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This study aimed to investigate energy dissipation in train collisions. A 1/8 scaled train model, about one-dimensional in
longitudinal direction, was used to carry out a scaled train collision test. Corresponding multibody dynamic simulations were
conducted using traditional and improved method model (IMM) in ADAMS. In IMM, the connection between two adjacent cars
was expressed by a nonlinear spring and energy absorbing structures were equivalently represented by separate forces, instead of
one force. IMM was able to simulate the motion of each car and displayed the deformation of structures at both ends of the cars.
IMM showed larger deformations and energy absorption of structures in moving cars than those in stationary cars. Moreover,
the asymmetry in deformation proportion in main energy absorbing structures decreased with increasing collision speed. The
asymmetry decreased from 11.69% to 3.60% when the collision speed increased from 10 km/h to 36 km/h.

1. Introduction

The finite element (FE) method is increasingly used to study
the large elastic-plastic deformation problems in train colli-
sions. However, the calculation process is complex and time-
consuming. On the other hand, multibody dynamic methods
can predict the gross motion of a train set and the total struc-
ture deformations faster and with ease. Multibody dynamic
methods are more efficient in solving the crashworthiness
design, which is about a whole train’s deformation and energy
absorbing distribution.

Many studies have been carried out on elastic collision by
the multibody dynamics method. Kane studied the collision
of a multibody system by considering friction problems
through discrete methods [1]. Lankarani and Pereira pre-
sented a method of multiplane rigid-body systems with
friction for states after collision and considered changes in
the sliding direction by the Poisson coefficient [2]. Witten-
burg introduced the graph theory of building multibody
systems and discussed contact collision dynamics of multi-
body system [3]. Featherstone discussed a method of pos-
itive/inverse dynamics and contacts for open/closed loop

multi-rigid-body systems collision [4]. However, multi-rigid-
body systemmodels could not achieve accurate requirements
of the real system. Flexible multibody system dynamics
were therefore used to investigate large deformation problem
under impact loading. Likins proposed the hybrid coordinate
method to build floating flexible-body coordinate systems,
with the location and shape of flexible body considered to be
a combination of rigid-body’s large global motion and elastic
deformation relative to the synthetic floating coordinate [5].
Ahmed studied the flexible multibody system with large
deformation by using absolute coordinates [6]. Wittbrodt et
al. described a rigid FE method by using similarity transfor-
mation and rigid-flexible coupling system dynamic equations
generated from hinge coordinate automatically [7]. Carvalho
et al. used plastic hinges to represent structural deformations
of vehicles [8]. Jacobsen used one- and three-dimensional
multibody dynamic models for his studies and proposed col-
lision energy management (CEM) to reduce secondary dam-
age [9]. Lu studied the influence of the number of vehicles in
a train on energy absorption by one-dimensional multibody
simulation [10]. Dias and Pereira used a one-dimensional
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multibody model to study optimization methods for crash-
worthiness design by multiobjective genetic algorithms [11].
Han and Koo investigated the crash simulation of high-
speed train with an obstacle in three dimensions by using
multibody dynamics and studied derailment and override
[12]. Zhou et al. studied three-dimensional dynamic models,
influence of pitching frequencies, heights of mass centre, and
collision mass on override and derailment analysis about
two kinds of crashed freight trains on a curve [13, 14]. Yang
et al. investigated the dynamic response of a train-bridge
system subjected to earthquakes in a full three-dimensional
model [15]. The secondary impact injury of a railway vehicle
occupant during collision was studied by Xie and Tian using
one-dimensional coupling collision model in longitudinal
direction to obtain dynamic response for each car [16]. How-
ever, the coupling of large global motion and flexible-body
deformation complicates modeling and analysis of dynamics
for the flexible multibody system modeling. Compared with
research on rigid-body dynamics, the research is scanty on
large deformation crashworthiness for flexible multibody
systems.

A prototype test is expensive, difficult, and time-
consuming, which is why most studies on train collision are
carried out through simulation. Scaled model tests should
therefore be used. Scaled model test is widely used in crash-
worthiness study of airplanes, automobiles, ships, and other
structures due to its advantages in implementation, repeata-
bility, and reliability. Kao and Barley conducted a 1/10 and
a 1/2 automobile scaled model test to study the automobile
crashworthiness [17, 18]. Lowe et al. studied the crashworthi-
ness of buses on 1/25 scaledmodel test [19]. Jiang et al. studied
scaled collision law of metal cone specimen [20]. Wang et al.
studied local damage effects in a concrete target under the
impact of projectiles [21]. Xu et al. showed that scaled models
represent real models if appropriate similarity coefficients
are applied [22].

In this study, scaled model experiments were conducted
to investigate energy dissipation in train collisions. The cor-
responding multibody dynamic simulations were conducted
by TMM (traditional method model) and IMM (improved
method model) in ADAMS. The energy absorption design
equationwas improved by introducing a dynamic asymmetry
coefficient.

2. Methodology

2.1. Scaling and Similarity Method. Dimensionless analysis
is commonly used for testing models practice in situations
where equations relating to the parameters of a process are
unknown. In order to scale-test models correctly, coefficients
accounting for similarity in material properties, geometry,
load, and dynamic properties are calculated based on the
Buckingham 𝜋 Theory [22, 23], which can be described as
follows:
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All material property similarity ratios are set as 1.0 using
dimensional analysis. The similarity coefficients of geometry
and mechanics parameters are presented in Table 1.

2.2. Design of Scaled Model Test. The scaled train model was
designed using scaling and similarity method. The design of
corresponding small structures of the train proved difficult.
Therefore, the scale model was a simple one-dimensional
mechanical equivalent to the train model in the longitudinal
direction. Each car was simplified into an iron block and
the energy absorption structures with plastic deformation
weremade with honeycombs and the buffer between two cars
was made with rubber. The mechanical properties of these
materials were close to the energy absorption structures and
draft gear.Their mechanical properties are shown in Figure 1.
Quasi-static compressive force-deflection curves of one kind
of honeycomb (100mm ∗ 100mm ∗ 80mm) (Figure 1(b))
and rubber (10.3mm∗10.5mm∗8.3mm) (Figure 1(d)) were
obtained by usingMechanical Testing and Simulation (MTS).

A scale factor 𝑆 of 1/8 was used. The design of the scaled
model is shown in Table 2. In order to prevent unbalanced
distribution of the load, the honeycomb was put on both
sides symmetrically. Large deformations mainly occur in the
first and second cars [11]; therefore, honeycombs were only
placed on a single side between cars 2 and 3, cars 3 and 4,
and cars 4 and 5.The rubber and honeycombs after car 5 were
removed, as shown in Figure 2(a).The numbers in Figure 2(a)
correspond to those in Table 2.

Based on the railway safety test of “EN 15227-2008” [24],
the collision occurs between a moving and a stationary train
at a speed of 25 km/h, as shown in Figure 2(b). The moving
train was represented by a moving car, whose mass was equal
to the whole scaled train. The energy absorbing structures in
front of the moving car were the same as the structures in
the head car of the scaled model. All objects were placed in
a 3-meter track to prevent movement in any direction except
longitudinally.

During the experiment, a moving car impacted the left
side of the model. The honeycombs were compressed and
absorbed energy, and the iron blocks moved forward with
the moving car. A high-speed digital camera, with a sampling
interval of 0.2ms (corresponding to 5000 frames/second),
was used to capture the deformation of the scaled trainmodel.

2.3. Simulation. For a marshalling train, when a longitudinal
collision occurs, not only longitudinal impact load tension
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Table 1: Scaling parameters.

Category Independent parameter Dimension Similarity factor

Material

Stress (𝜎) 𝐹𝐿
−2 1.0

Strain (𝜀) — 1.0
Elastic modulus (𝐸) 𝐹𝐿

−2 1.0
Poisson’s ratio (𝜇) — 1.0

Density (𝜌) 𝐹𝐿
−4
𝑇
2 1.0

Geometry
Length (𝐿) 𝐿 S
Area (𝑆) 𝐿

2 S2

Volume (𝑉) 𝐿
3 S3

Energy Elastic and plastic energy, kinetic energy (𝐸) 𝐹𝐿 S3

Mass (𝑚) 𝐹𝑇
2
𝐿
−1 S3

Dynamic

Load (𝐹) 𝐹 S2

Time (𝑡) 𝑇 𝑆

Displacement (𝛿) 𝐿 𝑆

Velocity (𝑉) 𝐿𝑇
−1 1.0

∗
𝐿, 𝐹, and 𝑇 are base quantity dimensions. 𝐿: length; 𝐹: force; 𝑇: time; 𝑆: similarity factor.
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Figure 1: Mechanical property curves.

but also compression movements are caused, as well as verti-
cal and lateral loads and the torque of the three directions.The
impact force and energy are great. Ignoring the overriding
andderailment, each car bodymainly produces a longitudinal
motion and deformation. Therefore, the one-dimensional

multibody dynamic model was used to simulate the train
collision.

The buffer is a recoverable elastic element, whereas
collapsed tubes, main energy absorbing structures, and
car bodies are unrecoverable plastic elements. Reasonable
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(a) Design of scaled model (b) Experiment scene

Figure 2: Scaled train collision test.

Table 2: Design of scaled model.

Number Structure Parameter name Real value Scaled value Design in experiment
1

Cars

Car 1 mass 46.6 t 91 kg

Iron blocks
Size: cross-sectional area 200 ∗ 440mm2

2 Car 2 mass 50.9 t 99 kg
3 Car 3 mass 56.0 t 109 kg
4 Car 4 mass 48.5 t 95 kg

5

Car 5 mass 50.0 t 98 kg
Car 6 mass 53.3 t 104 kg
Car 7 mass 56.0 t 109 kg
Car 8 mass 47.2 t 92 kg

6 Buffer in head car Compression 87mm 10.875mm Rubber
Size: 200 ∗ 400 ∗ 20mm3Max. force 600 kN 9.375 kN

7 Collapsed tube in
head car

Length 500mm 62.5mm Two honeycombs
Size: 190 ∗ 270 ∗ 78mm3

Strength: 0.18MPa
Steady compression force of

plastic deformation 600 kN 9.375 kN

8
Main energy

absorbing structure in
head car

Length 3000mm 375mm Two honeycombs
Size: 190 ∗ 160 ∗ 400mm3

Strength: 0.56MPa
Steady compression force of

plastic deformation 1100 kN 17.1875 kN

9–12 Buffer in middle car Compression 100mm 12.5mm Rubber
Size: 200 ∗ 400 ∗ 20mm3Max. force 1000 kN 15.625 kN

13–16 Collapsed tube in
middle car

Length 500mm 62.5mm Two honeycombs
Size: 190 ∗ 190 ∗ 65mm3

Strength: 0.44MPa
Steady compression force of

plastic deformation 1000 kN 15.625 kN

17 Car body Steady compression force of
plastic deformation 1500 kN 23.4375 kN

A honeycomb
Size: 190 ∗ 440 ∗ 20mm3

Strength: 0.27MPa

nonlinear force elements should therefore be adopted to
simulate their work status. After analyzing the characteristics
of energy absorption structures, performance curves were
drawn as force-displacement curves. Nonlinear springs were
used to simulate the performance characteristics of energy
absorption structures, which can be used to simulate any
elastic-plastic deformation [14].

Using collision energy management (CEM), all energy
absorption structures successively absorb energy in an
orderly and controlled way. When a longitudinal collision
occurs, the buffer produces elastic deformation to absorb
energy. After the buffer reaches maximum stroke, the impact
force triggers collapse of the tubes. Collapsed tubes produce
plastic deformation to absorb energy. Then, the main energy
absorbing structures were compressed, and finally car bodies
were destroyed. The force-displacement curves between two

cars were given according to work thresholds of energy
absorption structures designed in Table 2.

Corresponding simulation was constructed using the
ADAMS software. In the one-dimensional model, longitudi-
nalmotion anddeformationwere considered.Meanwhile, the
buffers were modeled by nonlinear springs, taking their load-
ing and unloading characteristics into account (Figure 1(c)).
Considering collision safety, energy absorption structures
should not only have good energy absorption characteristic,
but also provide steady or almost steady compression force
to avoid an excessively high rate of retardation. The steady
compression force is very important to the design and pre-
diction of retardation.Therefore, an ideal force-displacement
curve was used to express its characteristic (Figure 1(a)). The
force-displacement curve of the honeycomb used in test was
almost steady. Collapsed tubes and main energy absorbing
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Figure 3: Traditional method model (TMM).

structures’ peak forces were 1.5 times the steady compression
forces. The friction coefficient between the train and rail was
0.1.

According to the first-kind Lagrange equation, the equa-
tions for the one-dimensional dynamic model of motion can
be written as follows:

𝑀
𝑖
⋅ �̈�
𝑖
= 𝐹
𝑓

𝑖
+ 𝐹
𝑏

𝑖
+ 𝐹
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𝑖
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where𝑀
𝑖
is the mass of the car body; 𝑞

𝑖
is the displacement

of the car body; 𝐹𝑓 is the force of rolling friction; 𝐹𝑏 is the
force of sliding friction; and 𝐹𝑠 is the nonlinear spring force
between two cars.

We performed both traditional and improved multibody
models of the experiment. For the traditional method model
(TMM), the connection between two cars was expressed by
a nonlinear force for both the head (Figure 3(a)) and the
middle (Figure 3(b)) cars.The force combined themechanical
characteristics of the buffer and energy absorbing structures,
but the peak forces of plastic deformation structures were not
taken into account, which also influenced energy absorption.
This would lead to a discrepancy between the experiment
and simulation. Although the total deformation between two
adjacent cars could be calculated by TMM, the deformation
of structures at both ends of the carswas uncertain.Therefore,
an improved method model (IMM) was used.

For IMM(Figure 4), each car bodywas divided into three:
𝑀
𝑖1
,𝑀
𝑖2
, and𝑀

𝑖3
. Both ends of the carswere the deformation

regions, and the mass of the deformation region was about
one-tenth the original mass. The contact between head cars
was buffer force (Figure 4(b)), and the connection force
between two adjacent cars from car 1 to car 5 was another
(Figure 4(c)).Thedeformation of energy absorbing structures
in region 1 of head carwas regarded as an inside force between
the moving car and region 1. Region 2 operated in a similar
way.The force is shown in Figure 4(a). For other deformation

regions from 3 to 10 inmiddle cars, the equivalent substituted
force is shown in Figure 4(d). Equation (4) can be changed as
follows:
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where 𝐹12
𝑖

is the nonlinear force between 𝑀
𝑖1
and 𝑀

𝑖2
and

𝐹
23

𝑖
is the nonlinear force between𝑀

𝑖2
and𝑀

𝑖3
.

3. Results

The contact between the moving car and honeycomb was
considered as time zero. The speed of the moving car was
22.8 km/h (6.344m/s) at time zero. The speed reduced from
25 km/h to 22.8 km/h before collision because of energy
dissipation from friction between the rails and wheels of
the moving car. Figure 5 shows the cases before collision,
during collision, and after collision of honeycombs. The
values of deformation and two corresponding simulations are
shown in Tables 3 and 4, respectively. Only total deformations
between adjacent cars were obtained in TMM; their location
names are identical between Table 3 and IMM. For example,
deformation betweenmoving car and car 1 is named “regions
1 and 2 in total.” A large deformation was found in regions
1 and 2, but no deformation was seen in region 2. In the
simulation, slight deformation was found after region 2 in
TMM and IMM. Collapsed tubes in region 1 and region
2 were condensed in the experiment and simulations. In
addition, all data in simulations were larger than those in the
experiment, and the results of TMMwere slightly larger than
those of IMM.

Figure 6 shows a comparison of the velocities between the
experiment and simulations.The velocities of the experiment
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Table 3: Comparison of deformations between experiment and TMM.

Location Deformation for
experiment (mm)

Deformation for
TMM (mm)

Difference
(mm) Relative error

Regions 1 and 2 in total Collapsed tube 116 125 9 7.83%
Main energy absorbing structure 333 383 50 15.02%

Regions 3 and 4 in total Collapsed tube 0 2.2 2.2
Car body 0 0 0

Regions 5 and 6 in total 0 1 1
Regions 7 and 8 in total 0 1 1
Regions 9 and 10 in total 0 0 0
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Figure 4: Improved method model (IMM).

(a) (b)

(c)

Figure 5: Impact process recorded by high-speed camera: (a) before collision; (b) during collision; (c) after collision.

were the speeds ofmarks on the centre of iron blocks captured
by the camera. The velocities for TMM and IMM were the
speeds of mass in the centre of each car. Figure 6 shows
that the simulations agreed well with the experiment on
the movement of each body. The experiment velocities were
slightly higher than those of the simulations. The velocities

of bodies at the stable moment are listed in Table 5. Figure 6
and Table 5 show that although the velocities in TMM at the
stable time were much closer to the experiment than those of
the IMM, the overall trend of velocity curves from IMM was
more consistent with that of the experiment. The stable time
of IMM is 0.164 s and differs from that of the experiment by
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Table 4: Comparison of deformations between experiment and IMM.

Location Deformation for
experiment (mm)

Deformation for
IMM (mm)

Difference
(mm) Relative error

Region 1 Collapsed tube 56 62.5 6.5 11.61%
Main energy absorbing structure 199 224 25 12.56%

Region 2 Collapsed tube 60 62.5 2.5 4.17%
Main energy absorbing structure 134 150 16 11.94%

Regions 1 and 2 in total Collapsed tube 116 125 9 7.76%
Main energy absorbing structure 333 374 41 12.31%

Region 3 Collapsed tube 0 0.5 0.5
Car body 0 0 0

Region 4 Collapsed tube 0 0.6 0.6
Car body 0 0 0

Regions 3 and 4 in total Collapsed tube 0 1.1 1.1
Car body 0 0 0

Regions 5 and 6 in total 0 2 2
Regions 7 and 8 in total 0 1 1
Regions 9 and 10 in total 0 3 3

Table 5: Velocities of bodies at stable time.

Stable time (s) Velocity (m/s)
Moving car Car 1 Car 2 Car 3 Car 4 Car 5

Experiment 0.143 3.065 3.086 3.087 3.075 3.080 3.085
IMM 0.164 2.902 2.887 2.881 2.881 2.895 2.904
TMM 0.176 2.978 2.980 2.975 2.982 2.984 2.986
∗Stable time: the time when moving car’s speed is equal to cars and after that moment moving car’s speed is smaller than cars and honeycombs.

0.021 s with an error of 14.69%. For TMM, the difference value
is 0.033 s and the error is 23.31%.

Figure 7 shows the energy absorbing distribution of each
region. R1, R2, R3, R4, R5-R6, R7-R8, and R9-R10 represent
the energy absorbed by regions 1, 2, 3, and 4, regions 5 and
6, regions 7 and 8, and regions 9 and 10, respectively. Table 4
shows that structures in IMMwere compressedmore severely
and absorbedmore energy than those in the experiment.This
is due to the presence of vertical and lateral loads and the
torque of three directions in the experiment, which were not
considered in simulation. However, Figure 7 shows that the
energy absorbing distribution was similar between the IMM
and the experiment with the largest difference of proportion
being 1.01% in R2.

In addition, such a conclusion can be obtained from the
comparison between R1 and R2. Although two trains are
symmetric with the collision interface, the deformation and
energy absorption of structures in the moving car are larger
than those in the stationary car.

4. Discussions

Similar to TMM in this study, many previous studies [9–
16] have considered the connection and energy absorption
structures at the end of two adjacent vehicles as a simple force,

whichmade the deformation of structures at the ends of vehi-
cle uncertain. In Jacobsen’s study [9], a 3D dynamic model of
train collisions was used with connection and energy absorp-
tion structures replaced by a force, as shown in Figure 8,
and the corresponding real train collision experiments were
carried out. Nonlinear characteristics of the draft gear and the
initial peak value of plastic deformation were not considered.
Therefore, the speed curves in the 3D dynamic model differ
from those of the test. The greater the distance from the
impact point, the bigger the difference of speed between the
simulation and test.

In Lu’s study [10], energy absorption design for the head
car in a train was carried out, and the energy absorption for
middle cars was designed based on the head car as follows:

𝐸
𝑑
=

𝑅
1

2𝑓
𝑑

⋅ 𝑘
1
, (7)

𝑘
1
=

1

2

𝑀
1
V2, (8)

𝐸
𝑖
= 𝑅
3
𝐸
𝑑
, (9)

where 𝐸
𝑑
is energy absorption of head car; 𝑅

1
is energy

absorption rate of collision interface in head car, and it is
about 0.873∼0.904; 𝑓

𝑑
is dynamic parameter and 1.2 is the

suggested value; 𝑘
1
is kinetic energy of head car; coefficient
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Figure 6: Continued.
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Figure 6: The comparison of velocity between experiment and simulations.
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2 indicates that the energy is evenly distributed between two
head cars; 𝑀

1
is head car mass; V is head car velocity; 𝐸

𝑖
is

energy absorption of a middle car; 𝑅
3
is the absorbed kinetic

energy ratio of first and second collision interfaces.

According to this paper, a coefficient of value 2 in (7)
is not suitable because energy is asymmetrically distributed.
The asymmetry may be related to the collision speed and
requires further investigation. The deformation and energy
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Table 6: Structure deformations and energy absorption of head car at different collision speeds.

Location 10 km/h 22.8 km/h 36 km/h
Deformation (mm) Energy (J) Deformation (mm) Energy (J) Deformation (mm) Energy (J)

Region 1 Collapsed tube 62.5 586 62.5 586 62.5 586
Main energy

absorbing structure 16.1 277 224 3850 580 9969

Region 2 Collapsed tube 62.5 586 62.5 586 62.5 586
Main energy

absorbing structure 10 172 150 2578 502 8628
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Figure 9: Energy absorption in main energy absorbing structure.

absorption of head car under three different collision speeds
were also obtained by IMM (Table 6). As collapsed tubes
were totally compressed, the asymmetry mainly occurred in
two main energy absorbing structures. The energy absorbing
distribution of two main structures at different velocities is
shown in Figure 9(a), and the asymmetry trend is shown in
Figure 9(b). The value of asymmetric deformation increases
with the collision velocity according to Table 6, but the value
of asymmetry in percentage falls to 3.60% from 11.69%. The
asymmetry of energy absorption in head car is decreasedwith
the increase of collision speed.

Therefore, (7) can be improved as follows:

𝐸
𝑑
=

𝑅
1

2𝑓
𝑑

⋅ 𝑘
1
⋅ 𝑎, (10)

where 𝑎 is the dynamic asymmetry coefficient: the dynamic
asymmetry coefficient of head car is represented by the
main energy absorbing structure in head car, which is a
conservative estimation. The mutual relationship between
𝑎 and V is obtained by second-order polynomial fitting.
Equation (10) can be replaced as follows:

𝐸
𝑑
=

𝑅
1

2𝑓
𝑑

⋅

1

2

𝑀
1
V2 ⋅ (−0.025V2 + 0.566V + 120.3)%. (11)

In this study, a 1/8 scaled model test of train collision was
carried out, and an IMM was put forward. The comparison
of IMM and TMM showed that the IMM is more reasonable.
Lu’s study about energy absorption design was improved
based on the IMM by taking into account the asymmetry of
energy absorption.

However, the current study has several limitations. The
test was only carried out at 22.8 km/h. Higher and lower
speeds should be used in future experiments. Only one-
dimensional experiment and simulation with large plastic
deformation had been conducted.Three-dimensional studies
need to be carried out. In addition, only a 1/8 scaled model
was studied. Full scaling models and other scaled factors
should be used in future studies.

5. Conclusions

In this paper, a 1/8 scaled trainmodel was designed and scaled
train collision test was carried out to investigate the energy
dissipation of train collision. The scaled model was one-
dimensional in the longitudinal direction. The simulation of
the experiment was conducted by TMM and IMM. In TMM,
connection structures and energy absorption structures at the
end of a vehicle were replaced by only one force. Conversely,
in IMM, the connection between two cars was expressed by
a nonlinear spring, and energy absorbing structures were
represented by equivalent forces, instead of one force.

Simulation results showed that both models agreed with
the experiment. However, IMM could better simulate the
motion of each car in experiment and also displayed the
deformation of structures at both ends of a car. Moreover,
IMM showed that (for speed 10 km/h to 36 km/h) although
two trains are symmetric with the collision interface, the
deformation and energy absorption of structures in the mov-
ing car are larger than those in the symmetric region in the
stationary car. The asymmetry decreased with the increase of
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collision velocity. The energy absorption design equation in
Lu’s study was improved by introducing a dynamic asymme-
try coefficient.
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