal materials are defined by MAT24:
*MAT_PIECEWISE_LINEAR_PLASTICITY. In the bogie,
the connections between the traction seat and the frame, as
well as between the frame and the wheel sets, are simulated
using 6-degree-of-freedom discrete beam elements. These
elements are capable of simulating not only the stiffness
of springs, but also the preload of the springs. The frame,
traction seat, and wheel sets are defined as *MAT_RIGID,
the dampers as SDMATS, and the lateral stopper between the
frame and traction seat as SDMATS. The bogie suspension
parameters are exhibited in Table 1.

To validate the accuracy of the developed FE model, a full-
scale impact test of the head train against a rigid wall was
performed on a real train test rig. A comparison of the front-
end deformation between experimental measurement and nu-
merical simulation is provided in Fig. 2, while the contact
force versus compression displacement curves from both test
and simulation are illustrated in Fig. 3. The results show a
high degree of consistency in both the front-end deformation
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Figure 1. Collision model: (a) head train, (b) middle train and tail train, and (c) obstacle geometry and stiffness (A and B refer to the two

parts of the obstacle, and 1 refers to the rail surface).

profile and the force-displacement response, confirming the
reliability of the established train FE model.

Based on the modeling method of the head train, the mod-
els of a middle and tail train were established, as shown in
Fig. 1b. According to standard EN 15227 (BSI, 2020) re-
quirements, the front coupler of the head train should be
omitted from the simulation when a train collides with a 15t
deformable obstacle. Therefore, the simulation only includes
the middle couplers connecting the head and middle train, as
well as those between the middle train and tail train. The mid-
dle train coupler is semi-permanent with a gas—liquid buffer
on one end and a crush tube on the other. This is simulated
using beam elements in LS-DYNA (Hallquist, 2007). A uni-
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versal joint installed at the coupler base controlled the swing
angle of the coupler. The primary design parameters for the
middle train coupler are detailed in Table 2.

The geometric shape of the obstacle specified in standard
EN 15227 (BSI, 2020) is shown in Fig. 1c. Based on this,
an obstacle model was established, and a collision model
between the spherical impactor and the obstacle was estab-
lished to obtain the stiffness of the obstacle. The calculated
stiffness is slightly higher than the value specified in EN
15227 (BSI, 2020), which meets the standard requirements
(Yao et al., 2024). The rail model is derived from the model
of Yao et al. (2020), in which the rail is modeled as a rigid
body.

Mech. Sci., 17, 769-782, 2026



Bogie suspension parameters.

Suspension parameters

Numerical value

Primary Spring Vertical stiffness (N mm™!) 538.1
suspension Vertical maximum offset (mm) 240
Longitudinal stiffness (N mm~1) 686.3
Maximum longitudinal offset (mm) 5
Lateral stiffness (N mm_l) 686.3
Lateral maximum offset (mm) 8
Damping coefficient of vertical damper (Ns mm~1) 10
Secondary  Air spring  Vertical stiffness (N mm~ 1) 173
suspension Vertical maximum offset (mm) 480/ — 60
Longitudinal stiffness (N mm_l) 107
Maximum longitudinal offset (mm) 110
Lateral stiffness (N rnrnfl) 107
Lateral maximum offset (mm) 110
Damping coefficient of anti-hunting shock absorber 810

(Nsmm™ 1)
Damping coefficient of lateral damper (Ns mm~ 1) 15
Damping coefficient of vertical damper (Ns mm~1) 10
Stiffness of anti-roll torsion bar (N mm rad™ 1) 4150
Lateral stop stiffness (N mm~1) 100
Drawbar stiffness (N mm™! ) 1250

The primary design parameters for the middle train cou-

pler.

Design parameters Value
Buffer  Stretching Maximum impedance force (KN) 600
Maximum stroke (mm) 23

Compress ~ Maximum impedance force (KN) 800

Maximum stroke (mm) 62

Crushable tube Maximum impedance force (KN) 1500
Maximum stroke (mm) 380

Coupler swing Horizontal direction 20
angle (°) Vertical direction 6

In high-speed train collisions with deformable obstacles,
automatic single-surface contact is applied to all poten-
tial contact scenarios, including self-contacts among com-
ponents. Furthermore, automatic surface-to-surface contact
constraints are defined between wheels and rails, as well as
between the train body and the deformable obstacle. The fric-
tion coefficient for wheel-rail interaction is set to 0.008 (Li
et al., 2019), while that between the train and obstacle is 0.2
(BSI, 2020). The numerical collision model developed for

this scenario is illustrated in Fig. 4, where the instantaneous
collision angle and speed are denoted as # and V, respec-
tively, while the initial collision angle and initial speed are
defined as 6y and vy.

The instantaneous normal contact force F;, and friction
force F), at the train—obstacle collision interface are formu-
lated in Eqgs. (1) and (2) (Ling et al., 2017).

_ K(Ky, Ko) x (X¢ — Xo) 0
o cos6
F,=pF, 2

Fy

Here, K (K4, K() corresponds to the instantaneous equiv-
alent contact stiffness function between the train and de-
formable obstacle. X; and X represent the instantaneous
longitudinal deformations of the train and obstacle, respec-
tively, while w is the contact friction coefficient.

The instantaneous longitudinal and lateral forces acting on
the train are formulated in Egs. (3) and (4) (Ling et al., 2017).

Fy = Fycos6 + F, sin6 3)
F; = Fysinf F cos6 4)

The train’s longitudinal and lateral forces depend directly
on 6, highlighting the need to examine its effect on the train—
obstacle collision dynamics.
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Figure 2. Comparison of the train’s front-end crush deformation profiles from the full-scale test and numerical simulation: (a) pre-impact
initial state, (b) impact phase of the lower honeycomb energy-absorbing component against the rigid barrier, (¢) coordinated compression of
both the upper and the lower honeycomb energy-absorbing units, and (d) impact rebound state.
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Figure 3. Comparison of contact force—compression displacement
curves.

The corresponding energy conservation relation is given in
Eq. (5).

Etvo = Etvt + Eovl + Ei+ Eoi + Eq (5)

Each term in the energy conservation principle corre-
sponds to a specific energy component:

- Ew, = %mtvgz initial kinetic energy of the train

https://doi.org/10.5194/ms-17-769-2026

- Ew, = %mtvtze: kinetic energy of the train after impact

- Eoy = %movtze: kinetic energy of the obstacle after im-
pact

— Ey, Eyi: internal energies absorbed by the train and ob-
stacle, respectively

— Egq: energy dissipated during the collision due to fric-
tion, damping, etc.

Here, m and m, denote the masses of the train and ob-
stacle, vg is the train’s initial speed, and v represents their
common speed post-collision.

The momentum conservation equation for this train—
obstacle collision is formulated in Eq. (6).

MVo = MV + MoVte (6)

As documented in prior research, variations in kinetic en-
ergy represent a significant factor influencing train derail-
ment (Jun and Qingyuan, 2005). The mathematical expres-
sion for this kinetic energy change throughout the collision
is given in Eq. (7).

Ex =Ei+ Eoi+ Eq @)

Mech. Sci., 17, 769-782, 2026
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High-speed train-deformable obstacle collision model.

By integrating Eqgs. (5) to (7), the expression for kinetic
energy change is presented in Eq. (8).

mtmov(%

K= S+ mo) ®

For a fixed total mass, the magnitude of kinetic energy
variation exhibits a positive correlation with the train’s ini-
tial collision speed. Thus, increased impact speed not only
amplifies energy dissipation but also heightens the risk of de-
railment.

According to EN 15227 (BSI, 2020), 6y is 0° and vg
is 110kmh~!. In this study, 6y spans up to 45°, while
vg reaches a maximum of 250km h~!, consistent with the
train’s design speed. The train’s longitudinal (X) direction is
defined as the direction of travel. The train’s left-to-right di-
rection is defined as the lateral (Z). The train’s floor-to-roof
direction is defined as the vertical (Y). The wheel set num-
bers and wheel numbers are illustrated in Fig. 4.

The evaluation criteria for train derailment mainly use the de-
railment coefficient (DC) and the wheel load reduction rate
(WLRR) as the assessment indicators. The safety limit value
of DC in this paper is set at 1.2, and the safety limit value of
WLRR is set at 0.65 (State Administration for Market Regu-
lation, 2019). The DC ¢ was proposed by Nodel and defined
as Eq. (9) (Nadal, 1896).

Y
=75 €))

Here, Q denotes the wheel-rail lateral force, and P repre-
sents the vertical force.

WLRR 7 is defined as Eq. (10).

AP  PL— P

— = (10)
P P+ PR

n =
Here, AP signifies the wheel load reduction, and P corre-
sponds to the mean wheel weight, while P and Pr denote
the wheel-rail normal forces exerted by the left and right
wheels of a single wheel set, respectively.

Furthermore, some scholars use wheel vertical displace-
ment to evaluate train derailment. A train is deemed to have
derailed when the wheel vertical displacement exceeds the
flange height, meaning the lowest point of the flange is above
the rail head (Li et al., 2025; Jin et al., 2012). The wheel-
rail model presented in this paper is founded on LMA wheel
treads and 60 kg m~! rails (Yao et al., 2020). Therefore, the
safety threshold for the vertical displacement of the wheel is
28 mm.

When the train collided with the obstacle at 110kmh~! and
6o ranged from O to 45°, the maximum DC for the wheels
and WLRR for each wheel set on the head train are listed in
Tables 3 and 4, respectively.

When 6y was 0°, the DC of all wheels was small. When
the initial collision angle was between 5 and 35°, the DC of
some wheels of the head train exceeded 1.2. When the initial
collision angle was between 40 and 45°, the DC of all wheels
of the head train exceeded 1.2. In the instance that 8y was 0°,
the WLRR of all wheel sets was less than 0.65. With a 0y of
5°, the WLRR of wheel set 2 of the head train was slightly
less than 0.65, while the remaining wheel sets exceeded 0.65.



DC for the wheels. (Note: Bold values indicate DC exceeds 1.2.)

Wheel Initial collision angle
number 0° 5° 10° 15° 20° 25° 30° 35° 40° 45°
L1 04 13 19 20 21 19 14 18 23 17
R1 04 04 14 16 21 22 21 20 21 21
L2 04 09 05 04 08 15 18 20 52 36
R2 04 09 21 19 21 21 19 22 20 21
L3 04 05 12 17 20 17 13 08 14 21
R3 04 04 04 04 08 08 10 19 21 20
L4 04 04 04 04 07 07 26 23 23 27
R4 04 19 21 25 23 22 20 23 33 59
WLRR for the wheel sets. (Note: Bold values indicate WLRR exceeds 0.65.)
Wheel set Initial collision angle
number 0° 5° 10° 15° 20° 25° 30° 35° 40° 45°
Wheelsetl] 04 07 10 10 1.0 10 1.0 10 1.0 1.0
Wheelset2 04 06 08 10 10 1.0 09 10 10 1.0
Wheelset3 04 07 08 08 08 09 08 10 10 1.0
Wheelset4 03 08 10 1.0 10 1.0 10 1.0 10 1.0

For initial collision angles between 10 and 45°, the WLRR of
all wheel sets on the head train exceeded 0.65. As shown in
the above results, as the initial collision angle grew larger,
the DC of the wheel and the WLRR of the wheel sets rose,
along with the risk of train derailment. However, the simula-
tion results showed that only when the initial collision angle
was 45° did the four wheels at the front bogie of the head
train derail. From the aforementioned, when the DC and the
WLRR exceed the standard, derailment does not necessarily
occur. It should also be noted that the DC is the ratio of the
wheel-rail lateral force to the vertical force. When the ver-
tical force is zero, the DC cannot be calculated. Therefore,
when the wheel is not in contact with the rail, the DC value
cannot be obtained. At the same time, the WLRR is the ratio
of the difference between the wheel-rail pressure of the left
and right wheels of a wheel set to the sum of the pressures.
When one side of a wheel set loses contact with the rail, the
wheel pressure on that side drops to 0, and the WLRR of
that wheel set is 1. However, when both sides of a wheel
set lose contact with the rail, the WLRR of that wheel set
cannot be obtained. Therefore, the two parameters of WLRR
and DC cannot accurately evaluate the wheel derailment phe-
nomenon.

Among all the derailment scenarios investigated, only the
wheels on the front bogie of the head train experienced de-
railment. Accordingly, the analysis concentrated on the dy-
namic behavior of the head vehicle. As illustrated in Fig. 5,
the displacements of the wheel L1 of the head train under
different collision angles are demonstrated. The vertical dis-
placement tended to increase as 6y increased. When 6y was 0

to 30°, the vertical displacement was small. When 6y was
35°, the vertical displacement was 11.9 mm. When 6y in-
creased to 40°, the vertical displacement was 24.9 mm. That
is, when 6y was less than 40°, the vertical displacement did
not exceed 28 mm. When 6 increased to 45°, wheel L1 lifted
42.8 mm. Similarly, the lateral displacement of wheel L1 also
tended to increase as 6 increased. When 6y was between 0
and 40°, the lateral displacement was relatively small. When
6o was 45°, the lateral displacement increased to 427.2 mm.

When 6 reached 45°, the wheel exhibited a substantial in-
crease in vertical and lateral displacements, requiring further
analysis of this scenario. The displacement variations in L1
(left wheel) and R1 (right wheel) in wheel set 1 are illustrated
in Fig. 6a. As shown in Fig. 6b and c, the wheel-rail contact
forces, which exhibit variability and nonlinearity, cannot be
directly measured during train operation (Zhao et al., 2023;
Guo et al., 2025) but can be obtained through simulation. The
figure shows the wheel set from the rear, with L1 on the left
and R1 on the right.

Approximately 0.03 s after the collision, the left wheel,
L1, began to lift. At this point, the wheel-rail force of wheel
L1 became zero. Meanwhile, the vertical and lateral forces
of wheel R1 on the rail increased. This caused the wheel
to roll over to the right. Wheel L1 raised to a height of
42.8 mm at approximately 0.07 s. It then landed on the rail
at around 0.14 s. From this point onward, the vertical and lat-
eral wheel-rail forces initiated an upward trend starting at
zero. Wheel L1 climbed the rail, moving laterally to the left,
with the flange gradually ascending onto the rail. It continued
moving to the left. As the lateral displacement of the wheel
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Figure 6. Dynamic state of wheels L1 and R1 in the full duration of the collision: (a) displacement of wheels L1 and R1, (b) wheel-rail

force of wheel L1, and (¢) wheel-rail force of wheel R1.

continued to increase, the contact force between wheel L1
and the rail became zero at approximately 0.21 s, causing the
wheel to derail. This was a climbing derailment. Wheel R1
did not lift during the collision but slid to the left. At around
0.20 s, the wheel-rail contact force dropped to zero, and the

Mech. Sci., 17, 769-782, 2026

wheel was no longer constrained by the rail, resulting in de-
railment.

It is worth noting that the left wheel, L1, first experienced
a lift of more than 28 mm but did not derail. It then landed on
the rail and rose again. When the vertical displacement ex-

https://doi.org/10.5194/ms-17-769-2026



ceeded 28 mm again, derailment occurred. The vertical dis-
placement of the right wheel, R1, remained below 28 mm,
indicating that wheel vertical displacement partially reflects
derailment risk, but its predictive capability has limitations.

When the lowest position of the wheel flange surpasses the
rail surface, the wheel loses constraint from the rail; however,
actual derailment only occurs after sufficient lateral displace-
ment takes place. For this reason, the lateral displacement
is further analyzed in this study. The wheel-rail interaction
model established in this paper adopts the LMA wheel tread
profile and a 60 kg m~" rail (Yao et al., 2020). The safe value
for the lateral displacement of the wheel should be 55 mm
(Zou et al., 2025). When the lateral displacement of wheel
L1 exceeded 55 mm, the wheel derailed, as shown in Fig. 6a.
The prerequisite for this phenomenon was that the vertical
displacement surpassed the flange height of 28 mm and the
flange constraint, allowing continued lateral movement. In
other words, if the wheel vertical displacement of one wheel
exceeds 28 mm and the lateral displacement exceeds 55 mm,
then the wheel set will derail. Therefore, wheel vertical dis-
placement and lateral displacement can be combined to eval-
uate wheel derailment.

The front-end deformation is shown in Fig. 7, with 6y at
0° and vy set to a range of 110 to 250kmh~!. At a col-
lision speed of 110kmh~!, the upper honeycomb energy-
absorbing device at the front end of the head train was al-
most completely compressed. Meanwhile, the lower honey-
comb energy absorber integrated with an anti-creep device
was compressed to a small extent. Additionally, the front end
of the train was slightly dented when it hit the obstacle. When
vg increased to 140 km h~1, the deformation of the train body
became more severe. At 170 kmh™!, the driver’s cab became
severely deformed. At 200 kmh~!, it was compressed to half
its original size. At 250kmh~!, the entire driver’s cab be-
came deformed, as did the front door area of the saloon. With
rising vo, the deformation of the train was aggravated, a phe-
nomenon associated with the longitudinal force acting on the
contact interface, as shown in Fig. 8a. With a higher colli-
sion speed, the kinetic energy of the train increased, and the
longitudinal contact force also increased so that the train un-
dergoes more deformation to absorb the increased kinetic en-
ergy.

As illustrated in Fig. 9a, the vertical displacements
of wheel L1 of the head train under different collision
speeds are demonstrated. When vy was between 110 and
140kmh~1, vertical displacements of wheel L1 did not ex-
ceed 28 mm. For vy in the 170-250kmh~! interval, wheel
L1 exhibited a sustained separation from the rail, with a ver-
tical displacement exceeding 28 mm. The vertical displace-
ment increased monotonically with the increase in speed.
The generation of the vertical displacement was related to the
vertical force of the contact interface, as shown in Fig. 8b.

As the collision speed increased, the vertical contact inter-
face force increased, causing the vertical displacement to in-
crease.

The lateral displacements of leading wheel L1 under dif-
ferent collision speeds are shown in Fig. 9b. When vg was
between 110 and 140 km h™!, the wheels moved laterally to-
ward a certain distance before the wheel flange collided with
the rail. Then, the wheels moved in the opposite direction,
resulting in a positive and negative oscillation phenomenon
in lateral displacement with a small amplitude. The lateral
displacement of the wheels increased with the increase of vy
from 170 to 250kmh~!, though it never exceeded 55 mm.
The generation of the lateral displacement was related to the
lateral force of the contact interface, as shown in Fig. 8c.
As vg increased, the lateral contact interface force increased,
causing the lateral displacement to increase.

When vy reached the designed speed of 250 kmh~!, wheel
L1 significantly deviated from the rail and stayed separated
for a long time. The wheels of wheel set 1 of the head train
are taken as an example to discuss the dynamic state in the
full duration of the collision. The displacement curves of
wheels L1 and R1 are shown in Fig. 10a, which shows the
status of wheel set 1 at different times. The wheel-rail forces
of wheels L1 and R1 are shown in Fig. 10b and c.

At about 0.16 s, the left wheel, L1, underwent its first up-
ward displacement, causing the wheel-rail contact force to
reduce to zero. The right wheel, R1, followed closely be-
hind and lifted off the rail at approximately 0.18 s, with the
contact force also dropping to zero. Wheel R1 reached its
maximum height of 358.2 mm at about 0.31 s, and wheel L1
reached its maximum height of 346.7 mm at about 0.33s.
Then, the wheels began to descend. As they disengaged from
the rail constraints, the wheels underwent slight lateral dis-
placement. At 0.57 s, the lateral displacement of the wheel
L1 and R1 moving to the right reached its maximum value
of 27.5mm. The wheel flange of wheel R1 landed on the
rail at approximately 0.63 s, with the contact force increasing
from zero. The flange ran along the rail surface and gradually
slid to the left. Around 0.71 s, the flange slid down along the
rail, leading to the recovery of normal wheel-rail contact. At
this moment, the vertical component of the wheel-rail con-
tact force reached a maximum of 4,042.7 KN. After this, the
wheel ran normally along the rail surface. At approximately
0.65 s, the left wheel, L1, re-established contact with the rail
surface. The contact force then rose from zero, after which
rebound occurred and the contact force dropped back to zero.
The wheel then descended again, and at 0.67 s, the contact
force increased from zero and the wheel operated normally.
The wheel did not derail during the entire collision. This once
again proved that vertical displacement alone cannot be used
to evaluate wheel derailment.



Front end deformation diagram at different collision speeds: (a) 110kmh~=!, (b) 140kmh~!, (¢) 170kmh~!, (d) 200kmh~!,

and (e) 250 kmh~1.
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The initial collision angle 8y was set from 0 to 45° with
an interval of 5°. The initial collision speed vy was deter-
mined based on the speed 110km h~! specified in EN 15227.
For each angle, if no derailment occurred at 110km h1,
the speed was increased stepwise by 10kmh~! up to the
design speed of 250 kmh~!. If derailment was observed at
110kmh~!, the speed was decreased stepwise by 10kmh~!
to locate the critical condition. The critical speed at each
angle was determined accordingly, and linear interpolation
was adopted to obtain intermediate values. The derailment
boundary was then established by connecting these critical
speeds at each collision angle, as presented in Fig. 11.
Notably, when the initial collision angle was between 0
and 5°, the train would not derail even when vg increased
to the train’s design speed of 250 kmh~!. This demonstrates

that, with a small initial collision angle, the train is less likely
to derail. When 6y increased, derailment initiation speed gen-
erally decreased. When 6 increased to 10, 15, 20, and 25°,
the train derailed at speeds of 200, 190, 180, and 150 km h1,
respectively. As the initial collision angle increased to 30, 35,
40, and 45°, the corresponding speeds reached 140, 150, 150,
and 50 kmh~!, at which point the train derailed.

Depending on the process of train derailment, various
types of derailment can occur, such as jumping derailment
and climbing derailment. An analysis of different train derail-
ment modes showed that jumping derailment occurred in sce-
narios on the derailment boundary when the initial collision
angle was between 10 and 25°. In these scenarios, after the
collision occurred, the wheels on the front bogie of the head
train rose significantly, then fell, accompanied by a large
amount of lateral displacement. During the fall, the wheels
might have brief contact or no contact with the rail, but they
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would not return to their normal operating state. Eventually,
the wheels lost the constraint of the rail and derailed. When
the initial collision angle was between 30 and 45°, some of
the wheels on the front bogie of the head train in each sce-

nario on the derailment boundary underwent climbing derail-

ment. Climbing derailment refers to the flange climbing onto
the rail, running on the rail surface, and generating lateral
displacement toward the outside of the rail, thereby causing
the wheel to derail.
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In the scenarios on the derailment boundary where the ini-
tial collision angle was between 10 and 25°, the wheels un-
derwent jumping derailment. Taking the initial collision an-
gle of 10° and the speed of 200kmh™! as an example, the
state of the train during the entire collision process was an-
alyzed, as shown in Fig. 12. The initial state of the train is
shown in Fig. 12a, with each wheel in proper contact with
the rail. After the collision, the wheels of the front bogie of
the head train began to lift. At 0.34 s, the wheels of wheel set
1 reached its highest position, as shown in Fig. 12b. Then the
wheels descended. At about 0.55 s, wheel R1 came into con-
tact with the top surface of the rail, as shown in Fig. 12c.
Due to the excessive lateral displacement of the wheels,
the wheels failed to regain normal contact with the rail and
continued to descend. At 0.66s, the wheels dropped to the
ground, as shown in Fig. 12d. The movement states of the
wheels on the same side of the same bogie were basically the
same, such as L1, L2, R1, and R2.

On the derailment boundary, when 6y was between 30 and
45°, the wheels on the front bogie of the head train under-
went climbing derailment. Taking an initial collision angle
of 30° and a speed of 140kmh~! as an example, the state

(®)

®

State of the train in the full duration of the collision: (a)
0.0s, (b) 0.05s, (c) 0.08s, (d) 0.30s, (e) 0.39s, and (f) 0.46s.

of the train during the entire collision process is shown in
Fig. 13. The initial configuration is presented in Fig. 13a. At
0.05's, the left wheel, L1, of wheel set 1 exhibited a slight
lift, as depicted in Fig. 13b, and then dropped onto the rail
and resumed normal contact with the rail at 0.08 s, as shown
in Fig. 13c. After a brief normal operation, wheel L1 began
to climb the rail, with the flange rising to the top of the rail
at 0.30's, as shown in Fig. 13d. It then continued to drift lat-
erally at 0.39 s, resulting in derailment, as shown in Fig. 13e,
and landed on the ground at 0.46 s, as shown in Fig. 13f. The
right wheel, R1, did not lift at all. As the wheel set continued
to drift laterally, the tread of the right wheel, R1, slid along
the top of the rail until it derailed.

This coupled angle—speed derailment boundary serves as
the critical safety threshold for high-speed trains colliding
with deformable obstacles, enabling quantitative safety as-
sessment and supporting the classification of distinct derail-
ment mechanisms under varying impact conditions.

This study systematically analyzed the dynamic responses of
high-speed trains during collisions with deformable obsta-
cles at various initial collision angles 6y and speeds vg and
further established a derailment boundary model considering
the angle—speed coupling effect.

1. With v fixed at 110kmh~!, the DC, WLRR, and ver-
tical and lateral displacement of the wheels all showed
an upward trend as 6y increased from 0 to 45°. At the



45° collision angle, derailment occurred, which could
be evaluated by analyzing the combined vertical and lat-
eral wheel displacements.

2. At the 0° collision angle, even as vg increased from 110
to 250kmh~1, the wheel’s displacement increased with
speed, but no derailment occurred. Vertical displace-
ment was associated with the vertical contact force, lat-
eral displacement with the lateral contact force, and
train body deformation with the longitudinal contact
force generated during the train—obstacle collision. De-
railment was induced by the combined effects of lateral
and vertical forces at the contact interface.

3. Two distinct derailment modes (jumping and climb-
ing) are identified and linked to collision angle, pro-
viding a clear physical mechanism for derailment pre-
vention. When 6y was less than 5°, derailment did not
take place even at the design speed of 250kmh~!. By
contrast, when 6y increased to the range of 10-25°,
jumping derailment occurred at speeds between 150 and
200kmh~!. As 6y continued to rise to 30-45°, climbing
derailment was observed within the speed interval of 50
to 150kmh~!.

These findings provide practical safety guidelines for rail-
way infrastructure design and operational speed limits. The
derailment boundary analysis shows that smaller initial colli-
sion angles are associated with lower derailment risk, which
may provide a useful reference for the design and layout of
railway intersections. Larger angles lower derailment speed
thresholds, suggesting speed limits at high-risk areas like
level crossings. Future research could focus on quantifying
safety margins for high-speed railways under natural dis-
asters, particularly through multi-hazard coupling analysis
(e.g., mudslides, earthquakes, extreme weather events).

The data supporting the findings of this study
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