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ABSTRACT

The structural performance of a vehicle has been
shown to be associated with the likelihood of
sustaining serious injury in passenger vehicle
rollover crashes. With increasing interest in
implementing interior safety features, such as side
curtain airbags, to mitigate injury during rollover it
isimportant to understand the response of the
vehicle structure onto which many of these devices
are attached. Further, research is ongoing to
determine the feasibility of using a dynamic
rollover test device, such as the Jordan Rollover
System (JRS), to accurately assess avehicle's
ability to protect occupantsin rollover crashes. This
research requires an understanding of the
performance of the tests performed on such a
system. The objective of this paper isto investigate
the response of the vehicle structure, as tested on
the JRS, with specific focus on the relationship
between the dynamic and residual roof intrusion.
This paper will also investigate the kinematic
response of the vehicle and how it isrelated to roof
performance and test conditions.

INTRODUCTION

The structural performance (maximum/residual

roof intrusion and intrusion speed) of avehiclein
dynamic rollover and quasi-static roof strength tests
has been shown to be significantly associated with
itsreal world rollover injury rate [1-3]. Differences
in vehicle kinematics during dolly rollover tests
have been observed for the same vehicle shape with
different roof strengths [4, 5]. The Jordan Rollover
System (JRS) is currently the test device of choice
in an effort to assess the viability of adynamic
rollover test for use in compliance and/or vehicle
performance rating tests [6]. In this effort it is
important to understand how vehicles perform on
the system as well as how the test conditions affect
that performance.

METHODS

Dynamic rollover tests of forty-eight passenger
vehicles conducted over the past 5 years on the
Jordan Rollover System (JRS) at the Center for
Injury Research (CFIR) were used to study various
measures of vehicle structural and kinematic

performance. The test data was provided to the
authors by the CFIR.

The JRS, Figure 1, isadynamic rollover test device
that has been proven to provide arepeatable and
valid representation of the interaction between the
roadbed and roof of the vehicle during a lateral
tripped rollover [7-10]. The JRS suspends a
vehicle, which is free to spin about its longitudinal
axis, above atrack with a moving roadbed. The
vehicle can be positioned with predetermined pitch,
yaw, and drop height. At the start of the test the
vehicleisrotated at a prescribed angular velocity
and is dropped to impact the moving roadbed at the
designated roll and pitch angle. The terms near and
far are used to describe the side of the vehicle that
impacts the road first and last, respectively.

Vehicle Body

Rotating Cradle

Road Surface

Figure 1 Jbrdan rollover system.

The JRS measures roadbed speed, vertical and
lateral road loads, vehicle angular velocity, and
vehicle vertical motion at the front and rear towers.
With thisinformation the energy of the entire
system can be tracked throughout each test using
the basic equations for potential and kinetic energy
of rigid body motion. The energy tracked
throughout the event includes the kinetic energy in
the moving roadbed, which represents the
trandation of avehiclein area world rollover.

The mass of the roadbed was maintained at 1633
kg for each JRS test, therefore the initial kinetic
energy in the road was approximately equal for all
tests. The propulsion system pulls the roadbed
throughout the entire event, including during
impact. The increase in kinetic energy, dueto the
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sustained propulsion, is calculated from a
calibration (no-impact) run for each test (Figure 2).
During the impact test the roadbed slows, but not as
much as it would have if the propulsion had not
been sustained. The increase in kinetic energy,
calculated from the calibration run, is deducted
from the measured kinetic energy during the impact
test to produce an adjusted profile. The adjusted
datawas used in all energy calculations.

The roadbed approaches the impact zone on rollers
but throughout impact it dides along lubricated
skids during which time the roadbed slows due to
friction. The amount of energy dissipated by
friction during impact was estimated using the
known coefficient of kinetic friction and the
measured normal force on the road.
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Figure 2. Roadbed energy profile for calibration
test, impact test and adjusted result. Grey band
indicates duration of vehicle to road impact.

The potential, vertical kinetic and rotational (roll
and pitch) kinetic energy of each vehicle was
calculated for the entire event. The potential energy
of the vehicle was calculated using the distance
between the CG of the vehicle and the roadbed,
thusavehiclein direct contact with the roadbed
would have a non-zero potential energy. All
rotational energy calculations were made assuming
the rotation occurred about the appropriate axis
passing through the centre of gravity and that the
moments of inertia were constant. The sign
convention used for the pitch motion, rotation
about the lateral centre of gravity, is described in
Figure 3. For an inverted vehicle the pitch istaken
to be zero when horizontal and increases asthe
front moves nearer to the ground.

N ~0°

Figure 3. Pitch sign convention.

String potentiometers were used to measure the
dynamic movement of the interior of the vehicle
roof, relative to the approximate longitudinal centre
of gravity (roll axis), at the top of each A-pillar, top
of the far side B-pillar, and at the roof header
approximately 200 mm inboard of the roof rail as
shown in Figure 4. String potentiometers have been
used in other dynamic rollover teststo measure
dynamic roof movement [11, 12] and proved to
provide accurate results. All test data was filtered at
SAE channel frequency class 60, but the roof
displacement data was further smoothed using a
regularization method prior to being differentiated
to obtain velocity and acceleration [13, 14]. This
was done to reduce the amount of noise that is
inherently amplified during numerical
differentiation. The terms end of test (EOT) and
residual will be used interchangeably throughout
this paper to describe the amount of intrusion that
isremaining at the end of the test. Roof intrusion is
a decrease in the distance between the roof and the
chassis. Peak dynamic intrusion is defined as the
peak intrusion that occurs during an impact and is
not necessarily the same as maximum intrusion
which is the maximum amount of intrusion that
occurred over a collection of impacts. For instance
inasingleroll event, where thereis only 1 roof
impact, the peak dynamic intrusion will be equal to
the maximum intrusion. However in atwo roll
event with two roof impacts the maximum
intrusion will be equal to the amount of residual
intrusion from the first impact plus the peak
dynamic intrusion from the second impact.

L ongitudinal centre of gravity O String potentiometer [T]

Figure 4. String potentiometer locations.

Two sections of results are presented below. The
first, comprising roof intrusion datafor all 48
vehicles, includes tests performed at a wide range
of initial protocols. The second section, comprising
vehicle kinematic and energy data for 21 vehicles,
includes sequential tests performed at protocols A
and B described in Table 1. The two differences
between protocols A and B are theinitial pitch
angles and the fact that vehicles tested at protocol
B had previoudly been tested once at protocol A.
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5°/10°
10°
180°/sec
145°

6.7 m/s

Table 1.

Initial test conditions
Pitch (A/B)
Yaw
Roll rate
Impact roll angle
Road speed
Drop height

10.2 cm

The duration of the rollover event is defined as the
time between first roof to ground impact and the

time at which the vehicleis no
with the roadbed surface.

RESULTS

Roof Perfor mance

longer in contact

The relationship between the maximum intrusion
and the end of test intrusion was consistent for all
vehicles, initial conditions, numbers of roof

impacts and roof measurement

locations. The

scatter plot in Figure 5 was generated using 230 far
side roof measurements from 83 various protocol
JRS tests of 48 different vehicles. Equation 1,
derived from the best fit line (R? = 0.96) of the

aggregated data, estimates the maximum amount of

roof intrusion sustained during the event, y, from
the known residual intrusion, x, as measured in
centimetres. Occasionally the far side header
experienced slight outward tenting during the near
side impact which resulted in an overall negative

residual intrusion value.

Similar results were obtained in inverted drop tests
conducted by Batzer et al. [15] (Figure 6) and in
curb trip tests[12]. The amount of maximum roof
intrusion estimated by Equation 1 and the amount
estimated by the inverted drop test data varied less
than 5 cm over 40 cm of residual intrusion.

There was a moderate relationship between the
peak speed at which the roof intruded during a roof
to ground impact and the amount of dynamic
intrusion that occurred, Figure 7.
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Figure 6. Residual roof intrusion vs. maximum
roof intrusion in inverted drop tests after Batzer et
al. [15]. Measurements taken at far side A-pillar,
perpendicular to impact surface.
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Figure 5. Residual roof intrusion vs. maximum
intrusion by measurement location.

Figure 7. Peak dynamic roof intrusion vs. peak
intrusion speed.

In general the peak acceleration of the intruding

roof increased with increased peak dynamic
intrusion, but the relationship was weak (Figure 8).
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The peak acceleration was more closely related to
the peak speed of roof intrusion, Figure 9. The
relationships between all parametersin Figures 5-9
was strongest for measurements taken at the far

side B-pillar.
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Figure 8. Peak dynamic roof intrusion vs. peak roof
intrusion acceleration.
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Figure 9. Peak roof intrusion speed vs. peak roof
intrusion acceleration

Vehicle Kinematics

The following results were obtained solely from
tests conducted at protocols A and/or B. These tests
were performed sequentially; therefore all vehicles
tested at protocol B had previously been tested
once at protocol A.

Thetotal duration of impact varied between
vehicles. It ranged from 0.389 to 0.294 seconds
with an average of 0.347 seconds for test protocol

A. For test protocol B the duration of impact
ranged from 0.404 to 0.272 seconds with an
average of 0.333 seconds. On average the far side
impact lasted 66.4 % longer than the near side
impact for test protocol A and 33.6 % longer for
test protocol B.

Two pitching modes were observed for vehicles
tested at protocol A. The first mode, illustrated in
Figure 10, consisted of the pitch generally
increasing during the event until an impact between
the road and far side front fender caused the pitch
to stabilise. One example of the general vertical
motion of the front and rear of the vehicle
throughout the impact for the first pitching modeis
shown in Figure 11. For this mode of pitching the
front dropped at a constant rate as the rear
remained at afairly constant height. At far side
impact the front continued to drop while the rear
rose rapidly. When the front far side fender
contacted the road, at approximately 210-235
degrees, the pitch stabilised as the vertical motion
of the front and rear of the vehicle ceased. Contact
between the vehicle and the road generally ended
between 240 and 250 degrees of roll at which time
the vehiclesin this mode had pitch angle ranging

from 8.7 to 12.4 degrees.
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Figure 10. Roll angle vs. pitch for test protocol A.
Pitching mode 1. Shaded area represents
approximate start of fender contact. Each colour
represents a separate test vehicle.
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Figure 11. Roll angle vs. vertical displacement of
front and rear of the vehicle. Test protocol A.
Pitching mode 1.
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When the front far side fender contacted the
roadbed the vertical motion of the rear of the
vehicle was stopped while the front rapidly moved
upward resulting in decreasing pitch. The range of
pitch angles at far side impact for all vehicles was
from 3.4 to 8.1 degrees.

Roll angle (deg)

Figure 12. Roll angle vs. pitch for test protocol A.
Pitching mode 2. Shaded area represents
approximate start of fender contact. Each colour
represents a separate test vehicle.

The overall pitch and the general motion of the
front and rear of each vehicle in the second mode
are shown in Figures 12 and 13 respectively. In this
mode the pitch increased, to between 7.6° and
10.1°, up to the point of front far side fender
contact at which point the pitch rate changed
direction. At the time these vehiclesleft the
roadway they were pitching at approximately -6.1°
per quarter turn. The vertical motion at the front
and rear of the vehicle was similar to that of mode
1 up until far side roof impact. The impact between
the far side of the roof and roadbed caused the rear
of the vehicle to slowly move upwards with little
effect on the motion of the front of the vehicle.
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Figure 13. Roll angle vs. vertical displacement of
front and rear of the vehicle. Test protocol A.
Pitching mode 2.

For vehicles tested at protocol B the pitch response
was generally similar, Figure 14. Most vehicles had
adlightly increasing or stable pitch from initial
impact through the far side roof contact and until
front far side fender contact. Fender impact
occurred earlier in theroll of test protocol B than
test protocol A. The only major differences
observed between each vehicle were the pitching
motions resulting from far side fender contact. The
motions ranged from abrupt changesin pitch, due
to combined far side fender and roof contact, to
cylindrical-type rolling with minor alterationsin
pitch angle. The range of pitch angles at far side
impact was from 7.8 to 11.9 degrees. The pitch
rates at the end of roadbed contact ranged from
stable to -8.9° per quarter turn.

Two different modes were identified for the
vertical motion at the front and rear of the vehicle.
The first mode, Figure 15, was characterised by
minimal changesin overall pitch asthe front and
rear of the vehicle moved in tandem with one
another. In the second mode, Figure 16, the front
and rear of the vehicles generaly fell together until
far side roof and front fender impact at which point
the front of the vehicle moved rapidly upward
while the rear of the vehicle maintained its
position.
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Figure 15. Roll angle vs. vertical displacement of
front and rear of vehicle. Test protocol B. Pitching
mode 1.

Energy

The energy profiles at three instancesin the
rollover event for the tests performed at protocols
A and B are shown in Figures 17and 18. In each
chart the first column for each vehicle, labelled
with the name of the vehicle, describes the energy
in the system just prior to initial impact. The
second and third columnsto the right describe the
energy just prior to and just after far side impact,
respectively. The difference between the total
height of each column indicates the amount of
energy dissipated during the event.

Figure 16. Roll angle vs. vertical displacement of
front and rear of vehicle. Test protocol B. Pitching
mode 2.

In some tests an increase in total energy was
observed to occur during near side impact, e.g.
compare the first and second column for the
Volkswagen Tiguan in Figure 18. Theincrease in
energy was on the order of 1 % of the total energy
and was attributed to roll rate sensor noise.

A net energy loss was recorded for each vehicle
during the rollover event. This loss was assumed to
be due to the dissipation of energy in the form of
friction between the roadbed and skids (calculation
described in the methods section) and vehicle
deformation. The average amount of energy
dissipated during the near and far side impacts was
1.6 % and 19.9 % of the total initial energy for test
protocol A, respectively. Of the energy dissipated
in the far side impact, between 43.1 % and 84.2 %
(average = 55.9 %) was estimated to have been in
the form of vehicle deformation. For test protocol
B the average amount of energy dissipated during
the near and far side impacts was 2.7 % and 22.8%
respectively. Of the energy dissipated in the far
side impact, between 32.7 % and 75.5 % (average =
50.1 %) was estimated to have been in the form of
vehicle deformation. The majority of the remaining
energy was estimated to be lost due to friction
between the roadbed and skids.

The amount of energy estimated to have been
dissipated viafar side roof deformation was related
to the amount of peak dynamic roof intrusion that
occurred during the event, Figure 19. This
relationship was not as strong (R?=0.35) for test
protocol B.
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Figure 19. Peak far side dynamic roof intrusion vs.
estimated energy dissipated by roof intrusion. Test
protocol A.

Table 2 describes the change in energy that
occurred throughout the entire event and during
near and far side impacts for the three main forms
of energy in the system. For each form of energy
(roadbed translational, vehicle translational and
vehicle rotational) the total range and average per
cent change islisted. Overall there was little
difference between the transformation of energy in
test protocols A and B. The general trend was that
the overall trandational energy of the roadbed and
vehicle decreased while the rotational energy of the
vehicle increased. For al vehiclesin each test the
roadbed slowed during the near and far side
impacts. In both test protocols every vehicle lost
vertical kinetic and potential energy during near
side impact asits vertical motion was slowed due
to impact with the road. At far side impact,
however, vehicles generally bounced upward
causing an increase in the vertical translational
energy. On average vehicles tended to end the roll
event with less vertical translational energy than
they had initially. The near side impact resulted in
an increase in rotational energy for every vehiclein
every test. For test protocol A the changein a
vehicle srotational energy during far side impact
was related to the amount of peak dynamic far side
roof deformation, Figure 20. Vehicles with low
amounts of intrusion experienced anincreasein
rotational energy while those with greater amounts
of intrusion experienced a decrease in rotational
energy. For test protocol B all but one vehicle
either maintained or lost rotational energy. There
was ho relationship between the change in
rotational energy and roof intrusion. The amount of
energy in the vehicle's pitching motion was less
than 1% of the total energy in the system
throughout the rollover event.
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Figure 20. Peak dynamic roof intrusion vs. per cent
changeinroll energy during far side impact. Test
protocol A.
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DISCUSSION

Strong relationships were observed between
maximum and residual roof intrusion and
moderately strong relationships between peak
dynamic intrusion and peak intrusion speed. These
relationships were always strongest for
measurements taken at the far side B-pillar. Thisis
believed to be due to the greater stiffness and
alignment of the B-pillar as compared to that of the
A-pillar and header. While peak intrusion speed
was moderately related to the peak intrusion
acceleration, peak dynamic intrusion had avery
weak relationship with acceleration. This may be
due to the method of calculating speed and
acceleration from displacement where asingle
differentiation step (i.e. between displacement and
speed or between speed and accel eration) would
maintain any relationship while the two
differentiation steps between displacement and
acceleration might have amplified enough of the
noise to weaken the relationship. Further,
differencesin roof elagticity and the time at which
glazing failed would have an effect on the
relationship.

The mgjor difference between the pitching modes
observed for protocol A wasthe effect of far side
front fender impact. Vehicles with more volatile
pitch (mode 2) had relatively long front bonnets,
with respect to their overall length, and a generally
lower profile. They also had an average of 52 %
more peak dynamic roof intrusion at the A-pillar
and 47.6 % more at the B-pillar than vehicles
exhibiting behaviour consistent with mode 1.
Similarly, the vehicles grouped in the second mode
for test protocol B had more severe pitching motion
than those in mode 1 and were relatively weaker
and longer. The average SWR for mode 2 vehicles
was 3.1 compared to 4.3 and they experienced

34.5 % to 70 % more roof intrusion at the A and B
pillars, respectively. The vehiclesin mode two
were an average of 30.5 cm longer than thosein
mode 1.

The results of the pitching motion highlight the
wide range of vehicle kinematics that can occur
during the roof impact phase of arollover due to
differencesin vehicle shape and roof strength. This
difference adds to the complexity of establishing a
protocol, considering both vehicle and ATD initial
conditions, for a second test.

The energy profilesfor all tests had many
similarities. The roadbed lost energy throughout the
event and the vehicle gained energy in the form of
rotational velocity during the near side contact. The
increase in roll rate during near side contact was
due to the difference in peripheral velocity of the
vehicle and trandational velocity of the roadbed.

The change in rotational energy during far side
impact for test protocol A was dependant on the
amount of roof intrusion that occurred. With one
exception, the roll rate at far side impact for test
protocol B either remained constant or decreased.
This was due to the more severe fender contact that
occurred with greater pitch angles.

The difference in vehicle performance can be seen
in Figures 17 and 18. Vehicles which had low
amounts of roof intrusion, such asthe Volvo XC90
and Honda CR-V had relatively small amounts of
energy lost during near and far side impacts. These
vehicles nearly maintained their roll energy through
the final impact while the roadbed lost energy
gradually. On the other hand vehicleslike the
Chevrolet Tahoe and the Jeep Grand Cherokee had
relatively large lossesin energy during the far side
impact. The high levels of roof intrusion in these
vehicles during the far side impact resulted in great
losses in vehicle rotational and roadbed
trandational energy.

Although theinitial conditions of the tests for
respective protocols were the same the initial
energy was different for each vehicle due to the
differencesin vehicle size. The amount of initial
roll, potential or total energy did not appear to be
related to the performance of the roof during the
event.

During each test approximately 8-17 % of the total
system energy was dissipated viawork done
deforming the vehicle body. A moderate
relationship was found between peak dynamic roof
intrusion and energy dissipated via vehicle
deformation for test protocol A. The relationship
was strong for test protocol A because roof
deformation accounted for the majority of vehicle
damage. This was not the case for test protocol B in
which significant fender to road contact would
have resulted in dissipation of energy that would
not have been accounted for in roof deformation
measurements.

CONCLUSIONS

In tests performed on the JRS at the stated
protocols a few relationships were observed.

The amount of maximum roof intrusion could be
accurately predicted for known amounts of residual
roof intrusion using Equation 1. Peak roof intrusion
speed is related to, but not fully predicted by, peak
dynamic intrusion. Peak roof intrusion speed is
moderately related to the peak acceleration of the
roof during impact. The resulting pitch motion of a
vehicle appears to be related to its geometry and
roof performance. The kinetic and potential energy
in the roadbed and vehicle could be tracked
throughout each JRS test. The amount of energy
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dissipated viafriction and vehicle deformation
could be estimated for each test. For test protocol A
the estimated amount of energy dissipated via roof
deformation correlated fairly well with the amount
of roof intrusion.
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