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Abstract: Lack of shock absorption capability of conventional steel bollards causes significant
vehicle damage and consequently high repair costs. This research studies a solution to reduce
vehicle damage by inserting PLA honeycomb structures. A honeycomb-inserted bollard was
designed based on numerical simulations using LS-DYNA, which yielded the bollard designed for
actual vehicle-bollard collision experiments. Simulation efforts were focused on calculating the
acceleration characteristics when a vehicle collides with steel and honeycomb-inserted bollards.
Compared to the simulated steel bollards, 20 MPa yield-strength honeycomb-inserted bollard
showed 0.017s delay in the maximum acceleration occurrence time, reduction of the maximum
acceleration to 37.4% of that of steel bollards, and 13.1% reduction in the B-pillar maximum
acceleration. Actual vehicle-bollard collision experiments, with a gyro-sensor installed at the test
vehicle front bumper frame, also proved improved shock absorption characteristics of the
honeycomb-inserted bollards. An experiment with honeycomb-inserted bollard showed 0.783s
delay in the maximum acceleration occurrence time, a significant delay when compared to steel
bollards. The maximum acceleration measured by the gyro-sensor was 0.35m/s> when the
simulation predicted it to be 0.388 m/s?, proving the similarity in the simulations and experiments.
Thus, this study of shock absorption characteristics promised reduced damage to vehicles and
lower repair cost.
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1. Introduction

Bollard is a road safety structure that separates sidewalks from streets to prevent vehicles from
entering into sidewalks [1-3]. In South Korea, stone or steel bollards were widely used until the
“Act on Promotion of the Transportation Convenience of Mobility Disadvantaged Persons” was
passed in 2019 [4]. This Act mandated all bollards to be manufactured with either steel pipes or
stainless coated with materials such as polyurethane for the improved safety of the
physically-challenged (especially the blinded). Either stone or steel bollards are being used
throughout the world as well. Recently increased use of anti-ram bollards to counter the increased
vehicle-ramming events, suicide bombings, and other terrorist activities, prompted researches on
their shock absorption and safety protection capabilities. These researches, however, were mostly
focused on reducing or distributing collision shocks to the bollards, instead of to the vehicle [5-6].
Instead, this not only focuses on the reduced shocks to the bollards but also to the colliding
vehicles.

Vehicle-bollard collisions cause significant damages on the colliding vehicles and consequent
repair costs. Automobile manufacturers of today are either fully or partially replacing steel
materials with lighter ones such as ultra-high-strength steel sheets, aluminum, magnesium, and/or
carbon fibers. Also, the increased use of various sensors and electronic devices yields higher
automobile prices, thus increased repair cost from vehicle-bollard collisions [8-11].
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As one of diverse shock absorption schemes, cellular honeycomb structure has higher shock
absorption capability due to its higher-strength hexagonal shape when compared to the foam or
tube structure [11-15]. It is known to absorb impact energy with its gradual plastic collapsing and
high load-carrying abilities and to allow diverse structural designs by adjusting geometric
parameters. Its lower prices compared to hydraulic or electromagnetic energy absorption devices
further motivates its broader applications in aerospace, mechanical, and civil engineering [16, 17].

Therefore, this research started with designing and testing of the honeycomb structure
specimen to be inserted into bollards, simulating vehicle-bollard collisions with LS-DYNA to
calculate the shock absorption characteristics of vehicle front bumper frame when colliding into
both steel and honeycomb-inserted bollards.

Thus, the LS-DYNA numerical simulations provided data for the honeycomb structure designs,
which were 3D-printed and inserted inside the bollard cover (“in-plane” insertion). These “in-plane”
honeycomb-inserted bollards, along with a conventional steel bollard, were used in the actual
vehicle-bollard collision experiments. These experiments allowed comparison of simulated and
measured acceleration characteristics of vehicle front bumper frame during collisions and
qualitative observations of the damage done on the vehicle by both steel and honeycomb-inserted
bollards.

2. Design and Tests of In-plane Honeycomb

2.1. Theoretical Background

Honeycombs are known to plastically collapse when the bending moment (M,) exceeds the
maximum plastic deformation moment. The normal force under in-plane (P) of the regular
hexagonal honeycombs, as illustrated in Figure 1, can be expressed by Equation 1 [18].

P= o(1+ sinB)lb )

Where o is stress, 6 is the inner angle as shown in Fig. 1, [ is honeycomb cell wall length, b is the
axial length of the honeycomb and ¢ is the honeycomb cell wall thickness. The plastic rotation angle
of the hinge (¢) under normal pressure can be described by Egs. 2 and 3.

4M,® = 20b(1 + sinb)pl?sind )
1
M, = Zo-ysbtz 3)
The ratio of plastic collapse stress (agy,;) to yield stress (ay) is given by Eq. (4).
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Figure 1. Cell deformations by cell wall bending and rotation in plastic collapses.
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Figure 2. Honeycomb Unit Designs and Compressions Tests Pictures: (a) Honeycomb modeling; (b)
In-plane direction compression test; (c) Compressed specimen showing results.

2.2. In-plane Honeycomb Compression Test

Compression tests were done on the 3D-printed honeycomb unit specimen to select the one for
actual vehicle-bollard collision experiments. All honeycomb units are designed to have 100mm
horizontal side length(x), 100mm vertical side length(y), and 50mm thickness(z). But, by varying [
from 2.3 to 5.3mm and f from 0.6 to 1.2mm, five units with different honeycomb cellular structures
are designed with more detailed lengths shown in Figure 2a. Using PLA(Polylactic acid) materials
and a 3D printer, three sets of each design are manufactured. Using a universal testing machine, all
manufactured honeycomb units were compressed from their in-plane direction, as shown in Figure
2D, to collect their load-displacement data. All compressions were done at 20 mm/min speed and for
three-minute duration. Specimens were fixed at the bottom, the x-y plane in Figure 2a, by a jig as
shown in Figure 2b so that no deformation occurs in the x-y plane. Figure 2c shows the deformed
specimen and the measure load-data are plotted in Figure 3.

According to the compression test results, maximum load decreases as the honeycomb cell wall
length increases and maximum stress increases as the cell wall thickness (t) increases. As indicated
in Eq. (4), yield stress increases proportional to t2 while inversely proportional to 2. It, however,
decreases to its 70% level if 0.2 offset (0.2% OYS, 0.2% proof stress, RP0.2, RP0,2) methods are used.

The data collected from the honeycomb unit compression tests were used as inputs to the
LS-DYNA simulations with the honeycomb property set as Mat 24 (Piecewise Linear Plasticity)
compressions tests. Thus, the simulations allowed compressions along the y-axis only. With the
honeycomb property in the simulations closely calibrated to the compression test specimen, both
tests and simulations show qualitatively-similar results as presented in Figure 4.
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Figure 3. Load deflection diagram according to size thickness of honeycomb cell.
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Figure 4. Comparisons of Honeycomb Compression Experiment and Simulation: (a) Experimental
results of a Honeycomb specimen; (b) Simulation results of a Honeycomb specimen.

3. Numerical Simulations

3.1. Bollard Design

In the event of a vehicle-bollard collision, impact energy needs to be dissipated through plastic
deformations - such as bending, fracture, or localized crushing - of both objects in collision [19]. For
conventional bollards typically made of steel pipe and polyurethane cover, impact energy is mostly
absorbed through local bending of the near-ground portion of the bollard, thus still delivering a
significant amount of concentrated impact energy to the local contact area of the vehicle. This
research, therefore, proposes a modification to the conventional steel bollards to insert honeycomb
units between the steel pipe and its cover, which is called “in-plane honeycomb” in this paper, to
minimize or distribute the impact energy on the colliding vehicle. Figure 5 illustrates the difference
in design between conventional steel bollard and in-plane honeycomb bollard.
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Figure 5. Comparison of internal structure: (a) Conventional steel bollard; (b) Bollard with
Honeycomb.

In-plane honeycomb bollards are designed to serve the conventional purpose of protecting
pedestrians while reducing the damage to the vehicle. For this purpose, the proposed new design
has the same outer diameter to the conventional steel bollard but due to the inserted honeycomb
units the inner steel pipe diameter is decreased but its thickness increases, as shown in Fig. 5. For
the vehicle speed low enough so that the honeycomb unit can absorb most of the impact energy, the
damage on the vehicle will be done by the stiffness: of the bollard only, thus the vehicle will
practically be stopped at the collision location, thus no safety concern to the pedestrians. For the
colliding vehicle speed high enough so that the energy absorption capacity of the honeycomb unit
is exceeded, the proposed design with the increase inner steel pipe thickness rather improves
pedestrian safety. In both cases, the impact energy will be either reduced or distributed to cause less
damage to the vehicle while the in-plane honeycomb bollards serves the same function of stopping
the vehicle before entering into sidewalks and cause injuries to pedestrians.

Production of the honeycomb units will be done through the extruding process using PE
(Polyethylene) material. Extruding is known to be ideal for mass production of identical structures
with simple designs [20]. If structural design gets complicated as the hexagonal cell structures in the
in-plane honeycomb units, defect rates can be high. It is expected that the product defect rate will
be significantly high when the cell wall length (I) are below 3 mm [21]. Thus, for all honeycomb
units used for this research, both in simulations and in collision experiments, the cell wall lengths
were set to be minimum 4.1 mm to minimize the defect rate.

3.2. Numerical simulations

Using LS-DYNA numerical analysis tool, developed based on explicit finite element scheme,
vehicle collisions were simulated against conventional bollards and in-plane honeycomb bollards.
The vehicle simulated in the tool was Ford Taurus 2001 model provided by National Highway
Traffic Safety Administration (NHTSA), as shown in Figure 6. Both types of bollard were set to be
buried 200 mm underground and the bollard exposed above the ground level is 850 mm high to
satisfy the requirement mandated by the Korean MOLIT (Ministry of Land, Infrastructure and
Transport) Act on Promotion of the Transportation Convenience of Mobility Disadvantaged Persons
2019.

All simulated collisions were frontal crashes, perfectly normal direction to the bollard cover
plane, with initial velocity of 10 km/h. Plastic Object MAT 24 (Piecewise Linear Plasticity) were
chosen to be the material of the honeycomb and pipes, and MAT 20(Rigid Body) was the material of
the support. Automatic surface to surface condition was set as the initial contact condition. All
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simulations were run for 4.5 s duration with the minimum time steps set at 1e-6. Honeycomb cell
wall lengths (I) were fixed at 4.1 mm for all simulations but the wall thickness (f) was varied so that
the yield strengths are adjusted to be 10, 20, 30, and 40 MPa. Table 1 summarizes the physical
parameters of the main bollard materials, PLA and steel.

Table 1. Specification of PLA and Steel.

Item Unit PLA Steel
Density kg/m3 1,252 7,830
Young’'s Modulus Pa 3.5E+09 2.07E+11
Poisson’s Ratio - 0.36 0.33
Bulk Modulus Pa 4.17E+09 -
Shear Modulus Pa 1.287E+09 -

Figure 6. LS-DYNA simulation settings.

3.3. Simulation Result

(@) (b)

Figure 7. Maximum deformation of collision between vehicle and bollard; (a) steel bollard; (b)
honeycomb 20Mpa bollard.


https://doi.org/10.20944/preprints202003.0454.v1
https://doi.org/10.3390/app10093014

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2020 d0i:10.20944/preprints202003.0454.v1

Table 2 summarizes the simulated maximum accelerations of the front bumper frame and the
B-pillar when collided with the varied yield strengths of both steel and in-plane honeycomb
bollards. It is reported that the acceleration on the drivers (and passengers) during the collision is
similar to the acceleration on the B-pillar [22].

Therefore, B-pillar acceleration data were used to analyze the accelerations felt by drivers.
Since simulations with the honeycomb unit with 20 MPa yield strength exhibited the lowest B-pillar
maximum acceleration, 20 MPa honeycomb unit was chosen for the simulations to compare its
results with the conventional bollards. Figure 7a shows the qualitative deformation results with the
conventional bollards while Figure 7b with the 20 MPa in-plane honeycomb bollard.

Table 2. Maximum accelerations of the front bumper and the B-pillar for the simulated
vehicle-bollard collisions.

Yield Front bumper frame B-pillar
stress(Mpa) maximum maximum acceleration
P acceleration(m/s?) (m/s?)
Steel bollard 215 1.037 3.44 E-2
10 0.701 3.16 E-2
Honeycomb 20 0.388 2.99 E-2
bollard
30 0.481 3.19 E-2
40 0.550 3.25 E-2
12
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Figure 8. Simulated acceleration evolutions at the front bumper frame.
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Figure 9. Simulated acceleration evolutions at the B-pillar.

Figure 8 shows the time evolutions of maximum accelerations at the front bumper frame with
the calculated maximum accelerations: 1.037m/s? at 0.042s for the steel bollard and 0.388 m/s? at
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0.059s for the in-plane honeycomb bollard. Compared to the steel bollard, the maximum
accelerations of the honeycomb bollard was delayed by 0.017s with its value decreased to 64% of
the former. In addition, the acceleration peaks occur only once for the steel bollard but three times
for the honeycomb bollard, including the third one at 0.38s with its peak much lower than others.

Figure 9 presents the simulated time history of the B-pillar accelerations. B-pillar maximum
accelerations are 0.0344 m/s? for the steel bollard and 0.0299 m/s? for the honeycomb bollard,
approximately 13% lower than the former.
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Figure 10. Simulated displacements of steel and in-plane honeycomb bollards.

The simulated time evolutions of the front bumper and the B-pillar displacements due to the
collision are graphed in Figure 10. Simulations showed that there is negligible deformation on the
B-pillars. Thus, the front bumper frame displacements in Figure 10 are calculated using the physical
distance between the bumper frame and the B-pillar, which is named “displacement gap” in this
paper, as inputs to the calculated strain vales. It is shown in Figure 10 that there are no displacement
gaps for the first 0.05s after the start of the simulation since the bumper frame is not in contact with

support

L

(a) (b) (0

Figure 11. Simulation of In-plane Honeycomb unit damage sequence: (a) At the initial impact; (b)
honeycomb unit on the backside starts collapsing; (c) honeycomb unit at the bottom front side starts
collapsing.
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the bollards but the gap increases after the initial impact. Compared to the steel bollard, the
maximum displacement time of the honeycomb bollard was delayed by 0.083s and the maximum
deformation value decreased by 26%.

Figure 11 shows the simulated sequence of damage on the in-plane honeycomb bollard by the
vehicle. Figure 11a shows the initial impact moment when the in-plane honeycomb starts collapsing
and Figure 11b shows the in-plane honeycomb unit in contact with the ground surface on the
opposite side of the impact point collapsing. Lastly, Figure 11c shows the honeycomb unit at the
bottom of the front side collapsing. This three-step collapsing sequence of the in-plane honeycomb
unit works to increase the shock absorption duration and cause variations as well in the
acceleration profile of the front bumper frame, as shown in Figure 8, with three peaks at 0.0590s,
0.1689s, and 0.329s.

In addition, the steel pipe in the in-plane bollard will finally come to contact with the support
that works to hold the forward motion of the vehicle. This indicates that the proposed in-plane
honeycomb bollard design will serve the same core function of stopping or significantly reducing
the vehicle motion when the collision energy exceeds the absorption capacity of the in-plane
honeycomb unit but significantly lowers the damage to the colliding vehicle and the occupants
inside.

4. Vehicle-Bollard Collision Experiments

4.1. Experimental setup

Figure 12. Manufacturing of In-plane honeycomb units with 3D printer.

Figure 12 shows the manufactured honeycomb unit with 20 MPa yield strength at where the
front bumper frame and the B-pillar showed the smallest simulated accelerations. Considering that
the total bollard height is 1,050 mm from the support and the 3-D printers have specification limits,
honeycomb units of diverse lengths - 200, 250, and two 300 mm units - were printed out as shown in
Figure 4-1. Honeycomb units were assembled into the bollards starting with first 300 mm unit from
the support bottom to ensure continuity at the ground level above 200 mm support. On the top of it,
200, 250, and the second 300 mm units were installed to optimize the structural continuity at the
impact location of the front bumper frame. All honeycomb units were manufactured to allow
tight-fitting to the steel pipe outer diameter to ensure the best shock absorption without slipping.

Figure 13 shows the schematic diagram of the actual vehicle-bollard collision experiment setup
to collect consistent data sets and to increase repeatability as well. A steel wire run by a 2kW motor
was attached to physically tow the experiment vehicle (Hyundai Avante MD model) and the
distance between the motor and the vehicle can be adjusted to adjust the collision speed. For all the
experiments, the wire length was fixed, thus a fixed collision speed, to ensure the data reliability and
repeatability.
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Figure 13. Assembly of bollards with honeycomb and pipes; (a) Honeycomb processing; (b) Bollard
Assembly.

As the vehicle passes through the first sensor, denoted as laser signal and receiver closer to the
test vehicle in Figure 14, the sensor cuts off the signal to the electric traction motor to stop its
operation, thus the vehicle can collide to the bollard through coasting driving. The collision speed
was then calculated by measuring the time difference sensed by the first (closer to the test vehicle)
and the second sensors (closer to the bollard) in Figure 14.

Receiver Receiver

J U

Wire |

iR

e [ pesona]
sensor PC&DAQ

NS

Motor  Bollard

] ]

Laser Laser
signal signal

Vehicle

Figure 14. Schematic of experiment.

For comparison with the acceleration data of the front bumper frame located inside the bumper
as shown in Figure 15, a gyro-sensor was installed on top of the test vehicle bumper frame as shown
in Figure 16 to collect time evolution of acceleration data. The sensor model is MPU-6050 six-axis
gyro-sensor with 1 kHz sampling rate and feed the sensed data to the Data Acquisition Device also
installed onboard the vehicle.

Figure 15. Numerical model for collision of vehicle.
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Figure 16. Test vehicle for collision and gyro sensor.

4.2. Experimental results

Based on the simulation results, 20 MPa yield strength in-plane honeycomb bollards of 4.1 mm
honeycomb cellular length (I) and 0.9-mm thickness (t) were manufactured. Experiments were
done by impacting the test vehicle with both steel and in-plane honeycomb bollards to collect

(a) (b) ©

Figure 17. Pictures of an actual collision test with in-plane honeycomb bollard: (a) the immediate
collision; (b) maximum deformation; (c) falling.

(@) (b) ©

Figure 18. Pictures of an actual collision test with steel bollard: (a) the immediate collision; (b)
maximum deformation; (c) falling.
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acceleration and its time evolution data to compare with the simulated results. The simulate vehicle
model was replaced with a Korean-made model in the experiments due to easy access and the best
similarity in the frame design. Early collision tests were done with in-plane honeycomb bollards,
then followed by steel bollard, and the bumpers were switched to a new one for each collision test to
ensure consistent qualitative and quantitative data collection.

In this research, maximum deformation time is the duration measured from the initial contact,
as shown in Figs. 17a and 18a, to when the maximum deformation of the front bumper frame occurs,
as shown in Figs. 17b and 18b. Total transformation time is defined to be the duration from the initial
contact time to when the bollard and the bumper no longer maintain the contact with each other.
From the collision experiment with the steel bollard, the maximum deformation time was 0.131s and
the total deformation time was 0.364s. These values were measured to be 0.503s and 1.102s
respectively for the in-plane honeycomb bollard. Both maximum deformation and maximum

transformation times increased for the in-plane honeycomb bollard, compared to those of the steel
bollard.

0.45

0.40 ] — e_xpennjent
- - - -simulation

0.35 4
0.30 4
0.25
0.20
0.15
0.10 ]
0.05 4
0.00 ]

acceleration (m/s?)

time (s)
Figure 19. acceleration of front bumper frame with gyro sensor and numerical result.

Figure 19 presents the time evolutions of the acceleration measured by the gyro-sensor at the
front bumper frame and calculated from the simulation. The maximum acceleration values from the
collision experiment and the simulation are 0.35m/s> and 0.388 m/s? respectively. The slight
difference is likely to be caused by the differences in the vehicle structure designs of the test and
simulation vehicles, such as the Styrofoam added to the back of the test vehicle bumper as shown in
Figure 4-8(b), but similarity can be easily identified in Figure 19.

@) (b) ©

Figure 20. Result of collision with steel bollard: (a) Collision with honeycomb bollard; (b) Collision
with steel bollard; (c) Disassembled vehicle after collision with steel bollard.

Figure 20a shows the collision picture with the in-plane honeycomb bollard while Figure 20b
with the steel bollard. Collisions with both bollards showed damage to the bumper cover, but the
collision with honeycomb bollard yielded no damage to the front bumper frame while the one with
steel bollard not only yielded damage to the front bumper frame but also to the radiator.
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Figure 21a shows the damaged honeycomb bollard due to the collision and Figure 21b shows
the bent inner steel pipe, displaying the same qualitative damage trend as in the simulation results
shown in Figure 21c. Exact damage location on the upper honeycomb unit differs from the
simulation results due to the ground clearance required during the experiment but the contact
location between the support and base (ground level) yields similar damage and bending
characteristics. Figure 22a shows the damage sequence on the bottom honeycomb unit, which can be
qualitatively compared with the damage from the actual collision test shown in Figure 22b.

(a) (b) (©

Figure 21. Damaged honeycomb bollard pictures: (a) Honeycomb unit damage; (b) Internal pipe
deformation; (c) Simulation results.

(a) (b)

Figure 22. Comparison of bottom honeycomb unit and damaged honeycomb simulation: (a)
Simulation results; (b) Collision test results.

5. Summary and Conclusion

This research, conducted with LS-DYNA simulations and vehicle-bollard collision tests, was
motivated to design in-plane honeycomb bollards in order to improve shock absorption capability of
steel bollards by adding in-plane bollard units and consequently reduce damage to vehicle and its
occupants. Findings from this research can be summarized as follows:

1. Honeycomb unit specimen with varying honeycomb cell wall length(l) and thickness(t)
were manufactured with PLA materials for compression tests, which confirmed that the
honeycomb strength is inversely proportional to /2 and proportional to #2 as reported in the
literature.

2. Maximum accelerations at the vehicle front bumper frame and the B-pillar were simulated
with various yield strengths. Compared to steel bollard, simulations with 20 MPa in-plane
honeycomb bollard, when impacted by the vehicle at 10 km/h, showed the maximum
acceleration time being delayed by 0.017s, the peak acceleration value decreased to 37.4%
of the steel bollard’s peak, and maximum deformation time increased by 0.083 s. The
maximum acceleration of the B-pillar decreased by 13% when compared to that of steel
bollard.
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3. From the analysis of the vehicle-bollard collision experiment videos, the maximum
acceleration occurrence time at the bumper cover has increased by 0.783s.

4. The maximum accelerations, measured during the experiment and calculated from the
simulation, were 0.35 m/s? and 0.388 m/s? respectively. This proves the similarity in the
acceleration and damage characteristics between the experiment and the simulation.

5. From the vehicle-bollard collision experiments, it was observed that the steel bollard not
only caused damage to the test vehicle front bumper frame as in the simulation but also to
its radiator. With only minor bumper frame deformation for the test against honeycomb
bollard, this research proves the improved shock absorption characteristics of the
proposed in-plane honeycomb bollards.

6. Vehicle-bollard collision tests against in-plane honeycomb bollards showed damages
concentrated to three locations along the bollard - front bumper contact point, base and
support interfacing point, and the bollard bottom end. This coincides with the simulation
results to further prove the consistency and reliability of the research results.

Vehicle-bollard collision tests against in-plane honeycomb bollards showed damages
concentrated to three locations along the bollard - front bumper contact point, base and
support interfacing point, and the bollard bottom end. This coincides with the simulation
results to further prove the consistency and reliability of the research results.

It can be concluded from this research that the proposed in-plane honeycomb bollards can
decrease damage to the vehicle and its occupants with its improved shock absorption capability
compared to the conventional steel bollards. With the in-plane honeycomb units designed to be
readily manufacturable with extruders, the honeycomb bollards can also be produced with
minimal cost increase while bringing the benefit of reducing vehicle repair cost and medical
bills to cure injured drivers and passengers. This research was also designed in a manner that
other variants of the in-plane honeycomb units can be simulated, manufacture, and tested to
further improve the shock absorption capability of proposed design in this paper.
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