> Centre for
Automotive Safety Research

Headform impact test performance of vehicles
under the GTR on pedestrian safety

DJ Searson, RWG Anderson, G Ponte, AL van den Berg

CASR REPORT SERIES
CASR072
December 2009

%) THE UNIVERSITY
OF ADELAIDE

=(l / AusTRALIA




Report documentation

REPORT NO DATE PAGES ISBN
CASRO072 December 2009 36 978 1 921645 09 9
TITLE

Headform impact test performance of vehicles under the GTR on pedestrian safety

AUTHORS

DJ Searson, RWG Anderson, G Ponte, AL van den Berg

PERFORMING ORGANISATION

Centre for Automotive Safety Research
The University of Adelaide

South Australia 5005

AUSTRALIA

SUPPORTED BY

Department of Infrastructure, Transport, Regional Development and Local Government
GPO Box 594

Canberra

ACT 2601

AVAILABLE FROM

Centre for Automotive Safety Research
http://casr.adelaide.edu.au/reports

ABSTRACT

A Global Technical Regulation (GTR) on pedestrian safety is currently in its final draft stages, and may be adopted in Australia
as an Australian Design Rule. Currently, selected new vehicles are tested by the Australasian New Car Assessment Program
(ANCAP) for pedestrian protection; the GTR testing procedure is similar, but has different test conditions. The goal of this study
was to estimate how many vehicles tested by ANCAP might be expected to pass the headform testing requirements of the GTR
based on the vehicles ANCAP performance. Initially, three popular vehicles were tested to the specifications of the GTR. The
resulting data was used to validate a theoretical relationship that predicts the change in Head Injury Criterion (HIC) for a given
change in headform mass and impact speed. This relationship was used to predict the best-case and worst-case results for 60
vehicles previously tested by ANCAP, 33 of which are current models. The results indicate that a relatively small number of
vehicles would be expected to unequivocally pass the GTR requirements, however many more may pass with little to no

modifications.

KEYWORDS

Global Technical Regulation, Pedestrian Protection, Safety Testing

© Daniel Searson and the University of Adelaide 2009

The views expressed in this report are those of the authors and do not necessarily represent those of the University of Adelaide

or the supporting organisation.

ISSN
1449-2237



Summary

The primary goal of this study was to evaluate how many vehicles tested by the Australasian New Car
Assessment Program (ANCAP) would be expected to pass the upcoming Global Technical Regulation
(GTR) on pedestrian safety. The GTR is currently in the late draft stage, and may be adopted in
Australia as an Australian Design Rule under the UNECE 1998 Agreement.

The GTR pedestrian testing procedure is similar to the ANCAP pedestrian testing procedure, but with
a lower head impact speed and different child and adult headform masses. The GTR specifies a
series of legform and headform tests, however this study only considered the headform testing
component of the procedure.

Initially, three vehicles were tested according to the child headform component of GTR protocol. The
three vehicles tested were a Holden Commodore, Toyota Camry and Mazda3. The Holden
Commodore and Toyota Camry failed the GTR child head testing requirements, due to several tests
that exceeded the maximum allowable Head Injury Criterion (HIC). The Mazda3 passed the GTR child
head testing requirements.

The results of this testing, and further additional testing at locations previously tested by ANCAP, were
then used to verify a theoretical relationship between the HIC values obtained under different test
conditions (mass and speed). The theoretical relationship was developed using a simple linear mass-
spring model. The results obtained from the testing were used in a linear regression, the results of
which confirmed the theoretical model.

This theoretical relationship was used to estimate the performance of 60 vehicles previously tested by
ANCAP. The relationship provided a means of scaling an ANCAP test, the scaled result being an
estimate of the test structure’s performance in the equivalent GTR test. For each vehicle, a best-case
and worst-case estimate was made of the performance against the three criteria specified in the GTR.
These criteria were (a) that no more than 1/3 of the total test area may exceed a HIC of 1000, (b) no
more than 1/2 of the child test area may exceed a HIC of 1000, and that (c) no test may exceed a HIC
of 1700.

A total of 7 vehicles were estimated to pass all three requirements in both the worst-case and best-
case estimations. A further 11 vehicles only failed the requirement that the HIC cannot exceed 1700,
and only in the worst case estimate of their performance — it is probable that these vehicles would
pass the GTR with little or no modification. A total of 32 vehicles, or roughly 50% of those considered,
were estimated to exceed a HIC of 1700 in at least one location.

Of the 60 vehicle models examined, 33 were current as of November 2009, and these were found to
perform better on average than vehicles that are now obsolete. Six current models were estimated to
pass the requirements of the GTR, and nine only failed the requirement of the HIC not exceeding
1700, and only in the worst case estimate. A total of 15 vehicles, or roughly 50% again, failed the
requirement of the HIC not exceeding 1700 in any location, in both the worst case and best case
estimates.

Given these results, it might be expected that a reasonable portion, about half, of current vehicle
models would pass the GTR, with little to no modification. The remainder would probably require more
significant design changes in order to pass the requirements. The predominant reason for failure of
any vehicle was exceeding the maximum HIC of 1700, which would mean that compliance with the
GTR would reduce the impact severity with the most dangerous locations on those vehicles that
currently fail.
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1 Background

1.1 Overview

Pedestrian impact testing is used to assess the relative level of protection provided by a vehicle to a
pedestrian in the case of a collision. The testing is conducted on a stationary vehicle, and various
‘sub-system’ impactors representing the head and lower extremities of a pedestrian are fired into
specific locations on the vehicle. Data recorded from these impactors is used to assess the relative
level of protection.

For the last 10 years, the Australasian New Car Assessment Program (ANCAP) has tested and
assessed selected new vehicles for pedestrian safety, and assigned them a star rating. ANCAP
assesses vehicles using the EuroNCAP pedestrian testing protocol (EuroNCAP 2009). The testing
protocol specifies four different impactors, which are used to test different locations on the vehicle. A
full-leg impactor is used on the bumper, an upper leg impactor on the leading edge of the bonnet and
child and adult headform impactors are used on the bonnet top and windscreen areas. This testing
has taken place at the Centre for Automotive Safety Research impact laboratory in Adelaide, and has
included the assessment of over 100 vehicles to date.

In recent years, new regulations have been introduced in Europe and Japan that require all new
vehicle designs to be tested for pedestrian safety (McLean 2005). Additionally, the Working Group on
Passive Safety under the United Nations Economic Commission for Europe (UNECE) has drafted a
Global Technical Regulation (GTR) on pedestrian protection (UNECE 2009). Australia is a signatory to
the UNECE 1998 Agreement on Global Technical Regulations (UNECE 1998) and as such, the GTR
on pedestrian protection may be adopted as an Australian Design Rule (ADR) under this agreement.

1.2 Comparison of the ANCAP and GTR test protocols

Given the foregoing, there are two pedestrian testing protocols which are relevant to Australia — the
Euro NCAP testing protocol used by ANCAP, and the GTR testing protocol. In the case of the full leg
tests, the ANCAP and GTR protocols are almost identical; however the GTR does not include an
upper leg test. Both protocols require headform tests, which involve firing an instrumented headform
into specific locations on the vehicle front surface. Depending on the wrap around distance (WAD) to
each location, either a ‘child’ or ‘adult’ headform is used. The WAD is the distance measured to a test
location from the ground at the front of the vehicle along the vehicle surface.

The acceleration of the headform measured during the impact is used to calculate the Head Injury
Criterion (HIC), a number which represents the relative risk of head injury. The equation for calculating
HIC is derived from the Wayne-State tolerance curve for head impacts (Versace 1971), and is based
on the premise that the risk of head injury increases with the duration and magnitude of the
acceleration experienced by the head. A HIC of 1000 is commonly used as an acceptable limit.

There are differences in the specifications and requirements of the tests under each protocol. These
differences are summarised in Table 1.1, and are explained in further detail below.
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Table 1.1
Summary of differences between ANCAP and the GTR

Parameter ANCAP GTR

Test speed 40 km/h 35 km/h

Child headform mass 2.5kg 3.5kg

Adult headform mass 4.8kg 4.5kg

Child test area WAD 1000 - 1500 mm WAD 1000 - 1700 mm

Adult test area WAD 1500 — 2100 mm WAD 1700 - 2100 mm
(may include windscreen) (excludes windscreen)

HIC requirements HIC < 1000 scores maximum points HIC < 1000 to pass anywhere
HIC > 1350 scores zero points HIC < 1700 to pass in ‘relaxation’ zone
1000 < HIC < 1350 scores partial points (see text for definition)

For ANCAP testing, the child and adult test areas are each split into six numbered zones across the
width of the test area. Each zone is then split into four smaller subzones, lettered A to D (see Figure
1.1). Within each zone, ANCAP selects what is thought to be the most potentially harmful test location.
The vehicle manufacturer is then given the option to nominate one or more of the subzones in each
zone for an additional test. ANCAP then selects the worst location in the nominated subzones. For
example — if the most harmful location is chosen in subzone A, the manufacturer might choose
subzones C and D for an additional test. The most harmful location might then be chosen in subzone
C for the additional test. The advantage for the manufacturer is that the location in subzone C would
be expected to perform better than the location in subzone A, hence scoring more points towards the
star rating of the vehicle.

Each zone is worth a maximum of two points, which contribute toward the star rating of the vehicle. If
the manufacturer does not nominate an additional test, then the original test location counts for the
maximum two points. Otherwise, the two points available are shared between the two test locations
depending on how many subzones the manufacturer has nominated. For example — if the
manufacturer has only nominated one subzone, then the manufacturer’'s test location counts for a
maximum of 0.5 points, and the original for a maximum of 1.5. If the HIC at the test location is less
than 1000, then the maximum points are awarded for that location. If the HIC exceeds 1350, then zero
points are awarded. If the HIC is between 1000 and 1350 then the points score is linearly scaled — e.g.
for a HIC of 1175, half of the maximum points are awarded.
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Figure 1.1
ANCAP zone divisions (EuroNCAP 2009)

For GTR testing, the child and adult test areas are each split into thirds across the width of the test
area. A minimum of nine child and nine adult test locations are chosen, with at least three test
locations in each of the divided thirds. Each location is meant to be chosen on a different type of
structure, and additional locations may be tested if the test house deems it necessary. An important
difference between the GTR and ANCAP is that the dividing line between the child and adult test
areas is 1700 mm in the GTR protocol, rather than 1500 mm in the ANCAP protocol. The effect of this
is that some locations that would be tested with an adult headform under ANCAP would be tested with
a child headform under the GTR. Furthermore, the GTR excludes the windscreen from any testing —
the headform test area is bounded at the rear by the rear edge of the bonnet (or the WAD 2100mm
line, whichever comes first, which in practice is most likely to be the rear edge of the bonnet).

Any test location that results in a HIC of less than 1000 satisfies the GTR requirements. However, the
manufacturer can also nominate a ‘relaxation’ zone. The relaxation zone can include any parts of the
test area and does not need to be continuous, as shown in Figure 1.2. The relaxation zone cannot
consist of more than 1/3 of the total test area, and no more than 1/2 of the child test area. Any
locations chosen within the relaxation zone may have a HIC of over 1000, but less than 1700, and still
pass. If any test location exceeds the required HIC of 1000, or 1700 in the relaxation zone, then the
vehicle fails the requirements of the GTR.

Previously, we have estimated performance in back-to-back tests between the GTR and ANCAP test
methods (Searson and Anderson 2009). This was done using a damped contact model, and
calculating the results from many simulated impacts using that model. The results suggested that HIC
values under the GTR would be reduced by 44% for ANCAP child headform tests, 17% for ANCAP
adult headform tests in the WAD < 1700 mm region, and 28% for adult headform tests in the WAD >
1700 mm region. However, these results were not compared with real data.
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Figure 1.2
Example of the GTR relaxation zone (UNECE 2009)

1.3 Objectives of the study

This study examines the headform testing component of the proposed GTR on pedestrian protection.
The primary goal was to examine vehicles previously tested by ANCAP, and estimate whether or not
they would be likely to pass the GTR, and if not, which components of the GTR they would be most
likely to fail. The results of this study can be used to evaluate what effect the introduction of an ADR
based on the GTR would be likely to have on vehicle designs in Australia.

In Section 2, the results of impact testing on three vehicles is presented. These 3 vehicles were tested
according to the GTR child headform testing protocol.

Section 3 presents a method to scale the Head Injury Criterion (HIC) obtained under one set of test
conditions to another set of test conditions. This includes the effect of changing headform mass,
impact speed, impact angle and headform diameter. This scaling method was verified using the data
obtained in Section 2, as well as a small sample of data obtained in earlier test work.

In Section 4, the HIC scaling method is used to predict the GTR performance of 60 vehicles tested by
ANCAP. For each vehicle, a best-case and worst-case scenario for GTR performance is presented
based upon the way in which test locations were selected in each ANCAP test zone.

Section 5 contains a summary and discussion of the findings.
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2 Child headform testing on three vehicles to the GTR test
specifications

2.1 Overview

Three vehicles were selected for testing under the child headform component of the GTR. The three
vehicles selected were all relatively popular vehicles in Australia that had been previously tested by
ANCAP - the Holden Commodore, Toyota Camry and Mazda3.

The goal of this testing was firstly to see directly how three popular vehicles would perform under the
child headform component of the GTR. As part of this testing, some ANCAP locations were retested
using GTR test conditions, thus giving two back-to-back results under two sets of conditions. As such,
the secondary goal of the testing was to obtain these back-to-back results that could then be used to
validate a theoretical relationship for the HIC under two sets of test conditions. This relationship, and
the validation data, is discussed further in Section 3.

2.2 Test method

The three vehicles were marked out and tested in accordance with the child headform testing
component of what was then the most recent draft of the GTR (UNECE 2009). The testing was
conducted in June 2009. Since then, an updated version of the GTR draft has been released, but does
not contain any changes in regards to the test and point selection method.

All three vehicles were purchased used, but were inspected to ensure that they were in good
condition, and had no prior crash damage to the structures being tested.

Testing on the three vehicles was carried out at the Centre for Automotive Safety Research pedestrian
impact testing laboratory in Adelaide, Australia.

2.2.1 Vehicle marking and points selection

The vehicle was set to “Normal ride attitude”, as per Sec 2.26 of the draft GTR (UNECE 2009). This
was done by using the same ride heights for the vehicle body as were used during ANCAP testing.

The side reference lines were marked using a 45-degree edge, traced along the sides of the vehicle
(Sec 2.28 of UNECE 2009).

The child head testing area was bounded at the front and rear by wrap-around distances of 1000mm
and 1700mm, respectively (Sec 2.40 of UNECE 2009). The adult headform area was bounded at the
rear by the bonnet rear reference line (Sec 2.7 of UNECE 2009), as this occurred before the wrap-
around distance limit of 2100mm in all three cases. The total head testing area was then divided into
thirds, measured laterally at 100mm intervals.

Nine child headform test locations were chosen for each vehicle, three in each third of the bonnet top.
The locations were those thought to be the most dangerous, based on a visual inspection, experience,
and previous results from ANCAP testing. In accordance with the GTR, each location involved
different types of structures from the other locations (Annex 5, Sec 4.2 of UNECE 2009).
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2.2.2 Test procedure

Each test was conducted on a new bonnet. Any bonnet seals and rubber supports were transferred to
the new parts. The hood liner was also transferred to the new parts.

The tests were conducted with a GTR 9 compliant 3.5 kg child headform impactor, fired at 9.7 + 0.2
m/s (35 km/h). The angle of impact was 50° to the horizontal. Acceleration was measured with a
triaxial Kyowa damped accelerometer block. Data was acquired at 50 kHz.

Before testing commenced, the headform was certified using the procedure outlined in Annex 6, Sec 3
of the GTR (UNECE 2009). The headform passed the certification requirements.

Tests were conducted in a climate controlled laboratory, at 20 + 4°C and at 40 £ 30% RH (Annex 3,
Sec 1.1 of UNECE 2009).

2.3 Testresults

Following are the results for the three tested vehicles. For each vehicle, a diagram of the test locations
is given, showing the child and adult test areas, and the lateral division into thirds (see Figure 2.1,
Figure 2.2 and Figure 2.3). The estimated relaxation zone is shown shaded in yellow.

The HIC values for each test location are listed in Table 2.1, Table 2.2 and Table 2.3.
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2.3.1 Toyota Camry (2006)

Figure 2.1
Test locations for the Toyota Camry. The yellow shaded area is the estimated relaxation zone.

The Toyota Camry failed the GTR requirements, as one test location within the relaxation zone
exceeded the maximum allowable HIC of 1700. This was location C31, positioned over an upwards
pointing hinge bolt, the HIC recorded was 1774. This location was very close to passing, and with
minimal redesign could probably be made to pass the requirements.

Table 2.1
Results of GTR child headform tests on the Toyota Camry; failures shown in italics

Zone Location Description Tested GTR HIC
Normal, C13 Bonnet rib edge 676
HIC < 1000 c21 Above firewall 543
required c22 Above bonnet rib 511

C23 Close to bonnet catch 683
Relaxation, c1 Above suspension bolt 1600
HIC < 1700 C12 Above bonnet seal 676
required C31 Above hinge bolt 1774

C32 Above bonnet rib 948

C33 Close to bonnet stopper 1016

CASR Road Safety Research Report | Headform impact test performance of vehicles under the GTR on pedestrian safety
7



2.3.2 Holden Commodore (2006)

Figure 2.2
Test locations for the Holden Commodore. The yellow shaded area is the estimated relaxation zone.

The Holden Commodore failed the GTR requirements. Two locations in the relaxation zone exceeded
the maximum allowable HIC of 1700. The first location (C11) was directly over the bonnet hinge
mount. The second location (C13) was close to the front guard, and the front bonnet support. The HIC
values for these tests were relatively close to passing, and could probably be made to pass with some
redesign work.

Table 2.2
Results of GTR child headform tests on the Holden Commaodore; failures shown in italics

Zone Location Description Tested GTR HIC
Normal, C21 Over engine block 481
HIC <1000 C22 Above bonnet circle structure 372
required c23 Near bonnet latch 611

C31 Close to rear seal 771
Relaxation, C11 Over hinge mount 1865
HIC < 1700 C12 Over support strut mount 1470
required c13 Close to guard and bonnet support 1890

C32 Above seal 970

C33 Above suspension bolt 1250
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2.3.3 Mazda3 (2004)

Figure 2.3
Test locations for the Mazda3. The yellow shaded area is the estimated relaxation zone.

The Mazda3 passed the child headform requirements of the GTR. All points within the relaxation zone
scored a HIC of less than 1700, and all other points scored a HIC of less than 1000. The maximum
HIC scored was 1176, over the hinge bolt at location C31.

Table 2.3
Results of GTR child headform tests on the Mazda3

Zone Location Description Tested GTR HIC
Normal, C12 Above suspension bolt 79
HIC <1000 c21 Above rear bonnet seal 683
required c22 Centre of bonnet rib junction 304

C23 Near bonnet catch 723

C33 Above battery terminal 647
Relaxation, C11 Above wiper pivot 1078
HIC < 1700 C13 Close to front guard 1120
required C31 Above hinge bolt 1176

C32 Above plenum front wall 947
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2.4  Comparison with ANCAP results

We can compare the results from this testing with results from earlier ANCAP testing on the same
vehicle models. Table 2.4 below summarises the results from each car.

Table 2.4
Vehicle results under ANCAP and the GTR
Vehicle ANCAP child head ANCAP total head ANCAP pedestrian GTR child testing result
score (out of 12) score (out of 24) star rating

Toyota Camry 8.21 14.5 2 Fail, 1 point exceeded HIC of
1700

Holden Commodore 5.98 8.98 1 Fail, 2 points exceeded HIC
of 1700

Mazda3 6.48 8.15 1 Pass

Note that the ANCAP pedestrian star rating also takes into account results from full leg and upper leg
testing. However, none of these vehicles scored any points from either the full leg or upper leg ANCAP
tests.

Of the 27 total locations tested, 12 locations were chosen at the same location as an earlier ANCAP
test. Two of these locations were adult tests under ANCAP and the remaining 10 were child tests.
These are listed below in Table 2.5, along with the HIC scored under ANCAP, and the HIC scored
under the GTR.

Table 2.5
Comparison of locations tested under ANCAP and the GTR
Vehicle Location ANCAP Location ANCAP HIC GTRHIC
Toyota Camry c1 C1B 2615 1600
c12 A2D(d) 1001 676
Cc13 C2C(cd)* 1507 676
C22 c3c* 1396 543
C33 C1D(d)* 1803 511
Holden Commodore c21 C3B 1339 481
c23 C3D(cd) 1014 611
C33 C6A 2264 1250
Mazda3 C13 C1C# 23% 1120
C23 C3D 1353 723
C32 A5D 1729 947
C33 C5A 1084 647

* ANCAP test was on the Toyota Aurion, which was also used for comparison with the Toyota Camry. The two vehicles have
almost identical front structures, and very similar bonnets.

# ANCAP child head locations can be as close as 65mm to the side reference lines, whereas GTR child head locations must be
87.5mm from the side reference lines (due to the increased headform diameter). The original ANCAP test location C1C on the
Mazda3 was too close for the GTR test to be repeated at exactly the same location, so was moved inwards by approximately
20mm.

Consider the 10 tests listed in Table 2.5 that were child headform tests under ANCAP. These results
are shown graphically in Figure 2.4. A linear regression gave a scaling factor of 0.5228 between the
GTR and ANCAP HIC results, as indicated by the line of best fit.
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ANCAP and GTR child headform results, with linear trendline.

These results gave a suggestion as to what difference in HIC values could be expected between child
headform tests performed under ANCAP, and those performed under the GTR. The predicted scaling
factor of 0.52 is close to that predicted by earlier work, which predicted a scaling factor of 0.56
(Searson and Anderson 2009).

In order to estimate the GTR headform testing performance of an entire vehicle, it was also necessary
to predict the change in HIC that could be expected for ANCAP adult headform tests. As well as the
reduction in impact speed, ANCAP adult headform tests with WAD < 1700 mm needed to be scaled to
the mass of a GTR child headform, while those with WAD > 1700 mm needed to be scaled to the
mass of an adult GTR headform.

Given this, a more generalised model was developed in order to calculate a HIC scaling factor for any
two sets of test conditions (mass and speed). This model is presented in Section 3.
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3  Method for scaling the Head Injury Criterion (HIC)

3.1  Linear mass and spring model

Consider the impact of the headform against the tested structure to be represented by a lumped mass
m, impacting upon a linear spring with stiffness k. If X is the acceleration of the headform, and x is the
displacement from its initial position, then balancing the forces on the headform gives us

mx = kx (1)
Equation (1) is a differential equation that has a solution of the form

¥ = Asin(wt) (2)

Thus, the acceleration pulse for this model has a half-sine shape, rising to a maximum acceleration of
A. The pulse ends when a < 0, as this can only occur when the spring is in tension, at which point the
headform will separate from the structure.

Chou and Nyquist (1974) analysed many different impact pulse shapes, and derived analytical
expressions for HIC and peak displacement. This included a half-sine acceleration pulse, which was
specified by its peak acceleration value A and its duration, T. For the half-sine pulse, Chou and
Nyquist derived the following expression for HIC:

HIC=C,(AV)A*"? 3)

Where AV is the change in velocity and C; is a constant based on the system of units in place. An
expression was also derived by Chou & Nyquist for peak displacement, S:

(Ar)y’
4

S=C, ()

Similarly, C, is a constant based on the system of units. If we rearrange Equation (4) for A and
substitute this into Equation (3), then we obtain an expression for HIC in terms of velocity change and
peak displacement:

AVY?
HIC=C,C,’" (53/2 (5)

The form of Equation (5) is the same as that obtained by Mizuno and Kajzer (2000) for a quadratic
acceleration pulse.

Next, we can consider an energy balance when the headform reaches its peak displacement, S. At
this point the velocity of the headform will be zero, and the potential energy of the spring is equivalent
to the initial kinetic energy of the headform. If the initial velocity of the headform is v, then:

2

(6)

162 _ L
SkS” =5my,

Simplifying Equation (6) and rearranging, we obtain:
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S = \/%vo (7)

The impact described here is purely elastic, so the change in velocity AV is simply twice the initial
velocity vp. Recognising this, and substituting Equation (7) into Equation (5), we arrive at:

HIC=16C,C," k> *m™"*v,*" (8)

Finally, we can consider two theoretical impacts on the same structure, under different test conditions.
In this case the structure is represented by k, which remains constant between both tests. The first set
of test conditions is with headform mass m; and initial velocity v;. The second set of test conditions is
with headform mass mj; and initial velocity v,. The HICs from each test are HIC, and HIC,. If we take
the ratio of HIC, and HIC, using Equation (8), then we obtain the following relation:

HI m, \ v
_q = | =L b (9)
HIC m, v,
Equation (9) gives us a theoretical means for relating the results from a test on a given structure, for
different headform masses and velocties.

3.2 Validation method

Equation (9) gives an analytical expression for the change in HIC that can be expected from a given
change in headform mass and impact speed. To test this relationship, data from multiple tests
performed on the same structures was analysed.

We can write Equation (8) in a more generalised form:
HIC= Lm“V’ (10)

In this form, L is a constant dependent on the location being tested. The exponents a and b are
expected to be equal to -0.75 and 2.5, respectively. Taking the logarithm of both sides gives us:

log(HIO =log(L) + alog(m) + blog(v) (11)

Multiple linear regression was used to estimate a and b from the test data. The HIC used was
calculated using a maximum 15 ms time window.

For the impact velocity v, the normal impact speed was used, taking i