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ABSTRACT

Twelve passenger car-to-heavy goods vehicle (HGV) head-on crash configurations were simulated to identify which
of these crashes lead to the highest crash severity for the car and are feasible, i.e., with non-compromised
compartment integrity, in order to support the development of occupant restraints in high-severity crashes. These
configurations comprised two impact velocities (car 39 km/h, HGV 36 km/h and car 56 km/h, HGV 53 km/h), two
car overlaps (50 and 80 %) and three impact angles (0, 30 and -30 deg). Generic finite element models of a 1.7-ton
car and a 7.9-ton HGV were used to investigate the crash pulse severity and car compartment structural integrity in
all crash configurations; the results were compared to that of a current standard full-frontal rigid barrier 56 km/h
crash. Car crash pulse severity was evaluated at the left sill using peak acceleration, delta-V, cross-zero time, and
occupant load criteria, while car compartment integrity was evaluated by measuring intrusions at the toe pan,
instrument panel, A-pillar, and steering wheel.

All lower-severity (39/36 km/h) crashes were found to be well represented by the full-frontal rigid barrier 56 km/h
crash test. For the higher-severity (56/53 km/h) crashes, three out of six crashes (both -30 deg crashes and the 50%
overlap 0 deg crash) were found as currently too severe in terms of compromised compartment integrity to be used
in the development of new restraint systems. Two high-severity crashes were identified which can be targeted for
new restraint systems development: The 56/53 km/h 80 % overlap 0 deg impact angle crash was determined to be
the most severe in terms of peak accelerations (91 g) and OLC (63 g), and with a high delta-V (97 km/h). The 56/53
km/h 50 % 30 deg crash was found to be the most severe in terms of delta-V (105 km/h) and pulse duration in time.
Both these crashes were much more severe than the full-frontal 56 km/h crash. The 56/53 km/h 80 % O deg crash
was similar in crash severity to a full-frontal rigid barrier 90 km/h crash: we believe this configuration may be worth
considering in future legislation and rating programs, which would immediately facilitate development of improved
restraint system addressing fatalities in high-severity crashes.

Keywords: High-severity crash pulse, heavy goods vehicle, passenger car compatibility

INTRODUCTION

Of all road user groups in the European Union (EU), motorized transport generates the highest number of fatal
crashes. Moreover, people are more likely to die in crashes that include a car than in those that comprise other
transport modes such as cyclists, powered two-wheelers, trucks, or buses. In 2019 there were 22,700 road traffic
fatalities in the EU, of which about 10,100 were car occupant fatalities [1]. The highest number of car occupant
fatalities (44 %) occurred in crashes with no other vehicle involved, and the second highest in collisions with
another car (30 %, 3067 fatalities) [2]. However, almost as many fatalities occurred in crashes between cars and
trucks, which include commercial vehicles with a gross weight of less than 3.5 tons (584 fatalities, 6 %) and heavy
goods vehicles (HGV) heavier than 3.5 tons (1557 fatalities, 16 %) [2]. In car-to-truck crashes, the velocity might be
moderate, but the crash severity is still high due to geometric, stiffness, and mass incompatibility between the two
vehicles.

In the US, there were 36,355 motor vehicle traffic fatalities during 2019, of which 34 % (12,355) were passenger car
fatalities and 28 % (10,017) light truck fatalities (light trucks include SUVs, pickup trucks, and vans with a gross
weight of less than 4.54 tons) [3]. In the years 2019 and 2020, there were approximately 5000 fatalities per year
(approximately 14 % of all vehicle traffic fatalities) in the US from crashes involving large trucks (gross weight
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>4.54 tons), increasing by approximately 13 % in 2021 compared to 2020. [4,5]. In Sweden, there were 210 road
traffic fatalities in 2021, of which 18 % were from single-car crashes, 14 % from car-to-car crashes, and 17 % from
car-to-truck crashes [6].

Investigating car-to-HGYV crashes further is important, since car occupants killed in collisions with HGVs account
for roughly 14 to 16 % of all car occupant fatalities in both EU and US (although the classification of HGVs differs
between the regions). The most common accident types in car-to-HGV crashes are head-on crashes on rural roads
and rear-end crashes on highways (the HGV drives into the rear of the car in front) [7].

In the EU-project SAFE-UP, researchers investigated which crash configurations future vehicles equipped with
crash avoiding ADAS would be exposed to in mixed traffic [8]. Analysis of fatal crashes in the EU community
database on road accidents (CARE) revealed that there were 6431 fatalities in modern cars (registration year 2000 or
later) in the EU in 2018. Single-vehicle crashes and crashes with parking vehicles were then excluded, as future
autonomous (L3-L4) cars are expected to avoid essentially all such crashes; crashes involving three or more vehicles
were judged too complex, so these were also excluded. Of the remaining crashes, a target population of 2085 car
fatalities for protection in future crash scenarios was defined from crashes in rural areas (excluding junctions) with
exactly two vehicles. The most common crash scenarios remaining were car-to-car head-on (11 to 25 % of target
population) and car-to-HGV head-on crashes (5 to 12 % of the target population). The percentage intervals reflect
the large number of unknown values in the crash type classification in CARE: the lower bounds indicate the share of
the given crash type as a percentage of the total sample while the higher bounds indicate their share among cases
with known crash types. The car-to-HGV head-on crashes were further analyzed in-depth using the German In
Depth Accident Study (GIDAS), in order to define the most relevant crash configurations in sufficient detail that
virtual assessments of the vehicle kinematics could be performed. The crash configurations where statistically
described by distribution percentiles for the car and the HGV kinematic parameters (impact speeds, overlap, impact
angles, hit point, and vehicle weights). Three quartiles (at the 25, 50, and 75 % levels) of the crash configuration
parameter distributions were defined with car/HGV impact speeds of 24/27 km/h, 39/36 km/h, and 56/53 km/h
respectively, Table 1.

Table 1.

Distributions of crash configuration parameters for car-to-HGYV (>3.5 ton) head-on collisions (from [8])
Parameter Q25 Q50 Q75
Overlap (%) 0to 25 50 80
Vc-PC (km/h) 24 39 56
Vc-HGV (km/h) 27 36 53
Impact Angle (deg) up to +5 +10 >10
Weight PC/HGV (ton) - 1.5/<10 ton 2.5/<18 ton

High-severity crashes are less frequent than low- and moderate-severity crashes; however, the fatality rate is higher.
Crashes at low severity (approximately 40 km/h and below) have more injured occupants due to the larger exposure
and especially elderly occupants are at high risk [9,10]. Crashes at moderate severities (56 to 64 km/h) are well
represented in the European and US legislation and rating programs, and the car structure and occupant restraints are
to a large extent designed for those crash severities. It has been shown that adaptive restraint systems can improve
the protection for car occupants in low-severity crashes (i.e., for the elderly) while at the same time retaining high
protection in moderate-severity crashes [11]. Extending the capability of adaptive restraints to include better
protection in high-severity crashes could improve the survivability in car-to-HGV crashes, but only if the
compartment remains intact and challenges in sensor development for crash severity detection can be solved.

The objective of this study was to investigate which of twelve car-to-HGV head-on crash configurations, all defined
from statistical descriptions of their kinematic parameters [8], lead to the highest crash severity—without
compromised compartment integrity of the passenger car. Based on this analysis it can be identified which of these
crashes are challenging, but immediately feasible, targets for occupant restraints development and are therefore
recommended to complement conventional assessments focusing on full frontal impacts. To serve this objective,
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generic simulation models of the HGV and the passenger car were used to study compatibility, car crash pulse
severity, and car structural integrity for varying impact speeds, overlaps and impact angles of the head-on crashes.
The results were compared to the traditional car full-frontal rigid barrier crash at 56 km/h.

METHODS

Vehicle Models

For the passenger car, a finite element (FE) model of the NHTSA 5-star and IIHS “Good/Top Safety Pick+” rated
2014 model year Honda Accord was used in the study, Figure 1. The model was correlated in the full width US-
NCAP 56 km/h frontal crash test, the NHTSA oblique 90 km/h test (for both left- and right-side frontal oblique
offset) and the ITHS small (25 %) and moderate (40 %) overlap 64 km/h frontal tests [12, 13].

For the heavy goods vehicle, an FE-model of a generic European cab-over-engine truck tractor was used. This HGV
model was originally developed for impacts to roadside safety barriers [14]; using an accordingly adapted modelling
approach [15]. In this study the trailer was not used, which reduced the HGV weight to 7860 kg, corresponding to
the Q50 crash configuration in Table 1. As frontal (head-on) impacts were under investigation, the model was
equipped with a frontal underride protection (FUP) device, created from faro-scan measurements of a European
HGYV. The FUP was modeled as rigidly mounted to the longitudinal rails of the HGV model, and its vertical position
was aligned with the bumper of the passenger car. Its performance was assessed according to UN/ECE Regulation
No 93 [16]. Distributed loading in three points (P1=80 kN, P2=160 kN and P3=80 kN) were applied, Figure A3. The
measured displacement at each loading point was less than the requirement of 400 mm, Figure A4, with the lateral
end of the FUP identified as the weakest part.

Figure 1. Heavy goods vehicle (7.9 ton) and passenger car (1.7 ton) with the FUP aligned vertically with the car
bumper.

Crash Configurations

Based on the statistically defined distributions of the C2ZHGV head-on crash scenario (Table I), twelve car-to-HGV
crash configurations involving two impact velocities (car 39 km/h HGV 36 km/h and car 56 km/h HGV 53 km/h),
two car overlaps (50 and 80 %, as measured on the car) and three impact angles (0, 30 and -30 deg) were selected;
Figure 2. The Q25 configuration was considered too low in crash severity to fit the aim of this study. The oblique
impact angles describe crashes in which either the car (30 deg) or the HGV (-30 deg) drives into the opposing lane.
The results from the car-to-HGV crashes were compared to that of a car full-frontal rigid barrier (FFRB) 56 km/h
crash. Additionally, full-frontal rigid barrier car crashes were simulated for use as a reference to the car-to-HGV
crashes. Simulations were performed at 56 km/h (current US-NCAP), 80 km/h, and 100 km/h, common speed limits
on rural roads.

Crash Severity Metrics

Car crash pulse severity was evaluated from left sill B-pillar acceleration measurements using peak acceleration,
delta-V, cross-zero time, and occupant load criterion (OLC), measured in a local coordinate system with x positive
forward, z upwards, and y to the left (Figure 3). Peak x-acceleration is defined as the minimum of the CFC60
filtered x-acceleration. Delta-V is the vehicle x-velocity change, calculated from the integral of CFC180 filtered
x-acceleration, in the time window from impact to the time of minimum velocity. Cross-zero time is the time at
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which the car starts to rebound. OLC is defined as the constant (minimum) acceleration required to decelerate an
occupant from the time of 65 mm displacement relative to the vehicle (initial free-flight distance) to the time of 300
mm displacement [17]. In contrast to peak acceleration and delta-V, OLC is calculated over the whole time history.

Overlap/
Impact angle

50 %

80 %

Figure 2 HGV to PC crash configurations, with boundary lines around the vehicles displaying the overlap of the
car relative to the HGV.

Compartment structural integrity was evaluated by means of peak intrusion measurements during the crash at
locations according to ITHS [18]: the footrest, toe pan (3 points), lower instrument panel (2 points), A-pillar (door
opening), and steering wheel (Figure 3). The A-pillar deformation was measured between two points on the inside of
the door opening, at the vertical level of the base of the left front window at the A-pillar. Only the x-components of
the intrusions were used, measured in a local coordinate system with x positive rearwards, z upwards, and y to the
right. This coordinate system was rigidly attached to the left sill behind the B-pillar seat and thus followed the car in
all degrees of freedom. The measured intrusions were evaluated using the rating guidelines from IIHS [19], although
dynamic peak intrusions were used in this study instead of static intrusions measured post-test.

The recommended crashes for occupant restraints development were selected based on preserved compartment
integrity (A-pillar deformation) and high severity of the crash pulse metrics (peak acceleration, delta-V, OLC, and
cross-zero time), measured at the left sill b-pillar.

‘O (Door
2 opening) /

‘\l}"\/

Figure 3. Car compartment intrusion measurement points together with local coordinate systems for pulse
severity measurements (black) and compartment intrusions (red).

Mroz 4



RESULTS

Crash Pulse Severity and Compartment Integrity

For the car, the 39/36 km/h crashes were similar in severity to the FFRB crash; Figure 4. The 56/53 km/h crashes
were more severe, with peak accelerations of up to 91 g (excluding the very brief, likely unrealistic, peak
acceleration of the 80 % 30 deg crash) and delta-Vs of 105 km/h. Of the high-speed crashes, the -30 deg crashes had
less severe pulses than the 0 and 30 deg crashes but higher intrusions; Figure 5. The highest acceleration peaks and
OLC were measured for the 80 % overlap crashes. The smallest cross-zero time was measured for the high-speed 80
% 0 deg crash. In the lateral direction, the highest delta-V (40 km/h) was measured for the high severity 50 % -30
deg crash, Figure A2. For the HGV, delta-Vs of 12 to 16 km/h were measured for the 39/36 km/h crashes and 19 to
21 km/h for the 56/53 km/h crashes; see Figure Al in the Appendix. Time-history data of the x-accelerations, x- and
y-velocities and z-rotations for all crashes are shown in the Appendix; Figures A5 to A8.
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Figure 4. Sill left peak x-acceleration (upper left), delta-V (upper right), occupant load criterion OLC (lower left),
and sill left cross-zero time (lower right) for the 39/36 km/h (blue) and 56/53 km/h (orange) crashes, compared to
the FFRB 56 km/h crash (represented by a dotted horizontal line).

In general, compartment integrity was compromised (i.e., critically large A-pillar deformations) in the high-speed
crashes when the HGV impacted locally on the left side of the car (both -30 deg crashes and the 50 % overlap 0 deg
crash); Figure 5. Dynamic peak deformations up to 91 mm larger than those reported statically post-crash (at 140
ms) were measured, Figure 6. The largest footrest and toe pan intrusions, rated as marginal, were found for the high-
speed 50 % and 80 % O deg crashes (Figure 7), 247 and 260 mm respectively. The effect of overlap on the structural
compartment integrity, notably on the A-pillar deformation, is demonstrated in Figure 8, which compares the 50 and
80 % overlaps for two 56/53 km/h O deg crashes at the times of peak A-pillar deformations. For the 39/36 km/h
crashes, all intrusion measurements were non-critical.
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Figure 6. Time-history of the left A-pillar deformations (door
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Figure 7. Passenger car peak (dynamic) compartment intrusions for the 39/36 (left) and 56/53 km/h (right)
crashes. IIHS ratings: Good (green), Acceptable (yellow), Marginal (orange), and Poor (red).

Figure 8. Car A-pillar (door opening) deformations for the 56/53 km/h 80 % 0 deg crash at 90 ms (33 mm, right)
and the 56/53 km/h 50 % 0 deg crash at 100 ms (295 mm, left).
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Crash pulses for occupant restraint development

Two crashes were selected to immediately facilitate development of occupant restraints in high-severity crashes. The
selection was based on high crash severity (compared to FFRB 56 km/h crash) and non-compromised compartment
integrity, i.e., with limited A-pillar deformations, Figure 5, and Figure 9:

Crash 1: the 56/53 km/h 80 % overlap in O deg impact angle crash with peak acceleration 91 g, delta-V 97 km/h,
OLC 63 g, and cross-zero time 49 ms (highest crash severity, short duration), and

Crash 2: the 56/53 km/h 50 % overlap in 30 deg impact angle crash with peak acceleration 66 g, delta-V 105 km/h,
OLC 42 g, and cross-zero time 74 ms (high crash severity, long duration).

The 56/53 km/h 80 % 0 deg was similar to the 56/53 km/h 50 % 30 deg crash in terms of delta-V and OLC, but with
shorter crash duration (cross-zero time). The 56/53 km/h 50 % 30 deg crash was selected because of the long crash
duration (74 ms compared to 49 ms). Although less severe than the 56/53 km/h 80 % 0 deg crash, the longer crash
duration can be more challenging for the airbag systems in terms of maintaining high enough pressure to ensure
avoiding strike-through (known as stand-up time). The remaining high-speed crash with non-compromised
compartment integrity (the 56/53 km/h 80 % 30 deg crash) was excluded because the cross-zero time was higher
than that of the 56/53 km/h 80 % 0 deg crash, additionally, the pulse measurements were judged to be unreliable due
to local deformations of the structure at the sensor mounting location. In Figure 9, the selected crashes are also
compared to full-frontal rigid barrier crashes at 56, 80, and 100 km/h.
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Figure 9. Passenger car kinematics (measured at sill b-pillar): X-acceleration (upper left), z-rotation (upper
right), x-velocity (lower left) and y-velocity (lower right) for the two crashes that were selected feasible to use for
occupant restraints development in high-severity crashes compared to full frontal crashes in 56, 80 and 100
km/h. The x-velocity was offset to start at 0 km/h to simplify comparison of delta-Vs between the crashes.
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DISCUSSION

Crash compatibility between passenger cars and HGV's remains a prerequisite for safety. Only in crashes with intact
structural integrity of the compartment is it meaningful to improve restraint systems to protect occupants better.
Twelve car-to-HGV head-on crash configurations involving two impact velocities (car 39 km/h, HGV 36 km/h and
car 56 km/h, HGV 53 km/h), two car overlaps (50 and 80 %) and three impact angles (0, 30 and -30 deg) were
investigated, to identify which configurations are useful for occupant restraint development in high-severity crashes.

All 39/36 km/h crashes were found to be well represented by the full-frontal rigid barrier 56 km/h crash test in terms
of the crash pulse metrics peak x-acceleration, delta-V and OLC. Slightly higher compartment intrusions were
measured in the footrest and toe pan compared to the 56 km/h crash; however the results were still within the good-
to-acceptable rating corridors according to the guidelines in ITHS [19]. In three out of the six 56/53 km/h crashes
(both -30 deg crashes and the 50% overlap O deg crash), when the HGV locally impacted the left side of the car it
led to the collapse of the A-pillar and concomitantly compromised compartment integrity. Thus these crashes were
too severe to be used for the development of new restraint systems. Also, as most of the head-on crashes occur in
frontal collision with an oncoming car in the HGV lane, in sliding, overtaking or driver inattention scenarios [7], the
-30 deg crashes, which represents a crash configuration where the HGV drives into the opposing lane, are less
common. Similar results in respect to compromised compartment integrity were demonstrated in a barrier test that
relatively small increases in speed (from 64 to 80 and 90 km/h) can compromise the driver’s survival space to the
degree that the restraint systems would be ineffective in reducing the occupant’s injury and fatality risk [20].

The two 56/53 km/h candidate crashes that were selected both had intact compartment and high delta-Vs. The
56/53 km/h 80 % 0 deg crash was found to be the more severe than the 56/53 km/h 50 % 30 deg crash in terms of
peak accelerations and shorter duration in time, leading to higher crash severity as indicated by the OLC value (63 g
vs 42 g); however, the 56/53 km/h 50 % 30 deg crash can be more challenging for the airbag systems in terms of
stand-up time. Both selected crashes were much more severe than the full-frontal 56 km/h crash, with the
56/53 km/h 80 % 0 deg crash being similar in crash severity to a FFRB car crash in approximately 90 km/h (as
estimated from the average of the simulated 80 and 100 km/h crashes in Figure 9). Consequently, this crash seems
representative of also high-speed car-to-car crashes (as represented by a barrier crash) and can be replicated by full-
scale testing in a laboratory.

The two selected 56/53 crashes were much more severe than the full-frontal 56 km/h crash in terms of toe pan
intrusions, both rated marginal (247 to 260 mm) as compared to good (95 mm). This indicated a potentially
increased risk of lower leg injuries in these car-to-HGV crashes and need to be considered in restraint development
in addition to the high pulse severity. Such restraint development can be carried out in full-scale laboratory testing as
similar toe pan intrusions (241 to 298 mm) were found in the FFRB crashes in 80 and 100 km/h.

The generic HGV in this study complies with a traditional front design, with an FUP as the main energy-absorbing
structure. With the introduction of EU Directive 2015/719 [21], extra length can be added to the HGV, which can be
used to improve the front of the truck cabin in terms of FUP design, geometry, and additional energy-absorbing
capacity. This extended front can be used to improve the compatibility between HGVs and the car in terms of
energy management, and thus reducing the forces that the car is exposed to in the crash [22]. To demonstrate the
incompatibility between vehicles as well as to prepare for improved HGV front structure concepts, a frontal
reference crash test between a heavy truck (28 ton) and a passenger car (1.6 ton), with each vehicle traveling at 50
km/h and a car overlap of 50 %, was recently carried out [23]. It was found that the structural interaction between
the vehicles can be improved, as the FUP outside the left-side anchorage point failed in shear, leading to limited
engagement of the main car crash beam as an energy-absorbing structure and a ruptured lower A-pillar structure.

In addition to structural vehicle improvements, preventive systems are another means of reducing fatalities in car-to-
HGYV crashes. For example, frontal collisions with the car crossing the oncoming lane can be avoided with better
infrastructure, such as central separating road barriers in rural areas or reduced speed limits if separating driving
lanes are not possible. Further, the increasing use of support systems in vehicles [24,25], such as lane keep assist and
automatic emergency braking (AEB), can also prevent unintentional lane departure and/or reduce crash speed, to the
degree that the car structure and restraint systems can fully protect the occupant. By AEB on both HGVs and
passenger cars, a possible closing speed reduction of approximately 30 km/h could be reached, potentially reducing
MAIS2+ injuries by 52-73 percent in head-on crashes [26].
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Improved performance of current state-of-the-art restraint systems for protection in high-severity crashes has been
shown necessary [27]; an improved HGV front design would facilitate the development of such restraint systems.
With restraint and interior systems (such as belt load limiting, seat stiffness and knee bolster stiffness) adapted to
better manage the kinetic energy of occupants involved in high-severity crashes, strike-through could be avoided
[27]. Further improved head protection seems feasible using larger airbags [28], especially for a car with limited
compartment intrusions and large crush distance [29]. However, although improved safety performance in severe
car-to-HGV crashes can be reached [27], high injury values were still predicted for all body regions. Thus, further
development of frontal restraint systems may require new injury assessment reference values, focusing on
survivability as the most relevant injury in high-severity crashes. Such reference values were proposed [30],
targeting a 40 % risk threshold for all body regions of the THOR-50M Anthropometric test Device [31].

Limitations

Both vehicle models were found suitable for studying passenger car structural integrity and deriving crash pulse
data. However, several potential improvements to the models were identified. For the HGV model, only limited
detailed analyses of the interaction with the car were possible, due to non-modelled components behind the FUP,
such as the steering gear. Although the car model was proved valid in crash speeds up to 65 km/h, its predictions of
material failure in structural parts (such as the A-pillar) for crash severities with delta-Vs of up to 105 km/h remain
unknown. Finally, in this study a HGV weight of 7860 kg was used. For HGVs with higher weight, reduced delta-
Vs of the HGVs can be expected in frontal crashes, thus increasing the impact severity to the car.

CONCLUSIONS

Twelve car-to-heavy goods vehicle head-on crash configurations were investigated in order to identify which of
them can immediately facilitate occupant restraint system development in high-severity crashes:

All lower-severity (39/36 km/h) crashes were found to be well represented by the full-frontal rigid barrier 56 km/h
crash test.

For the higher severity 56/53 km/h crashes, three out of six crashes (both -30 deg crashes and the 50% overlap 0 deg
crash) were as currently too severe with respect to compartment structural integrity for immediate use in the
development of new restraint systems. Improvement of the car compartment structure is needed before these crash
configurations can be considered in restraint development.

Two high-severity crashes were identified for targeting improved occupant safety with new restraint system
development. Both these crashes were much more severe than the full-frontal 56 km/h crash. The 56/53 km/h 80 %
overlap 0 deg crash was found to be the most severe in terms of peak accelerations (91 g) and OLC (63 g), and, with
a high delta-V (97 km/h). The 56/53 km/h 50 % overlap 30 deg crash was found to be the most severe in terms of
delta-V (105 km/h) and pulse duration in time. The latter crash was similar in crash severity to a full-frontal rigid
barrier 90 km/h crash.

We believe the 56/53 km/h 80 % overlap 0 deg crash configuration may be worth considering in future legislation
and rating programs, which would immediately facilitate development of improved restraint systems addressing
fatalities in high-severity crashes.

ACKNOWLEDGEMENTS

The work was carried out as part of the SAFE-UP project, which has received funding from the European Union’s
Horizon 2020 research and innovation programme under Grant Agreement No 861570. The authors would like to
thank Dr. Kristina Mayberry for language editing.

Mroz 9



REFERENCES

[1]

[12]

European Commission. 2021. Annual statistical report on road safety in the EU 2020. European Road Safety
Observatory. European Commission, Directorate General for Transport, Brussels. https://road-
safety.transport.ec.europa.eu/statistics-and-analysis/data-and-analysis/annual-statistical-report_en

European Commission. 2021. Mobility and Transport Road Traffic Fatalities in the EU in 2019 by Road User
and (other) ‘Main Vehicle’ involved in the Crash. European Commission, Directorate General for Transport,
Brussels. https://transport.ec.europa.eu/system/files/2021-11/collision-matrix-2019.pdf

Stewart, T. 2022. Overview of motor vehicle crashes in 2020. Report No. DOT HS 813 266. U.S. Department
of Transportation, National Highway Traffic Safety Administration.

NHTSA National Center for Statistics and Analysis. 2021. Early estimates of motor vehicle traffic fatalities
and fatality rate by sub-categories in 2020, Crash Stats Brief Statistical Summary. Report No. DOT HS 813
118. National Highway Traffic Safety Administration.

NHTSA National Center for Statistics and Analysis. 2022, May. Early estimates of motor vehicle traffic
fatalities and fatality rate by sub-categories in 2021, Crash Stats Brief Statistical Summary. Report No. DOT
HS 813 298). National Highway Traffic Safety Administration.

Transport Analysis. 2022. Road traffic injuries 2021, Statistik 2022:15, Date of publication: May 15, 2022.
https://www.trafa.se/en/road-traffic/road-traffic-injuries/

Kockum, S., Ortlund, R., Ekfjorden, A., and Wells, P. 2017. Volvo Trucks Safety Report 2017. Goteborg,
Volvo Trucks. https://www.volvogroup.com/content/dam/volvo-group/markets/master/about-us/traffic-
safety/Safety-report-2017.pdf

Balint, A., Labenski, V., Kobe, M., Vogl, C., Stoll, J., Schories, L., Amann, L., Sudhakaran, G. B., Leyva, P.
H., Pallacci, T., C)stling, M., Schmidt, D., Schindler, R. 2021. SAFE-UP D2.6, USE CASE DEFINITIONS
AND INITIAL SAFETY-CRITICAL SCENARIOS, EU Project SAFE-UP (https://www.safe-up.eu).
https://staticl.squarespace.com/static/5Sefaed43294db25b18168717/t/623dabef1762a746d2632b9e/164820761
4516/SAFE-UP D2 6 Use+case+definitions+and+initial+safety-critical+scenarios .pdf

Forman, J. L. and McMurry, T. L. 2018. Nonlinear models of injury risk and implications in intervention
targeting for thoracic injury mitigation. Traffic Injury Prevention, 19 (sup2) 103-S108.

Wisch, M., Lerner, M., Vukovic, E., Hynd, D., Fiorentino, A., Fornells, A. 2017. Injury Patterns of Older Car
Occupants, Older Pedestrians or Cyclists in Road Traffic Crashes with Passenger Cars in Europe — Results
from SENIORS. Proceedings of IRCOBI Conference, Antwerp, Belgium

Mroz, K., Pipkorn, B., Sunnevang, C., Eggers, A., Brase, D. 2018. Evaluation of Adaptive Belt Restraint
Systems for the Protection of Elderly Occupants in Frontal Impacts. Proceedings of IRCOBI Conference,
Athens, Greece.

Singh, H., Ganesan, V., Davies, J., Paramasuwom, M., Gradischnig, L., Wood, P., Mogal, V. 2018a.
Structural countermeasure/research program: Mass and cost increase due to oblique offset moving deformable
barrier impact test. Report No. DOT HS 812 523, NHTSA, Washington, DC, USA.

Singh, H., Ganesan, V., Davies, J., Paramasuwom, M., Gradischnig, L. 2018b. Vehicle interior and restraints
modeling development of full vehicle finite element model including vehicle interior and occupant restraints
systems for occupant safety analysis using THOR dummies. Report No. DOT HS 812 545, NHTSA,
Washington, DC, USA.

CEN. 2010, July. European Standard EN 1317-2: Road Restraint Systems Part 2: Performance Classes,
Impact Test Acceptance Criteria and Test Methods for Safety Barriers Including Vehicle Parapets, European
Committee for Standardization, Brussels, Belgium.

Mroz 10



[15]

[17]

[18]

[21]

[24]

[26]

[27]

Oldani, E., Castelletti, L-M., Anghileri, M., Mongiardini, M. 2005. Impact Analysis of a 16t Truck against
different Road Safety Restraint Systems. Sth European LS-DYNA Users Conference, Birmingham, Great
Britain. https://www.dynalook.com/conferences/european-conf-2005/Mongiardini.pdf

UN/ECE. 2002. Regulation No 93 of the Economic Commission for Europe of the United Nations (UN/ECE),
Uniform provisions concerning the approval of front underrun protective devices (FUPDs), vehicles with
regard to the installation of an FUPD of an approved type, and vehicles with regard to their front underrun
protection (FUP). https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:42002X0201(01)&from=EN

Kiibler, L., Gargallo, S. and Elsifer, K. 2009. Frontal crash pulse assessment with application to occupant
safety. ATZ worldwide, Volume 111, Issue 6, pp 12-17.

ITHS. 2021. Moderate Overlap Frontal Crashworthiness Evaluation Crash Test Protocol, Version XIX.
Insurance Institute for Highway Safety, Ruckersville, Virginia, USA. https://www.iihs.org/media/f70ff6eb-
d7al1-4b60-a82f-e4e8e0be7323/XPsNNA/Ratings/Protocols/current/test_protocol moderate.pdf

ITHS. 2017. Moderate Overlap Frontal Crashworthiness Evaluation, Guidelines for Rating Structural
Performance, Version III. Insurance Institute for Highway Safety, Ruckersville, Virginia, USA.
https://www.iihs.org/media/5b0cc829-1945-4dfe-9db7-
1ea879f787fd/BHYE7A/Ratings/Protocols/current/structural.pdf

Kim, W., Kelley-Baker, T., Arbelaez, R., O’Malley, S., and Jensen, J. “Impact of Speeds on Drivers and
Vehicles—Results from Crash Tests,”, AAA Foundation for Traffic Safety, IIHS, January 2021.
https://www.iihs.org/news/detail/new-crash-tests-show-modest-speed-increases-can-have-deadly-

consequences

European Commission. 2015. DIRECTIVE (EU) 2015/719 OF THE EUROPEAN PARLIAMENT AND OF
THE COUNCIL of 29 April 2015 amending Council Directive 96/53/EC laying down for certain road
vehicles circulating within the Community the maximum authorised dimensions in national and international
traffic and the maximum authorised weights in international traffic. https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32015L.0719&from=LV

Edwards, M. J. et al. 2007. Improvement of Vehicle Crash Compatibility through the Development of Crash
Test Procedures (VC-COMPAT). Final Technical Report, Transport Research Laboratory, Crowthorne, UK.

Thomson, R., Fredriksson, R., Mroz, K., Kruse, D., Tornvall, F. 2023. Frontal Crash Incompatibility of Heavy
Truck in Crash Test with Passenger Car. The 27th International Technical Conference on the Enhanced Safety
of Vehicles Conference (ESV), Yokohama, Japan 2023. Paper Number 23-0321.

EUROPEAN NEW CAR ASSESSMENT PROGRAMME (Euro NCAP). 2022. TEST PROTOCOL - AEB
Car-to-Car systems, Implementation 2023, Version 4.1.1. https://cdn.euroncap.com/media/70312/euro-ncap-
aeb-c2c-test-protocol-v41.pdf

EUROPEAN NEW CAR ASSESSMENT PROGRAMME (Euro NCAP). 2022. TEST PROTOCOL - Lane
Support Systems, Implementation 2023, Version 4.2. https://cdn.euroncap.com/media/70313/euro-ncap-aeb-
Iss-vru-test-protocol-v42.pdf

Strandroth, J., Rizzi, M., Kullgren, A., Tingvall, C. 2012. Head-on collisions between passenger cars and
heavy goods vehicles: Injury risk functions and benefits of Autonomous Emergency Braking. Proceedings of
IRCOBI Conference, Dublin, Ireland.

Ostling, M., Eriksson, L., Dahlgren, M., Forman, J. 2023. Frontal Head-On Car-to-Heavy Goods Vehicle
Crashes and their Effect on the Restraint System. The 27th International Technical Conference on the
Enhanced Safety of Vehicles Conference (ESV), Yokohama, Japan. Paper Number 23-0198.

Mroz 11



(28]

[30]

Pipkorn, B., Mellander, H. and Haland, Y. 2005. Car Driver Protection at Frontal Impacts up to 80 km/h
(50 mph). The 19th International Technical Conference on the Enhanced Safety of Vehicles (ESV) -
Washington D.C. June 6-9. Paper Number 05-0102.

Pipkorn, B., Mellander, H. Olsson, J. and Haland, Y. 2006. On the Combined Effect of the Variation of Driver
Restraint Configuration and Crash Pulse for High and very High Impact Velocities. Proceedings of IRCOBI
Conference, Madrid, Spain.

Forman J, Ostling M., Mroz K. 2023. Potential Injury Criteria for Collisions with Heavy Goods Vehicles. The
27th International Technical Conference on the Enhanced Safety of Vehicles Conference (ESV), Yokohama,
Japan 2023. Paper Number 23-0334.

Humanetics Innovative Solutions. 2020. THOR-50th Percentile Male Dummy User Manual 472-9900
[Rev. F]. https://www.humaneticsgroup.com/sites/default/files/2020-11/um_thor_50m_revf.pdf

Mroz 12



APPENDIX
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Figure A3. Assessment of FUP according to UN/ECE Regulation No 93. Loading P1 (80 kN), P2 (160 kN) and
P3 (80 kN) were applied with load distribution of height 250mm and width 400mm.
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Figure A4. Force-displacement results from the FUP assessment.
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