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ABSTRACT

The present study is focused on the dynamic simulation of a car frontal crash against a lateral
protection system for semitrailers. This system is a barrier fixed laterally to each side in
semitrailers, designed to reduce damages on car passengers in case of lateral collision. From
the basis of an already existing design, different designs and finite element models where
created, adapting the system to the European regulation UNECE n° 73, concerning lateral
protection devices’ homologation. Finite element models were developed and different
materials were considered on the metallic barrier beams. Then, crash simulations using the
software LS-DYNA were performed, where a passenger car Toyota Yaris Sedan (2010
model) was impacted against the barrier at 50 km/h, 90 km/h and 120 km/h. Results such as
maximum car displacements and deceleration on passengers could be analysed in these
simulations. It was assessed the possibility of achieving a weight reduction of the barrier by
means of design and material modifications.

1. INTRODUCTION

Current European lateral protection devices installed in semitrailers are designed according
to UNECE regulation no 73 (UNECE, 2011), which is focused on the protection of
vulnerable road users such as pedestrians, cyclist and motorcyclist, preventing them from
being dragged and ran over by the semitrailer’s wheels in the event of a collision. In this
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sense, this regulation defines dimensional, strength and stiffness requirements for the lateral
protection systems. Nevertheless, this regulation does not offer protection for more
aggressive impacts such as those in which a car collides head-on against the lateral of the
semitrailer. In many of these accidents, the car passes through the semitrailer and its roof is
torn apart, often resulting in fatal consequences for the car occupants. Considering all kind
of vehicles, it can be pointed out that fatalities in lateral and frontal-lateral collisions
represented 12% of the total casualties (at 24 h) reached between 2015-2019 at Spanish
intercity roads (Observatorio Nacional de Seguridad Vial, 2021). It is also reported that
considering all kind of accidents involving heavy goods vehicles in the European Union
during 2016-2018, the share of car occupants killed in collisions accounted for 50% of all
deaths (Adminaité-Fodor & Jost, 2020). Therefore, it seems plausible that future safety
developments and regulations contemplate this type of collision and include more stringent
stiffness and strength requirements for lateral protection devices, in the same way as current
rear protection systems assembled to semitrailers are demanded to protect car occupants in
frontal collisions. In this sense, in the U.S. a new regulation on mandatory requirements to
prevent side and front underride accidents was discussed in the “Stop Underrides Act”
(H.R.1511, 2019). Crash simulation with finite element software offers the possibility of
modeling and simulating the crash behavior of new protection devices at lower costs than
actual tests where vehicles are needed to be crashed; in order to guarantee an accurate
numerical-experimental correlation several prototypes should always be tested, though. For
instance, simulations performed with LS-DYNA could greatly contribute to estimate the
vehicles’ crash performance, when new designs of lateral protection systems are included in
the model. In order to explore simulation possibilities on this scenario, this paper is focused
on the finite element simulation of a semitrailer’s lateral protection system in a car frontal
crash situation, with the car colliding perpendicularly to the semitrailer. It was analyzed not
only the device’s mechanical performance for different materials and geometric
configurations, but also the deceleration reached inside the car and the car displacement
when is running at different speed values before hitting.

2. MATERIALS AND METHODS

2.1 “AngelWing” side guard

On the one hand, the starting point was an already existing lateral protection system called
“AngelWing” developed by the manufacturer “Airflow deflection” (airflowdeflector, 2021).
It was assembled to both sides of a semitrailer and then crash-tested by the IIHS (Insurance
Institute for Highway Safety) in 2017 against a Chevrolet Malibu (2009 model) impacting
frontally. The test proved that the passive safety offered by this truck side guard prevents the
car from underrunning the semitrailer: according to the manufacturer, the guard prevents
Passenger Compartment Intrusion at speeds of up to 64.37 km/h (40 mph). Therefore, this
device added to other car safety devices such as seat belts, airbags, proximity sensors and
emergency brake systems, can highly improve the survival chances for the car occupants.
This guard was made of galvanized ASTM A500 steel beams, its global dimensions were
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6090x584x2565 mm and its weight was 364 kg; according to the manufacturer, this guard
is currently sold by length and truck application.

2.2 Regulation no 73

On the other hand, European regulation no 73 contains the requirements that lateral
protection devices (LPD) for vehicles of categories N2, N3, O3 and O4 must comply for
their approval in the European Community. Concerning the analysis included in this paper,
it has been considered a semitrailer with a maximum mass exceeding 10 tonnes, which
corresponds to vehicle category O4 (European Parliament, 2007). The following points,
extracted from regulation no 73, detail the dimensional requirements established for LPD in
O4 vehicle category:

e LPD shall not increase the overall width of the vehicle and the main part of their
outer surface shall not be more than 150 mm inboard from outermost plane of the
vehicle. Their rearward end shall not be more than 30 mm inboard from the outermost
edge of the rear tyres over at least the rearmost 250 mm.

e LPD may consist of a continuous flat surface, or of one or more horizontal rails, or a
combination of surface and rails: when rails are used they shall be not more than 300
mm apart and not less than 100 mm high and essentially flat (O4 case).

e The forward edge of LPD shall be not more than 250 mm to the rear of the transverse
median plane of the support legs, if support legs are fitted, but in any case the distance
from the front edge to the transverse plane passing through the centre of the kingpin
in its rearmost position may exceed 2.7 m.

e Where the forward edge lies in an open space of more than 25 mm, the edge shall
consist of a continuous vertical member extending over the whole height of the
device; the outer and forward faces of this member shall measure at least 100 mm
rearwards and be turned 100 mm inwards or have a minimum radius of 100 mm.

e The rearward edge of LPD shall not be more than 300 mm forward of the vertical
plane perpendicular to the longitudinal plane of the vehicle and tangential to the outer
surface of the tyre on the wheel immediately to the rear; a continuous vertical
member is not required on the rear edge.

e The lower edge of LPD shall at no point be more than 550 mm above the ground.

e The upper edge of LPD shall not be more than 350 mm below that part of the
structure, cut of contacted by a vertical plane tangential to the outer surface of the
tyres.

With respect to strength and stiffness performance, regulation n°® 73 defines the following
requirements:

e LPD shall be essentially rigid, securely mounted (not liable to loosening due to
vibration) and made of metal or any other suitable material. LPD shall be considered
suitable if they are capable of withstanding a horizontal force of 1 KN applied
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perpendicularly to any part of their external surface by the centre of a ram the face
of which is circular and flat, with a diameter of 220 mm + 10 mm, and if the
deflection of the device under load measured at the centre of the ram is then not more
than 30 mm over the rearmost 250 mm of the device; and 150 mm over the remainder
of the device.

As stated before, while these mechanical requirements are focused on protecting vulnerable
road users, it is clear that they are not stringent enough to avoid severe damages in high
energy collisions such that with a car hitting the device laterally. For instance, rear protection
systems are required to reach much higher forces when tested according to regulation no 58
(UNECE, 2017), with a maximum of 100 KN or 180 KN depending on the location of the
points tested.

2.3 Finite element models created for the lateral protection systems

Taking into account all the previous considerations, three different finite element (FE)
models were created. Figure 1 shows the six-post model and its main structural dimensions.
It used shell elements and consisted of four longitudinal beams (100x100x3 mm) joined by
six vertical posts (100x50%3 mm) at each side and six sets of crossed beams (100x50x3 mm)
transversally connected to the posts. Bolted and weld joints were simplified by means of
equivalent nodes between adjacent parts. Two more variants were created as a simplification
from this model: three-post model and two-post model, which are showed in figure 2 and
were also analysed.
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Figure 1: (a) Six-post lateral protection system’s FE model; (b) Main structural
dimensions
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Figure 2: (a) Three-post lateral protection system’s FE model; (b) Two-post lateral
protection system’s FE model

All were modeled using 4-node shell elements with Hughes-Liu formulation and a mesh size
of 20 mm. They were created with the software MSC Patran and later on imported in LS-
DYNA prepost. The crash behavior of each model was simulated and compared using three
different materials for the whole system: S275 (structural steel), Strenx Tube 700MH (high
strength steel) and AL 6005A T6 (aluminium alloy with cooling in press). Table 1 shows the
main mechanical properties of materials considered in the models and table 2 shows the total
weight that resulted from each lateral protection system design.

; Youn : Yield | Ultimate | Elongation
Material Den5|t3y modulis P%?isgn strength | strength | at break
(ka/m*) | (mPa) (MPa) | (MPa) | (%)
S275 [8] 7850 | 210000 0.33 275 500 0.2
Steel S_Igrekglx
ube
Jgsbe | 7850 | 210000 | 033 | 700 | 850 0.1
[9]
Aluminium | 924k | 2710 | 69500 | 033 | 215 | 255 0.08

Table 1: Mechanical properties of materials considered in the FE models

Six-post
Material Model Thr%egagi)st Two-post model
Weight : Weight (kg)
(kg Weight (kg)
S275
Steel Strerx Tube | 526.61 388.58 342,60
700MH
Aluminium 6005A - T6 184.77 137.12 121.25

Table 2: Total weights of the lateral protection systems simulated
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2.4 Finite element car model for the crash simulation

All the crash simulations were performed using LS-DYNA, and the FE car model was a
Toyota Yaris Sedan (2010), which is available at the National Highway Traffic Safety
Administration (NHTSA) web page and has been used in support of several NHTSA
programs (NHTSA, 2021). This FE car model was developed by a reverse engineering
process at the George Washington University National Crash Analysis Center (NCAC). Its
collision performance has been validated with the NCAP 5677 and 6221 tests against a rigid
wall (impacting at 40.23 and 56.32 km/h) and it presents also a robust response for the study
of a variety of crash scenarios (Marzougui et al., 2012; NCAC, 2011). This model consists
of 1480422 nodes and 1514068 elements and it is showed in Figure 3.

3. CALCULATION. BOUNDARY CONDITIONS AND LOAD CASES

In the first place, the EuroNCAP (European new car assessment programme) full width
frontal impact test against a concrete barrier (Euro NCAP, 2019) was used as reference, in
order to assess the car’s deceleration values obtained during the collision against the lateral
protection system. The concrete barrier was simulated with rigid shell elements, as showed
in figure 3. In this case the car was simulated impacting at 50 km/h, 90 km/h and 120 km/h
speed. Since the total mass of the car was 1306.29 kg, the kinetic energies involved in the
collision were respectively 125994.49 J, 408215.62 J and 711274.9 J. It can be noted that,
starting at a collision speed of 50 km/h, an increase of 40 km/h leads to 3.2 times higher
Kinetic energy and an increase of 70 km/h leads to 5.6 times higher kinetic energy. Being the
wall completely rigid, these simulations represent a highly unfavorable crash situation where
all the plastic strain energy was absorbed by the car structure (mainly by the front structural
components).

1-VEHICLE NCAP EVALUATIONS (NCAC v2)
Tme= 02

Figure 3: NCAC’s FE model for the 2010 Toyota Yaris Passenger Sedan and
EuroNCAP full width frontal impact test simulation

In this way, the deceleration results obtained for the lateral protection systems simulated
later on, could be compared with these previous results obtained colliding the car frontally
against a rigid wall. A rigid shell element simulated the ground and all the nodes of both the
wall and the ground were fully constrained (all linear and rotational degrees of freedom). An
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initial velocity condition was applied to all nodes of the vehicle, with an additional rotational
velocity at those nodes comprising the wheels’ parts; it also included the gravity acceleration
and a general contact condition applied to all the elements of the model.

Regarding the crash simulations for the lateral protection systems analysed, an equivalent
approach was considered. In this case, all the nodes located at the top of the vertical posts
were fully constrained, corresponding to those regions welded or bolted to the semitrailer’s
structure. This boundary condition represented a much stiffer situation than what occurs in
reality, since the semitrailer’s structure could also absorb some strain energy during the
collision. Moreover, depending on the energy level involved, among other factors, the
semitrailer could even gain kinetic energy and be pushed laterally by the car through the
ground. Therefore, the simulations performed were conservative and peak deceleration
values reached inside the car were expected to be higher under simulation conditions than
under real conditions.

Figure 4 shows the constrained nodes at the top of the posts beams (blue posts in the figure)
and the numerical model for simulating the collision against the six-post lateral protection
system. In all simulations performed for this study, the car was positioned colliding at the
centre of the barrier.

Figure 4: Numerical model simulating a collision against the six-post lateral protection
system. Detail with constrained nodes at the top of the posts

4. RESULTS AND DISCUSSION

4.1 Variation in the lateral protection system’s geometry

Once the models were created, the first analysis was focused on comparing the performance
of the three different designs considered. Figure 5 shows the final frame at the end of each
simulation, all calculated with the car impacting at 50 km/h and applying S275 steel to the
barriers. While the six-post and the three-post systems were able to stop the car and
performed correctly, the two-post system was not stiff enough and collapsed completely.
The car model has an accelerometer positioned at its center of gravity for registering the
acceleration inside the vehicle. Since the impact time is around 0.14 s, the impact’s
frequency is near 7 Hz. Then, a 7-Hz low-pass SAE filter was applied to the acceleration
signal in order to filter higher frequencies. The car deceleration values, measured in g’s, and
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the car total displacements registered during these simulations can be seen in figures 6 and
7 respectively.

2-50 kmh 6 travesafios 5275 2-50 kmh 3 travesafios 5275
013 Time= 02

Time = 2-50kmh 2trav 5275
Time = 0.2

b L=

Figure 5: Final frame for simulations at 50 km/h with S275 lateral protection systems:
(a) Six-post system; (b) Tree-post system; (c) Two-post system

10 -50kmh $278

0 g B

tlazz'a&‘o.l&lo.lhloiﬁkn.iz‘o.a
Time Is]
Figure 6: Car deceleration (g’s) for simulations at 50 km/h with S275 lateral protection
systems: (A) Six-post system; (B) Two-post system; (C) Three-post system; (D) NCAP
rigid wall

50kmh 8275

* 3
T

08

Displacement [mm] (E+3)

0.2

0.b5 oh 0.5
Time [s1

Figure 7: Car displacements (mm) for simulations at 50 km/h with S275 lateral
protection systems: (A) Six-post system; (B) Three-post system; (C) Two-post system
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While the two-post system collapsed and was not able to stop the car properly, with a
displacement value of 1.2 m, the other two systems stopped the car with quite lower
displacement values: 0.8 m in the two-post system and near 0.57 m in the six-post system.
From these graphs, it can be observed that the three-post system produced a maximum
deceleration of 15 g’s and the six-post system produced a maximum deceleration of 30 g’s.
Therefore, the three-post design was preferred to the six-post design. The latter performed
with a much stiffer response, with its peak deceleration very close to the rigid wall’s one
(approximately 33 g’s).

4.2 Variation in the lateral protection system’s material

In order to compare the performance for the three materials considered (steel S275, high
strength steel Strenx 700 MH and aluminium alloy 6005 A-T6), the three designs were
simulated applying the same material to all barrier components, at each case. Figure 8 shows
the final frame at the end of each simulation for the six-post system. Likewise, they were all
calculated with the car impacting at 50 km/h.

Figure 8: Final frame for simulations at 50 km/h with different materials in the lateral
protection systems: (a) S275; (b) Strenx 700 MC; (c) AL 6005A-T6

Figure 9 shows the deceleration values for the simulations with the six-post design, as well
as the NCAP rigid wall test’ deceleration values (in g’s). Figure 10 shows the car
displacement values in mm.

50kmh Gtra‘v

| —A_8S275
_B_Strenx Tube MH
C AL 6005A

D _NCAP

Acceleration [g]

40 i } | I i | | | } i I

Time [s]

Figure 9: Car deceleration (g’s) for simulations at 50 km/h applying different materials
to the six-post system: (A) S275; (B) Strenx 700 MH; (C) AL 6005A-T6; (D) NCAP
rigid wall
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16 50kmh 6travesafios

Material

: ; \ :
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Time [s]
Figure 10: Car displacement (mm) for simulations at 50 km/h with different materials
in the lateral protection systems: (A) S275; (B) Strenx 700 MH; (C) AL 6005A-T6

As can be observed from figure 9, the application of high strength steel gave a closer
response to the rigid wall collision simulation. However, the aluminium design could not
stop the vehicle, with the barrier failing and the car passing through it, as can be observed
from figure 10. Both steel systems showed a maximum car displacement of approximately
0.57 m.

4.3. Variation in car’s impact velocity

The performance of the lateral protection system with the car colliding at different speed
values was also assessed. A collision case at 50 km/h could correspond to an urban road,
but, depending on the road category and the speed limits allowed, the lateral collision may
take place with the car running at higher speeds.

In order to analyze the system’s response at higher kinetic energies, all designs were also
simulated applying initial velocities of 90 km/h and 120 km/h. Figure 11 shows the final
frame of the simulations with the car impacting at 50 km/h, 90 km/h and 120 km/h, all against
the same three-post S275 design.

:ﬁg kmh i!n:uvs:anus 8275 1-80kmh 3trav 8278
Time= 02

1-120kmh 3trav S275
Time= 02

Figure 11: Crash against S275 three-post system: (a) 50 km/h; (b) 90 km/h; (c) 120
km/h
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As can be observed in figure 11 (a), the S275 three-post protection system was able to stop
the car impacting at 50 km/h, with the energy absorption shared between the protection
system and the car’s frontal.

Nevertheless, at higher collision speeds of 90 km/h and 120 km/h, the device could not stop
the car due to the higher energies involved (respectively, 3.2 and 5.6 times as much as the
50 km/h case), which led the barrier to a full collapse. In both cases the car would continue
its movement through the semitrailer, which would be fatal for the car occupants. Figure 12
shows the car deceleration values measured in g’s for these simulations. Figure 13 shows
the car displacement values in mm.

« Tres travesafios $275
5

Velocity

n_A_ 50 kmi/h
B_90 km/h
—C 120 km/h

Acceleration [g]

- ; O.lLE i IJ.|1 | D.JIS

Time [s]

Figure 12: Car deceleration (g’s) for S275 three-post system: (A) 50 km/h; (B) 90 km/h;
(C) 120 km/h
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Figure 13: Car displacement (mm) for S275 three-post system: (A) 50 km/h; (B) 90
km/h; (C) 120 km/h

5. CONCLUSIONS

Crash simulation numerical tools can contribute to develop efficient and effective lateral
protection systems for semitrailers. On the one hand, in order to improve safety in frontal-
lateral car-semitrailer collisions, these systems should be able to resist a certain Kinetic
energy level as well as to avoid the underrun phenomenon. On the other hand, taking into



3532 VEHICULOS, MATERIAL MOVIL, AUTOMOCION Y EQUIPOS

account that semitrailers must normally cover long range travels, it is desirable to produce
light designs that do not lead to an increase in fuel consumption and CO:2 emissions. It has
been analysed a car frontal crash against a lateral protection system for semitrailers adapted
to the European regulation by means of finite element dynamic simulations performed with
the software LS-DYNA. Three different models were created using beam with rectangular
hollow sections, referred to as the two-post, three-post and six-post lateral protection
systems, varying their number of posts and cross-members. Three different materials were
compared: S275 structural steel, Strenx Tube 700MH high strength steel and aluminium
alloy 6005A T6. Lastly, three different car impact speeds where simulated: 50 km/h, 90 km/h
and 120 km/h.

For simulations with the car running at 50 km/h, the aluminium stiffest design (the six-post
one) was not able to resist the energy level involved. Therefore, all aluminium alloy designs
were discarded despite their lower weights. At 50 km/h, the two-post system performed
poorly in general, all producing underrun situations. On the contrary, the six-post system
was found to be excessively stiff in both structural steel and high strength steel models,
producing high deceleration peak values inside the car, that could damage the occupants.
Then, at that speed, the intermediate three-post system with S275 was the preferred option
in terms of cost, weight and safety. The car stopped with a 15 g’s peak deceleration and the
strain energy was absorbed with better balance by both the barrier and the car.

Therefore, this design could be supposed to perform adequately in urban roads. However,
when the car was launched at 90 km/h and 120 km/h, the three-post system was not able to
stop the car, and the underrun would be fatal to its occupants. As the kinetic energy level in
these collisions depends on the mass and the speed of the car, the results suggest that these
lateral protection systems could be designed to offer a proper response at a certain kinetic
energy range. A trade-off between peak deceleration values and the allowable car
displacement due to the barrier deformation will always be necessary. For instance, although
highly stiff designs could lead to peak decelerations near to the rigid wall test’s values and
would probably add a higher structural weight, they could possibly avoid the car underrun
in non-urban road accidents.
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