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damage analysis technique that is applicable to gencral collision

configurations.

Central Collisions

In the case of central collisions (i.e., where the line-of-action
of the collision force passes through the centers of masses of the two vehicles,
(Figure 9) the extents and areas of residual crush on the two vechicles provide
a basis for estimating the relative velocity at impact of the vehicles. The

following simplified linear analysis provides relationships for such estimates,

In Figure 9, the symbols are defined as follows.

MI’MZ = Masses of Vehicles 1 and 2, 1b secz/in.

KI’KZ = Lincar approximations of peripheral crush stiffness of
contact areas of Vehicles 1 and 2, for increasing load,
1b/in.

XI,X2 = Displacements of centers of masses, inches.

X = Displacements of peripheral interface, inches.

In the following derivation, the time derivative¢ of a variable is
indicated by a dot over the symbol for the variable, and the subscript zero

is used to indicate the initial value of a variable at zere time.

Application of Newton's Second lLaw to the system depicted in
Figure 9 yields

. KIKZ
MX = T \Kx (X} -X,) (1)
1'%
MX, = W (X.-X.) (2)
2%2 K +K 17%2
1*%,
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Figure 9 ° SCHEMATIC REPRESENTATION OF CENTRAL COLLISION
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To facilitate solution of cquations (1) and (2), let § = X,-X,, éo - klO—'ZO‘
Then equations (1) and (2) can be restated as

K, K M. +M '
p 12 12
K K, CREN : -

Solving (3) for the maximum relative displacement,

. [’ MW, R B
(pax = (klo-xzo) KK, 01A0) inches (4) I

Let 61 = Xl-X, 62 = X-Xz. For force equilibrium, .

K, 8, = K8, 1bs (5) -

and; by definition

61 +8, =8 inches (6)

Solution of (5) and (6) for 61 yields
Kz )
61 = E—_'_-K—z' ) inches ' (/)

Pquation (4) can be restated in the following form,

- . r ” 2
XIO-XZO = QJ (M1+M2) klhz(a) max in/sec (8)

MIMZ (kl+k2)
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_ The energy absorbed in peripheral crush of Vehicles 1 and 2 can be
expressed as

K,6,% 1b in (10)
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Substitution of (10) and (11) into (9) yields

‘ .

M. M

xm-xzo = #(MI‘*MZ) 2 (E1+E2) in/sec - . (12)
12 : ' ‘

?
. M ’ . N .4
[ AN v, “
RN R Mol 1. Kot S

AT

From Conservation of Momentum, the common velocity, V , may be
abtained. . '

\ ‘4
v, o= M%) 0tMp%50

Ml +M

Lo L, ST ST I,

in/sec - (13)
2 4 : ’
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The velocity changes experienced by Vehicles 1 and 2 during the
‘ appreach period of the collision are

~
kX

M . . :
i e _ 2 .
1.2'; A\'l = klo-vc = (ﬁl—m;) (XIO-XZO) m/sec . (14)

: . M . .

i ¥ 1 r .

L ! N - :

. :g . A\2 Y. %0 (hl+55‘) (XIO XZO) in/sec ‘ (15)
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From (14), (15) and (12), these velocity changes (approach period)
can be expressed as '

AV‘ = Q 2(51+Ez) (16) - X 3 '
M1 (1+M1/M2) in/sec )
2(E ‘g
v, = QJ (E,*E)) (17)

M .
M2 (1+ Z/Ml) in/sec

Non-Central Collisions

In the more general case of non-central collisions, a common velocity

is achieved at the regions of collision contact rather than at the centers of

gravity. For example, in the offset frontal collision depicted in Figure 10, .

a common velocity is reached at point P.
In Figure 10, the collision force acting on Vechicle 1,
Fx = -Mlkl = -M1 (Xp—hlwl) (18)
The corresponding moment acting on Vehicle 1,
Fh = <Ly = Mk 2y (19)
x1 171 171 71

where kf = radius of gyration squared of Vehicle 1

. . 2
in yaw, in .
From (19), the angular acceleration of Vehicle 1,

F h1
= -X > (20)
Mk,

ko1
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Figure 10

OFFSET FRONTAL COLLISION
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Substitution of (20) in (18) yields

2., 2

S S(- (kl +h_1—> 3
P Ml klz
. Fx _ k12 \ “
X, = == —_s ' X (22)
1 M1 ( k12+h12 / P
k,” '
Let vy, = —5 , then from (22), “
1 2., 2
k., +h : :
1 ] M
Xl = lep (23)
Integration of equation (23) over the time interval during which a common :
velocity is reached at point P yields ;¢"
AXl = YlAXp, or (24) >
A7 !
&V, = ylAvl (25)

1
where AVl is the velocity change during the apprecach period of the collision

at point P.

From (21), the effective mass of Vehicle 1 acting at point P may be
expresscd as Y]MI' Similarly, the cffective mass of Vehicle 2 acting at §
point P may be expressed as Y2M2’ Substitution of the effective masses into
equations (16) and (17) yields expressions for the velocity change (approach

period) at point P,
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Av? =g Z(El;;nz) in/sec (26)
I 1 Y -

. \CLAESAS R VAR
AVY —QJ 2(E1*Ez) in/sec , i 2N
2 A Y, M '
M, (1472 2/y1nl)

From equation (25) and the corresponding expression for Vehicle 2

“
the velocity changes tapproach period) at the center of gravity of the two
vehicles are obtained. |

LR L e

. 2y, (B, *E,) o8)
1 Y, M

: | X M, (1Y 1/ M)

% 2 Y M, (1+Y2M2/y M)

It should be noted that when y, = vy, = 1,00, equations (28) and (28) reduce
1 2

to the central-impact relationships of equations (16) and (17).

P gty et

In Figure 11 and Figure 5, further relationships required to
approximate the effects of intervehicle friction are depicted.

The dimensions
hl and h

, are approximated on the basis of (1) the midpoint of the collision

contact region and (2) the existence of a tangential velocity (columns 1 and
2 of the VDI).
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Figure 11 INTERSECTION COLLISION
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In the cited study by Emori (Reference 6) and in the SMAC program

(Reference 2) a simple friction coecfficient has been shown to yield reasonable

approximations of collision responses. Inherent in the present analytical

treatment is the assumption that the residual crush provides a direct measure
of the energy absorbed by compressive forces between the two vehicles and
that the additional work done by tangential shear fo-

=es does not provide
directly measurable damage evidence.

It should be noted that the front end
of the impacting vehicle in an intersection collision is generally distorted

laterally, but that corresponding measurement techniques have not been
established.

Absorbed Energy

The calculation of absorbed energy is based on residual crush and is

patterned after that developed by Campbell (Reference 7). The only significant

difference is in the treatment hercin of the energy absorbed without residual
crush as being proportional to the contact width rather than a constant, Th
following relationship is applied.

W -

e

0 B C2 : '
L. =U/P (A.C + i + G.) dv in 1bs (30)
i i —_ i
0 2 :
where Ei = Energy absorbed by vehicle i, inch 1bs.
C=f(w) = Residual crush of vehicle i, inches.
w = Width dimension of damaged fcgion, inches:
Ai’Bi’Gi = Empirical coefficients of unit width properties obtained.

from crash test data,
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Values for Ai’ Bi and Gi’ corresponding to the energy absorbed in
barrier crashes with "standard" test weights, are stored in a table that is
categorized for four vehicle sizes and for thc front, side and rear of each
vehicle size (Table 1). It should be noted that the frontal values in Table 1
are based on Campbell's data but that the side and rear data are gross
approximations only, that are based on fragmentary crash test data. Actual i &

vehicle weights are used in the solution of equations (28) and (29).

The developed calculation procedure permits a two, four or six point

definition of the damage profile. By default, four-point definitions are

generated on the basis of column 7 of the VDI and on three "representative'
types of damage profiles. The integration of equation (30) is based on

trapezoidal approximations of the damage region, yielding the following ecquation.

L, A,
Bi = = [ L (G520 542, 57Ci4) :
3 2
| ~
B, 2 2 2 2
2 C..C..+C..C,.+C..C, -
g (Cjy #2057 #2C; 174C; 4 7441 C357C; 50 5403 504 4) N
+ 3 Gi ] inch 1bs (31) i

The "equivalent barrier spced' as defined by Campbell (Reference 7)
is not equal to thc speed change, AV, in low speed collisions, since the |
rebound velocity produced by the cocfficient of restitution is not }néludcd.
At the velocity intercept of the lincarized fit of impact velocity plotted
against residual crush, elastic behavior is indicated for the vehicle crush.
The total speed change, AV, should, therefore, be equal to twice the impact
velocity in that velocity range, in thc absence of an energy absorbing bumper

device.
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The impact speeds without residual crush that are indicated by
Campbell's linear fits (no actual data points at impact speeds below 15 MPH)
suggest substantially higher coefficients of restitution than, for e%ample;
the values presented by Emori in Reference 6. Without more definitive
information on the actual magnitude and variation of the coefficient of
restitution as a function of both deflection extent and position on the

vehicle periphery, the complexity of introducing a correSponding refinement

in the damage analysis technique cannot be justified. Therefore, the damage
analysis procedure defined herein tends to underestimate AV in low speed
collisions.
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Exhibit 9-5
COEFFICIENTS OF FRICTION OF VAR!ICUS ROADWAY SURFACES
ORY WET
DESCRIPTICY .
oF Less than Mora thza Less than Mcre than
30 mph 30 mos 32 nsb 30 moh
ROAD SURFAZE -
From To From Tz From T From To .
il —_— . .
. PORTLAND CEMENT )
New, Sharp .80 1.20 .70 1.0 S50 . .BC 40 .75
ravel leg . .60 . .80 €0 .75 .45 .72 .45 .65
Traffic Polishes .55 .75 .50 -£3 <45 .65 .43 .60
ASPHALT or TAR i
New, Sharp .80 1.20 .65 - 1.53 .50 30 45 .75
Travellod .62 .80 .55 e .45 .79 .50 .65
Troffic Polished .55 .75 .45 €2 45 .85 +40 .60
Excess Tar .50 .60 .35 7 .30 .62 .25 .55
GRAVEL
Packed, Oiled .55 .85 .50 .£0 .40 .80 .40 .60
Coose .40 .70 .40 L0 .45 75 .45 i H
CIHDERS
Packed .90 .70 .50 . .72 .65 .25 .65 .73
ROCX
Crushad .33 .75 .55 .72 .55 .75 .53 5
ICE . : .
Srooth .10 .25 .07 .20 .05 10 [ .05 .12
ber ] : ,
Packed .30 .59 .35 .5 .30 -£0 .30 &
Loose i .10 .2 A0 .23 .30 .60 [« .30 60
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