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ABSTRACT 

Adult volunteers occupied vans and pickup trucks 
in a series of repeated low speed aligned front and rear 
collisions. Occupant response was examined and 
compared to our physician test volunteer's subjective 
evaluation of the level of induced disturbance. The 
data base correlating collision severity with damage has 
been expanded to include vehicles equipped with rigidly 
mounted bumper assemblies. A procedure is proposed 
to predict the severity of collisions (a parameter critical 
in evaluating injury potential) using data from repeated 
low speed impacts. No injuries were reported by our 
test volunteers indicating the test conditions were at a 
level where the potential for injury is remote. 

INTRODUCTION 

Injury is frequently claimed as a consequence of the 
low speed rear impact. One of the most influential 
parameters governing an individual's risk of exposure to 
injury is collision severity. Much effort has been 
expended by various research groups to relate collision 
severity with post-impact damage and artifacts 
exhibited by vehicles. Most of this work has focused 
on vehicles equipped with bumper assemblies that 
utilize bumper isolators as an energy absorbing medium. 
Presently, however, there exists little data correlating 
collision severity and post-impact deformation damage 
exhibited by vehicles with rigidly mounted bumper 
systems. A series of low speed impact tests was 
conducted for the purpose of, first, expanding the test 
data base of volunteer exposures to low speed impacts, 
and second, examining whether a correlation between 
collision severity and darnage sustained by utility 
vehicles fitted with rigidly mounred bumper systems 
could be established. 

A selection of pickup trucks and vans was 
subjected to a nurnber of repeated impacts with 
sequentially increasing collision severity. Damage 
sustained by the test vehicles was recorded after each 
impact and is reported in detail in the appendix. A 
method for calculating a speed change iAV) that would 
represent the severity of a single collision required to 
produce the damage accumulated in all impacts, 
including the current impact, is proposed. 

Advantage was taken of the test series to record 
the induced transient disturbances of volunteers 
occupying both the striking and struck vehicles. The 
occupant data captured in this series was confined to  
video and test volunteer subjective comments, intended 
to supplement accumulated data from other low speed 
rear collision test programs. 

BACKGROUND 

Quantifying the severity of a collision is a task that 
the accident reconstructionist is often called upon to 
perform. This task can be difficult where little or no 
damage occurs to the subject vehicles, because few 
valid tools are available. Computer based algorithms 
that incorporate crush damage and stiffness parameters 
to calculate collision severity (i.e. the CRASH program 
or like derivations) are not applicable to low speed 
events because of the manner in which the crush 
coefficients are derived. Recent investigations into low 
speed  collision^'^ have established correlations 
between the magnitude of bumper isolator compression 
and vehicle speed change for a number of selected 
isolator equipped vehicles. These works are useful 
when reconstructing low speed accidents involving 
vehicles similar to those tested. However, a dearth of 
low speed data currently exists to  guide the 
reconstructionist on other classes of bumpers, such as 
the rigidly mounted type fined to  utility vehicles. 



Strother et ale examined the appropriateness of frontal 
stiffness coefficients used in the CRASH 3 algorithm. 
Included in this work is a discussion of the crush 
behaviour of  a 1979 Ford F250 pickup truck and a 
1979 Ford Econoline E 150 van. The pickup truck, after 
being subject to a barrier impact of 15 kmlh, 
demonstrated residual crush of 8 cm across the entire 
width of  its front bumper. This pickup truck had 5 cm 
of  residual crush across the entire width of its rear 
bumper after being subject t o  a barrier impact of 16 
kmlh. The Ford van ex~perienced frontal and rear barrier 
impacts of  17 kmlh and 14 kmlh, respectively. These 
two  impacts produced 6 cm of crush across the entire 
widths of the front and rear surfaces. 

The data collected by  Strother can be used to 
assess the collision severity of moderate speed impacts 
involving pickup trucks and vans similar to those 
tested. It also indicates that the threshold for damage 
exists at impact intensities less than that represented 
by the barrier impact speeds used in the tests. It does 
not serve t o  guide the reconstructionist in quantifying 
the severity of low speed collisions. To this end, seven 
test series involving pickup trucks and vans have been 
conducted and are described herein. 

TEST METHOD 

Eight vehicles were acquired for testing. The 
chassis of each vehicle was intact so that it was free to 
roll. Each vehicle was free of damage to its front 
and/or rear bumper assemblies. The right front door 
was removed from each test vehicle t o  facilitate video 
recording of occupant motion. All vehicles were 
weighed. Documentary photographs were taken prior 
to collision testing. Seven test series (A through G) 
having a total of 25 impacts were performed. 

The test volunteets were all males; one was a 
physicianlkinesiologist, the remainder were members of 
our engineering staff. All had participated in previous 
low speed rear collision tests to greater levels of 
intensity without ill effects. A volunteer occupied the 
driver's position of both the struck and striking 
vehicles. For the struck vehicle the test subject was 
lightly applying the brake pedal and was instructed t o  
relax. Visual and auditory cues of the impending 
impact were defeated. The video cameras were earth 
fixed, located so as t o  capture occupant disturbance 
during the first phase of the collision interaction. 

The striking vehicle was manually guided into the 
rear of the stationary target vehicle to cause aligned. 
bumper-to-bumper contact. The speed of the striking 
vehicle, at the beginning of each test series, was 
chosen t o  be at a level initially thought to be below the 
threshold where damage would occur (excluding test 
series E). The t w o  collision bumper assemblies were 
scruttn~zed for damage at the conclusion of each 
impact .  Relevant damage was recorded 

photographically, and measurements of the deformed 
bumper structures were taken. The selected vehicle 
pairs were subjected to repeated impacts in which the 
striking speeds were increased sequentially. 

Video analysis was used to measure the striking 
vehicle's speed a!; well as the speed change of both the 
struck and striking vehicles. This was done by  
counting the nurnber of video frames required for a 
fixed distance on the vehicle t o  pass a reference point. 
This method was judged to provide sufficient precision, 
given the low speeds at which all tests were 
conducted. Pneumatic speed traps and an optical 
timing device wei-e also used and the aggregate speed 
data compared. 

Test details and results are listed in Appendix A 

CALCULATING A REPRESENTATIVE AV 

An individual's risk of exposure to injury is heavily 
influenced by collision severity. Therefore, when 
assessing the pomtent~al for a collision to expose an 
occupant to injury, it is essential to correctly evaluate 
the magnitude of the collision severity. The damage 
sustained by the test vehicles can be compared wi th 
the damage incurred in a real world accident in order t o  
quantify the speed change of the collision of interest. 
The speed changes, however, can not be directly 
compared with damage because the damage exhibited 
by the test vehicle bumper assembly can be the result 
of multiple impacts. 

A parameter that describes the severity of a single 
collision that will produce the damage accumulated in 
all previous impacts, as well as the current impact of 
the repeated test procedure, is required before the 
method of comparison can be used to predict collision 
severity. The required descriptor is introduced here as 
the representative speed change (AV,,,). A procedure 
for calculating AV.., is proposed in the following 
discuss~on. 

Prasad' examined the crush behaviour of vehicles 
exposed to the Aepeated Test Technique - a test in 
which the same vehicle is repeatedly impacted into a 
rigid barrier at IOIN, but sequentially increasing speeds 
t o  yield data points that can be used t o  predict impact 
behaviour at higher speeds. This technique is based on 
the assumption tllat the total crush energy is equal t o  
the sum of the energy absorbed in all previous impacts, 
and the energy absorbed in the current impact. The 
equation used within the CRASH 3 algorithm to 
calculatespeed change was used by Prasad to calculate 
AV..,. For an aligned impact, this equation becomes: 



Where: IE is the Sum of crush energy of all preceding 
impacts, as well as the current impact 
rn, = mass of vehicle 1 Where: ZE = the sum of  crush energy 
m, = mass of vehicle 2. For barrier impacts e =  coefficient of restitution 

m, (the barrier mass) is assumed to be rn, = mass of  vehicle 1 
infinite rn, = mass of vehlcle 2 

Equat~on 1 was used to calculate the AV,,, for the 
striking vehicle of test series A (m, was equated to the 
mass of  the struck vehicle: 2235 kg). The results are 
listed in Table 1 below: 

The representative speed change is expected to be 
greater than the measured speed change for all 
impacts, other than the first impact. However, the 
entries of Table 1 show that AV,., is less than the 
measured speed change for all but the final impact of 
the series (test A71. Clearly. Equation 1 underestimates 
the value of AV,,,. This shortcoming was identified by 
Prasad who concluded that the repeated technique 
would give acceptable results for barrier impacts having 
speeds of 1 6  krnlh or higher. Sources of error in this 
method were stated by Prasad t o  include: 1) the 
velocity sensitivity of crushing behaviour 2) restitution 
effects and 3) loss of energy to sinks other than vehicle 
deformation. Restitution effects were concluded t o  be 
the principal factor responsible for AV.,, (calculated 
using equation 1) being less than the measured speed 
changes. 

Application of measured values of coefficient of 
restitution e m ,  obtained from each impact, t o  
calculate AV,,, by Equation 2, was found to over- 
f?stimate the collision severity for impacts occurring at 
the end of a test series. The source of t h ~ s  error was 
identified as being the consequence of the initial few 
i~mpacts of  a test series first causing damage t o  the 
softest elements of the bumper assembly. A vehicle's 
resistance to deformation damage (i.e. i ts stiffness) is 
increased by removing these soft structures during the 
initial few impacts of a test series. Consequently, the 
soft structures are not available t o  participate in the 
later collisions of  the repeated test procedure. 
Therefore. in the final impact test of a series, the test 
vehicle's stiffness would be greater than the stiffness 
presented by an undamaged veh~cle subject t o  a single 
impact having a collision severity equal to AV,,,. 

A method for predicting a representative value for the 
coefficient of restitution for the n th  impact of a test 
series (e,.,) is required before AV,,, can be calculated by 
Equation 2. 

A modification of Equation 1, to account for The method for predicting e,., should have the 
restitution effects, was obtained by combining the characteristic that e,,, decreases for an increasing AV,,,. 
equations of conservation of momentum, conservation A procedure for predicting e,,, should be governed by  
of energy, and coefficient of restitution. When energy the amount of energy absorbed by the collision 
losses from sinks external i:o the t w o  collision vehicles vehicles, because coefficient of restitution is related t o  
(i.e. brake forces) are ignored . the modified equation the square root of absorbed energy. The following 
becomes: method for predicting e,,, is proposed: 

Table 1. AV,,, as calculated by equation 1 

Test 

Measured 
AV, 
(kmlh) 

A",,, 
(kmlh) 

A3 

5.3 

4.4 

A 1 

2.9 

nla 

A2 

4.1 

3.0 

A 4  

6.7 

5.6 

A5 

6.9 

6.3 

A 6  

9.4 

8.1 

A 7  

9.2 

9.7 



The relationship between e,,, and the square root of 
absorbed energy is modelled as linear. Thus, a graph of 
these two  parameters would have the following form: 

Figure 1 

Location Ron  tl ie abovegraph is determined for 
the initially undamaged test vehicle from data obtained 
in the first impact of a) test series: e,,, is set to equal 
e,,,,. The energy absorbed by the t w o  collision vehicles 
is taken t o  be the decrease in the kinetic energy of the 
system (the system being the t w o  vehicles). 

Location S can be determined experimentally by 
colliding test vehicles, identical to those of the test 
series of interest, at e speed approaching the upper 
limit of the low level collision event. This requires two  
identical pairs of test vehicles (four vehicles in total) to 
conduct one test series. In the absence of such 
resources, the location of S can be approximated based 
on the work of Siegmund et aI2. Its location was 
assumed to correspcbnd t o  a collision having a 
coefficient of restitution of 0.25 and a speed change, 
experienced by the lighter vehicle, of 13 kmlh. 

The amount of energy absorbed by the two  collision 
vehicles, for a 13 kmlh AV impact having a coefficient 
of restitution of 0.25 ( E , , ,  ,,,,), can be calculated by 
rearranging Equation 2: 

where: K .= 

I 

and m, = mass of the lighter vehicle 
m, = mass of the heavier vehicle 

After generating the curve of restitution versus the 
square root of absorbed energy lconnect~ng polnts R 
and S o n  the restinution versus absorbed energy graph), 
the representative speed change for the nth impact of 
a test series can be calculated. The energy absorbed 
by all collisions up to and including the nth impact are 
summed. This value is used with the generated graph 
to obtain e,,, for the nth impact. The summed energy 
is then used, along with the obtained value of e,,,, in 
Equation 2 to calculate AV,,,. Appendix B contains a 
calculation demonstrating the generation of the graph 
of  e,., versus the root of absorbed energy for test series 
A, and the calculstion of  AV,,, for impact A6. 

The above p1,ocedure was followed to calculate 
AV,,, for the lighter of the two  collision vehicles tested 
in all tests other than the barrier impacts of series E. 
The representative speed change of the heavier vehicle 
was calculated by assuming momentum was conserved 
for all tests, with the exception of Series F. The front 
of the striking Ford van used in Series F had been 
previously damaged in test series C. Consequently, it 
was deemed inappropriate to determine AV,,, for the 
Ford van. The reriults of these calculations are listed in 
the tables of Appendix A. 

DISCUSSION 

Examination of the calculated values for AV,,, and 
e,,, (Appendix A) shows a good agreement exlsts 
between the calculated values and those expected to 
be possessed by these two  parameters. For example. 
AV,,, is greater than AV,,,, for all impacts except for 
the striking vehicle's AV of test C2. Also, e.,, IS less 
than e,,,, for all test impacts, excluding tests A2.  D2. 
and D3. These fe'w discrepancies are addressed below. 

Of all tests performed, only in series A, C, and D 
were both test vehicles free of damage after the first 
impact. This suggests that the use of the first impact 
of these test serie!s to generate the graph of restitution 
versus the root of absorbed energy is inappropriate. 
The source of this error could be the assumption that 
there is no loss of energy to sinks other than vehicle 
crush. More likely, the error is the non-linear behaviour 
of changes in restktution with respect t o  changes in 
absorbed energy, owing to the non-homogeneous 
structure of bumper assemblies. 

To resolve the perceived error of e,,, being greater 
than e ,,,, for series A2. D2, and D3, and AV,,, being 
less than AV,,,, in series C, the second impacts of 
these test Series (A. C, and D) were used t o  establish 
point "R" on the restitution versus the root of absorbed 
energy curve. The second impact was chosen because 
it was the first collision of these series where 
observable damage was noted. This procedure resulted 
in the calculatecl values of AV,,, and e,,, being in 
agreement with tlie expected trend, i.e. AV ,,,, < AV,,, 
and e,,, < e,.,,. The results of these calculations are 



listed in the tables of Appendix A under e,,,(R2) and are 
reported as AV,,, in the tables describing the test 
results of  series A, C, and D. 

The sum of the Mazda's measured speed change of 
impacts C1. C2, and C3 totals 10.8 kmlh, and the 
Mazda's AV.,, for test C3 was evaluated to be 
11.0 kmlh. This suggests the magnitude of the 
calculated value of AV,,, was excessive. The source of 
this error was either one or both of the value of e,,, for 
impact C3. or the value representing the accumulated 
energy absorbed by the collision were too high. Video 
analysis of the Mazda's post-impact dynamics revealed 
a significant amount of vertical motion was imparted t o  
the Mazda. Therefore, a portion of the kinetic energy 
absorbed by the system (the two vehicles) was 
dissipated in damping the vertical motion rather than 
deforming the vehicles. Consequently, the accumulated 
energy used t o  calculate A\l,., overestimated the energy 
absorbed. 

The representative speed change at which threshold 
damage was sustained by the front bumpers of the 
strlking veh~cles used in all tests ranged between 5 %  t o  
7 %  kmlh. The 1 9 9 0  Ford pickup truck, from test series 
A, had the lowest threshold at which damage became 
evident. In test A2 this vehicle's bumper became 
misaligned with i ts fenders after experiencing a AV,,, of 
5 %  kmlh. The 1993 Ford van of series C didn't exhibit 
visible damage until the fourth impact - a collision for 
which AV,,, was calculated t o  be 7.4 kmlh. 

The representative speed change at which the 
struck vehicles first exhibited damage t o  their rear 
bumper assemblies, excluding the Mazda used in series 
B and C, ranged from 5.5 t o  8.7 kmlh. A slight shift of 
the Toyota's bumper mounting bracket occurred in test 
F1 - an impact where this vehicle experienced a speed 
change of 5 %  kmlh. The Jeep Cherokee's bumper 
collapsed about i ts mounting brackets after being 
subject to a AV,,, of 8.7 krnlh. It is suspected that the 
threshold speed change at which damage would 
become evident on  the rear of the Jeep would be less 
than this value, considering the extent of damage 
produced in the second impact of test series D. 

The Mazda of test series 8, without i ts rear bumper, 
sustained visible damage t o  its end panel after 
experiencing a 2.4 kmlh speed change. When the 
bumper was installed on this vehicle, visible and 
obvious damage resulted only after the vehicle 
experienced a AV,,, of 13.1 kmlh in test C5. The 
calculated values of AV,,, for the Mazda of series C, 
however, are suspect because of the inappropriateness, 
identified in the above discussion, of equating the 
change of the systems kinetic energy to the energy 
absorbed by the deforming bumper structures of test 
series C. Therefore, the threshold at which visible and 
obvious damage t o  the Mazda's bumper bar can be 
stated t o  exist at a level greater than the measured 

 collision severity of  test C4, i.e. greater than a AV of 
7.3 kmlh, and less than a AV.,, of 13.1 kmlh. 

OCCUPANT RESPONSE 

Each vehicle involved in test Series A through G 
was occupied by an adult male volunteer. Occupant 
response to the rear impact was similar for the various 
test subjects at a given level of impact severity, except 
for series C where the struck vehicle's collision induced 
rnotion included a significant vertical component. A 
summary of the tests in which our seven test 
volunteers participated 1s given in Table 2 below. 

THE REAR IMPACT - Typical response began when 
the struck vehicle was accelerated forward by the 
collision impulse. The occupant moved rearward 
relative to the forward moving seat. Contact wi th the 
seat back was first made by the torso. This 
compressed the seatback and accelerated the torso 
forward. The head relmained initially stationary, relative 
to the now forward moving torso. For impacts of 
sufficient severity, the forward acceleration of the head 
lagged behind the tocso, leadlng to a rearward bendlng 
of the neck. In the presence of adequate head support, 
the head was seen to contact the headrest, preventing 
s~gnificant cervical extension. 

A rebound phase was initiated when the seatback 
unloaded - this caused the occupant t o  move forward 
relative to the vehicle interior. This forward motion 
was influenced by  the elastic properties of the seatback 
and the collision severity. I t  was typically self limiting 
until collision severities approached the 5 t o  7 kmlh AV 
level, where the seat be t  began to take part in arresting 
the forward motion. No significant cervical flexion was 
observed during the interval where the torso's forward 
rr~otion was slowed by the seat belt. A detailed 
description of  occuparit response to the rear impact can 
be found in McConnell's works'.". 

Occupant response to various levels of  the rear 
impact are typified by test series A. In these seven 
impacts our physic~an volunteer (subject TT) underwent 
collisions ranging in severity from 1.8 to 7.0 kmlh AV. 
The subjective evaluation of each of these seven 
impacts, provided by volunteer TT, is juxtaposed here 
with general features of his kinematic response 
determined by video analysis. 





neutral position. This was similar to routinely plopping 
down into a chair as if tired at the end of a day." 

Test A 6  (AV = 5.6 kmlh) - Kinematic Response: 
Response of the test volunteer was essentially identical 
to the 'typical response' l:o the rear impact discussed 
prev~ously. A minor variation t o  the 'typical response' 
was that a slight amount of torso ramping up the 
seatback occurred which resulted in the back of the 
volunteer's head making contact w ~ t h  the top of the 
head restraint, rather than the front of the head 
restraint. No flexion occurred when the forward 
rebound was arrested by the torso belt. 

Subjective Evaluation: - "Similar to A5, but with 
again slightly more head bump on the restraint, and 
more forward rebound this time perhaps an inch or 
more forward of the neutral position. I involuntarily 
bl~nked this time. Following this impact, I felt a very 
subtle warm feeling at the top of  my neck, but  no ache 
or pain. This feeling laste'd maybe about 30 seconds. 
This feeling would not normally be noticed if I had not 
be involved in an impact and was paying close attention 
to any possible neck sensations. This was similar to or 
greater than plopping down hard into a chair, i t  was the 
limit of expected jostling frm~m activities of daily living." 

Test A 7  (AV = 7.0 klTllh) - Kinematic Response: 
Motion was the same as test A6. 

Subjective Evaluation: - "This was the last of the 
rear-ender impacts. A7 ha0 the most dramatic noise of 
them all, each being loudel than previous. This time I 
fel l  my head hit the restraint with a jolt, and felt a 
subtle ramping upwards of my shoulders and upper 
back. This was greater impact magnitude than 
comparable activities of daily living, but similar to neck 
disturbances that would be common in many sporting 
activities when you bump (not collide) into something 
or someone. The rebound pushed me forward of the 
neutral position a little, but not enough t o  feel any 
restraint from the shoulder belt. Although with A7 I felt 
the jostle at the head-neck. I did not feel any strain or 
motion, not  even subtle, in my shoulders, arms, jaw, 
mid back, low back, hips or legs. The ramping feeling 
at my upper back would not have been noticed if I was 
not paying attention. I did not feel as i f  m y  buttocks 
shifted on the seat, or my legs or feet lifted from the 
peddles. Afterwards, I felt the same subtle ache in my 
neck at about the C2 region, i t  lasted for about 4 
minutes and then faded away." 

Occupant responses to the rear impact for all other 
test series were essentially identical to that experienced 
by volunteer TT, other than volunteer UU involved in 
series C. In this series the vertical component of 
motion, resulting from the downward displacement of 
the Mazda's rear bumper. caused the occupant motion 
to deviate from the typical occupant response. Of this 
series, the occupant's response t o  impact C1 and C5 

bound the observed range of kinematic responses. 
They are described as follows: 

The Mazda underwent a speed change of 1.7 kmlh 
In test C1. The driver's seat was initially displaced 
down, with the test volunteer remaining stationary. 
This caused a reduction in the gap between the 
volunteer's head and the roof, but no roof contact was 
[made. An increase in lap belt tension resulted in the 
occupant beginning to move down relative t o  the 
vehicle. By this tirne the vehicle was beginning to 
return from its downward deflected position. The 
l~pward  moving seat caused the volunteer t o  compress 
the seat, then move up. Three cycles were completed 
before the vertical oscillation was completely damped. 
No contact with the headrest was made. 

In test C5 (AV,,,,. = 9.0 kmlhl the Mazda's 
forward displacement dominated the accompanying 
vertical movement. The occupant moved rearward into 
contact with the seatback. Tension in the lap belt, 
arising from the downward displacement of the vehicle. 
caused the occupant t o  be simultaneously pulled down 
during the rearward compression of  the seatback. Head 
contact was made with the top of the head restraint 
with rearward cervical extension being less than 20  
degrees. Rebound was forward and up. Head contact 
was made with the roof. The torso's forward motion 
was arrested by the torso belt and no cervlcal flexion 
cccurred. 

THE FRONTAL IMPACT - Response to the frontal 
impact was consistent for all volunteers - at a given 
level of impact severity. Upon impact the occupant 
moved forward, relative to the vehicle interior. This 
forward motion was typically self limiting, until impacts 
exceeded the 5 km/h speed change level. Loads 
applied by the torso belt would arrest the occupant's 
forward motion for collisions exceeding the 5 kmlh 
speed change level. The neck would bend in flexion as 
tl le head rotated about the restrained upper body, then 
return t o  its pre-impact posture. Articulatiori of the 
volunteer's neck and back were seen to be well within 
voluntary limits of motion. 

SYMPTOMS OF INJURY -Following both the frontal 
and rear end impacts, only two  volunteers (VV and TT) 
both involved in multiple test series on the same day, 
reported symptoms. At the conclus~on of series G 
volunteer VV reported having a headache. This 
headache completely resolved without treatment within 
4 hours. 

Our physician test volunteer (subject TTI reported a 
subtle cervical ache that resolved in 4 minutes. He 
commented: 

"Although I was not injured or strained in any 
manner by these repeated rear~enders, the part 
that startled me the most was the drama of the 
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noise. Rear-end crashes sound horrible, the 
whole vehicle reverberates wi th the echo of the 
impact. Yet upon looking at the bumpers 
afterwards, only minor dents were noted. It 
occurred to me that in persons who are 
emotionally fragile or dysfunctional, the fright 
from all this noise could be quite disturbing, and 
they might presume that certainly something 
could have happened to them. Fear can be very 
convincing, and it is possible that for some 
individuals, this in itself could lead to the display 
of injury behaviour. This is a matter for further 
consideration. 

In the course of performing these low speed rear 
impact tests we have exposed 6 volunteers to a total of  
25 rear impacts ( two occupants were in the struck 
vehicle of series B) ranging in severity from 1.7 t o  9.0 
kmlh AV. Each of the test volunteers were instructed 
to relax. They were normally seated, and facing 
forward at impact. None sustained injury. These 
results support the findings of previous research into 
occupant response t o  the low speed rear impact done 
using adult v o l ~ n t e e r s " ' ~ . ' ~ ~ ~ ~  (364 volunteer exposures 
are summarized in Appendix C ) .  The potential for a 
normally seated healthy occupant with adequate head 
support to receive cervical, lumbar or thoracic strain 
injury resulting from rear impacts of 8 kmlh AV or less. 
is considered t o  be remote. 

Our test volunteers were subjected to a total of 25 
frontal impacts having speed changes that ranged from 
2.2 t o  11.0 kmlh. None reported injury. This suggests 
that the severity of a frontal collision must exceed the 
11 kmlh speed change level before symptoms of injury 
are expected. This agrees with the findings of Bailey', 
who, after reviewing various research works involving 
human volunteers in staged frontal collisions'3", 
commented that the onset of  symptoms are associated 
with frontal impacts having collision severities at 
around 12 t o  2 0  kmlh AV. 

SUMMARY 

A total of 23 vehic:le-to-vehicle impacts, and t w o  
vehicle-to-barrier impacts, involving utility type vehicles 
fitted with rigidly mounted bumper assemblies was 
performed. A pair of vehicles was selected for each 
test series with sequential impacts of increasing 
severity. The speed changes of the struck and striking 
vehicles were measured. Volunteer test subjects 
occupied the test vehicles. 

Damage accumulated in each impact was recorded. 
The form of damage ranged from barely perceptible 
displacement of  the bumper bar, and subtle deformation 
of the bumper bar about its mounts, to gross buckling 
of the bumper and adjacent body panels. The 
aggregate damage exhibited by each test vehicle 
increased wi th every impact. 

The aggregate damage displayed by the test 
vehicles was thought to be useful to the accident 
reconstructionist for the purpose of quantifying the 
severity of low speed motor vehicle accidents. A 
parameter describing the severity of a single Impact 
that would produce the demonstrated aggregate 
damage was needed before the acquired test data could 
be directly appliicable to quantifying low speed 
collisions. Representative speed change was proposed 
as the requlred descriptor. 

A method for calculating the representative speed 
change of the nth impact of a test series was 
developed. It was based on the work of Prasad6, but 
was modified to account for restitution effects that are 
prevalent in the low speed collision. The calculated 
values of AV,,, were in good agreement with the 
expected properties of this descriptor of collision 
severity. It increased with each sequential impact of a 
test series. and i t s  value for the nth impact was always 
greater than the measured speed change of  the nth 
collision. Of the vehicles tested in this work, the 
representative speed change at which threshold 
damage first beca~me evident was in the range of 5.5 t o  
7.5 kmlh for front bumpers. and 5.5 to 8.7 knilh for 
rear bumpers. 

The video recording of  occupant motion was 
studied. The pattern of disturbance experienced by 
each occupant, for a given level of  impact, was seen t o  
be similar for a wide variety of male test subjects. A t  
the higher level speed changes of this work, the 
induced transient motion was similar to occupant 
kinematic response described in McConnell's works, 
and witnessed in previous tests conducted by our firm. 

Our physician test subject provided a subjective 
evaluation of the ciisturbance t o  which he was exposed. 
His comments were juxtaposed with the measured 
collision severity and a description of his actual 
response determined from video analysis. These data 
were presented in this format with the aim of 
illustrating the level of disturbance t o  which our test 
subjects were exposed. 

Symptoms of injury were recorded. Two test 
subjects reported minor symptoms. One sustained a 
headache after repeated exposures. The headache 
spontaneously re!;olved without treatment within four 
hours. The second subject reported a subtle cervical 
ache that resolved w i th~n  mlnutes. 

CONCLUSIONS 

Relating collision severity t o  damage accumulated in 
the low speed repeated test procedure is meaningful if 
the descriptor of collision severity takes into account 
the accumulated energy absorbed during prevlous 
impacts. Representative speed change (AV,,,) is 
proposed as the required descriptor of collision severity. 
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Further work is required l o  explore the validity of the 
model used to calculate AV,,,. 

The representative speed change at which threshold 
damage was sustained by  the front bumpers of the 
striking vehicles used in these tests ranged between 
5.5 to 7.5 kmlh. The struck vehicles didn't exhibit 
damage to their rear bumpers until undergoing 
representative speed changes of 5.5 kmlh to 8.7 kmih 
AV. 

Test volunteer VV was exposed t o  1 0  frontal 
impacts (AV's ranging from 2.9 t o  9.2 kmlh) and 5 rear 
impacts (AV's ranging frorn 2.2 to 8.2 kmlh), all within 
a period of 8 hours. This volunteer reported a 
headache that resolved within four hours without 
treatment. Test subject TT reported a subtle ache in 
the cervical spine that disappeared within four minutes. 
No other symptoms of injury were reported by our 
volunteers. 

This study exposed our test volunteers t o  25 rear 
impacts ranging in severity from AV's of  1.7 to 9.0 
kmlh, and 25 frontal impacts of between 2.9 and 11 .O 
kmlh AV. The rear impact tests extend the reviewed 
data base of volunteer exposure t o  389  low level rear 
impacts. No volunteer in this study sustained cervical, 
lumbar, or thoracic strain injury. The impact conditions 
to which our volunteers were exposed are considered 
to have been at a level at which the likelihood of injury 
is remote. 
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APPENDIX A 

TEST RESULTS 

Figure 3. Shift of striker's bumper bolts, test A4. 

SERIES A (Figures 2 through 6, and Table 3) -The Figure 4. Accum~~lated damage to striker, test A7. 
striking vehicle was a 1990 Ford F150 pickup, with a 
mass of 1660  kg. I ts bumper configuration was a 
pressed steel shell rigidly mounted t o  the frame horns. 
This vehicle was guided into the rear of a 1993 Ford 
E250 van (2235 kg) a total of seven times. Striking 



Figure 5.  Bent rear bumper mounting plate, test A4. 

Figure 6. Slight bumper deformation, test A6 

SERIES B (Figure 7 and 8. and Table 3)  - A 1988 
Toyota Celica GTS 4 wheel drive (rn = 1617 kg) was 
guided into the rear of a 1989 Mazda 82200 pickup 
truck (m = 131 1 kg). The pickup truck's rear bumper 
was removed for this test series'. The Toyota's front 
bumper made contact with the Mazda's rear end panel 
at striking speeds of 4.3 and 5.2 kmlh. No damage 
was sustained by the Toyota. 

Figure 8. Increased panel deformation, test 82. 

SERIES C (Figure 9 and 10, and Table 3)  -The Ford 
E250 van (the struck vehicle from test series A) was 
utilized here as the striking vehicle (m = 2240 kg). 
The change in mass from test A was calculated based 
on a heavier test volunteer occupying this vehicle. The 
bumper bar was fitted to the rear of the Mazda B2200 
pickup truck (m = 1321 kg). A total of five impacts 
was conducted wi th striking speeds of 2.6, 5.2, 6.3, 
8.8 and 10.1 kmlh. 

The front bumper on the Ford van was mounted via 
t w o  steel plates that were bolted t o  the left and r ~ g h t  
frame rails. Thin rubber pads were present between the 
bumper bar and the rnounting plates. A plastic impact 
strip covered the lower half of this bumper's front 
surface. Viewed edge on. the lower half of the 
bumper's front surface was canted rearward. 

The Mazda's rear bumper was at a lower elevarion 
than the Ford van's front bumper. Contact between 
these t w o  vehicles o'ccurred with the rearward canted 
section of the Ford's front bumper striking the top edge 
of the Mazda's rear bumper. Consequently, the struck 
vehicle's induced motion consisted of t w o  components: 
1 )  The forward speed change normally associated with 
rear impacts, and 2) s vertical displacement initiated as 
the striking vehicle's front bumper forced the Mazda's 
rear bumper down during collision contact. 

v - 4 

w ~. 
~ -- -.. . -~ -*-...- - . ~. 

. .  . . . .  - 

Figure 7 .  Bent end panel, test B1. 

Figure 9. Flattening of striker bumper, test C5 



Figure 10. Damage to step bumper, test C5. 

SERIES D (Figure 11 through 13, and Table 3 )  - A 
1988 Jeep Cherokee (m = 1570 kg) was struck from 
behind by a 1985 Do'dge 250  van (rn = 2160 kg). 
Three tests were conducted with striking speeds of 3.8, 
8.0, and 10.2 kmlh. 

The Jeep's rear bumper was constructed of a 
lightweight metal "C" channel that was attached t o  the 
chassis vla two  metal brackets. Plastic end caps 
flanked the bumper bar. Two vertical plastic bumper 
guards were mounted on the bumper's rear surface. 
They projected rearwe~rd of the Jeep's bumper bar. 
Contact between the t w o  vehicles occurred with the 
relatively flat face of the Dodge van's front bumper 
striking the t w o  plastic vertical guards. 

<. -. . . 

Figure 11. Deformation about mounting bolt, test 132. 

Figure 12. Two dents to bumper bar, test D3. 

Figure 13. Damage about bumper guard, test D2. 

SERIES E (Figure 14, and Table 3)  - A 1971 
Volkswagen van (m= 1400 kg) was twice guided into 
a rigid barrier. The barrier was constructed of concrete 
blocks fronted by t w o  1 3  x 13 c m  cedar posts. The 
posts were stacked one on top of the other. They 
occupied an elevation of 3 6  t o  62 c m  above ground 
with the intention of simulating the geometry of a bus 
bumper. The first test saw this Volkswagen strike the 
barrier at a speed of 4.7 kmlh. Contact with the barrier 
was made by the spare tire that was mounted to the 
Volkswagen's front panel. The front bumper did not 
touch the barrier. The van rebounded from the barrier 
at a speed of 2.3 kmlh, resulting in a net speed change 
of 7.0 kmlh. The spare tire was removed from the 
front of the Volkswagen prior to test E2. Contact with 
the barrier was made by the front bumper in the second 
test. 



Figure 14. Front panel damage, test E2. 

SERIES F (Figure l f i  and 16, and Table 3) - The 
1993 Ford E250 Econoline van im = 2265 kg) used as 
the striking vehicle in test series C, was used in this 
series t o  strike the rear of a 1981 Toyota pickup truck 
(m = 1475 kg). A total of three collisions was 
performed with striking speeds of 6.2, 9.4, and 11.2 
kmih. 

The Toyota's rear bumper was constructed of 
checkered metal plate that formed left and right box 
channels. These t w o  box channels were coupled 
together by an 'L" shaped metal plate. The bumper 
assembly was cantilevered t o  the frame rails by two 
metal plates that were u:sed as mounting brackets. 

Figure 15. Bumper misalignment, test F2. 

SERIES G (Figure 17, and Table 3)  - In this test 
series the 1988 Jeep Cherokee from test series D was 
used as the striking vehicle (rn = 1590 kg). The Jeep 
was propelled into the rear of a 1982 Dodge 150 van 
(m = 1702 kg), at: striking speeds of 5.1, 7.3, and 
12.4 kmlh. 

Alterations t o  the Dodge van's bumper mountlng 
assembly, done prior to our acquisition of this vehicle, 
were thought t o  have changed the energy absorbing 
properties of this bumper system. Consequently, 
damage sustained by f h ~ s  vehicle in our tests was 
expected to be different than what would have 
occurred if stock mounting hardware was used. Thus, 
the damage sustained by the struck vehicle in this test 
series is not considered representative of what would 
actually occur and is not discussed here. 

Figure 17. Bumper and fender damage, test G3. 

Figure 16. Increased bumper misalignment, test F3. 



T
ab

le
 3

. 
V

eh
ic

le
 d

am
ag

e 
fo

r 
T

es
t 

S
er

ie
s 

A
 -

 G
 

T
es

t 
S

tr
uc

k 
V

eh
ic

le
 

C
ol

lis
io

n 
P

ar
am

et
er

s 
V

eh
ic

le
 D
am

ag
e 

A
V

 
(k

m
lh

) 
A

V
 

(k
m

lh
) 

1
.8

 

2.
0 

N
o 

da
m

ag
e 

or
 a

rt
ifa

ct
s.

 

L
e

ft
 a

nd
 r

ig
ht

 e
dg

es
 o

f 
bu

m
pe

r 
ba

r 
m

is
al

ig
ne

d.
 

V
is

ib
le

 g
ap

 
b

e
tw

e
e

n
 fe

nd
er

s 
an

d 
to

p
 o

f 
bu

m
pe

r 
ba

r.
 

S
tr

ik
in

g
 

AV
,,, 

2.
9 

4
.1

 

n
la

 

n
la

 

AV
,,, 

n
la

 

n
la

 

5.
3 

9
.2

 

D
am

ag
e 

e,, 
(R

2)
 

D
el

ta
 K

E
 

(J
ou

le
s)

 
-
-
-
 

6
.5

 

8.
2 

9.
! 

1
1

.0
 

1
2

.7
 

N
o 

da
m

ag
e 

or
 v

is
ib

le
 

su
rf

ac
e 

a
rt

ifa
ct

s.
 

N
o 

da
m

ag
e.

 V
is

ib
le

 b
la

ck
 

sc
u

ff
 tr

an
sf

er
re

d 
to

 v
an

 
re

ar
 i

m
pa

ct
 s

tr
ip

. 

In
cr

ea
se

d 
ga

p 
at

 f
en

de
rs

 a
nd

 
bu

m
pe

r 
ba

r.
 

B
um

pe
r 

sh
el

l 
lo

ca
liz

ed
 d

ef
or

m
at

io
n 

ab
ou

t 
in

bo
ar

d 
m

o
u

n
ti

n
g

 b
ol

ts
 (

F
ig

ur
e 

2
).

 

B
um

pe
r 

m
o

u
n

tin
g

 b
ra

ck
et

s 
sh

ift
e

d
 a

bo
ut

 m
o

u
n

tin
g

 b
ol

ts
 

(F
ig

ur
e 

3
).

 

F
la

tt
en

in
g 

o
f 

hu
m

pe
r 

ba
r 

at
 

ce
nt

re
, 

ob
vi

ou
s 

ga
p 

at
 

bu
m

pe
rl

fe
nd

er
s,

 a
dd

iti
on

al
 

br
ac

ke
t 

sh
if

t.
 

0
.5

3
 

0.
63

 

0.
71

 

0
.6

0
 

0
.5

0
 

0
.6

2
 

0
.4

9
 

2
.8

 

4
.2

 

4.
9 

0
.5

0
 

0
.4

4
 

0
.4

1
 

0
.3

3
 

0
.2

6
 

0
.6

2
 

0
.5

5
 

4
.8

 

6
.1

 

6.
8 

P
ro

no
un

ce
d 

fla
tt

e
n

in
g

 o
f 

bu
m

pe
r 

sh
el

l. 

0
.4

4
 

0
.4

0
 

0
.3

7
 

0
.3

1
 

0
.2

7
 

S
cu

ff
s 

to
 re

ar
 b

um
pe

r,
 

sh
el

l s
et

 f
o

rw
a

rd
 3

 m
m

 a
t 

ce
nt

re
. 

L
e

ft
 b

um
pe

r 
m

o
u

n
tin

g
 

pl
at

e 
d

e
fo

rm
e

d
 s

lig
ht

ly
 

fo
rw

a
rd

 (
F

ig
ur

e 
5)
. 

P
ro

no
un

ce
d 

fo
rw

a
rd

 b
en

d 
o

f 
th

e
 b

um
pe

r 
ba

r.
 

B
o

th
 

br
ac

ke
ts

 d
ef

or
m

ed
 a

bo
ut

 
th

e 
fr

am
e 

ra
ils

. 

8
.2

 

9.
4 

B
um

pe
r 

sh
el

l s
et

 r
ea

r 
2

0
 m

m
 a

t 
ce

nt
re

. 
G

ro
ss

 m
is

al
ig

nm
en

t 
o

f 
bu

m
pe

r 
ed

ge
s 

re
la

tiv
e 

to
 fe

nd
er

s 
(F

ig
ur

e 
4

).
 

-1
 1

2
6

 

-1
 3

5
9

 

-9
8

4
 

-2
9

6
5

 

-3
0

9
4

 

n
la

 

0
.4

9
 

S
im

ila
r 

to
 A

5
, 

b
u

t 
sl

ig
ht

ly
 

in
cr

ea
se

d 
de

fo
rm

at
io

n 
(F

ig
ur

e 
6

).
 

1 
B

um
pe

r 
se

t 
fo

rw
a

rd
 i

9
 rn

m
 

at
 r

ig
ht

 e
nd

, 
2

0
 m

m
 a

t 
ce

nt
re

, 
an

d 
1

3
 m

m
 a

t 
ie

ft
 

en
d.

 

7
.0

 

-2
6

0
 

-7
3

4
 



in
bo

ar
d 

o
f 

th
e 

ve
hi

cl
e'

s 
le

ft
 

ed
ge

, 
2

5
 m

m
 c

ru
sh

 a
t 

3
1

 c
m

 in
bn

ar
d 

o
f 

th
e

 
ve

hi
cl

e'
s 

le
ft

 e
dg

e,
 a

nd
 2

0
 

m
m

 c
ru

sh
 a

t 
4

3
 c

m
 

re
a

rw
a

rd
 8

 m
m

 a
t 

th
e

 v
eh

ic
le

 

ve
hi

cl
e 

ce
n

tr
e

 (
F

ig
ur

e 
9
)
.
 P

ai
nt

 
5 

m
m

 a
t 

th
e

 l
e

ft
 e

dg
e,

 a
nd

 
ha

d 
tr

an
sf

er
re

d 
to

 t
h

e
 b

um
pe

r 
ba

r 
1

1
 m

m
 a

t 
th

e
 l

e
ft

 b
um

pe
r 

fr
o

m
 t

he
 M

az
da

's
 r

ea
r 

bu
m

pe
r.

 
m

o
u

n
t 

(F
ig

ur
e 

1
0

).
 

T
h

e
 le

ft
 e

dg
e 

o
f 

th
e

 b
um

pe
r 

b
a

r 
D

am
ag

e 
w

a
s 

co
ns

id
er

ed
 

w
a

s 
sl

ig
h

tly
 m

is
al

ig
ne

d 
w

it
h

 i
ts

 
ob

vi
ou

s 
an

d 
vi

si
bl

e.
 



-
 

T
es

t 

-
 

F
 

0
2
 

-
 

D
3

 

-
 ~

 

S
tr

uc
k 

V
eh

ic
le

 
C

ol
lis

io
n 

P
ar

am
et

er
s 

-
 

1
1

.0
 

B
ar

rie
r 

11 0.5
2

 
1 nla

 
I nla

 
I 90

7
 

V
eh

ic
le

 D
am

ag
e 

N
o

 d
am

ag
e.

 

T
he

 b
u

m
p

si
 b

a
i w

a
s 

be
-' 85,

 
-
' 

o
r
 
"-
. 

L
~

<
C

 

tw
o

 lo
ca

tio
ns

 w
he

re
 i

t 
ca

m
e 

in
to

 
d

ir
e

ct
 c

o
n

ta
ct

 w
it

h
 th

e
 J

ee
p'

s 
re

ar
 b

um
pe

r 
gu

ar
ds

. 
V

is
ib

le
 

d
e

fo
rm

a
tio

n
 o

f 
th

e
 b

um
pe

r 
ba

r 
w

as
 l

oc
al

iz
ed

 w
it

h
in

 a
 r

ad
iu

s 
of

 
ab

ou
t 

2
%

 c
m

 a
bo

ut
 t

h
e

 b
um

pe
r 

m
o

u
n

tin
g

 b
o

lt
s 

(F
ig

ur
e 

1
1

) 
an

d 
th

e 
bu

m
pe

r 
ba

r 
h

a
d

 d
ef

le
ct

ed
 

re
a

rw
a

rd
 in

to
 c

o
n

ta
ct

 w
it

h
 t

h
e

 
ce

n
tr

e
 r

a
d

 s
up

po
rt

 b
ar

. 

B
um

pe
r 

ba
r 

be
nt

 a
t 

th
e

 v
eh

ic
le

 
ce

nt
re

. 
In

cr
ea

se
d 

de
fo

rm
at

io
n 

o
f 

th
e

 b
um

pe
r 

ba
r 

at
 t

h
e

 l
oc

at
io

n 
w

he
re

 t
h

e
 b

um
pe

r 
co

n
ta

ct
e

d
 th

e 
st

ru
ck

 v
eh

ic
le

's
 b

um
pe

r 
gu

ar
ds

. 
A

t 
th

e
 c

on
cl

us
io

n 
o

f 
th

is
 t

e
st

 
se

rie
s 

th
e

 D
od

ge
 v

an
's

 f
ro

n
t 

bu
m

pe
r 

w
a

s 
se

t 
re

ar
w

ar
d 

5 
m

m
 

at
 i

ts
 r

ig
h

t 
ed

ge
, 

sl
ig

ht
ly

 g
re

at
er

 
th

an
 8

 m
m

 a
t 

th
e

 v
eh

ic
le

 c
en

tr
e,

 
ac

d 
se

t 
!=

:w
ar

d 
4 
-
m
 

a! 
th

e
 !

e
ft

 
ed

ge
 (

F
ig

ur
e 

1
2

).
 

T
he

 f
ro

n
t 

pa
ne

l e
xh

ib
ite

d 
a 

la
rg

e 
de

nt
 s

pa
nn

in
g 

th
e

 w
id

th
 b

et
w

ee
n 

th
e

 f
ro

n
t 

he
ad

 la
m

w
s.

 

A
V

 
(k

m
lh

) 

3.
8 

4.
6 

5
.8

 

7
.0

 

i 
B

ar
rie

r 

S
tr

ik
in

g 

AV
,,, 

n
/a

 

n
ja

 

8
.9

 

n
la

 

n
la

 
T

he
 b

um
pe

r 
ba

r 
w

a
s 

se
t 

re
ar

w
ar

d 
2

7
 m

m
 a

t 
th

e 
ri

gh
t,

 2
8

 m
m

 a
t 

th
e

 
ve

hi
cl

e 
ce

nt
re

, 
an

d 
25

 m
m

 a
t 

th
e 

0
.2

2
 

n
la

 
n

la
 

-4
0

4
0

 



T
es

t 

F
1 

F
2 

F
3

 

,
u
 

A
V

 
(k

m
lh

) 

4
.3

 

6
.4

 

6
.5

 

S
tr

ik
in

g
 

AV
,,, 

n
la

 

n
la

 

n
/a

 

V
eh

ic
le

 
S

tr
u

ck
 V

eh
ic

le
 

D
am

ag
e 

A
V

 
D

am
ag

e 
em

,,, 
lk

m
lh

l 
AV

,,, 

D
e

n
t 

p
re

se
n

t 
in

 t
h

e
 p

la
st

ic
 i

m
p

a
ct

 
0

.5
8

 
st

ri
p

. 
d

is
p

la
ce

m
e

n
t)

 o
f 

th
e 

ri
g

h
t 

m
o

u
n

ti
n

g
 b

ra
ck

e
t 

at
 t

he
 

fr
am

e 
ra

il.
 

C
ol

lis
io

n 

er
e,

 

0
.5

8
 

0
.4

0
 

0
.2

4
 

B
um

pe
r 

se
t 

re
a

rw
a

rd
 5

 m
m

 a
t 

th
e

 
ri

g
h

t,
 5

 m
m

 a
t 

th
e

 c
en

tr
e,

 a
nd

 1
0

 
m

m
 a

t 
th

e
 l

e
ft

. 
T

he
 g

ap
 b

e
tw

e
e

n
 

th
e

 f
ro

n
t 

pa
ne

l 
an

d 
th

e
 t

o
p

 e
dg

e 
o

f 
th

e
 b

um
pe

r 
w

as
 v

is
ib

ly
 g

re
at

er
 

th
a

n
 t

h
e

 g
ap

 a
t 

th
e

 r
ig

h
t.

 

S
cr

a
tc

h
e

s 
an

d 
p

a
in

t 
tr

a
n

sf
e

r.
 

N
o 

si
g

n
ifi

ca
n

t 
in

cr
ea

se
 in

 t
h

e
 

re
a

rw
a

rd
 d

is
pl

ac
em

en
t 

o
f 

th
e

 
va

n
's

 f
ro

n
t 

b
u

m
p

e
r.

 

P
ar

am
et

er
s 

e,,, 
(R

2)
 

n
la

 

n
la

 

n
la

 

7.
7 

8.
2 

D
el

ta
 K

E
 

(J
o

u
le

s)
 

-1
3

2
2

 

-3
5

6
1

 

5
2

0
5

 

1
1

.0
 

1
3

.2
 

T
he

 l
e

ft
 m

o
u

n
ti

n
g

 b
ra

ck
e

t 
b

u
ck

le
d

 a
nd

 t
he

 r
ig

h
t 

m
o

u
n

ti
n

g
 b

ra
ck

e
t 

ro
ta

te
d

 
d

o
w

n
. 

T
he

 g
ap

 b
e

tw
e

e
n

 
th

e 
en

d 
pa

ne
l a

nd
 b

um
pe

r 
ba

r 
w

a
s 

in
cr

ea
se

d 
a

t 
th

e
 

le
ft

, 
an

d 
w

a
s 

vi
si

bl
y 

gr
ea

te
r 

th
a

n
 t

h
e

 g
ap

 a
t 

th
e

 
ri

g
h

t 
(F

ig
ur

e 
1

5
).

 T
he

 
bu

m
pe

r 
ba

r 
de

ve
lo

pe
d 

a
 

cl
o

ck
w

is
e

 t
w

is
t 

th
a

t 
w

a
s 

re
ad

ily
 v

is
ib

le
 w

h
e

n
 v

ie
w

e
d

 
ed

ge
 o

n.
 

T
he

 b
um

pe
r 

ba
r 

u
n

d
e

rw
e

n
t 

gr
os

s 
d

o
w

n
w

a
rd

 
di

sp
la

ce
m

en
t 

(F
ig

ur
e 

1
6

).
 

B
o

th
 m

o
u

n
tin

g
 b

ra
ck

e
ts

 
bu

ck
le

d,
 a

nd
 t

h
e

 b
ol

ts
 

us
ed

 t
o

 a
tt

a
ch

 t
he

 r
ig

h
t 

br
ac

ke
t 

to
 t

he
 c

ha
ss

is
 h

ad
 

p
u

lle
d

 t
h

ro
u

g
h

 t
h

e
 fr

am
e 

ra
il.

 

0
.5

0
 

0
.3

1
 



- 
T

es
t 

G
 1

 

N
 
0
 

m
 

S
tr

u
ck

 V
eh

ic
le

 
S

tr
ik

in
g

 V
eh

ic
le

 
C

ol
lis

io
n 

P
ar

am
et

er
s 

A
V

 
(k

m
lh

) 

4
.4

 

5
.7

 

8
.5

 

D
am

ag
e 

n
la

 

n
la

 

n 
la

 

A
V

 
(k

m
lh

) 

4.
1 

5.
3 

7
.9

 

em
ea

n 

0
.3

5
 

0
.3

3
 

0
.3

1
 

AV
,,, 

-
-
-
-
-
-
-
-
-
-
-
 

n
la

 

ti
ia

 

n
la

 

AV
,,, 

n
la

 

7
.0

 

1
0

.7
 

ere
p 

0
.3

5
 

0
.3

2
 

0
.2

8
 

D
am

ag
e 

N
o 

da
m

ag
e.

 

B
um

pe
r 

ba
r 

w
a

s 
se

r 
re

a
rw

a
rd

 i
 

m
m

 a
t 

th
e

 r
ig

ht
, 

2 
m

m
 a

t 
th

e
 

ve
hi

cl
e 

ce
nt

re
, 

an
d 

4 
m

m
 a

t 
th

e
 

le
ft

 e
dg

e.
 

T
h

e
 le

ft
 e

nd
 c

ap
 w

a
s 

m
is

al
ig

ne
d 

w
it

h
 t

h
e

 l
e

ft
 f

en
de

r.
 

F
ro

nt
 b

um
pe

r 
ba

r 
gr

os
sl

y 
d

e
fo

rm
e

d
. 

It
 w

a
s 

se
t 

re
a

rw
a

rd
 

4
8

 m
m

 a
t 

it
s

 ri
g

h
t 

ed
ge

. 
T

he
 

le
ad

in
g 

ed
ge

 o
f 

th
e

 r
ig

h
t 

fr
am

e 
ra

il 
w

a
s 

bu
ck

le
d,

 t
h

e
 b

um
pe

r 
m

o
u

n
ti

n
g

 b
ra

ck
et

s 
w

e
re

 b
uc

kl
ed

, 
an

d 
th

e
 r

ig
h

t 
fe

nd
er

 w
a

s 
b

u
ck

le
d

 
(F

ig
ur

e 
1

7
).

 

e,,, 
(R

21
 

n
la

 

- 
n

la
 

n
la

 

D
el

ta
 K

E
 

(J
o

u
le

s)
 

-1
 1

5
5

 

1 
e

4
1

 

-4
6

0
6

 



APPENDIX B 

Calculatinq e,,, and AV,,, 

The initial impact of  series A had a coefficient of 
restitution of 0.62. This value is the ordinate of point R 
of the graph. The energy absorbed in test A1 was 
approximated as the change in kinetic energy of the 
system (the t w o  vehicles:~; measured t o  be 260 J. For 
convenience the horizontal axis of the graph depicting 
e,,, versus ,/E ,,,,,,, can be normalized. The absorbed 
energy (E,,,,.,,) for the two  vehicles of test Series A is 
calculated by Equation 3 t o  be 11310 joules. 
Therefore, the abscissa of point R on the graph is 
determined to be: 

Location S has an assumed value for e of 0.25. The 
normalization procedure sets the abscissa of point S 
equal t o  unity. 

For example, AV,,, corresponding to impact A6 is 
calculated as follows: 

and: 

The graph has the form: 

= 3.2 mls (1 1.5 kmlh) 

Figure 18 

A general equation for e, application to test series A. is 
readily obtained: 

AV,,, for each impact of a test series, following the 
initial collision, is calculated by  first determining e,,, 
using Equation A l .  This value is then substituted into 
Equation 2 t o  determine AV,,,. 



APPENDIX C 

Table 4: Volunteer exposure summary 

atsushita et al 

The total number of tests was not explicitly stated, 
but there appear t o  have been a total of 63 impacts. 

Collision severity ranges from 1 % t o  16% kmlh AV. 

No symptoms of any kind were reported from 298 
tests. Some transient symptoms were reported after 
8 8  of the tests, usually after the subject had 
experienced multiple exposures. The symptoms were 
typically headaches and neck discomfort which 
resolved spontaneously, usually within hours. One 
subject who was leaning forward at impact reported a 
slight ache in the lumbar region. 

208 

Most 
Severe: Minor neck discomfort lasting one 

week-BME test volunteer (GPN). Rear 
impacts of 5.2, 7.1, 9.5, and 12.8 
kmlh AV endured with inadequate head 
support due t o  poor design. Test 
subject also exposed to frontal impacts 
on same day at levels of AV = 7.8, 
9.8, 1 2 . 4 ,  and 1 4 . 0  kmlh. 

Next Most 
Severe: Mild neck discomfort lasting three t o  

four days after three impact exposures, 
two  with head turned, over a two  day 
period. 
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