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ABSTRACT - Head injuries are an increasing public health concern. Although motor-vehicle injuries have steadily declined in
Sweden, casualties among vulnerable road users (VRUs) continue to rise. Inspired by playground surfaces, impact-absorbing
pavement (IAP) has been developed to enhance public safety, mitigate injury severity, and promote sustainable reuse of end-of-
life tires. This study developed and validated a finite element (FE) model of IAP to evaluate head response during oblique impact.
Compression tests at multiple strain rates and 45° oblique impact tests using a Hybrid III headform were conducted. Simulations
showed strong agreement with experimental peak angular velocity (PAV) while the peak linear acceleration (PLA) was
overestimated. Under the constraints of lab setup, small-scale IAP samples exhibited promising head protection, and a further 10%
reduction in PLA with increased diameter indicates that IAP could provide better head protection under real-world conditions.

INTRODUCTION

Traumatic brain injury (TBI) remains a growing public
health challenge worldwide. Although motor vehicle
injuries have steadily declined in Sweden, the number
of injuries and fatalities among vulnerable road users
(VRUs) continues to rise (Hurtig et al., 2023). These
trends underscore the need for more effective
protective measures for VURs who are highly exposed
to severe injury in traffic environment.

Currently, most road surfaces are constructed from
stiff asphalt, which provides little protection for VRU
during impact. Inspired by playground surfaces,
impact-absorbing pavement (IAP) has been developed
by incorporating rubber granules from recycled tires
into asphalt mixtures (Makoundou et al., 2023). AP
integrates a high content of crumb rubber and retains
a mineral aggregate skeleton, balancing impact
absorption with structural integrity. This approach
aligns with urban safety and sustainability goals,
encouraging active mobility while reducing VRU
injury risk (Makoundou et al., 2025).

Despite its potential, IAP is still experimental. There
is also a lack of a finite element (FE) model of the IAP
material to systematically evaluate its protective
performance. Real-world oblique cyclist head impacts
are more complex than the current surfaces test
standard which involves flat surface and evaluates
critical fall height for radial impact. Previous
experimental studies (Makoundou et al., 2025)
demonstrated that IAP can achieve head protection
comparable to helmets under oblique impacts
according to multiple brain injury metrics. However,
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those samples were constrained by laboratory
conditions, fixed in a small C-shaped holder that
limited shear and boundary deformation. This raises
an important question: can such small samples tested
under controlled laboratory conditions reliably
represent the head protection performance of IAP in
real-world scenarios?

Therefore, this study aims to address this gap through
three objectives: (1) to validate the FE model of IAP
under oblique impact; (2) to examine the influence of
sample diameter and friction beyond experimental
limitations; and (3) to explore the potential of IAP in
enhancing head protection performance and provide
insights for future optimization.

METHODS

Impact-absorbing pavement material

The IAP samples were provided by the University of
Bologna, Italy. Details of the material and
manufacturing process are reported in previous studies
(Makoundou et al., 2023).

Figure 1. The impact-absorbing pavement material
components and the samples.
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In brief, the mixture comprises 56% rubber particles
by volume (with particle size under 4 mm), 22%
aggregate and filler, 21% SBS-modified bitumen
emulsion, and 1% cement acting as an emulsion
breaking agent (see Figure 1).

Compression tests

Uniaxial compression tests were performed using an
Instron ElectroPuls E3000 testing instrument at three
strain rates: 0.01/s, 1/s, and 10/s (Venturucci, 2020).
Three replicates were planned for each strain rate
condition. The samples were prepared with a diameter
of 38 mm and a thickness of 44 + 2 mm. The average
stress-strain responses are summarized in Figure 2.
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Figure 2. Mean stress-strain curves of IAP under three
strain rates (0.01 /s, 1 /s and 10 /s) compression tests.

Oblique drop tests

The oblique test setup contains an aluminum column,
a fixed concrete base, a 45° angled anvil, and a Hybrid
IIT (HII) headform. The headform was placed on a
free-falling trolley. Details of the setup can be found
in the previous study (Fahlstedt et al., 2021). The IAP
were modeled as cylindrical samples with a diameter
of 100 mm and a thickness of 46 mm and were fixed
on the angled anvil by a C-shaped holder. The bare
headform was dropped from a height of 205 cm (6.0
m/s) at three directions (X/Y/Zrot, see Figure 3).

The HIII FE model was used in simulations. The IAP
sample was modeled as the same thickness of 46 mm,
oriented at a 45° angle, and constrained its lower
boundaries via a C-shaped holder. The IAP was
modeled using MAT SIMPLIFIED RUBBER, with a

density of 1.4 g/cm3, a Poisson’s ratio of 0.35, and
hysteretic parameters (HU and SHAPE) of 0.01 and 5,
respectively. In addition, the stress-strain curves under
three strain rates were defined based on the
compression data.

The coefficient of friction between headform and the
IAP surface was initially set as 0.5. The kinematics
were recorded at the center of gravity (CG) of the

headform model. All simulations lasted the same
duration as the input kinematics (30 ms) and were
conducted using an explicit dynamic solving method
(LS-DYNA, r13).

Figure 3. High-speed video and finite element simulation of
HIII head oblique impacts at three directions (X/Y/Zrot).

RESULTS

A comparison of experimental and simulated
kinematic responses at headform CG is presented in
Figure 4.0Overall, the simulations overestimated the
linear acceleration in all impact directions, with the
resultant peak linear acceleration (PLA) values
differing by 48%, 23%, and 26% for X/Y/Zrot,
respectively. Rotational kinematics were more closely
matched, the resultant peak angular velocity (PAV)
differed by 7%, 34%, and -15% for X/Y/Zrot,
respectively.
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Figure 4. Linear and rotational kinematics of headform in
the drop oblique tests at three directions (X/Y/Zrot).

Figure 5 illustrates the effect of IAP sample diameter
on peak kinematic responses. The resultant PLA in the
simulations remained largely constant across different
sample diameters but was overestimated by
approximately 30-40% compared with experiments.
However, as the diameter increased, the errors in the
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X/Y/Zrot impact decreased by around 10%. In
contrast, the resultant PAV showed errors within 10%
relative to the experiments and exhibited minimal
variation with increasing diameter.
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Figure 5. Effect of IAP sample diameter on peak kinematics
for head oblique impacts at X, Y, and Zrot.

Figure 6 illustrates the effect of the coefficient of
friction (COF) between headform and IAP. As the
COF decreased, the errors in the resultant PLA were
reduced by approximately 20-30% compared with the
experimental results. The rotational kinematics were
more sensitive: the X/Yrot impacts significantly
affected related PAV components (X/Y branches),
while the other two components were almost
unaffected. For Zrot impacts, low-friction conditions
even induced rotational reversal.
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Figure 6. Effect of friction between IAP sample and
headform on peak kinematics at X, Y, and Zrot.

DISCUSSION

This study developed and validated a FE model of
impact-absorbing pavement, with a specific focus on
its head protective performance under oblique impacts
at 6 m/s. Comparisons between experimental and
simulated kinematics showed strong agreement in

rotational kinematics across all three directions under
the oblique impact conditions. However, the linear
acceleration was overestimated, indicating a need for
model improvements such as the head-pavement
interface and bio-fidelity of the HIII headform.

The validated model overcomes key limitations of
prior IAP oblique-impact experiments, which were
restricted to small samples by the free-fall trolley
geometry. This restriction limited IAP shear
deformation and edge effects. Parametric simulations
show that edge effects have a small influence on PLA
(around 10%) while friction significantly affects PAV.
The observation of friction is consistent with prior
studies showing that surface friction strongly
influences rotational kinematics during oblique head
impacts. For example, Trotta et al. (2018) reported that
lower friction conditions between the head and helmet
attenuate rotational acceleration and thereby reduce
the likelihood of brain injury. Considering the
pavement is built on large surfaces so the
demonstration of the size and friction influence should
be verified also on site.

Several limitations should be noted. First, only one
impact condition was considered, which may not
encompass the full range of real-world impacts.
Second, the bio-fidelity (material, inertial and friction)
of the headform is limited, which may affect the head
kinematics. Third, modeling the rubberized asphalt as
a homogeneous material neglects its composite nature,
which influences mechanical behavior. Future work is
required for systematic evaluation.

CONCLUSION

This study modeled and validated the FE model of IAP.
Simulations showed strong agreement with
experimental PAV, while the PLA was overestimated.
Under the constraints of laboratory testing, small-scale
IAP samples exhibited promising head protection
performance, and a further 10% reduction in PLA with
increased diameter indicates that IAP could provide
better head protection under real-world conditions. It
also demonstrated that IAP has significant potential to
reduce head injuries among VRUs and contribute to a
safer traffic environment.

ACKNOWLEDGMENTS

This work was supported by Skyltfonden [no. 2024-
107146, 2024-106547, and 2025-27050]. The
simulations were enabled by resources in projects
[NAISS 2025/5-147] provided by the National
Academic Infrastructure for Supercomputing in
Sweden (NAISS). The materials were developed
under the SAFERUP! Project (grant agreement no.



4 Huang et al. / Stapp Car Crash Conference Short Communication

765057) funded by the European Union's Horizon
2020 - Marie Sklodowska-Curie research and
innovation program. The authors would like to express
sincere gratitude to Dr. Madelen Fahlstedt and Ing.
Filippo Venturucci for assistance in impact testing and
insightful discussions.

REFERENCES

Fahlstedt, M., Abayazid, F., Panzer, M. B., Trotta, A.,
Zhao, W., Ghajari, M., Gilchrist, M. D., Ji, S,
Kleiven, S., & Li, X. (2021). Ranking and rating
bicycle helmet safety performance in oblique
impacts using eight different brain injury models.
Annals of biomedical engineering, 49(3), 1097-
11009.

Hurtig, P., Larsson, P., Lindholm, M., Rizzi, M.,
Sternlund, S., Elmqvist, A.-L., Fredriksson, R.,
Forsman, A., Vadeby, A., & Amin, K. (2023).
Analysis of road safety trends 2022: Management
by objectives for road safety work towards the 2030
interim targets. In: Trafikverket.

Makoundou, C., Huang, Q., Li, C., Zhou, Z., Kleiven,
S., & Sangiorgi, C. (2025). Impact absorbing
pavement provides head protection comparable to
helmets in oblique impacts. Results in Engineering,
106538.

Makoundou, C., Johansson, K., Wallgvist, V., &
Sangiorgi, C. (2023). Rubber-and emulsion-based
impact-absorbing paving material produced with
cold and dry processes: Laboratory and in-situ
study. Construction and Building Materials, 408,
133496.

Venturucci, F. (2020). Innovative Infrastructures for
Sustainable Mobility in Urban Areas: Protective
Asphalt to Prevent Vulnerable Road Users Injuries
University of Bologna.

Trotta, A., Zouzias, D., De Bruyne, G. and Ni
Annaidh, A. (2018). The importance of the scalp in
head impact kinematics. Annals of biomedical
engineering, 46(6), pp.831-840.



