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de Lisboa, Instituto Politécnico de Lisboa, Lisboa, Portugal
ARTICLE HISTORY
Compiled April 10, 2019
ABSTRACT
This paper presents the validation of a finite element model in LS-DYNA of the
interior inline seating layout simulating a frontal rail impact event for which the
experimental test results provide the reference for the injury biomechanics of the
occupants. The representative layout consists in two rows of seats and its supporting structures modelled with nonlinear finite elements and the crash acceleration
pulse that represents the impact of the railway vehicle structure is imposed in the
floor of the coach. For the appropriate identification of the injury mechanisms to
the occupant associated to the frontal crash analysis is used the Hybrid III 50th
percentile Anthropomorphic Testing Device, being the interaction between the occupant model and the structure characterised via penalty contact force models. The
validity of the numerical model is discussed to ensure the representativeness of the
analysis procedure and to identify the most relevant injury indices of the occupants.
In particular the HIC is the most critical injury index for the inline seating layout, with a relative deviation of 6.2% of the simulation result with respect to the
experimental test.
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1.

Introduction

Impact biomechanics arises with the objective of studying the injuries suffered by the
human being in extreme situations such as car accidents, in order to devise the necessary mechanisms to minimize or eliminate the potential risks of injury [23]. A lesion
in the human body occurs if the biomechanical response is such that the biological
system deforms beyond the recoverable boundary, resulting in damage to anatomical
structures [28]. In physical or virtual testing environments intended to replicate actual
accident conditions the Anthropomorphic Test Devices (ATD), or dummies in short,
more than being human substitutes, serve as measuring devices of forces and accelerations that an occupant withstands during a crash event, that are related to the
probability of occurrence of lesions through injury indices [28].
Contrasting with road vehicles, the sharing of the rails of the train with other train
is limited and its interaction with other type of vehicles is reduced. Consequently,
the historical perception has been that their potential for accidents is low and controllable by mechanical and electronic aids. Only in the later decades of the 20th
Century a systematic approach to railway crashworthiness started to be developed,
following a distinct line of research and development than what is the timeline road
crashworthiness research. During the primary collision, the vehicle is subjected to an
abrupt deceleration, generally associated to structural deformations, causing the unrestrained occupants to continue their motion with the initial velocity of the train. The
phenomenon of the primary collision consists in the dissipation of the initial kinetic
energy of the train by the structural parts of the carriage after impact, was analysed
in the projects TRAINCOL [1] and SAFETRAIN [2], in which data from several rail
accidents, experimental and numerical studies, raised to design recommendations for
improving passive passenger safety in railway transport. These recommendations involved the development of impact energy absorbing structures through the controlled
deformation of areas of the carriage normally not used by the passengers, maintaining
their space of survival and limiting the accelerations felt in the event of an accident.
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However, since passengers travel without a restraint system that controls their movement after primary collision, they are projected towards the initial velocity of the
train, until the secondary collision occurs, which consists in the impact of the occupants with objects and/or other occupants of the coach. This is when the approach
of modelling railway coach interiors must handle the biomechanics of impact. The
project SAFEINTERIORS [3] assessed new interior solutions following advanced requirements covering, in a systematic manner, representative layouts, a range of suitable
crash pulses and new test and validation procedures to quantify the injuries suffered
by the occupants in the event of a rail accident. Although there is a large body of work
done on the biomechanics of impact in the automotive passive safety research [21] not
all criteria and injury thresholds can be directly used in railway passive safety either
because the postures are different from those of the road vehicle occupants or due to
the unconstrained kinematics during impact. Despite these differences, some studies
in the automotive passive safety research have revealed cases of unbelted occupants in
frontal impact [8] and children that are wrongly belted with normal rear belts instead
of using a child restraint system [17]. Certainly, the findings from other activities that
involve postures associated to free falls [14] or positions associated to different types of
transportation vehicles [25] are of interest to the typical layouts and occupant postures
in railway vehicles. Some of the modelling approaches typical to automotive research,
with incidence on different body parts such as lower limbs [6] or head and neck [18]
are relevant to this field of application. In this sense, the project SAFEINTERIORS
[3] identified the relevant injury criteria for different body parts of the railway vehicle
occupant considering selected crash scenarios and interior layouts of railway vehicles
and defined relevant test procedures to be used during the interior design and during
interior passive safety validation of solutions. The sled tests based on some of the work
done in the project SAFEINTERIORS [3], conducted to an alternative less expensive
than those conducted by the project SAFETRAIN [2] with real railway carriages, but
still relatively very expansive when sensitivity analysis of certain design variables is
required as reported in [5, 10, 11, 13]. Another study of a wheelchair occupant in railway crash test that was validated with an experimental test for fixed bay table seating
layout with Hybrid III 50th percentile Anthropomorphic Testing Devices suggests that
more attention should be given to the severity of the thoracic injuries resulting of the
impact with the table [22]. Due to its importance in terms of railway vehicle interiors,
the selected scenario investigated is the one where the passenger travels sitting in the
direction of the initial train speed with the arrangement of rows of seats in line without tables, designated by “inline seating layout”, for which the experimental test was
performed as shown in Fig. 1 [4]. The objective is the development of a finite element
model of the inline seating layout to simulate with LS-DYNA code [20], being the
model validated in the biomechanical response of the dummy. The evaluation of the
biomechanical response is done by quantifying physical quantities of the kinematics
and kinetics of the dummy, being converted into injury rates. The validated model and
its analysis procedure ensures its representativeness and identifies the most relevant
injury indices for the railway coach interior occupants.

2.

Numerical Model Development

The inline seating layout model was developed attending the experimental test configuration established for SAFEINTERIORS [3] project, and consists of two rows of
seats, with a pitch of 950 mm corresponding to a first-class coach. Each row consisting
3

Figure 1. Configuration of the experimental test [4]

of two seats mounted on a cantilever platform that is fixed to the carriage wall, as
shown in Fig. 2. In the back row is positioned a finite element model of the occupant,
sitting in the window seat.

Figure 2. Numerical model of the scenario analysed

2.1.

Structural model of the seats and supports

The structure of the railway seats is basically composed of a steel tubular structure
that supports steel bars and spring like steel nets that hold the foam seats and back
that contain the occupant, as depicted in Figure 3(a). The structural arrangement
that constitutes the railway seat is mounted in a beam cantilevered to the railway
vehicle wall as pictured in Figure 3(b). The structural parts constituting the components of the scenario were meshed using reduced-integration four-node shell elements
with the Belytschko-Lin-Tsay formulation and the standard hourglass control of the
LS-DYNA which, for this type of elements, corresponds to a viscous formulation [20].
The different materials of the structural parts used were defined using a model of
elasto-plastic material with linear hardening. The non-structural parts such as the
floor of the coach and the foam that integrates the occupant seat, were defined with
rigid planes, restricting the kinematics of the occupant during the simulation by the
introduction of proper contact formulation. The use of elements with reduced integration allows the reduction of the analysis time, allowing, however, the occurrence of
specific deformations of certain elements that can propagate through the mesh leading
to invalid results. So, it must be verified the hourglass energy of the analysis, and it
is recommended that this should not exceed 10% of the internal energy of the system
[9, 20].
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(a) seat components

(b) seat mounted in a cantilever beam

Figure 3. Typical railway seat used in an inline seating configuration

2.2.

Occupant model and biomechanical response

For the case under study for both experimental and virtual tests, a Hybrid III 50th
percentile ATD model [7] was used, which was developed for the frontal impact tests
of the automotive industry [24], being the detailed finite element model of this ATD
available for users of the LS-DYNA [19] although the non-existence of the seat belt
is a difference factor to consider in the simulation. As such, being the injury index
a quantification of the severity of a specific injury, for rail passengers are considered
three limits for each of the indices, dividing the injuries into the categories of moderate,
serious and severe injuries. A moderate injury is considered the one that requires some
type of hospital treatment. Serious injury may involve long-term consequences, while
the severe injury is associated with permanent disability or death risk. The thresholds
for injury indices selected for this analysis are presented in Tab. 1, which corresponds
to the limits for the average male adult railway occupant subject to an impact [12].
Table 1. Injury indices and thresholds values for the 50th percentile adult occupant [12]
Injury Thresholds

Injury Indices

Moderate

Serious

Severe

150

500

1000

2.7
1.9
88
47

–
–
189
57

4.0
3.1
310
135

–
4
4

16
7.6
8

–
10
–

Head
HIC15
Neck
Neck
Neck
Neck
Neck
Lower Limbs

axial force (kN )
shear force (kN )
Bending Moment in Flexion (N · m)
Bending Moment in Extension (N · m)

Knee joint displacement (mm)
Femur uni-axial Load (kN )
Tibia Axial Load (kN )

By its correlation with the cause of death, the head is considered the most critical
part in the study of injuries in the event of an accident. For this reason, it is especially
important to assess the severity of the possible lesions of this part of the body, the
Head Injury Criterion (HIC), calculated by Eq. 1, where t1 and t2 are the initial and
final instants between which the acceleration is measured and a(t) is the resultant of
5

the measured acceleration in g’s at the centre of gravity of the head as a function of
the analysis time [23, 28].



1
HIC = max
(t2 − t1 )

Z

2,5

t2

a(t)dt
t1

(t2 − t1 )

(1)

Another significant aspect relative to the occupant model is its initial position, due
to the biomechanical response being sensitive to it. Besides the positioning that is
made with the translation and rotation of the H-point of the dummy, it is possible
to rotate the joints at a certain limit and achieve the initial positioning as shown in
Fig. 1. To avoid initial penetrations or restitutions between the seat plane and the
dummy, a small vertical distance between them was introduced as shown in Fig. 4(a),
and before starting the crash pulse, the dummy subject to the gravity acceleration
occupies the sitting position shown in Fig. 4(b).

(a) Initial position

(b) Final position

Figure 4. Dummy subject only to gravity acceleration

2.3.

Contact formulation

To define the contact between the structural parts, and between the structure and the
dummy, a non-oriented contact model was used to detect penetrations of both sides
of the shell element, projecting the contact surfaces from the normal direction to the
median plane of the element, in both sides, at a distance defined in the parameter of
the thickness of the contact. The contact algorithm is applied in two phases - in the
first phase the penetration of nodes defined as slave through surfaces defined as master
is verified, being the penetration of master nodes through the slave surface verified in
the second phase [20].
The application of the penetration resistant force is done via penalty method, which
consists in adding a spring element between the node and the contact surface. For the
calculation of the stiffness constant k of the spring, the Standard Penalty Formulation
[20] was used in most contacts to determine the value of k through Eq. 2, where fs is
a scaling factor, K is the geometric compressibility modulus and A is the area of the
element.
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k=

fs · K · A
max(shelldiagonal)

(2)

In this case, the value of the stiffness constant is influenced by the characteristics
of the materials of the parts in contact and by the size of the segments. This makes
the formulation suitable for contact surfaces whose material properties are of the same
order of magnitude but inappropriate in other cases, such as in contact between the
head of the dummy and the parts of the seat and between the hands and parts of the
seat. In those cases, the Segment-Based Penalty Formulation [20] was used, and k is
calculated by Eq. 3, where SLSF AC and SF are scaling factors, m1 and m2 are the
masses of the master and slave segments and ∆tc is the critical time increment of the
analysis.


k = 0.5 · SLSF AC · SF

m1 · m2
m1 + m2



1
∆tc (t)

2
(3)

With respect to the tangential component to the contact plane, the friction force
is calculated using the Coulomb formulation, applying a spring with elasto-plastic
behaviour between the elements of the contact surfaces [20].
2.4.

Crash Pulse

To model the railway vehicle dynamics during a secondary impact scenario, it is required to define an accurate acceleration time history of the crash event. For this
purpose, an acceleration crash pulse is defined [12] considering the representativeness
of the most relevant accidents in railway which is established in the European standard
EN 15227 [15].
For the experimental testing, a reverse catapult is used, to minimize the physical
limitations of in-house testing facilities. Moreover, variability associated to the crash
pulse during experimental testing is considered, if acceleration is kept inside corridors
limited by 5g and 6g, and the variation of velocity is limited below 6m/s. Therefore,
the proposed crash pulse corresponds to a maximum acceleration of 5.5g and leads to
a maximum speed change of 5.5m/s. This pulse was applied in the reverse catapult
and the corresponding experimental pulse measured by accelerometers is represented
in Fig. 5 [12].
The validity of the proposed pulse is accepted by being close to the average of the
corridors for acceleration, as well as for the measured experimental pulse. Moreover, the
actual procedures for dynamic test of passenger seats and tables established recently
[26] defines an upper limit of the acceleration corridor of 7.5g, and the lower limit
of 5g, with the contingency of a minimum free flight velocity of 5m/s attendance.
These requirements are attended with the application of the proposed crash pulse. The
crash pulse imposed in the model corresponds to the acceleration measured during the
experimental test depicted in Fig. 5 [4, 12].
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Figure 5. Crash pulse acceleration profiles [12]

3.

Analysis of Results

The validation of the numerical model was conducted by comparing results from the
experimental test and the numerical simulation. The kinematics of the dummy and
the injury indices were chosen for this purpose, considering that such data results were
available from the experimental test [4].
With the aim of obtaining a suitable correlation for the occupant kinematics between
the experimental test and the numerical simulation, adjustments were made to the numerical model. These adjustments were implemented on the initial position/orientation
of the dummy and on the parameters related to the contact between impacting surfaces of the dummy and seat. Adjustments were conducted until kinematic similarity
was obtained between the numerical dummy model and the experimental ATD for
various phases of the accident as presented in the Fig. 6.
Table 2 shows the injury indices results obtained for the simulation the response, for
the measured experimental test and the corresponding relative deviation with respect
to the experimental test. The relative deviation of 6.2% for the HIC, allows to validate
the numerical model for the HIC with a reasonable level of confidence, constituting a
suitable indicator for the prediction of occupant’s survival probability in the event of
an accident.
Table 2. Injury indices: simulation in LS-DYNA vs. experimental testing and relative deviation
Injury Indices

Numerical

Experimental

Relative Deviation

272.3

256.8

6.2%

-0.60
1.85
-19.7
37.8

-1.07
1.27
-16.2
42.9

-44%
46%
21.6%
-11.9%

5.3
11.4
-2.94
-4.18
-1.41
-0.81

5.4
8.7
-2.38
-1.98
-1.05
-0.82

-1.85%
31%
24%
111%
-34.3%
1.2%

Head
HIC15
Neck
Neck
Neck
Neck
Neck
Lower Limbsa

axial force (kN )
shear force (kN )
Bending Moment in Flexion (N · m)
Bending Moment in Extension (N · m)

Knee joint displacement (mm)
Femur uni-axial Load (kN )
Tibia Axial Load (kN )
a R–Right;

R
L
R
L
R
L

L–Left;

To verify the correlation of values between the injury indices, the biomechanical
responses over time were analysed for various parts of the occupant’s model. These
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(a) Simulation

(b) Experimental test

Figure 6. Selected frames (153 ms, 197 ms, 253 ms and 332 ms) of the simulation results and experimental
testing results for the inline seating layout

responses are particularly important to check more accurately whether the impact
between the body parts of the dummy and the seat structures occurs approximately
at the same time instant for both test and simulation. Small variations at the time
instant can correspond to very different values of acceleration of the imposed profile,
being able to have great influence in the injury indices. The graphical representation
of the resulting head acceleration is presented in Fig. 7 revealing a good correlation
between the values obtained from the numerical model with those measured in the
experimental test.
Regarding neck injury, significant deviations are obtained, since unlike HIC, the
value of these indices correspond to extremes peak values of a biomechanical response
during the crash event and not to an integration of the response in a time interval.
Despite greater relative deviations obtained for the neck injury indices, the biomechanical responses over time for the neck show good correlation with the respective
results measured experimentally, as presented in Fig. 8 for the case of the neck bending
moment.
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Figure 7. Resulting head acceleration: simulation vs. experimental test
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Figure 8. Neck bending moment: simulation vs. experimental test

The 111% of relative deviation of the femur uni-axial load in the left leg shown in
Table 2 may be attributed to the fact that only the neck biofidelity of the LS-DYNA
numerical model is assured by calibration [19] for the Hybrid III. Such deviation may
also be associated to the fact that knee/femur response is known to be dependent on
the inertial contributions of other body regions apart from its own inertia [27], which is
much higher than the one for which the Hybrid III was originally designed, considering
the smaller confided space of an automobile versus the unconstrained railway inline
seating. Regardless of this fact, injury indices for the lower limbs were also obtained,
due to their importance to ensure compliance with European Directives that require
the minimization of injuries of the passengers in case of an accident [16]. These indices
in the lower limbs also show good correlation for their biomechanical model responses
relatively to the measured results in the experimental test, despite their relative deviations for extreme peak values. The displacements of the knee joints, right and left
are presented in Figs. 9 and 10, respectively.
Overall, the injury indices obtained in both experimental test and numerical simulation are below the serious thresholds for the HIC and the remaining indices are
below the moderate injury threshold, according to the limits previously presented in
Table 1.
Finally, a model assurance verification was conducted based on the system energies
obtained from the LS-DYNA code simulation, to comply with recommendations for
biomechanics [9]. The initial analyses conducted with LS-DYNA using default parameters revealed hourglass energy much higher than the recommended 10% limit of the
system internal energy, invalidating the model verification. To comply with such limit,
a methodical adjustment was made to change the hourglass energy control formulation and coefficient for various structural parts and dummy parts. Such adjustments
resulted in the reduction of the hourglass energy to about 2.9% of the internal energy
of the system, ensuring the model verification.
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Figure 9. Knee joint displacement (right): simulation vs. experimental test

0

−5
Experimental
Numerical

−10
0

50

100

150

200

250

300

350

400

Time [ms ]

Figure 10. Knee joint displacement (left): simulation vs. experimental test

4.

Conclusions

This work presents a validated finite element model of the interior inline seating layout
subject to a frontal rail impact event simulated with LS-DYNA code. The numerical
model for the occupant includes an ATD developed and experimentally validated by
LS-DYNA code for frontal impact testing of automotive industry vehicles with passengers restrained by seat belts. For the presented study in which the passenger travels
without a restraint system, modifications were made to the occupant model to overcome the numerical problems caused by large impact forces that the numerical model
was not prepared to withstand by default. Simulation results revealed a correspondence
of the kinematics of the occupant numerical model and its biomechanical responses
show good correlations with the values measured in the experimental test, in particular
the HIC which is the most critical injury index, for this type of seating configuration.
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