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SIMULATION METHOD FOR MEASURING THE IMPACT ENERGY OF
RAIL VEHICLES EQUIPPED WITH A SOFT ABSORBER

Summary. This paper presents a simulation method for testing the energy absorbed by
the absorption systems of rail vehicles equipped with a soft absorber. The method makes
it possible to verify the actual behavior of the absorption system during the impact of two
vehicles. The first part of this paper describes the structural elements of a railway vehicle
performing the function of an energy absorber during an impact according to the EN 15227
standard. A soft absorber, the so-called honeycomb, is analyzed in detail. It is a
multicellular structure often used in rail vehicles due to its properties of controlled
deformation. The literature review describes the research conducted on this element. The
analytical part of this paper describes a general mathematical model of a rail vehicle
collision according to Scenario 1, in which the collided vehicles are of the same type, and
Scenario 2 for vehicles of different types. A computational impact simulation for the two
scenarios has been carried out using the specialist software Mathcad, and the results are
presented in graphs. The paper ends with conclusions presenting the application
possibilities of the developed tool.

1. INTRODUCTION

As the economic level of each country increases, so does the need for rail transport. This branch of
transport plays a crucial role in the economy, allowing goods and people to be moved around. The
popularity of railways is due to many factors, one of which is the high level of safety. Safety in rail
transport depends on many factors. These mainly include the organization of transport and traffic, the
technical condition of rolling stock and infrastructure, and the professional qualifications of staff and
the way in which they carry out their duties. However, rail is a relatively safe form of transport, and the
statistics seem to confirm this. In 2020, there were a total of 1331 significant accidents in the European
Union, with 687 fatalities. The vast majority of adverse events resulted from pedestrians or motor
vehicles encroaching on the track [1]. Collisions between two railway vehicles usually represent a small
proportion of adverse events (e.g., in 2020, there were a total of 13 collisions, representing less than 2%
of all incidents within European Union countries).

Nevertheless, as demand for rolling stock increases, so does the likelihood of collisions. It is therefore
worth considering the question of the structural safety of modern vehicles. During a collision between
two railway units, the engine drivers are the most vulnerable to death or serious injury because it is the
extreme parts of the train that are damaged during an accident [2]. It is for this reason that various design
solutions have started to be implemented to protect engine drivers. According to EN 15227, passive
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safety elements are to provide protection against climbing phenomena (anti-climbing systems), offer a
safe survival zone for the driver, reduce deceleration, and above all, absorb energy during an impact by
dissipating kinetic energy [3]. The latter role is fulfilled by suitable structural components manufactured
from highly ductile materials. These components include railway buffers, a controlled crumple zone,
and absorbers, including soft absorbers (so-called honeycombs) [4].

2. THE SOFT ABSORBER AS A PART OF IMPACT ENERGY ABSORPTION

A soft absorber, or a so-called honeycomb, is an object with thin walls and a multicellular structure.
It is used in the railway industry quite often due to its strength-to-weight ratio, especially in the case of
high-speed railways, where the absorber system has to absorb a very large amount of energy during an
impact [5-7]. Honeycombs used in railways are made of aluminum, mainly due to its low stiffness and
density, controlled deformation, and stable impact force [8]. Composite materials are also used due to
their lightness and environmental benefits [9]. It is also worth emphasizing the low cost of using this
solution [10, 11]. Researchers from all over the world have studied the ability of thin-walled honeycomb
structures to absorb energy during an impact, and the pioneer in this field was J.M. Alexander [12], who
studied the problem of the collapse of axially compressed cylindrical pipes. The static and dynamic
properties of thin-walled circular, square, and multicellular structures were studied. Calculations,
simulations, and experiments on real objects were carried out.

In order to verify the actual amount of energy absorbed by a component or set of components, a crash
test should be carried out [13]. Its purpose is to confirm the computer simulation and crashworthiness
calculations based on the requirements in EN 15227, There is also a need for tests to calibrate theoretical
models. Nowadays, most such tests are performed using the finite element method, and for the
simulation of crash tests of railway vehicles, the LS Dyna software is most commonly applied [14]. This
method is highly accurate and offers a wide range of possibilities, but it is time-consuming and
expensive. Therefore, in order to optimize the time and costs needed for the simulation of the impact
with the use of the finite element method, it is worth using a mathematical model that enables an initial
verification of the behavior of the absorption system. This is what the method presented in this paper
offers.

3. SIMULATION OF CRASH TESTS

In this paper, collision scenarios are analyzed according to which railway vehicles may hit vehicles
of the same type (Scenario 1 according to PN-EN 15227) or another type (Scenario 2 according to PN-
EN 15227). Fig. 1 presents schemes of such cases numerically simulated in the paper. Fig. 1a shows a
collision of two identical vehicles on the route according to Scenario 1. Fig. 1b shows an experimental
collision according to Scenario 1, where the second vehicle is replaced by a test car with a so-called
rigid headwall. Instead of a whole train set, a model containing one lead car with an appropriately chosen
equivalent mass and speed is considered. The effects of buffers and couplings connecting the wagons
are neglected. All dynamic effects related to the behavior of the bogies are also neglected.

3.1. General mathematical model of vehicle collision

The general formula for the kinetic energy of a vehicle immediately before impact, which forms the
basis for further considerations in this paper, is as follows:

Ek:_'m'vza (1)
where

m=m +2-mw+%-mo )



Simulation method for measuring the impact energy of rail vehicles equipped with a soft absorber 17

v - vehicle speed,
m - calculated mass of the vehicle,
mop - weight of the wagon body,
My - mass of one bogie, and
Mo - total mass of passengers.
Vw=y —= —— =V
, B
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Fig. 1. Schematics of simulated crashes: a) a crash between two identical vehicles on the route according to
Scenario 1 and b) an experimental crash according to Scenario 1 (the second vehicle is replaced by a
test wagon)

The collision itself can be described as follows. Suppose that two bodies with masses m; and m, and
initial velocities v; and v; collide perfectly inelastically. Let both velocities have the same direction and
let v be greater than v, (that is, the first body catches up with the second). During the collision, the two
bodies are deformed and joined so that after the collision, they move together with velocity u. During
this collision, there are no conservation forces acting in the isolated system, and therefore, no mechanical
energy is conserved. On the other hand, momentum is conserved, from which the following formula is
derived:

m1171+ mzvz &S (m1+ mz)u. (3)

Hence, the common velocity after the collision is

miv1+ myv;

“4)

u =
mi+m,
Knowing the kinetic energy of both bodies before the collision, as well as the kinetic energy of the
solid formed as a result of the collision, one can calculate the loss of kinetic energy converted into other
forms of energy:

1 1 1
E= 5m1v12+ Emzvg -2 (my+ my)u?. 5)
Ultimately,
— 1 mm, _ 2 1 2
= 2mitm, (v —v3) 2 MeVo™. (6)

The product of the two colliding masses divided by their sum represents the so-called reduced mass
m, of the system. The difference between velocities v; — v, is the relative velocity vo. Thus, the loss of
kinetic energy transformed during an inelastic collision into other types of energy is proportional to the
reduced mass of the system and the square of the relative velocity.
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3.1.1. Collision of two identical vehicles on the route

First, a simulation of a real-world collision between two identical vehicles was considered, as shown
in the diagram in Fig. 1a. According to EN 15227, this is Scenario 1.

We assume perfect symmetry of the vehicles and that their behavior during the collision is the same.
Therefore, we can write

my =m, =m, @)

Xy = —X1 = —X, (8)
and

VL=V, Uy = —U. )

Following the examples analyzed in the monograph [15], we describe the problem using the
conservation of momentum principle:

m1171+ mzvz == m15€1+ mzxz. (10)

However, the result is only an identity: 0 = 0. In contrast, applying the principle of conservation of
energy gives the following result:

1 1 1 . 1 .
5m1v12+ Emzvz2 = Em1x12+ Emzxg +E (11)

or
mv? =mx?+E. (12)

After simple transformations, we obtain
.2 _ &
X’ =v , (13)

and after substituting the formula, we get
E = El + E2 = 2E1. (14)

Then, after two-sided differentiation, we finally obtain a differential equation of the form

cpo— _ 1dE
X% = ———=. (15)

3.1.2. Mathematical models for experimental tests

The experimental tests are mainly aimed at calibrating the theoretical model. Experimental tests are
performed only according to Scenarios 1 or 2.

Instead of actual masses, the test vehicles have masses m and mp. One of the vehicles (my ) is the
block (i.e., a stationary, unbraked special test wagon) (Fig 1(b)). For Scenario 1, the block is a test wagon
with a rigid blocking plate. In the test for Scenario 2, a freight wagon containing ballast in the form of
loose material is used. The mass mp may vary in time (e.g., due to the sloshing of the loose ballast
against the walls of the wagon).

The above assumptions can be written as follows:

X=X — Xy (16)
mey = const(t), My (t), we(t) = #t(lt) (17)
vy =V, vy = 0. (18)

According to [15], we have two equations:
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(19)

My Uy + M0 = My X1+ M X,
1 2 1 .2 1 .2
>Mule = Emt1x1+ 5 M2 X3 + Eq +Ep

By the appropriate transformations of the above equations, the final form of the differential equation
can be obtained:

N A e  EutEn

XX ==7h T (1+ ) My (20)
If the mass of the test vehicle constituting the block is constant (i.e., when m, = const(t)), then

Ky = const(t) and Equation (20) will take the form of

Ep1+Ee

Xx=—-14+p)- e2y)

Mey

3.2. Simulation of impact tests including absorbers

The analyzed energy-absorbing system consists of two buffers as well as an absorber proper (i.e., a
so-called honeycomb) (Fig. 2). The absorber starts to deform under the influence of a relatively small
compressive force P,, which is below the maximum force transmitted by the buffers P, [16]. In order to
absorb the required amount of energy, the absorber must have a sufficient stroke /., which can be pre-
calculated. The formula for its length is determined below.

Pa lzl Pa Pz P(-X)
Y I i
g P
Q. a
g
g I A P, II le
m
1 111
y
[
o) X
=
2
Kl
<

Fig. 2. Diagram of the absorption system comprising a buffer (range I and III) and a honeycomb absorber
(range II), the consecutive stages of the system and its characteristics, and forces and displacements

The following designations were used for the passenger vehicle absorption system:
P, — load force on the absorber,

P, — maximum force on buffers,

v — vehicle speed,

k — stiffness of the pair of buffers,

X, X1, X2 — coordinates defining the position of the vehicles,
m, mi, my  —masses of the colliding vehicles,

v, Vi, V2 — speeds of the colliding vehicles,

l21, Iz — buffer working lengths,

A — absorber stroke length,

A — auxiliary size (ratio of buffer lengths), and

E\ E», E . —energy absorbed by the absorption device of one vehicle.
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According to Fig. 2, the energy that can be absorbed by the buffers is

Epq =5k I2, (22)
where
L =L + L. (23)
Hence, the formula for bumper stiffness is
. (24)
Using the following formulae for the forces in the bumpers, we obtain
P=k-l,, bL=k-l,y orazP, =A-P,, (25)
where
A=0,6+1. (26)

The formula for the energy absorbed by the absorbing system (as shown in Fig. 2) can be obtained
with the following formula:

1 12,

1
Ewa=F- [E ) lzl+ (la+lzz )+ 21 1] (27)
or

2
Ewa=h" [la+ %] (28)

The final energy absorbed by the absorption system is calculated as

1Z

Eua =P [lat 2| (29)

Z1

Since E,; = Ey, it is possible to determine the size (length) of the absorber stroke needed to transfer
kinetic energy as

B B _me’_ 8
la = Py 2l 2Py 2l (30)
Meanwhile, overall length is calculated as
le=1,+1,. 3D

Considering the diagram in Fig. 2, we have the following function for the energy absorbed by one
absorbing system at a given instant ¢:

%kx2 for range I
E, = %klgl + P(x — 1) for range I . (32)
%klgl +P(x—1y) + %k(x — 1, — 1)? forrangelll
Alternatively, with the division into three ranges, we get

2

lz1
E=2E =P, 2x — 1y . (33)
(x_lzl_la)z

z1

Zx_ lZl +
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3.2.1. Impact in Scenario 1 with a soft absorber system

The solution for Scenario 1 is shown below (Fig. 1a). Two identical vehicles collide head-on with an
equal speed v. Each vehicle has a single-stage energy absorbing system, which is described by Equation
(33). When Equation (33) is substituted into the energy balance Equation (15), the following equation
is obtained:

lz1
x2=v2—£=v2—fn—a 2x =1y , (34)
2y — l21 + (X_lzl_la)z
lZl
where
X =25 = —x,. (35)
When Equation (34) is differentiated on both sides, it takes the form of
2xX
P lz1
2%k = — =2 2% , (36)
m Lo 20—l -ly) .
2%+ —x
lZl
and after transformations, it takes the following form:
x
., P
¥+ 1 =o0. (37)
x—1,
If we divide Equation (37) by /. and substitute
P, L L la Ly +la+ly
E=p W=l =P A =72 A= A= B = (38)
we obtain
E+w-g® =0, (39)
where the dimensionless function g(§) is described by the formula:
13 dla0<&§<2A,
g(f) = Az dlad,; <E<A,; + A, (40)

§— Ay dlad, +2, <E< A,

We can then generate a graph analogous to the force diagram shown in Fig. 2. Using specialized
mathematical software (MathCad), the function g(§) can be defined as

g(®) = if(§ <Az, §if(§ <A1 + Ags 271, § = Aa)). (41)

The formula for energy £ can now be represented as follows:

272
¥le
lz1

E=2E, =P, 28l — 1,4 42)
L —1)2
28l — L, + Gle—lz1—1a)

lZl
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or
EZ
A1
E®) = Rl 28— 2y . (43)
— _ 2
28—, + (E=2Az1-2a)
)\Zl
The resulting differential equation—Equation (39)—can be solved using the Runge-Kutta method
by applying the following substitutions:

§=y1,5= Yo (44)
This produces a system of two first-order differential equations of the form
Yo =&=y1, 91 = §=-wg(,)
with the following initial conditions:

Yo(0) = 0,y1(0) = (45)

v
The simulation results are presented in the graphs below. The following input data were assumed:
m=m=20t,

v =36 km/h =10 m/s,

A =0.7; E,a = 62 kJ (energy absorbed by the two Ringfeder buffers),

I = 105 mm (buffer stroke), and

[, = 1437 mm (absorber stroke length).

Fig. 3 shows the distance x(?) traveled by the first and second vehicles from the start of the collision.
The maximum value is 1.542 m and coincides with the total stroke of the absorption system /..

Fig. 4 shows a plot of velocity v as a function of displacement x. The vehicles are abruptly braked at
the end of path x. The energy accumulated in the buffers and in the absorbers during the impact was
plotted in order to check the correctness of the calculations. The course of variation of the function E(&)
is presented in Fig. 5.

29—
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Fig. 3. Displacement x(t) [m] of the first and second vehicle from the beginning of the collision

3.3. Experimental impact with a soft absorber system

The experimental test considered here aims to calibrate the theoretical model according to Scenario
1. Instead of real masses, the test vehicles have masses mu and mp. One of the vehicles is a drag (i.e., a
stationary but unbraked special test car), as shown in Fig. 1(b). It has a so-called rigid front wall without
a bumper and without an absorber (£ = 0).
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The above assumptions can be written as

_ _ _ _ Mg _ _
x—x1_x2,m1—mt1am2—mtzallt—mt2~ v =v,0, =0 (46)
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Fig. 4. Velocity V [m/s] of the first and second vehicle as a function of displacement
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Fig. 5. Energy E [J] absorbed by absorption systems of both vehicles as a function of displacement

According to [15], we have two equations:

mtlv + mtzo = mt1)€1+ mtzxz
1 1 . 1 . 47
Emtlvz = Emtlx:%‘i' Emtzx% E ’ ( )
where
1x?
2171
1
E=Et1=Pa x—;lzl . (48)
1 1 (x—ly—13)?
X 2 lZl + 2 L
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From the equation of conservation of momentum, we obtain the following relationship:

X, = z—Z(v — %). (49)
Also, because
X = X; — Xy, (50)
we get
x = x1(1+ ) — wev. (51)

From the equation of conservation of energy and after the substitution of compound (49), the following
equation is obtained:

2
o m o
My v? = my i + my (m_Z) (v — %,)* + 2Ey (52)
or
v? = 4% + (v — 20k, + 1) + 22, (53)
t1
After differentiating both sides after the time of Equation (53), we obtain
0 = 2,5, + iy (—2v%, + 24, %,) +22 (54)
t1
or
.. . _ By
Xi[% + e (v +%1)] = e (55)
Alternatively, if Equation (51) is used, we get
o . _  Eu
XX = — (56)

After differentiating the right-hand side of Equation (48), we obtain the formula for the time
derivative of the function Et;:
2x x
By =* 2% 1y : (57)
2x 1, +2(x — 1, — L)X

Alternatively, after transformations, we get the formula

) X
E:?%ln. (58)
z1 x — la
Thus, the differential equation—Equation (56)—takes the form
X
@xzﬂm{el, (59)
x — 1
where the following substitution has been made:
P
= 60
My1lze W (60)

After differentiating Equation (51) on both sides, we obtain

X =% 1+ py). (61)
Thus, ultimately,
X
xz—wu+ug{hl. (62)
x — 1
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The resulting differential equation can be solved using the Runge-Kutta method by applying the
following substitutions:

=Yoo = 1. (63)
This produces a system of two first-order differential equations of the following form:
Yo =Y1, 71 = —w(l+p)go), (64)
where
IS dla0 <& <A,
g(E) = Au dla A,y <E< A, + A, (65)

E—A, dla A, +A, <EZ A,
Equation (48) for the energy E absorbed by the absorption system can now be represented as
follows:

EZ
Ao
Palc
E® =- 28— A : (66)
_ _ 2
22 _ )\21 + (E }\;1 }\a)
Z1
The system of equations must have the following initial conditions:
yo(o) = 09 )’1(0) = w, (67)
where the following was substituted:
v
o= (68)
The sought unknowns can be determined according to Equations (49) and (50):
X +Uv
X1 = T (69)
and
Xy =%y — X =%:). (70)
By integrating both sides of the above equations, we get the displacement formulae:
xl = x:‘:‘:”t +Cl, xz = xl —_ x+C2 s (71)
t

where the integration constants (with respect to (67)) take the values C; = C; = 0.

The simulation results are presented in the graphs below. The following input data were assumed:

my = 30 t (weight of the oncoming vehicle),

myp = 25 t (weight of the blocking vehicle),

vi=v =36 km/h=10m/s,

A =0,7; (auxiliary quantity),

E,q= 62 kJ (energy absorbed by 2 Ringfeder bufters),

I, = 105 mm (buffer stroke), and

l, = 1437 mm (absorber stroke length).

Fig. 6 shows the distance as a function of time x(t) traveled by the first vehicle relative to the second
vehicle since the beginning of the collision (t = time in s).

Fig. 7. shows the course of the speed of the run-up vehicle v; and the run-up vehicle v, both as a
function of time and displacement x. The kinetic energy of both vehicles E:(x), Ex(x) and the energy
absorbed by the absorption system E(x) are shown in Fig. 8.

The obtained mathematical apparatus can be enriched with more accurate data on the absorption
system and other data (e.g., further data on the parameters of the tested vehicle). Described simulation
analysis tool based on mathematical formulas is helpful in studying the influence of various factors on
the course of crashes and thus can be used to determine the optimum values of speed and ballast masses
of test vehicles [17-19].
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Fig. 7. Velocities of both vehicles v, (x), v, (x) [m/s] and relative speed v(x) [m/s], x — displacement [m]

4. CONCLUSIONS

The method of simulating crash tests of rail vehicles presented in the paper makes it possible to
check the behavior of the absorption system of a railway vehicle during a collision. Calculations
carried out on the example of an absorption system consisting of Ringfeder-type bumpers and a soft
absorber (honeycomb) make it possible to draw the following conclusions:

— The developed mathematical model based on the requirements of EN 15227:2020 Railway
applications - Crashworthiness requirements for rail vehicles allows for the determination of
basic crash parameters such as the distance traveled by vehicles since the impact, their speeds,
and the energy absorbed by the absorbing elements.

— The possibility of including the characteristics of different types of absorbers (i.e., crash
bumper, two- and three-stage absorber) in the model allows rolling stock manufacturers to
verify the impact strength of the vehicle.
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— The mathematical model developed may be used as a preliminary method for testing the
behavior of railway vehicles in a collision with another railway vehicle or with obstacles in
accordance with the scenarios contained in EN 15227:2020. Currently, the most commonly used
method of simulating crash tests is analysis using the finite element method. However, its use
at the vehicle design stage is very difficult, as it requires the verification of different versions of
the vehicle prototype with different absorbers. The developed method allows for a significant
reduction in the time and cost of tests, and the finite element method analysis may constitute the
final stage of verification of calculations.

In conclusion, implementing the method described in this paper can significantly contribute to

optimizing the time and costs to be devoted to the substantive preparation of real crash tests of rail
vehicles in accordance with the requirements of EN 15227:2020. The model described in the present
work can be used for various types of rail vehicles.
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