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Rollover Crash Tests—The Influence of
Roof Strength on Injury Mechanics

ABSTRACT _

Eight lateral dolly rollover tests were 2 nducted on
1983 Chevrolet Malibus at a nominal speed 5 51.5 km/h
{32 mi/h). Four of the vehicles had rollcages. : nd four had
standard production roofs. Unrestrained outt oard front
GM Hybrid Il dummies with head and neck tt ansducers
were used. Numerous cameras documented the vehicle
and dummy movements, Detailed vehicle kirematics
data allowed gquantitative analysis of the conditions for
head and neck loads. For both roof structure: , the dum-
mies moved upward and outward from their seats due to
rotation and acceteration of the vehicle. High head/neck
loads were measured when the head contact2d a part of
the car experiencing a large change in veloci'y, often that
part of the car which struck the ground. The 12sults of this
work indigcate that roof strength is not an imp-ortant factos
in the mechanics of head/neck injuries in rolf >ver colli-
sions for unrestrained occupants. There was no signifi-
cant difference in the occupant kinematics resulting from
rollcaged and standard roof vehicies. There was no re-
duction in the incidence or severity of head/r eck injuries
in the rollcaged cars compared with the standard roof ve-
hicles. The rotlcaged vehicles incurred less ¢ lass break-
age.

BACKGROUND

The litetature regarding the effect of roof strength
on roliover protection has evolved from the zarly as-
sumption in the 1950's that stronger is necessarily better
to the current consensis which questions whether there
is a relationship between increased roof strength and in-
creased safety.

The experimental safety cars developed in the
1950's and 1860's al! incorporated some rocf strengthen-
ing device under the assumption that sironaer is safer.
McHenry {1}* noted that studies of occupan: behaviorin
rollover accidents are quite fimited, but concluded that
“the desirability of minimizing collapse of the roof struc-
ture is obvious.”” This assumption was supported by an
early rollover study by Mackay {2), who investigated 57
rollover accidents. He observed that roof “'penetration”
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in rollovers was closely associated with injury severity.
Subsequent to Mackay's early study, numerous other ac-
cidentinvestigators have made the same observation:
vehicles with more roof deformation tended to have
more injuted occupants — Huelke (3, 4, 6}, Mackay (6).
and Fan {717

During the same period, however, other authors
did not find a correfation between roof crush and injury.
Hight (8], in his investigation of 139 roflover accidents,
observed that injury severity was not a function of roof
crush. Wilsen {9} also found no correlation between in-
creased roof crush and increased head injury or overall
injury. More recently, based upon NCSS data, McGuigan
{10) found that there was an increased likelihood of se-
vere injury with increased roof crush but also that there
was a higher percentage of high injuries for minor roof
crush than moderate roof crush. He concluded that the
data is too sparse to draw any reliable conclusions con-
cerning probabilities of severe injuries with respect to
roof crush. Muetke {5) and Strother {11) found that severe
roof deformation was not necessarily associated with se-
vere injury. Provensal (12) noted that APR accidentologi-
cal data does not find any clear relation between
“maximum roof crushing’” and sgverity of lesions.

The initial observation that roof erush and injury
are related was followed by questioning whether they
are causally related. Mackay (6} first questioned this rela-
tionship from their investigation of 83 rollover vehicles.
They, too, found that there were more injuries associated
with severe roof crush. However, they stated that ""this
does not necessarily mean that the roof coliapse was the
immediate cause of the increased injury; it may be that
large amounts of roof collapse are an indication of large
collision forces which would have led to serious injury
anyway.' Anderson (13} studied 63 rollover accidents
and concluded that unrestrained occupants “are often
thrown from the seat and are not affected by the intru-
sion of the top structure.” Subsequently, numerous au-
thors have observed that roof crush and injury are not
necessarily causally related — Huelke (3), Mackay {14},
Melvin (15), Provensal (12), Versace (16), Wilson (17, and
Strother {11).
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The lack of a causal relationship betwee 1 roof
crush and infury was discussed by Moffatt (18) He sug-
gested that confusion arises when accident irn 2stigators
such as Huelke (3} refer to the “downward crush'* of the
roof in a rollover accident. Moffatt iflustrates '+ at roof
crush occurs only when the vehicle is upside 1 »wn, so it
is not the roof which moves down to the ear by the car
which moves down closer to the roof. Strother “11) of-
fered a velocity-time analysis of a falling dumn yin a ve-
hicle being dropped on its top which further illi strated
that it is the occupant who moves down relativ : to the
roof and not vice versa. He concluded that ever if there is
roof crush, the occupant will strike the roof hefore any
significant crushing occurs. Melvin (15} also su jgested
that, in many instances, an unrestrained occupant may
contact the roof early in the roof-to-ground iev.pactand
not during the final stages of intrusion.

Mackay {14) suggested that to demonstr: te that
roof crush relates to injury severity, one must n acessarily
examine the accident data from a sample of car s with
markedly different roof strength characteristics -Plastiras
{19} has attempted just that, with a very limited study -
comparing the rollover injuries with EMVSS 214 perform-
ance of small cars. She found that the stiffer roc f vehicles
did not have a lower injury rate in rollovers.

The test series which is the basis for this aperin-
voives the rolling over of four cars with product on roafs
and four with rallcages added to the roof structi ire. There
was a similar study by Stone (20), in which he rt Hed a va-
riety of British Ford vehicles with strengthened ind
weakened roof structures. He found that the ve! icle with
the strengthened roof rolled further and opined thatin-
creased roof strength is not necessarily benefic: al. The
following study is similar to Stone’s but involve ; more
nearly identical cars under moare controlled coA fitions,
with more extensive photo and instrumentaticn cover-
age. This increased number of tests and the test method-
ology reduced the effect of randomneass in this ¢ tudy,

TESTMETHODOLOGY

Eight dolly rallover tests were conducted using
1983 Chevrolet Malibu vehicles at 3 norminal sin ed of
51.5 km/h {32 mi/h). The Chevrolet Malibu is a “r 1nt en-
gine rear wheeldrive car weighing 1445 kg {3171b), with
a 2743 mm {108 in) wheeibase. For these tests, the stand-
ard equipped cars were four door sedans with banch
seats and the head restraints removed, The doors were
lockedand the windows ciosed priorto the tests. The
rear seat was removed to accommodate camera equip-
ment. Each vehicle was launched into a lateral roll with
the right side leading from the dolly fixture, as described
in FMVSS 208 and shown in Figure 1. This dolly fixture
inclines the car at an angle of 23 deg. The dolly moves
along the track up to the assigned test speed and then
comes to an abrupt stop, at which time the vehicle is
lauached: This test method was selected becaus= it is the
mostrepeatable type of rollover test, All tests were con-
ducted on fiat asphaltic concrete in dry conditions.

*Numbers in parentheses designate references st end of
>aper

.
T.

Figure 1

. Theintent of these tests was to investigate the-ef-
fects of added roof structure on the safety of Unres-
trained occupants during rollover coilisions.
Consequently;the test methodology and speed were se-
lected to subject the vehicles to extremely severe rollover
conditions so that any differences in protection would
become apparent. Compared with commonly observed
field accidents, these tests were very severe, Mackay (6)
in his investigations of 89 vehicles found that nearly 50
percent of the vehicles rolled one-half revolution or less
and that almaost 90 percent of the vehicles roiled one
complete revolution or less. in these tests, all of the vehi-

. clesrolled over at least twice and many rolled 3 to 3-1/2

timnes.

Four of the test vehicles utilized the standard pro-
duction roof. The other fourincorporated a rollcage, as il-
lustrated in Figure 2. This rollcage configuration ‘
incorporated 8.5 m (28 ft) of 50.8 mm (2 in) steel tubing
and 6.4m (21 ft} of 76.2 mm (3 in) tubing and weighed
74.3 kg (164 Ibs). This rolicage is not a feasible alternative
design for production vehicles: rather, it provides an ex-
tremely strong and nearly rigid configuration. A FMVSS
216 roof crush test was conducted bn one of the vehicles
after the rollover test, and the rollcage demonstrated a
strength of approximately 2-1/2 times that of the produc-
tion vehicle.

- - Figure 2

Figure 1 1983 Chevrolet Malibu with rellcage used in

Tests2,3,6&% 7
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Each vehicle was instrumented with ace:lerome-
ters on the B-pillars, a roll velocity gyro, and cle flection
transducers on each seat cushion.

Unrestrained GM Hybrid lil 50th percent le male
dummies were placed in the left front and rig1 front
seated positions for each test. These dummies were in-
strumented with triaxial head accelerometer: i nd the Hy-
brid ill neck transducer, which measures axia!
compression and tension, anterior-posterior st-ear, and _*
anterior-posterior bending moments. Four of tetests
were conducted using dummies with a pedest: ian pelvis
and four used a seated form pelvis. Each dumir 1y type
was used in two standard roof and two rollca 3 :d vehi-
cles. '

Five onboard movie cameras documerit :d the
dummy movements. A wide-angle, real-time ¢ 3mera re-
corded the futl area of the front seat. Two high. speed
cameras recorded the left and right sides of the occupant
compartment. Two additional cameras photcgraphed
the excursions of the dummies in the region of the but--
tock-to-cushion contact through openings cut ‘nto the
lower seatbacks. Offboard high-speed camera': photo-,
graphed the front and rear of the vehicle. A sid : view of:
the lateral rolling vehicle was obtained from a :amera
placed at the end of the test area, Real-time v ceo and
still photography recorded pre- and post-test ¢ anditions.
Figure 3illustrates the camera positions.

DOLLY ROLLOVER
TYPICAL CAMERA POSITIONS

* Figure 3

TEST RESULTS

Figure 4 shows the launch speed, length of roll,
and number of revolutions for each test. The standard
roof cars rolled 2-1/2 to 3-1/2 revolutions over a distance
qf 20.1t0 27.4 m (66 to 89 f1). They averaged 3-1/8 revolu-
ttions over 26.3 m (83 ft). The rolicaged vehicles rolled 2 to
3-1/2 revolutions over a distance of 19.8to 22.6 m (65 to
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74 ft}, with an average of 2-3/4 revolutions in 21.6 m (71
ft). The differences in the average number of revolutions
and distance rolled between the two types of vehicles
was not significant. For both vehicle types, there was a
good correlation between the number of revolutions and
the distance traveled. Although Figure 4 depicts the vehi-

" ¢les roliing purely laterally, in reality, most of the vehicles

developed some degree of yaw and end-to-end contact

. durjng the rollovers. The average deceleration for the

rolling vehicles was .43 g between dolly launch and point
of rest. o -
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Figure4 Launch Speed, Distance Rolled and
Revolutions

. Figure 5 is a sequence of still photographs taken
from Test 6. This sequence depicts the angular position
of the vehicle during the rollover. The position of the ve-
hicle is not linearly to scale across the figure, however, in
order to avoid overlapping photographs in instances
where the vehicle has a high roll rate and a low transia-
tional velocity. Below tha vehicle sequence are photo-
graphs of the interior showing the accupant positions
and impacts. These impacts will be described in more de-
tail in a later section of this paper. Data summaries and
photo sequences similar to Figure 5 are provided for the
other seven tests in Figure 14 and the Appendix of this
paper.
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VEHICLE KINEMATICS

The primary purpose of this study is tc i westigate
the conditions leading to injuries in rollover ccllistons
and the effect of roof strength on preventing it juries. To
understand the mechanics of tnjuries, the ven zle kine-
matics must be determined. In these tests, th e kinematics
of each vehicle were documented through th e use of on-
board instrumentation and offboard high-sp2 :d photog-
raphy. The following section presents the kire matic - *z,
analysis of Tést 5 (standard roof vehicle} anc ~ est6 (roll-
caged vehicle}.

Accelerometers were mounted on the | -pillars at
C.G. height and aligned in the vertical and la:¢ ral direc-
tions to provide continuous records througho 1t the test
sequence. Output from the roll velocity transc ucer was
integrated to provide a continuous record of 1 >t angle.
Knowledge of the roll angle allowed a transfo mation of
the acceleration records from the vehicle axis to the earth .
reference system. The time duration and intet sity of the
vehicle-to-ground impacts were clearly indica :ed from
the horizontal and vertical accelerometer trac :s. The
traces for Tests 5 and 6 are presented in Figur:s6and 7,
respectively. Each figure is marked with the letter R, T, or
B to indicate whether the ground contact with the vehicle
was to the roof (R), tire {T), or vehicle body {B . For the
purpose of this paper, roof contact is defined 1s when the
primary impact between the vehicle and grou 1d occurs
anywhere an the vehicle above the door wir cows.
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The accelerations presented in Figures 6 and 7
were intelrated to obtain horizontal and vertical velocity
histories for Tests 5 and 6. There are inherent difficulties
in such analysis, but it was possible to obtain good as-
sessments of vehicle velocity and energy loss during
each impact. The horizontal velocity plots are presented
for Tests 5 and 6 in Figures 7 and 8.
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“Figures 10 and 11 present the energy to: s for the
vehicles during Tests 5 and 6. Energy is compn ted as the
sum of the kinetic energy from the vertical arc horizontal
velocities, rotational velocity, and potential en 2rgy. Vir-
tually alt of the energy is in horizontal velocity so the
form of these plots is similar to the horizontal -elocity

plots.
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ANGULAR YELOCITY

Rotational velocity data obtained from the roll ve-
locity gyro are shown in Figures 12 and 13. As noted
above, these plots were integrated to provide roll angle
data. These plots were also used to assess impact veloci-
ties of various local points on the vehicle.
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Figure 13 Test & Roll Velocity Response
(Rollcaged Vehicle)

Test 6 was typical of all tests in that the vehicle be-
gan to roll as it left the dolly. A slight tripping force was
generated between the dolly and the tires of the vehicle
such that a rolf velocity of approximately 76 deg/s, and a
slightdecrease in translational velacity were incurred as.
the vehicle became airborne leaving the dolly. Referring
back to the still photo sequence of Test 6 (Figure 5), the
vehicle was airborne until it struck the ground on its right
side wheels at a roli angle of approximately 40 degrees.
Immediately prior to the wheels striking the ground, the
vehicle was translating at approximately 13.8 m/s {45 ft/s)
and rotating at a comparatively low rate of 75 deg/s. Con-
sequently, this first ground impact involved a lengthy
sliding contact, adding significant rotational velocity at
the expense of translational velocity. During this first
ground impact, the roll velocity increased to 310 deg/s,
and the translational velocity decreased to 12 m/s
{39 fus).

The next twa ground contacts in Test 6 were to the
upper vehicle body and roof. They further increased the
roll velocity to apprdximately 400 deg/s. The horizontal
velocity, was reduced during the first revolution to
8.8 mfs (29 ft/s). As a result, the vehicle expended more
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than a third of its translaticnal velocily and v ore than
half of its kinetic energy in the first revoluticr

At the start of the second revolution, F erewasa
severe tire and wheel impact with the grour ¢ which ab-
ruptly reduced the roli velocity to 315 degfs. ~ here fol-
lowed three more vehicle body and roof imp. cts with the
ground. Upon the first of these vehicle body : npacts, the
rall velacity momentarily increased to nearly 400 deg/s
and then rapidly decreased on further impaz's. The sec-’
ond revolution ended with another very seve e tirefwheel
impact to the ground, which essentiaily stg)y ed the vehi-
¢cle. This impact abruptly reduced the horizor tat velocity
by approximately 4.0 m/s {13 fts) and the rol' velocity by
230deg/s. The significance of these velocity + hanges
upon the dummy motion wilt be discussed r a later sec-
tion.

The occupant and vehicle kinematics f om Test 5
are shown photographically in the sequence >f still pho-
tographs in Figure 14, The exit from the dol y and the first
ground impact were similar to Test 6. The vehicle devel-
oped roll velocity rapidly to a level of 370 de¢/s at the end
of the first revolution. Also similar to Test 6 1 ehicle
body-to-ground impacts occurred, causing a\ increase in
rotational velocity and a reduction in translat onal veloc-
ity. At the end of the first roll of Test 5, the tra slational
velocity had decreased to approximately 9'1's
(23 ft/s).

Early in the second revolution of Tes= ¢, there was
a moderately severe tire/wheel-to-ground it pact which
increased the roll velocity to 520 deg/s with a minimal re-
duction in translational velocity. Subsequen’ y, several
vehicle bgdy and roof contacts occurred, anc the second
revoiution ended with a translational veloc t of 6.5 m/s
{21 f/s) and a roll velocity of 370 deg/s.

The subsequent movement of the veh clein Test §
was unlike that of Test 6 because there was r o tire/wheel-

‘to-ground impact at the end of the second re solution,
Consequently, the vehicle continued to roll f ir another
1-1/2 revolution. At the end of the third revol stion, a sig-
nificant tiref'wheel-to-ground impact occurec which
sharply reduced the transiational velocity t> 3.8 m/s {12
fis). This final tirefwheel-to-ground impagct r :sulted in
only a slight<eduction in the roll velocity, ho vever, and
the vehicle continued to roil another 1/2 revc lution., -

In comparing Tests 5 and 6, ane finds a difference
in the severity and duration of the ground impulses for
the standard and rollcaged cars. These pararmeters relate
to the severity of the impacts, since high acceleration in-
dicates high forces on the vehicle, and long curation
causes high velocity changes. The magnitudz of the ver-
tical accelerations was consistently higher with the roll-
caged vehicle. The standard roof vehicle impulses were
more numerQus and were sometimes cluste-ed, which
indicated less severe but more frequent impacts. It ap-
peared that upon roof contact with the grourd, the roll-
caged vehicle generally rebounded higher, rossibly due
to better retention of its “hard-cornered”’ prefile and/or
storage of energy in its fess yielding framew ark which
was released in rebound.

Approximately one-half of the kineliz :nergy loss
for the vehicles in these tests resubted from t re/wheel-to-
ground impacts. The remainder of the enar¢ y loss was

distributed among the vehicle body and roof impacts.
The individual impacts which corsistently produced the
greatest energy loss were the first ground contact by the
tires and wheels after leaving the dofly. Inspection of the
energy plots in the areas of roof contactindicates that the

- energy expended by the rollcaged vehicle was approxi-

mately the same as that for the standard roof vehicle. The
primary difference was that the rollcaged vehicle ex-
pended its kinetic energy in two very abrupt roof con-
tacts, whereas the standard roof vehicie had more
numerous, less severe roof-to-ground contacts.

OCCUPANT KINEMATICS

The movements of the dummies in these rollover
tests are best considered in two phases: {1] while the ve-
hicle is airborne and {2} when the vehicie hits the ground.

VEHICLE AIRBORNE — In the airborne phase, cen-
trifugal force nearly always dictated the position of the
dummy. Rotational velocity on the order of one revolu-
tion per second was consistently observed by the end of
the first revolution, The distance from the roof side rail of
the vehicie to the vehicle center of gravily is approxi-
mately 1 m (3 ft), so this rotational velocity resulted in a
centripetal acceleration of 3 g to 4 g at the perimeter of
the vehicle while the vehicle was in the air. As this rota-
tional velocity developed, the dummies left their seated
position and moved toward the perimeter of the vehicle.
They tended to remain against the vehicle perimeter,
constrained by the upper door and roof areas, and
moved away from that point only upon vehicle-to-
ground impact.

in all eight tests, none of the dummies ever re-
mained seated on their seat cushions (where “cushion™
means the portion of the seat upon which the buttocks
sit) after the roliover began. In order to document the re-
lationship of the buttocks of the dummy with the seat
cushion, openings were cut in the lower seat backs 5o
that onboard cameras could record the dummy move-
ment in that area. Figure 15 is a photograph of the seat
back openings. String potentiometers were used to

- hy i T v

Figure 15 Qpenings cutin'seat back to photo dummy
buttocks to seat cughion contact
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{a] Rotational
components

/

Figure 16 Velocity of Various Points on a Rcll ng Vehicle

measure the deffection of the cushions during the test.
These measurements and the films demonstr: ted that
the dummies lifted off their seat cushions at e begin-
ning of the test and seldom touched the cushions again.
There were no instances where the subsequar t touching
of the seat cushion affected the injury mechar ics.

During the vehicle airbarne phases, the dummy
was usually in synchronous mation with the ¢ zrimeter of
the vehicle, moving at the same velocity and cirection as
that portion of the vehicle. Therefore, if the ra velocity
and translational velocity of that gaint of the =hicle prior
to the ground impact can be determined, ther the veloc-
ity of the occupants at that point also are dete mined.

VEHICLE-TO-GROUND IMPACTS - Grund im-
pacts occur between the airborne phases of tt e rotlover.
When tfe vehicle strikes the ground, the ocoL dant com-
partment rotational and translational velociti-s change,
leading to movemnent of the dummies within he com-
partment. In the majority of the ground impa ts, the
dummy essentially remained in contact with he same
part of the vehicle perimeter and simply pres yed harder
against it as the vehicle struck the ground. Ce nsequently,
the change in velocity of that portion of the v thicle
against which the dummy was touching deve -mined the
change in velocity of the dummy through thé timpact. It
was the change in velocity rather than acceleration of the
dummy whteh was the critical measure of the impact se-
verity in these tests. This is because the majority of these
dummy impacts involve potential neck injuries rather
than head injuries. Head injury is greatly dependent on
acceleration, whereas neck loading depends on relative
displacement of the torso to the head, which is more sen-
sitive to velocity change than acceleration.

The change in velocity during an impact is the dif-
ference between the velocity before and after the impact.
The velocity before the impact of any point on the vehicle
in a laterai roltover may be derived fram three velocity
components: (1) horizantal velocity of the vehicle center
of gravity, (2} vertical velocity of the vehicle enter of
gravity, and (3] roll velocity. The individual and com-
bined effects of each velocity component ar« shown in
Figure 16 for various positions on the vehiclz.
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b} Translational
components

{c) Resullant Velocily
Relative to Ground

The rotational velocity components are shown in
Figure 16A. These velocities are normal to a line to the
center of gravity of the vehicle and have & mag nitude in
proportion to the length of that line and the rotational ve-
locity. Aftfhe velocities in Figure 16A have different mag-
nitudes and directions because they are at different
places on the rotating vehicle. |

Figure 168 shows the translational velocity com-
ponent of the vehicle center of gravity and all points on
the vehicle, due to the combined horizontal and vertical
velocities.

Figure 16C is a superpositioning of these rotational
and translational component vectors. As shown in this
vector diagram and as clearly seenin the films of the roi-
lovers, the effects of adding the rotational and transia-
tional velacity vectors is that that portion of the vehicle
furthest from the ground is moving the fastest and the
portion of the vehicle closest to the ground is moving the

. slowest. It is even possible that the point closest to the

ground can be moving in the direction opposite ta the ve-
hicle translation if there is high roll velocity.

An analysis was made of impact 6R1 to define the
change in velocity experienced by the dummy. Figure 5
illustrates the dummy orientatfon in impact 6R1. (For this
paper, a code was used to designate each dummy im-
pact. in “6R1,” the 6 refers to Test &, R means right
dummy, and 1 refers to the first potentially injurious im-
pact to the right dummy.} The impact to the right dummy
occurred when the right side roof rait hit the ground and
the dummy head remained in contact with the right side
roof rail. Force was generated in the dummy neck be-
cause its head remained in contact with the underside of
the roof rail as the roof raii went through a velocity
change of approximately 4 m/s {13.1 ft/s}. Also, the head
struck the window, which was simultaneously striking
the zround. Impact 61 was typical of many impacts
where the dummy was held against the perimeter of the
vehicle until that part of the vehicle struck the ground.
This was the most common type of potentiatly injurious
loading to the dummies in these tests. in viewing the on-
he-d film, however, such impacts are not easily seen,
because there is little motion between the dummy head
and vehicle interior.
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Figure 17A iHustrates impact 6R1, show ng the var-
ious components of velocity immediately prio to impact
with the ground. Figure 17B shows the veloc t  vectors of
the vehicle just after the ground impact. Durin j this im-
pact, the roll angle changed from approxima:ely 110 to
135 degrees. The vertical velocity at the center of gravity
of the vehicle changed from 1 m/s {3 ft/s) dovi ward to
1 m/s (3 ft/sh upward. The horizontal velocity - anged

from 12.2 m/s {40 ft/s) to 11.0 m/s (36 fvs). Th2 -otational -

velacity changed from 270 deg/s to 290 deg/s. A'hen
these velocity changes were transformed to Ik 2 point of
contact with the ground, the change in horizor tal velocity
was 2.1 m/5{6.9 ft's), but the vertical change r velocity
was 3.4 m/s {11.2 ft/s}. These velocity changes -esulted in
an overall change in velocity gf approximately 4 m/s

(13.1 ft/s) for that part of the car which struck tt e ground.
This was a significant velocity change for the [ assenger
dummy, both in magnitude and direction, bec.iuse the
force was aligned with the dummy neck. The t:me dura--
tion for this local change in velocity was appic ximately
80 ms.

" A similar analysis was made of 6L2, whizhoc-
curred simultaneously with 6R1 but at a locatit n near the
center of the roof. The change in velocity at tiv center of
the roof was 3.7 m/s, compared with 4.0 m/s fo - the right
roof rail. The neck loads were lower due to the lower ve-
locity change and the relative dummy moverint. The
driver dummy had struck the roof approximate ly 100 ms
earlier and was rebounding from it when the vzhicle im-
pact occurred,

PROJECTED IMPACTS — Most of the dummy im-
pacts in this study occurred when the head of the dummy
remained i contact with a portion of the vehic e as the
vehicie impacted the ground {as in 6R1 above) There
was another less frequent type of dummy imp.ct, how-
ever, where the dummy moved from one part »f the vehi-
cie to strike another part. This occurred when t1e vehicle
struck the ground with the dummy remote fror 1 the point
of contact but somewhat in line with the i impo: ed force.
Figure 18 illustrates impact 6L3. In the left figure, the
dummy on the left side of the vehicle was stati ¥nary rela-
tive to the vehicle just before ground impact. £t this point
the horizontal veiocnty of the dummy head {calculated
from the kineratics data for this location) was 6.5 m/s
{21.3 ft/s). Approximately 180 ms later, the veh cle was
essentially stopped by the ground impact, buf the unres-

A —Pre-impact

Translational Componert

- Aolational
Companent

Resultant

B -~ Post-impact

“Rotavonal
Component

trained dummy continued to move at its original velocity,
traversed the occupant compartment and impacted the
roll bar with a relative velocity of about 6 m/s (19.7 fu/s).
There was a resultant HIC number of 1450 but no signifi-
cant neck load because of the lateral orientation of the
head and neck to the roll bar. This was an example of the
importance of dummy head/neck orientation in deter-

_mining whether neck loading occurred in a potentially

injurious environment.

A — Pre-impact with ground.
Oy and car
in synichegnous maon

B~ Dummy impact with
wehicle nesrdy Hopped
and gumemny at
pre-impact speed

6.5 mux

Appioximatety
& mvs relative
welociyy with
Car

Figure 18 Projection of dummy'across car due to right
wheel impact — impact 6L.3

The significant projected impacts in these
tests occurred when the left side dummy projected
across the vehicle to impact the right side of the car. The
right side dummies rarely moved very far from the right
side of the vehicle. The tireAwheel impacts are capable of
causing a higher and more sustained deceteration of the
vehicle than the roof structure would for a comparable
impact. The wheel-to-ground impact related to 6L3 re-
sulted in a peak horizontal deceleration of the vehicle
center of gravity of 60 m/sec? with an impulse extending
over 200 ms. A severe rollcaged roof impact, such as 6R1,
caused a 50 m/sec2 horizontal deceleration of the vehicle
center of gravity over a period of gnly 80 ms. As a result,
tire/wheel impacts cause a higher change in velocity and
are more apt to cause a projected impact of the left
dummy into the right side of the vehicle. There were no
projected impacts of the right dummy into the teft side of
the vehicle as a result of roof impacts.

C— Velocity Change
during Impact

Resuftant

Translational
Caomponent

Figure 17 Veiocity Change on Dummy When ositicned at Point of Impact (lmpact 6R1)

190

PRODUCED BY GM IN BINLING DUAR V GM

000001494



INJURY MECHANICS

One of the purposes of these dolly rol ¢ ver tests
was to develop a better understanding regatc ng the
general pattern of occupant movement and r:ury me-
chanics in rollover crashes. Even though rello ser crash
testing is characterized by some variability ¢ sehicle mo-
tion and randomness of injury mechanism, ce rtain pat-
terns of injury mechanics and occupant mot ¢ n became .
apparent. Tt

The injury mechanics in rollovers are si nilarto all
collisions in that the injury severity is relatec t 3 how fast
the occupant is moving and how quickly he st 3ps. Roll-
overs are different from other types of collis ¢ 1, how-
ever, due to the many impacts and the randor iness in
occupant position. The two most significant f: ctors re-
lated to potential injury events are: {1) the ori+ ntation of
the body at impact and (2) the proximity of thw occupant
to that part of the car which experiences the h gh change
in velocity.

The orientation of the occupant atimpecris impor-
tant because the human body has varying di rees of tol-
eranceto impact depending upon which part »f the body
is struck or loaded. For example, the buttocks have a
much higher tolerance to impact than the hea 1. Conse-
quently, occupants who iand on their heads will probably
be more injured than those who impact their b uttocks.

The second factor is the proximity of th : occupant
to the portion of the vehicle which €xperience s the high
velocity change. In these tests, the dummy cl¢ sest to the
area of roof-to-ground contact nearly always » xperi-
enced a higher change in velocity than the oz upant re-
mote from the point of impact. For tire-to-gra ind
impacts, proximity to the point ofimpact \vas not im-
portant.

The Hybrid Il durnmies used in these tt sts were
equipped with head accelerometers and neck trans-
ducers. tn each test, the dummies were subjac ted to re-
peated impacts to the head varying from insic nificant to
severe. In order to compare the injury mechal ics in the
rolicaged vehicles with those in the standard oof vehi-
cles, it was necessary to make a judgment as - o which
were the significantimpacts to the head and r eck. itis
not always possible to state whether a particutar meas-
ured dummy ifhpact would be injurious to a human
being. For the purposes of this rollover study, that judg-
ment was not necessary. A consistent method of analysis
was established to compare the potential injuries in the
standard roof vehicles to thase in the rollcaged vehicles.
The performance of the two types of vehicles was stud-
ied by comparing the number of “potentially injurious
impacts’’ measured by the dummies. A “potentially inju-
rious impact’’ was defined as any impact to the head
causing a neck axial compression load exceeding
2000 N or a HIC number exceeding 1000. It is rot the in-
tent of this paper to state that these fevels of impact
would cause a particular injury to a person. The intent is
10 use these criteria as a fevel of potential injury by which
to compare the performance of the two types of vehicles.

The location of the ground impacts on the vehicle
which led to injury were determined. There were 54 po-
tentially injurious impacts for those dummies who re-
mained within the vehicles or were partially ejected.
Figure 19 shows the tocations on the vehicle ofthe
ground impacts. This figure indicates that a majority of
the potentially injurious ground impacts occurred to the

" right side {passenger side) of the car. Nate that although

most of the injurious impacts came from the right side of

- thecarimpacting the ground, this does not necessarily

mean that it was the right dummy that measuredthe po-
tential injury.

RIGHT

LEFT SI0E
— 1

{2 AIRBOANE)
RIGHT LEFT
WHEELS WHEELS
6 t
Figure 19  Locations on the vehicle of the 54 ground

impacts which caused potentially injurious
impacts to the dummy.

The locations within the vehicle of the 54 poten-
tially injurious dummy impacts are shown in Figure 20,
Seventy percent of these impacts were to the inside of
the roof, with the majority on the right side. Approxi-
mately 20% of the impacts were from the dummy head
striking the ground through the fight door window open-
ing. -

RQOF

PANEL (23}
RIGHT ROOF PANEL:22

RAIL{11)

LEFT RGOF
RAIL {4}

GROUND THROUGH
WINDOW (11) -

BPILLAR (2} =

N ———
s

Figure 20 Locations of the head contacts for
the 54 potenlially injurious impacts.

AQLLCAGE (3)
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EFFECT OF ROOF STRENGTH

The distribution and magnitude of the i jjury num-
bers for the rollcaged and standard roof vehic es indicate
that there was no significant difference in thz evel of pro-
tection offered by either vehicle in these tests The roll-
caged vehicles had 28 potentially injurious i v pacts
compared with 26 in the standard vehicles. 7't e average
neck loads in the rollcaged cars was 3318 N x mpared
with 3688 N for the standard vehicles. Figure: '1isa
graphical summary of the neck loads measur-:din all
eight tests. Table 1 in the Appendix presentt. i summary

of all the tests. -
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Figure 21 Summary of all neck ioads above 2000 L

There were 54 potentially injurious hee d/neck im-
pacts. fn 32 of the impacts, the dummy struck the roof,
but there was no significant roof deformaticr. in 13 of the
64, the dummy did not strike the roof. Inthe 1) cases
where there was roof deformation of approxi nately 75
mm (3 in} or tnore, eight of the dummies wer:: clearly not
affected by the crush of the roof. In two of the 54 impacts
the increased area of roof contact with the ground poten-
tially related to the injury mechanics. Figure 22isa
graphic iflustration of the 54 head/neck impacts and their
relation to roof crush.
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* roofsbutthere,

Roofl contact with ground
related 1o neck ioad

!

Rool deformation not
related (o neck load

<

Oummy did not
sirike roof

~

Dummy struck

was no roof
defarmation

Figure 22 The 54 head/neck impacls and. their
refation with roof defomation

NO ROOF DEFORMATION — Thirty-two of the po-
tentially injurious impacts measured in these eight tests
occurred from the dummy striking the interior of the ve-
hicle roof when there was no roof crush. Typical of these -
impacts was impact 6R1, described previously. In that
impact, the head of the dummy was tucked under the
right roof rail when the right roof rail and window struck
the ground. There was no significant roof deforrmation,
yet the dummy neck transducer measured an-axial load
of 4500 N.

DUMMY DID NOT STRIKE ROOF -—In 13 of the 54
potentially injurious impacts, the dummy did not impact
the roof, Examples of these included projected impacts
across the vehicle, partial ejection impacts where the
dummy head struck the ground, and impacts of dummies
against the vertical portions of the rollcage or B-pillar.
Roof strength had noeffect on the mechanics of these in-
juries.

ROOF DEFORMATION NOT RELATED TO NECK
LOAD —In eight of the ten head impacts, where there
was roof deformation of approximately 75 mm (3 in) or
more, the roof crush had no effect on the injuries. Exam-
ples where there is significant roof crush and significant
head impacts but where the two are not causally related
are shown in impacts 5R1 and 8L2. In 5R1, the right
dummy head was in contact with the inside of the right
side roof rail when the outside of the roof struck the
ground. A high neck load (3800 N) was measured at the
beginning of the collision before any significant roof de-
formation had occurred. After the head struck the roof,
there was significant displacement of the roof relative to
the car, but the peak neck load had already occurred.
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#hile the roof was deforming, the neck load wa: actually
lecreasing because the impact between the du e imy
vead and the roof side rail had already reached i s maxi-
num ferce level, Comparison of the injury mect anism in
31 with that of 6R1 described previously dem 3 istrates
he lack of causal relationship between the crust and in-
ury. In both cases, the durnmy head struck the r ght side
‘oof rail, butin 5R1 there was roof crush and in € 31 there
~as not. Both dummies measured similar neck | »ads

4500 N for 6R1 and 3800 N for SR1). Analysis of hese im- .’

»acts indicates that both vehicles struck the grot nd at ap-
woximately the same angle with approximately the
same velocity change at the dummy’s hedd loca ion (3.2
n/s aligned at54 degrees from horizontal for 53 and 4.0
w/'s aligned at 58 degrees for 6R1}.

in some of these eight roof crush instance;, the
Jummy measured high neck foads but was not r ear the
area of the roof which deformed. In 812, the roof crushed
and the durmmy measured a neck load of 2400 N but the
dummy head struck the roof panel, remote from the area
of deformation on the right side roof rail. Therefc re, the
anly effect of the roof crush was on the decelerarion of
the roof panel. Comparison of impact 6L2 (a rollc aged
car) with imnpact 8L2 shows a similar impact and similar’
neck [oads (3000 N for 6L.2 and 2400 N for 8L2).

ROOF CONTACT WITH GROUND POTENT ALLY
AELATED-TO NECK INJURY — Inimpacts 4L4 an 1 1.3,
the left dummy head was against the roof panel 11 an
area which struck the ground. In each instance, t e defor-
mation of the roof had begun on the right side of the roof
and spread as a “‘contact patch” to the left side o the
roof. It was not the disptacement of the roof relist ve to
the seat but, rather, the increased area of contast be-
tween the®oof panei and the ground which defin 2d this
specific injury mechanism. :

Althoughra stronger roof will have a small :r con-
tact patch with the ground, it will not necessarily prevent
the injury. The absence of deformation does not :iimi-
nate the impact, because the lack of deformation may re-
sultin the ground contact skipping from the rign to left
side roof rails. As a result, this skipping from one side
roof rail to the other might be beneficial to an occupantin
the center of the vehicle but more harmful to one located

DISCUSSION

at the left side roof rail. For example, in rollcage impact
204, the contact patch did not progress across from the
right-side roof rail. Instead, after the right side roof rail
struck the ground, the vehicle bounced over the center of
the roof panel and landed again on the left side (oof rail.
The leftdummy in 204 measured a 4800 N neck load from

. vertical impact ta the left side roof rail. There was no sig-

nificant roof displacement, yet the dummy neck load was
very_high-.._

The purpose of these tests was to better under-
stand the mechanics of injuriesin roilover collisions, with
particular emphasis on the effect of roof strength. These
tests were designed to evaluate the principle of the
stronger roof and not a panticular roof design. Conse-
quently, the rollcage was selected because it represented .
an extreme case. Likewise, the rollover tests themselves
were designed to be extremety severe. They involved
high speed and numerous rolls. It was felt that by testing
to the extreme case, any differences in the level of pro-
tection afforded by an extremely strong roof would be
mare apparent.

_ The results showed that there was no significant
difference in the injury frequency or severity for the two
types of roofs. The explanation for this lack of difference
lies in the occupant kinematics and injury mechanics in
rollovers. The unrestrained dummies lifted off their seats
and remained in the roof or upper door window areas as
the vehicles rolted and repeatedly contacted the ground.
If the dummy head happened to be nextto a part of the
car which sustained a high change in velogity, then the
dummy had a high injury number. Roof strength had no
effect on this mechanism of injury, because it had no ef-
fect on the change in velocity of the part of the roof
against which the dummy’s head was placed.

Occasionally accident investigators report that the
roof “came down" into the occupant compartment dur-
ing a rollover collision. These tests demonstrate that this
is a misconception. When the vehucle is inspected up-
right, the crushed roof is down relative to the seat. When
the damage occurred, however, it was the seat which

Figure 23 Sequence of photographs from Test £ showing the roof against the ground and the seat maving closer

tothe side rail
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moved towards the roof and not vice versa. Ficure 23 is a
sequence of still photographs taken from the c nboard
film of impact 4R3, which is typical of roof crus 1impacts.
it shows that the ¢rush occurred when the righ side roof
rail struck the ground and the seat subsequent y moved
closer to the side roof rail.

Another misconception is that when tf e roof
“came down,” it pushed the occupant into the seat, im-

plying that the seat played a role in the mecha ics of the |

head or neck injury. In these tests, the dummie s left the -
seat cushions and had no significant contact » th them
again. Even in those tests where the deformed roof
nearly touched the seat back {1L3 and 4R3Y tht seat had
no effect on the dummy forces. The effect of 'F 2 major
roof displacements in these tests was to make -he occu-
pant compartment smaller. The injury number s resulted
from the dummies striking the roof early in the collision,
and subsequently the seat moved closer to the roof.
These tests do not support the theory that roof crush
drives an occupant into the seat, thereby ¢ausiag anin-
jury which would not have occurred otherwise

EJECTION — These tests were conduct: d to inves-
tigate the effect of roof strength on contained 1ccupants
in roltovers. However, five of the dummies we e either
ejected or partially ejected. The average nech: ! ad meas-
ured by the partially ejected dummies was apj roxi-
mately 4000 N compared with an average neci load for
non-gjected dummy impacts of approximate y 3400 N,
and the average head acceleration was signific antly
higher for the partial ejectees than for the non- zjectees. -
Although one cannot draw conciusions regard ng the
hazards of ejection based upon these few ejestians, these
injury levels in conjunction with the observed 1njury me-
chanics, support the conclusion that it is gener ally more
desirable to remain contained in the car than t be
ejected in a rollover collision.

All of the partial ejections wera through side win-
dow openings as a result of glass breakage. 7t e only to-
tal ejection was through a windshield opening ‘None of
the doors opened in these tests. The rollcaged vehicles
had less glass breakage than the standard ros vehicles.
In the standard vehicles, 18 of the 20 side ancl (ear win-
dows were broken, and all were broken due to roof defor-
mation as a result of ground contact. For the rc licaged
vehicles, only five of the 20 side and rearwindows were
broken, and one of the side windows was brokan by oc-
cupant loading.
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CONCLUSICNS

{1) The rollcaged vehicles rolled an average of
2-3/4 revolutions over an average distance of 21.6 m (71
ft}. The standard roof vehicles rolied an average of 3-1/8
revolutions over an average distance of 25.3 m (83 ft).
The rolicaged vehicles tended to maintain a more “hard-
cornered’ profile, which, with their greater rigidity re-
sulted in & slightly different impulse pattern from the
roof-to-ground impacts. There was no correlation be-
tween these differeritimpulses, the number of revolu-
tions or rollover distance with the injury mechanics in
these tests.

{2) The dummies moved outward from the center
of gravity of the rotating vehicle, causing them to lift off
the seat and to come in contact with the occupant com-
partment perimeter inthe roof and upper door areas.
With a roli rate of approximately one revolution per sec-
ond, the dummies were pinned on the perimeter of the
vehicle with a centripetal acceleration of approximately
3 g to 4 g. They remained in these positions until the ve-
hicle struck the ground.

{3y Upon ground impact, the chance of neck injury
was primarily dependent upon two factors: (1} The orien-,
tation of the dummy and (2} the change in velocity of that
portion of the vehicle against which the head of the
dummy was touching.

{4} Roof deformation relative to the seat had no ef-
fect on the injury mechanics in these tests. The theory
that head and neck injuries in rollover accidents are from
the roof “coming down® and pinning the occupant into
his seat is not supported. That sequence of injury did not
oceur.

{5} The rolicaged vehicles did not have any in-
creased level of protection over the standard roof vehi-
cles in these tests. The number of potentially injurious
impacts for the rolicage vehictes was 28 compared with
26 for the standard roof vehicles. The average neck load
measured in the rolicaged vehicles was 3318 N com-
pared with 3688 N in the standard roof vehicles.

¢
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APPENDIX

APPROX—
NECK AXIAL ROGF )
DUMMY | COMPRES. | DISPLACE- ‘
ROOF IMPACT SION | MENT LOCATION OF PART OF CAR
TYPE NUMBER {N) HIC (MM) HEAD IMPACT STRIKING GROUND
STD 1L1 5200 o0 CEFT ROOF PANEL RIGHT SIDE
. 1R1 3400 “ o RIGHT ROOF RAIL RIGHT SIDE
1R2 2800 « 0 RIGHT ROOF RAIL RIGHT WINDOW-Z
. AND GROUND ROOF RAIL
102 3200 100 LEFT ROOF RAIL LEFT HOOF PANEL
1R3 2400 0 RIGHT ROOF RAIL LEFT ROOF RAIL
1R4 4600 150 GROUND RIGHT ROOF RAIL
13 2000 2820 330 LEFT ROOF PANEL LEFT ROOF
1R5 2800 0 GROUND RIGHT SIDE
ROLLCAGE{  2R1 2700 0 RIGHT ROOF PANEL RIGHT WHEELS
2L1 4900 0 LEFT ROOF RAIL RIGHT SIDE
2R2 3600 0 RIGHT ROOF RAIL RIGHT ROOF RAIL
AND GROUND S
22 2400 0 LEFT ROOF PANEL RIGHT ROOF RAIL
2.3 2200 0 LEFT ROOF RAIL CAR AIRBORNE &
UPRIGHT
24 4800 50 | LEFT ROOF RAIL LEFT ROOF RAIL
25 3600 0 "CENTER ROOF PANEL RIGHT SIDE
ROLLCAGE aLs 5500 0 CENTER ROOF PANEL RIGHT SIDE
- art 3200 0 RIGHT ROQF RAIL RIGHT ROOF RAIL
AND GROUND
L2 2000 0 CENTER ROOF PANEL LEFT AOOF RAIL
2R2 3000 0 RIGHT ROOF RAIL LEFT ROOF RAIL
3R3 2400 0 GROUND UPPER RIGHT SIDE
3R4 3400 0 GROUND RIGHT ROOF RAIL
STD ne 4500 o CENTER ROOF PANEL | LOWER RIGHT SIDE
42 2100 0 CENTER ROOF PANEL |  RIGHT ROOF RAIL
= 4R1 4000 75 RIGHT ROOF RAIL UPPER RIGHT SIDE
AND GROUND
4R2 7700 0 GROUND RIGHT SIDE
43 4500 75 LEFT ROOF PANEL LEFT ROOF PANEL
4R3 . 2400 175 RIGHT ROOF RAIL RIGHT ROOF RAIL
414 7800 175 LEFT ROOF PANEL LEFT ROOF
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) APPROX— ..
NECK AXIAL ROOF
DUMMY | COMPRES- DISPLACE-
ROOF | iMPaCT SION MENT LOGATION OF PART OF CAR
TYPE | NUMBER (N) HIS (MM} HEAD IMPACT - STRIKING GROUND
STD R 4500 fe0"- -|"CENTER ROOF PANEL RIGHT SIDE
1 5R1 3800 75 RIGHT ROOF RAIL | - RIGHT ROOE RAIL .
5L2 2400 . 125 CENTER ROOF PANEL LEFT ROOF
5A2 2200 — GROUND-PARTIAL RIGHT WHEELS
EJECTION
5R3 3500 - GROUND-PARTIAL ROOF ROLLS °
EJECTION ONTO DUMMY
ROLLCAGE| 6Lt 4800 0 CENTER ROOF PANEL RIGHT SIDE
612 3000 0 | CENTER ROOF PANEL | UPPER RIGHT SIDE
6R1 4500 0 RIGHT SIDE RAIL UPPER RIGHT SIDE
‘ AND GROUND
6R2 2900 0 B PILLAR RIGHT REAR WHEEL -
6R3 2000 0 B PILLAR RIGHT WHEELS
) 6L3 14:0 0 ROLLCAGE AT RIGHT WHEELS
RIGHT B PILLAR
ROLLCAGE| 7Lt 5700 0 CENTER ROOF PANEL RIGHT SIDE
712 3300 0 CENTER ROOF PANEL |  UPPER RIGHT SIDE
7H1 3600 0 RIGHT ROOF RAIL UPPER RIGHT SIDE
AND WINDOW
[}
- 7R2 2200 0 RIGHT ROOF RAIL LEFT ROOF RAIL
7R3 4800 0 RIGHT ROOF PANEL LEFT REAR WHEEL
713 2400 0 CENTER ROLLBAR  RIGHT SIDE
7L4 2100 0 CENTER ROLLBAR  |LEFT FENDER & A PILLAR
784 2200 0 GROUND OR B PILLAR |  UPPER RIGHT SIDE
785 2400 0 RIGHT ROOF RAIL LEFT ROOF
STD 8L 4200 0 CENTER ROOF PANEL, RIGHT SIDE
A B8L2 2400 75 RIGHT ROOF PANEL RIGHT ROOF RAIL
8R1 2200 0 RIGHT ROOF PANEL LEFT ROOF RAIL
8R2 2100 0 RIGHT ROOF PANEL CAR AIRBORNE &
. UPRIGHT
8Ls” 4100 0 CENTER ROOF PANEL RIGHT SIDE
8L4 5100 0 CENTER ROQF RAIL RIGHT WHEELS
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TEST NO. 1
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TEST NO. 2
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TEST 3
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43 4R3 aL4

TEST NO. 4
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TEST NO. 7
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TEST NOQ. 8
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This paper is subject to revision. Statements and opinions ad-
vanced in papers or discustion are the zuthor's and are his
responsibility, not SAE's; however, the paper lias been edited
by SAE for uniform styling and format. Discussion will be
printed with the paper if it is published in SAE Trarsactions,
For permission to publish this paper in full or in part, contact
the SAE Publications Division.
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Persons wishing to submit papers to be considered for pre-
scntation or publication through SAE should send the manu-

script o 2 300 word abstract of 2 proposed manuscript to:

Secretary, Engincering Activity Board, SAE.
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