Disciaimer

Disclaimer

Engineering Dynamics Corporation (EDC) makes no
warranties, either express or implied, with respect
to this manual, or with respect to the software
described in this manual, its guality, performance,
merchantability, or fitness for any particular
purpose. EDC software is sold or licensed "AS IS".
The entire risk as to its quality and performance is
with the user, Should the programs prove defective
following their purchase, the buyer {and not EDC)
assumes the entire cost of all necessary servicing,
repair, or correction and any incidental or conseque-
ntial damages. In no event will EDC be liable for
direct, indirect, incidental, or consequential
damages resulting from any defect in the software,
even if EDC has been advised of the possibility of
such damages. Some states do not allow the exclusion
or limitation of implied warranties or liability for
incidental or consequential damages, so the limita-
tion or exclusion may not apply to you.

Proper use of enclosed accident reconstruction
softwere described herein requires a thorough under-
standing of wvehicle dynamics, Therefore, you must
agree to assume full responsibility for any decisions
which are based, in whole or in part, upon informa-
tion obtained by using this software, EDC does not
warrant that the functions described in the program
will meet your requirements or that the operation of
the program will be uninterrupted or error free.

Trademarks

IBM is a registered trademark of International
Business Machines Corp. Quadboard and QuadMaster are
registered trademarks of Quadram Corporation,

lotus 1-2-3 is a registered trademark of Lotus
Development. VisiCale is a registered trademark of
Visicorp.
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INTRODUCTION

The EDCRASH computer program is used to estimate the
impact speed of one or two wvehicles involved in a
crash. The calculation procedures are relatively
simple and straight-forward and can be accomplished
with a hand calculator, An overview of these pro-
cedures is provided by the flow chart (figure 1) and
in the following paragraphs.

INPUT

¥

Damage
Analysls

Quest, .
no, 8, N

Y

EDCRASH
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Vel, Chik,
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Figure 1 - Flow chart of EDCRASH processing phase
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Scope of Analysis

Two independent phases can be analyzed. At & mini-
mum, the impact phase is analyzed. The resuits of
this analysis, called the damage analysis, use
measurements of vehicle damage to estimate the change
in velocity, delta-V, for each vehicle, At a maxi-
mum, if aceident site data is supplied, then, in
addition to the impact phase, the impact-to-rest
phase is analyzed. Accident site dats is necessary
if an estimate for impact speed is desired because
the separation velocity must be known.

20

Figure 2 - Typical oblique collisions
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If mccident site data is supplied, the delta-V can be
caiculated from linear momentum, without using damage
data. This trajectory-based approach works well for
oblique (intersection and other non-head-on) col-
lisions (figure 2). However, if the pre-impact
velocity directions are within +/- 10 degrees of a
collinear (head-on) configuration at impact ({igure
3), the momentum calculation becomes very sensitive
to the measurement of this angle. The difficulty
arises from a lack of precise knowledge of the exit
angle. Therefore, the damage-based delta-V is auto-
matically used in this case, as observed in the
EDCRASH output under the heading "Basis of Results"
(see figure 4).

<o

Figure 3 - Typical collinear collisions
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BUMMARY oF EDCRAGH KLESULTS
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Figure 4 - EDCRASH output. Notice the basis of the
results (damage or momentum) Is displayed. Zero
velocity indicates that method was not used,

As shown in the flow chart (figure 1), there are five
major calculation procedures which occur during the
EDCRASH processing phase. These are:

- DAMAGE

SEPARATION VELOCITIES
OOMWON VELOCITY CHECK
- TRAJECTORY SIMULATION
OBLIQUE 1MPACT

]

Each of these procedures will be discussed briefly,
‘Then, the two major procedures, DAMAGE and SEPARATION
VELOCITIES, will be described in detall,
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DAMAGE  ANALYSIS
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Figure § - EDCRASH damage-only results

Since the mid-seventies, information on the struc-
tural stiffness of vehicles has been gained from
barrier testing. This information allows the
analysis of delta-V based only on vehicle damage
(figure 5). Most crash tests were head~on.
Therefore, the damege-based analysis Is best-suited
to collinear (head-on) impacts. The damage-based and
trajectory-based analyses nicely complement each
other. However, the damage-based results also have
limitations, The major limitation stems from a lack
of structural stiffness data for all vehicles,
especially the newer front-drive cars. (This
information is expected to be supplied scon.)
Another limitation is the assumption of a uniform
erush stiffness along the entire side, or end, of the
vehicle. It is obvious that the wheel region will
offer more resistance to crush forces than & quarter-
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panel region. A frontal or rear impact, which uses
the bumper to distribute the impact force, provides a
more uniform crush resistance - another reason the
damage-based analysis is best-suited to collinear
impacts. A third limitation is tied to the lack of
information describing the crush at various
elevations. The most frequent example of this occurs
as a result of "bumper override", wherein the stiff
bumper and frame portions of one vehicle strike above
the bumper and frame of the other vehicle. The crush
data used by EDCRASH essume the higher stiffness
associated with the bumper and frame. When these
structures are not crushed, but the softer sheet
metal above them is, the crush is greater than
expected and the delta-V is over-estimated.

SEPARATION VELOCITIES

The separation, or post-impact, velocity of each
vehicle is calculated based on the user's accident
site data (impact and rest positions, impact-to-rest
path, and tire-road resistances). The procedure is
very flexible, allowing and accounting for the ef-
fects of a curved path, rotation of the vehicle while
gkidding, and rollout after skidding.

O VELOCITY OHBK

Before impact speeds are computed, EDCRASH checks the
separation velocity of each vehicle to confirm they
are compatible with each other. This confirmation is
called the common velocity check. It is performed by
computing the earth-fixed velocity at the damage
centroid of each vehicie (fig. 6). It is necessary
because the analysis of the impact phase is based on
the common velocity assumption; that is, at the
moment of separation, the region of the vehicles in
contact with each other have mutually engaged so that
damage centroids have earth-fixed velocities (speed
and direction) which are nearly equsl.
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Veentrotd,

Veenirold,

Figure 6 - Common Velocity Check. The velocity of
each vehicle's damage centroid is determined relative
to the earth-fixed coordinate system.

Because the calculation for each vehicle is indepen-
dent from the other, it would only be a coincidence
if the velocities of the damage centroids were
identical. However, if the scene data is correct,
the velocities should be roughly equal. If the
velocities are not equal, but sre within 10 percent
of each other, the common velocity essumption is
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gatisfied. 1f not, then the velocity of the slower
vehicle is increased by 10 percent, the velocity of
the faster vehicle is reduced by 16 percent, and the
common velocity check is again made. If the
resulting velocities are still not within 10 percent
of each other, EDCRASH aborts and issues a common
velocity error. If the velocities are within 10
percent of each other, a message is issued to notify
the user that an adjustment has been made and calcu-
lations proceed.

4

p ]
Rotation

; £ B = =Wy
Measuraed

Path
{2)

T

Figure 7 - Trejectory Simulation. The simulated path
(1) is compared to the measured path data (2).

TRAJRCTORY SIMILATION
EDCRASH includes the provision for simulating the

impact-to-rest phase of the accident. This is called
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a trajectory simulation. After the common velocity
check confirms the separation linear and angular
velocities of each vehicle are valid, these veloci-
ties are used, along with the impact position and
heading, as the initial conditions for the simula-
tion. If the separation velocities are correct, then
the simulated vehicle should come to rest at the
measured rest position.

When a trajectory simulation is complete, the simu-
lated rest position and heading are compared. to the
measured rest position and heading (figure 7). An
error term, based on the difference between simulated
and measured results, is computed for each measured
path position and heading. When the error terms are
sufficiently small, the trajectory simulation is said
to have "converged" on the proper separation linear
and angular velocities. If any of the error terms is
not sufficiently small, the separation linear and
angular velocities are adjusted and the trajectory
simulation is performed up to four more times (five
tries in all) seeking to converge on acceptable
vaiues. If the trajectory simulation faiis to con-
verge after five tries, the velocities which produced
the smallest error terms are used as the separation
linear and engular velocities.

CELIQUE  INPACT

After the separation velocity of each vehicle has
been determined, the delte-V is added to the separa-
tion veloecity in order to determine the impact
velocity, The damage-based delta-V is known from
prior calculations, As discussed previously, the
conservation of linear momentum can also be used to
determine the delta-V, and will be used to determine
the impact velocity if the impact velocity vectors
are more than +/- 10 degrees from collinear.

The comservation of lnear momentum simply states the
momentum of the system (both vehicles) at the begin-
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ning of the impsct is equal to the system momentum at
the end of of the impact. The concept is shown
graphically and mathematically in figure 8. This
calculation is performed after the separation
conditions are determined because the forward and
lateral separation velocities must be known befare
the impact velocities can be determined.

Yoy My¥y,

Mo\ N M, BV, = M, AV,
o M BV T M, 8Y,

MY+ MV 2 MVt Mol

[pra-impact = post-impact}

Figure 8 - Conservation of linear momentum solution
for oblique impacts,
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CALCULATION DETAILS

The preceding section described the genera! proce-
dures used by EDCRASH to estimate impact speed and
delta-V. The foundation of the program is provided
by the separation velocity and damage portions of the
program. These procedures will now be described in
detail,

Damage

The DAMAGE procedure estimates the change in
longitudinal velocity (delta-V,) and lateral velocity
(deita-V,, for each vehicle during the impact phase
(figure 8).

Pre~impact Post—impact
[SEPARATION]

Figure 8 - Delta-V, (change in longitudinal velocity)
and Deita-vy (change in lateral velocity)
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The basis of the DAMAGE calculation procedure is
Newtonian physics and the conservation of linear
momentum, not the conservation of energy. The linear
impulse shared between the vehicles is computed from
the amount of crush sustained during the crash. From
basic physics, it is known the delta-V of the vehicle
(or any object) is equal to the impulse divided by
its mass. Since the mass of a vehicle is known or
easily found in tables, the goal of DAMAGE is really
to determine the linear impulse,

DETERMINATION OF THE LINEAR IMPULSE

I i ] ‘@ammon

Xy X Xy

Figure 10 - Central collision between two spring/mass
particles
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Referring to figure 10, which describes the collision
between two particles having masses M; and M, at-
tached to linear springs K; and K, along the X-axis,
Newton's laws of motion apply as follows.

From Newton's 2nd Law (ZF=Ma) spplied to particle no.
1, the external force to cause a displacement in the
linear spring from its initial length, X; - X, is

X} = 2 2
"K]_(xl X) = Mld xlfdt
and for partiele no. 2 is

Kp(X-Xp) = MgdZXy/dt?

Letting & = Xy-X4, these equations can be written in
the form

aZd/at? & (KyKg/(K; + KN(Mp + Mg)MjMp)d = 0
The above equation is the differential equation for

an undamped simple harmonic oscillator having the
general solution » = A sin(wt), where

A = the anplitude of the oscillation

w = the circular frequency of the oscillation
= K Ko/(Ky + KX(My + MpiM My

t = period of the oscillatien

2xfw

H]

The period of the oscillation, t, is the entire
period associated with loading and unloading the
mass, Since no tension is sllowed between the masses
(vehicles) while unloading (separating), the force is
agsumed to diseppesr after d reaches the maximum
amplitude or maximum engagement, Figure 11 shows an
example of the actual time history which is used,

To apply this solution to the case of vehicle col-
lisions, observe the initial conditions are known.
The rate of spring deflection at the beginning of
contact is simply equal to the closing velocity
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between the particles,
dbfdttzu = Vm - VZo

where Vi, and Vo, are the initia]l particle velocities,
From this observation, the value of the amplitude is

A= (Vg - Voo Mg/ + MOXK; + Kp)/KyKp)'
The maximum ampltude is reached when M; and M, reach

a common velocity. This collision occurs according
to the conservation of linear momentum,

() + MlVoom = M1Vio + MgV,
Each spring deflects independently from the other.
The total deflection of bath springs, b, 18 re-

lated to the deflection of each spring by the ratio
of the spring constants, K. Mathematically,

O = (Kp/(Ky + KyDOax

and
Oy = (Ky/(Ky + Koldpay

A End of Collision

Amp

Y

Figure 11 - Period of oscillation, The entire period
ends at (1), However, the collision is modeled to
end at (2), after maximum penetration (crush or
deflection) is reached.
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Since Hax = O + Oy, the above equations may be
combined as

K0, 272 + Kydy?/2
= KyKp ol max/ 2Ky + Kp? + Kyy a7 o, 120Ky + Kp)?

and by rearranging, we get
(K Kg/2(Ky + KoNdlmax = K1012/2 + Kody?r2

Here is a critical observation: K1012!2 and K262212
are the energies absorbed by springs K; and Ko,
respectively, at the moment of common velocity, V,,n.
Defining these energies as E; and E, we can finally
write the linear impulse as

1=Jf2(E; + Ep)(MiMg/(My + M)

and, since | = M;delta-V; = Mgdelta-V,, the speed
changes for each vehicle are

delta-Vy = Vig-Voom =J2Ey + EgdM Mo/(My + Mp)) /My
and
delta-Vy = Voom-Vao =W 2(E; + EQXMMo/(My + Mg)) /My

This derivation is based on the conservation of
linear momentum snd Newton's laws of motion.
Although the spring deflections are expressed by
their stored energies, the above development is not
based on, or related to, the conservation of energy.
Scrutinizing the results of an EDCRASH damage-based’
run wiil, in fact, show that mathematically, energy
is not generally conserved.
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NON-CENTRAL  IMPACT

The model developed in the preceding section was
based on the assumption of a central impact, l.e.,
the motion of both particles was slong a straight
line (the X-axis); the line of action (impulse) was
slso along this straight line, through the center of
mass of each particle or vehicle (see figure 12).

CENTRAL
COLLISIONS

RON-CENTRAL
COLLISIONS

Figure 12 - Central vs. non-central collisions
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Since this is rarely the case when two vehicles
collide, & correction factor, V, is used to account
for a non-central impact. This correction factor is
described below,

A vehicle has & rotational (yaw) moment of inertia,
I,,, which defines its resistance to changes in
angular rotation rate. The radius of gyration of the
vehicle having mass, M, is Kgy = ‘IZZIM.'

The radius of gyration is the radius of a hoop having
the same mass and moment of inertia as the wvehicle.
For a non-central collision where the impulse scts a
distance, h, from the center of mass, the effective
mass of the vehicle is reduced by the factor ¥, where

= 2 2 2
Y=k gyl(kgy+ h*)
If the collision impulse does not act through the

center of mass, the vehicle will tend to rotate,
reducing its delta-V as follows

deita-Vq = ¥y -V
= JUE] + EXViM, VoMa/(Y M, + YoMo)) /¥y My

and

delta-Vy = Voo -V,
=‘2(E1 + EZXVIMI Yzmzf( YiMp + VZMZ»‘IVZM2

Note that h = 0 and, therefore, Y= 1.0 for central
collisions.

PRINCIPAL DIRECTION F FOHNCE
The impulse acts on the vehicle at the Principal
Direction of Force, PDOF. Therefore, the delta-V has
longitudinal and lateral components related to the

PDOFby

delta»Vm"g = delta-V cos(e)
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and
delta-Vy, 4 = delta-V sin(e),
This is the equivalent to observing the delta-V

occurs in the direction of principal force (figure
13). This fact is also illustreted in figure 8.

NOTE:
$=PDOF- 180

Figure 13 - Principal Direction of Force (PDOF)} and
relationship to Delta-V

DETERMINATION OF DAMAGE ENERGY

As was discovered previously, the linear impulse can
be determined if the energy stored in the spring
deflection can be determined. This energy is the
same as the crush energy. The process used by
EDCRASH to model the crush energy follows.
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The model is based on the assumption that the
exterior surface of the vehicle resists inward crush
(displacement) like a Hnear spring. The outer body
of the vehicle can be thought of as being surrounded
by such springs, as described by figure 14. Each
spring has & linear spring constant, B, which has a
different value for the front end, rear end and

sides (refer to the EDCRASH Program Manual, Table 4).
B has the units of Ib/inch per inch of damage width,
or simply ib/in?. Note the free tength of these
springs actually extends out beyond the outer surface
of the vehicle, This aliows the model to account for
fmpact energy which does not damage the vehicle.
Constant, A, is used to account for this effect, A
(units, 1b/in} is the preload force per inch of
damage width required to deflect the spring an amount
equal to the free length, A/B,

The width and depth of crush determines the damage
energy. The damage energy is determined by the
spring deflections. Therefore, it is necessary to
describe the spring deflections. This is done using
the vehicle crush profile as shown in figure 15.

The damage profile has a total width, W, Each incre-
ment of the damage width, dW, has a measured crush
depth, C, and a spring deflection, &=C + A/B. In
order to determine the amount of damage energy as-
sociated with the total damage profile, the spring
deflections are integrated over the total damage
width. = For any linear spring, the energy stored in
the spring due to deflection, x, is E = f(1/2)kx%dx.
When this formula {s applied to our vehicle model,

E = f(B/2)((A/B) + C))2awW
= f((A%12B) + AC + (C%B/2))dW
= [ (A2/2B)aW +fACAW +f(B(C/2)C)W

Integrating over the damage width yields

(AZ/2B)W + ACW + (B(C/2)O)W
(A%/2B)W + (A + BR)Ares

E

{31}
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Figure 14 ~ Vehicle damage model

in addition to the constants, A and B, the above
solution is seen to depend upon the width of the
damage profile, the area (in plan view} of the
damage, and the distance, &, from Lhe centroid of the
damage mrea to the exterior surface of the vehicle.

During & non-central collision, the force of impact
does not act throuph the center of mass. ‘Therefore,
non-central collisions always produce rotation of the
vehicle. For non-central collisions, the centroids
of the damage regions are assumed to reach a common
velocity prior te separation (refer to the eariier
discussion of COMMON VELOCITY CHECK). In order {o
account for non-central collision (see ligure 16),
the distance from the line of action of the impulse
to the centroid must be determined. Therefore, it is
necessary to specify the location of the damage
profite relative ta the center of mass, D is the
specified distance from the cenler of the damage
profile to the vehicle centerline. Based on this
distance, the distance, y, [rom the damage centroid
to the vehicle centerline can be computed. Thus, the
distance from the line of action of the impulse fo
the center of mass is

h=(X-x)sin®- ycos8
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:’:W— Wz width of damage
B

C zcrush depth at
2, 4, 6 locations

e

D zdistance from

center of damage

to centerline
of vehicle
-denmage coniroid.

X, ¥ location of
damage centrold

Figure 15 - Vehicle crush profiles

NON-PERPENDICULAR  CRUSH
A last correction factor is required before cur model
is complete. This correction factor accounts for
collision forces which sre applied at a non-
perpendicular angle to the surface of the vehicle.

Crush is always measured perpendicular to the
undeformed surface. When the collision force acts at
an angle, 8, the distance through which the force
acts is greater by a factor equal to l/cosB than the
measured crush. Since the terms involving crush are
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squared (refer to the crush energy equation developed
previously, the correction must take on the form
1/cos?8= 1 + tan’. Therefore, the computed
energies are multiplied by a factor of 1 + tan’@,

E = [(A2/2B)W + (A + BX)Areal(1 + tan®8)

This factor has a significant infiuence on the
damage-based energy. This is demonstrated by
observing that when 8= 45 degrees, 1 + tan®g = 2.0,

effectively doubling the estimated damage energy.
This factor is not sliowed to exceed 2.0

\
=

8 ZPDOF

Figure 16 - Non-ceniral Collision
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Separation Velocities

The objective of the impact-to-rest phase analysis is

to determine the velocities of each vehicle at

separation. The velocity vector at separation is resolved
into longitudinal and lateral components with respect

to the vehicle heading angle (figure 17).

A

Vg = SEPARATION VELOCITY

U-vel Z FORWARD (LONG.)
SEPARATION VELOCITY

v-vel = LATERAL
SEPARATION VELQCITY

V= SEPARATION HEADING
ANGLE (alzo '03)

o
Y

Figure 17 - Longitudinal and lateral separation
velocities
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To determine separation velocities requires informa-
tion obtained from an eccident site inspection. The
minimum information required by this analysis is the
positions and heading at impact and rest, the direc-
tion of vehicular rotation, the tire-ground friction
coefficient, and the deceleration or rolling resis-
tance at each wheel. Additional information may be
supplied in order to refine the results. This
information may include a pre-impact slip angle,
rotational skidding, the position and heading at an
end of rotation which is followed by rollout, and an
intermediate position between impact and rest which
defines a curved path.

Based on the information supplied about the impact-
to-rest phase, EDCRASH will determine the linear and
angular velocities at the instant of separation. The
linear velocity vector has a direction at separation
which depends on the amount of information. At &
minimum, the direction will be defined by the
straight line between the impact and rest positions
{figure 18). For curved paths, the direction may be
defined by the tangent to the circular arc which
passes through the position at impact, an interme-
diate point on the curved path, and the rest position
(figure 19}, Fipally, the direction may be defined by
g straight or curved path between impact and the end
of rotation, if one is supplied (figure 20).

PATH DES(RIPTIONS

The manner in which each of these paths and separa-
tion angles is determined will now be developed.

Straight Path

The geometry of a straight path (figure 18) is deter-
mined from simple geometry. The length of the path
is the distance between the two points which define
the impact and rest positions., The separation angle
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is the arctangent of the Y component of the path
length divided by the X component of the path length.

A

X

(xnﬂ.Yrut)

Y 2 ARCTAN Yrest — Yimpact
ol Xrest —~Ximpact

(X mpact: Yimpact)

-

Y

Figure 18 - Straight path between impect and rest

Curved Path

The geometry of & curved path (figure 19) is also
determined geometricaily. The path is defined as a
portion of a circular arc which begins at the
separation position, goes through a user-entered
intermediate point on the curved path, and ends at
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the rest position (or end of rotation - see below),
The process is simply one of determining the length
of the arc.

( xf.l' L} YI'O!' ’

A

)

{ Xpoor Yeoc) I ——
~ -V i

Rudius

(me.c, ' Ylmpuct )

Figure 18 - Curved path between impact and rest
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The first step in the process is to draw a chord, D,
from the separation position to the rest or end of
rotation position and determine its length. Then,
the perpendicular distance, d', from the chord to the
point on curve is determined. If this distance is
less than one inch, the path is assumed {o be
straight. If not, the approximate radius is computed
by assuming the perpendicular distance is the maximum
radial offset. (This radius is approximate because
the distance, d', will only be the maximum radial
offset if the intermediate point is selected half way
along the arc,) If the approximate radius is greater
than 35000 inches (2817 feet), then the path is
assumed to be straight.

If the path is found to be curved, then the next step
is to compute its actual radius. This is done by
finding the the coordinates of the center of the arc,
These coordinates can be found by finding the inter-
section of the perpendicular bisectors of the two
chords:  one ‘which runs from the impact position to
the intermediate point and the other which runs from
the intermediate point to the rest or end of rotation
position,

Finally, the arc length is computed from the calcu-
lated radius and the angular interval from Yy to ¥q.
The separation angle is simply ¥y.

End Of Rotation

The geometry of a path which includes roliout fol-
lowing an end of rotation (figure 20) is determined
by the adding together of two path segments computed
in the manner described above, The straight rollout
portion is always computed as above using the end of
rotation and rest position. If the path between
separation and end of rotation is also straight, the
straight skidding portion of the path will be handled
in the same way. If the path is curved, as indicated
by & user-entered intermediate point on the curved

Page 34



Separation Velocities

path, then the calculations for determining the
curved arc length and separation angle ere used.

At this point, the length of the path or path
segments and the separation angle have been

determined for each vehicle. The next step is to
determine the motion of the vehicle over this path.

|

{Xrest o Yrost )

{ Xgom Yeor)

( xh'plcl' Ylmatcl)

T

Figure 20 - Impact-to-rest path including an end of
rotation ‘
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MOTION-RESISTING PORCES

Motion-resisting forces are forces which slow
(decelerate) the vehicle during the impact-to-rest
phase, EDCRASH assumes all motion-resisting forces
occur at the wheels in the form of rolling
resistance. Aerodynamic drag is ignored.

Two methods of modeling motion-resisting forces are
available. The first (and recommended) method is to
enter the fraction of lockup at each individual
wheel, thus requiring four entries per vehicle
(figure 21). The second method is to enter a single
value equal to the average vehicle deceleration
figure 22).

if the individual wheel option is selected, a value
of 0.0 is the equivalent to free-wheeling. A value
of 1.0 is equivalent to locked-wheel braking., Note
that & rolling tire always has rolling resistance.
Note, also, that rolling resistance effectively
increases when impact-damaged metal is in contact
with a tire. Deceleration is based on the average
wheel lockup. During & trajectory simulation,
however, the individual wheel lockups determine the
force at each wheel,

If the average deceleration option is selected, the
deceleration value must be less than or equal to the
coefficient of frietion. Also, the trajectory simu-
lation option is not allowed.
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ARy ARy

q , y
= 3IRR/4
‘RR,/, RR,, ‘ 6

Figure 21 - Individual wheel lock-up method of
determining motion-resisting forces

xA

DECEL

8 = DBCEL/M

Figure 22 - Average deceleration method of
determining motion-resisting forces
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TYPES OF WOTIOH

There are three types of motion the vehicle may take
along its path: (1) rollout, (2) non-spin skid, and
(3} rotating skid.

A

X

\/2gous (in/sec)

where
g = acceleration of gravity
= 386.4 (infsec?)
& = average wheel lock-up
# = friction coeficient

§ = path length (in)

o
Y

Figure 23 - Rollout motion between impact and rest

Rollout

Rollout is the term used to describe & vehicle which
is tracking perfectly, that is, its rear tires are
following the front tires. The technical definition
“of rollout is vehicle motion such that the velocity
vector is pointed in the same direction as the
“heading vector - the sideslip angle, 8, is equal to
zero (figure 23). Any vehicle motion with a zero
sideslip angle is rollout.
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Rollout may begin at the moment of separation. It
may also begin at the end of a curved or rotating
path,

Rollout does not mean free roiling; there may be
braking during rollout. In fact, the wheels may be
locked. When a vehicle decelerates during rollout,
its initial velocity may be calculated by traditionsl
energy means {(as shown in figure 23) where the
average wheel lockup is multiplied by the tire-road
friction coefficient to determine the decelieration
force.

Non-spin Skid

Rollout and non-spin skid are identical with one
exception: The sideslip angle is non-zero. This
means the vehicle is sliding sideways, As shown in
figure 24, a non-spin skid may have a straight path
or & curved path. Although the heading angle changes
while traveling & curved path, the sideslip angle, §,
remsains constant.

When a vehicle decelerates during a non-spin skid,
its initial velocity may be calculated by traditional
energy means, just as in the case of rollout, except
that the skid angle is included. The average wheel
lockup, RRav and constant sideslip angle, B, are
combined with the tire-ground friction coefficient to
produce the effective friction coefficient according
to the Mouk-Burgett formula (as shown in figure 24)
to determine the deceleration force.
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\/zgueffs {in/sec)

where
g = acceleration of gravity
= 386.4 (in/sec?)
weff = effective friction coef.
= u\/{sin“p + 8<cos‘®)
§ = path length (in)
i
¥

Figure 24 - Non-spin skid motion between impact and
rest

Rotating/Spimning Skid

A rotating/spinning skid is typically referred to as
& "spin out", a condition described by vehicle
rotation sbout its vertical axis. The path may be
straight or curved. As shown in figure 25, a
rotating/spinning skid is different from a non-spin
skid because the sideslip angle, B, changes along the

path,
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Figure 25 - Rotating/spinning skid

The separation velocity of a spinning vehicle cannot
be calculated sccurately by traditional energy means
unless all wheels are locked. The difficulty is due
to the fact that the deceleration force, which is
constant for rollout and non-spin skid, is not
constant for a rotating/spinning skid. The force
varies as the sideslip angle varies,
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The solution procedure was first developed by
Marquard in 1966 (2). This procedure was refined by
McHenry (3) for use in the CRASH program. Both of
these developments are given below, followed by the
calculations used by EDCRASH.

Consider the case of a spinning vehicle with freely
rotating wheels (figures 26 and 2%). Paying close
attention to the directions of the velocity vector
and heading vector, one notes there are times when
the two vectors are pointed in the same direction and
times when the two vectors are perpendicular to each
other,

During the instant when the vehicle is moving in a
forward direction (figure 26), the velocity vector is
aligned with the heading vector ( §= 0). The longi-
tudinal force against the vehicle is small, so the
linear velocity is reduced very little, However,
since the vehicle is spinning, there are lateral
forces at the front and rear tires. These forces are
approximately equal in magnitude and are opposite in
direction! As a result, during this instant, the
amount of spinning (angular velocity) is being
reduced at a maximum rate,

Now, consider the instant when the spinning vehicle
is moving in a lateral (sideways) direction (figure
27). In this case, the velocity vector is perpendi-
cular (90 degrees) to the direction of the heading
vector (i.e., = 90 degrees). The force against the
direction of travel (which is now lateral) is at its
peak, so the linear velocity is being reduced at the
maximum rate, However, the angular velocity is no
longer being reduced significantly because the forces
at the front and rear wheels due {o vehicle spinning
are no longer opposite in direction. This critical
observation is rather subtle and can be deduced by
looking at figure 27. As long as the linear velocity
is great enough to overcome the angular velocity, all
wheels will be sliding in the same direction, so the
force is in the same direction! As a result, there
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F}arorﬂ

E
latersil

Figure 26 - Instant of Rotating/spinning skid when
velocity vector is aligned with heading vector

F!.lou}

Fil terail

Figure 27 - Instant of Rotating/spinning skid when
veloeity vector is perpendicular to heading vector
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is no motion-resisting torque applied to the vehicle
and anguiar velocity is not reduced.

As shown in figure 28, the linear and angular veloci
ties cycle between these two extreme conditions con-
stantly as the wvehicle spins until it either stops
spinning or else comes to rest. Note that the two

phases (linear and angular velocity reductions) occur

independently. That is, the linear velocity de-
creases while the angular velocity remains constant
and the angular velocity decreases while the linear
velocity remains constant. The vehicle ultimately
comes to rest. The total time to come to rest is
equal to the sum of the time required to arrest the
linear velocity and the time required to arrest the
angular velocity.

Heading, ¥ ldeg}
270

0 80 8 360 250
=g 200

T

L]

"

=

-~
- 150
>

>

b

L

k]

> 100
-

-

L3

L

ol

S0
o
30

Time {sac}

Figure 28 - Linear and angular velocity histories
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Figure 29 - Idealized velocity histaries

The areas under the linear and angular velocity
curves shown in figure 28 are equal to the linear and
angular displacements, respectively. By assuming the
areas can be approximeted by triangles formed by
straight lines (figure 29), the following relation-
ships apply.

AW = (‘;—5) Ty %))
s = (2—8) 1, @
where

Ay = total angular rotation

S = total distance from impact to rest
t; = time to arrest angular velocity
ty = time to arrest linear velocity

Page 45



EDCRASH Training Manual

During the time intervals of angular deceleration,
the magnitude of deceleration is approximately

§ = ug (a+b
= 2(5) &
where

W = nominal tire~ground friction coefficient

g acceleration of gravity
k radius of gyration squared {(in yaw)
a + b = wheelbase

From equation (3), the actual time for angular
deceleration is

gy 2uk?
tl 3 -t = vty

w vg{a+b) (4)

The linear deceleration force changes as the sideslip
angle changes. If the average value of the cosine of
the sideslip angle equals 0.85 during spinning, then
the average linear deceleration is approximately

§ = 0.85ng (5)

and the associated time for linear deceleration is

o = §§ . _Ss (6)
¢ " § 0.85ug

The total time required to come to rest is the sum of
the time required to arrest the linear and angular
velocities,

. 2 :
20 k 8
ek, _5s e
wglatb)  0.85ug

If both phases end at the same time, the from (1) and
(2),

20

Y5

T = tl+t2 =

i

28
— =7 (8)
SS
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Therefore,

8 s
T (9)
B

Substituting (8) and (8) into (7) ylelds

2
gig _ w8 (10)
Wy (a+b)ug  0,8bkgaw

and the solution for W is

A%

ngaf
2
aw| +

W = K S sgnaw)  (11)

1.1

(a+b)
From (7) and (8),

N [N
Wy {ath)

Sg = L7 (12)

The asbove solution assumes a free-wheeled (no wheel
lock-up) spinout. In order to account for braking or
wheel damage resulting in partial or total wheel
lock-up, the rolling resistance, RR, at each wheel is
used to compute the average wheel lock-up, 8, where
0= (Rerf + RR”I' + RRI’II‘ + RR”r”‘L For free
wheeling, 6= 0; for locked wheels, 8 = 1. For
partial braking or partial wheel lock-up, 8 { 8 { 1.
As a result of this modification, the linear velocity
at time = ty is reduced to

§ = S, - 0.85eugt; (13)

The total time avallable for linear deceleration is
reduced to
5, s

ty =

E.. - @t (14)
0.85ug  0.85ug 1
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The total time required to stop both the linear and
angular motions becomes

. .
8 24k

T = tl + tz [ - SR {1-8) — 5 . (15
0.8bug (a+b)ug

Therefore, when partial wheel lock-up is considered,
equations (11) and (12) become

ug(t\w)2
b= 4 S sgn(dw) (186)
Wy (_.l.(_..)lmu] (1-8) + — gnt
atb 1.7
) uglauw) k2 Jo.| (1-9)
§, = 1] ] (17
g a+b

‘The preceding solution for linesr and angular separa-
tion velocities does not include a provision to
include a residual linear velocity which frequentiy
exists after the spinout phase., Therefore, equations
(8) and (9) may not apply. [In addition, simulation
experiments of spinout trajectories reveal the as-
sumption that the area under the velocity vs time
curves (figure 29) approximated the linear and
angular displacements is somewhat defective.

Finally, the slopes of linesr and angular velocity
time histories do not change abruptly. Rather, the
changes are more gradual, as shown in figure 28. The
resulting decelerations were over-predicted by using
the idealized plots shown in figure 28.

An important observation was also made as & result of
the trajectory simulstion experiments: The shape of
the velocity vs time history plots is a function of
the ratio of initial linear and angular velocities.

McHenry modified Marquard's procedure by allowing the
provision for & residual linear velocity at the end
of rotation. The procedure is based on the ratio of
initial linear-to-angular velocities observed in the
simulation experiments, A fifth-order polynomial
function weas developed from the simulations which
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includes empirical coefficients, O; through as.,
based on & range of velocity ratios (see figure 30).
Since, for & reconstruction, the velocity ratio at
separation is initially unknown, several trial values
are obtained from an approximation using these empi-
rical coefficients. Five solutions are obtained.
The solution which most closely matches its trial
value of the velocity ratio is used. The derivation
follows,

The total time required to arrest angular motion is
approximately

Tl = Ulg = t1+t2 (18)

The actual time of angular deceleration is

-
I L (19)

t
(a+b)ugay

and the actual time of linear deceleration is

o= s S nh (20)
? o4vE %

The change in linear velocity during time Ty is
approximately

S +Sl
§; = (5_;;“)'1‘1 (21)

From equations (18) and (21),
AW 5
= O wed— (22)

L« JPE a
13 B n
w, (SS + 5y)
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From equations (18), (19), snd (20),

. 2 . .
Wk aq8 S5,-8
o & = s (1—«5—*-) v Sl (a3
w (at+b)uges %y Gug
From (22),
65 = 8 (51%\_ og (24)
8771 7 o \aw 1
Substituting (24) in (23),
2+ By +C=0 (25)
where
S, jaw|
!
B = 26
D (26)
2
¢ = Slogrelw” (21
2D
48
oy IAWI( - %)
D = 17,350 s
a5(a+b) 20y

Using the quadratic formula snd equations (26), (27),
and (28), equetion (25) can be solved directly for
separation angular velocity, w,. Then, from equation
(23}, the separstion linear velocity is

ii:kz( L
ayug & %Y t

$ = S + 2a -
8 1 4 ugws (Mb)qz

(2%

The detailed solution procedure is aimed at solving
equations (25) through (29). This procedure, as used
by EDCRASH to determine the "best" linear and angular
separation velocities, will now be described,
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SOLUTION  PROCEDURE

The following data are inputs required for the
solution:

i

Position and orientation at end of
rotation (feet, degrees)
' agt Yiegr ¥ Position and eorientation at

. separation (feet, degrees)

81 = Residual linear velocity at end of
rotation (ft/see)

X'o1s Yiop, 9

X

a + b = Vehicle wheelbase (inches)
k? = Vehicle yaw radius of gyration
squared (inz)
# = Nominal fire-ground friction coef.
8 = Vehicle average wheel lock-up for
all wheels
g = Acceleration of gravity

(386.4 in/sec?)

The siep-by-step solution procedure follows:

1. 81 = rotating/skidding path length (inches)

Hi

12\/(X'cl'x'cs)2 + (Y'c1~Y'cs)2
2. aw = heading change (radians)

= () - wg)!57.3

3. Yg = separation angle (radians)

= t‘5“""}0‘“(:1"!‘”cs)"(X'c}.'x'azs)

4. P = approximate value of ratic of linear-to-
angular velocity

For 8= 1.0,
p = 1.408,(*5—1-) - 32‘
faw]
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For§ ¢ 1.0,
o -B +VB2-4aC
- 24
where A = (1-8)8.52x107%
B = 0.94-0.230
C = 40.64-8.640~(S,/|aw])

5. The trial values for the linear-to-angular
velocity ratio, pj = §y/]|aw|, are

B, = 0.70p
92 = 0.85¢
= 1,060
Py = 1.15p
ﬂ5 = 1.309'

6. For each trial value p;, calculate a; through dg
according to the following formula by using the
empirical coefficients found in the following
table:

cg| 2.58 0.88 | 0.2417] 0.671 1.223
cy |-7.4%e-3 | -3.92e-3| 4.85e-3 | 1.4772e-3| 1.7307e-2
¢y |1.504e-5 |8.00e-6 |-9.667e-6 | ~4.50e-6 | ~1.053e-4
cgl o 0 0 5.8e-8{ 1.993e-T
K | 1.66 0.40 | o0.85 0.85 2.08

- 2 3
If 0 < p] < 250, Gi]' = ey t cilpj + cizpj + Ci3pj
If 9] %25[}, aij = Ki
A graph which displays the relationship between the
various coefficients, a;, and the trial linear-to-

angular velocity ratio, pj, is shown on the next page
{figure 30).
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3 o
0522.08
a4 =1.68
a4,04=0.86
; ayF 0.40
| i £ i 1 ]
L]
0 100 200 300 400 500

B

Figure 30 - a; vs pj

ay ik {w{(l - ﬁlL)
7. p. = 4i/ | %iS1
! dzj(a'ﬂ)) 2“11

128, |aw
8. B. = _1..I........-|—

H Dj

2
[ PPN PO AW
0. ¢, = AiHieew)”

] .
ZB]
10, w B + VB 4C (aw)
. 5] = = + i sgniay
(rad)sec) 2 2 ] )
. Gy :8
. . ay jug(aw) f“’sji K (1 h ;2_1_)
11, Ssj = 1231 + 2043 1_ - 1
(in/sec) 20 (atb)ay;

;14 - 1
12. Bj = El.'..u.:g.i_i___.
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13, Letting n be the value for which ﬁj is smai-
lest, return with the conditions at separation:

Yy = 57.3 liisn (degrees/sec)

.Ss = Ssn {inches/sec)

U, = S, cos(vg-w;) (inches/sec)
V, = S sin(vg-w) (inches/sec)

The above wvalues, along with the separation angle
calculeted in step 3, provide the separation

conditions necessary to determine the post-impact
momentum in OBLIQUE (see figures 8, 17, and 31).

A

=T
Y
Figure 31 - Separation Conditions determined by
EDCRASH
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Summary

In the preceding materials, it is seen that the
EDCRASH program is modular: Certain sections are
devoted to certain calculation procedures, The
DAMAGE section computes the delta-V from crush
measurements, The SEPARATION VELOCITIES section
computes the linear and angular velocities and angle
at separation from accident site measurements.
COMMON VELOCITY CHECK compares the separation
conditions for both vehicies to insure the results
are compatible with the common wvelocity assumption.
TRAJECTORY SIMULATION performs a simulation of the
impact-to-rest phase of the accident, using the
calculated separation velocities, to confirm the
results. Finally, OBLIQUE computes the delta-V from
the accident gite measurements for abligue
collisions.

Processing is now complete, All the EDCRASH output
has been computed. Program control is passed to the
OUTPUT section and the results are displayed. For
further details about the EDCRASH output and
instructions for program use, refer to the EDCRASH
Program Manuel,
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CASE STUDIES

This section of the manual illustrates the applica-
tion of EDCRASH to staged collisions and real-world
ecrashes. The illustrations are in the form of case
ptudies which have been selected to demonstrate
certain program features.

Each case study is presented by first describing the
crash and the information desired from EDCRASH. The
vehicle and accident site data are presented and
converted to EDCRASH input. Then, the output is
presented and discussed.

CASE ND. 1 - DAMAGE-OMLY ANALYSIS

This cese involved a head-on collision between ea
1980 Dodge Colt {Veh #1) and a 1878 Chevrolet Camaro
(Veh #2). Accident site data were not available, so
impact speeds could not be determined. The severity
of impact was desired in order to assess the oc-
cupants' exposure to injury. This was obtained by
using EDCRASH to determine the delta-V,

The accident scene disgram is shown on the following
page. Veh #2 attempted to enter the highway and
proceed southbound while Veh #1 was traveling north-
bound on the highway approaching the intersection.
The vehicle data are shown below.

Vehicle Data

Vehicle #1 Vehicle #2

Class Category 1 3
Weight 2180 3640
CoC/PDOF 12{dew3/0 12fdew2/-10
Stiffness Category i 3
Damage Width 62 58

Crush Profile 18,20 28,25,22,19,14,8
bDamage Offset g -8
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A \/

Veh 2

Veh1

!
Figure 32 ~ Accident Scene Diagram for Case No. 1

The results are shown below, followed by a display of
the vehicle Damage Profiles (figure 33).

YUMHMHARY oF EBCRASH RESUVLTS
Lit. User: Engankerinyg Dynamics G/N; LRAAIHIA Datel 22-00- 1966
Case No.l ~ Damage only Analysis

WARNING HCOSBAGES! NG HESSAGLS

SPELD CHANGE (DAMAGE!

TaTAL LONG. LAT. ANG.
VEIH #§ FP. & MPH ~37. 4 M a,a Hitl 0.4 DEG.
VEH &2 23,7 HFH ~23.3 HFR 4.1 HFit ~1a3.8 DEG.

ENENDY DIGSIPATER BY DAMAGE: VEH %) BBAAT.A FY-{0 VEH #2 94454.0 FY-LB
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Uehicle ¥l (Colt) Uehicle Mo.2 (Firehird) TN
+¥ K e JH
, { N L s

¥ EOCRASH
i 3 bamage Profiles
D beltad b

| . Xin, : a-¥ {uph;
A A I et
' P Iy g 3
» .__.___; b [ B0t 386 207

» "

! Crush Data (in):
; 06208 50,0
: } @8 -8.0
{ ¢ 1Be 8.0
: (2 2.8 25.0
i {3 2.8
| i
COO/RROF: 12dewd 0.8 deg LCDOC/PROF: 12fde? -1D.B deg 8.9

Kk, Inpact Force: 78430 1k [ax. Twpact Torce: 83879 )

m_m.é_‘__’

Figure 33 ~ Case No. 1, Vehicle Damage Profiles

For purposes of comparison, consider that FMVSS 208
requires that a vehicle not expose its occupants
(simulated by a test dummy) to levels of force beyond
human tolerance (4) during a 30 mph barrier crash.
The results indicate the deita-V for the Dodge Colt
was nearly 40 mph, a rather severe impact. Fortuna-
tely, both occupants survived because the occupant
compaertment remained intact, Had restraints been
used, injuries may have been reduced substantially.
The deita-V of the Pontiac Firebird was substantially
less due to the mass ratio of the colliding vehicles,
an illustration of why "heavier is better" during a
collision, '
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CASE MO, 2 - RICSACE

This staged collision was part of the RICSAC study (5)
(Research Input for Computer Simulation of Automobile
Collisions) used to validate the CRASH and SMAC prog-
rams. RICSACS was an oblique front-to-side impact
between & 1974 Chevrolet Chevelle (Veh #1) and a 1975
VW Rabbit (Veh #2), Both vehicles were traveling

21.5 mph at impact, The measured delta-V for Veh #1
{the striking vehicle) was 9.2 mph; the delta-V for
Veh #2 was 11.9 mph, These data were compared to
EDCRASH results to estimate program accuracy.

During the 80° impact, Veh #1 struck Veh #2 in the
passenger door. As a result, Veh #1 was slightly
redirected while Veh #2 was spun around clockwise,
The accident scene diagram is shown below.

ot
X
::‘] Vah 2
vehi
IMPACT
veh?
REST
Yeh 2
Y

Figure 34 - Accident Scene Diagram for Case No. 2
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Vehicle Data

Vehicle #1 Vehicle #2

Class Category 4 2
Weight 4360 2623
CDC/PDOF 11fzewl/-30  02rdewl/30
Stiffness Category 4 2
Damrage Width 54.5 71

Crush Profile .5,.6,1.3,1.5,1.8  4,12,17.8,18.3,

2.3 17,8.3
Damege Offset 9.8 -3.3

Accident Site Data

Impact Positions 0,0.0 11.1,2.67,120
Rest Positions 60,11,15 20,21,242
Rotating Skidding? no yes
Rotation Direction ow oW
Tire-ground Friction .87 .87

Rolling Resistances .01,.01,.2,.2  .01,.0%,.2,.2

The EDCRASH resulis are shown below, followed by the
Site Drawing (figure 35) and Damage Profiles (figure
36).

SUMHHAHRY GF EDCKRASH FESYUL TS

Lic. User: Enqineering Dynamics S/N: CRA4TRSE Date: £2-20 1986
Case No.2 - RICSACG

WARNING MESSAGES:

Damage-based aktimates for Magnitude of #rincipal (orce arussly violate
Mewton’s third law of motion., FRevies the ocutput to determine cequired
corrrctians to Damegw Dats and adjust »% necestary.

The Magnitudes of Principal Foree for Yehicles § and 2 should De approx
imataly mqual, HNOTE: The difiwrence may be due Lo bumper over -ride,

a type aof vehicle-to-vehicie sngagement not within the scope of the
Damage Analyris.

COMMON VELOCITY WARMING - - An adjustment of vekicle sepacstion conditions
was parforeed In prder to he consiktent with the common velocity assumption.
The adjustoent did not exceed 1@ percent.
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IHPALT SPEED (TRAJECTORY AND CONSERVATION OF LINEAR HOMENTUMY

FORWARD LATERAL
VEH a1 24,4 MH S.8 MPH
VEH #2 24.% wPH .5 HPH
HPEED CHANGE (DAMAGE)
TOTAL LONG. LAT. ANQ.
VEH #1 15.4 HPH ~13.% MPH 7.8 HFH -308.8 DEG.
VEH #2 25,46 MR + 22.1 HFH ~12.8 HFH 32,8 DEG.
HPEED CHANGE (LINEAR MOHENTUM!
ONG . LAT. ANG.
VEH %1 14.5 HPH ~13.6 MPR S.1 MPH -28. & DEO,
VEHN 42 23.8 HFH -18.4 HPH -5, 1 MPH 3%9.4 DEG.
ENERGY DISEIPATED DY DAMAGE: VEH #] 14289, FT- LB VEH &2 124990.5 FT-LD

RELATIVE VELOCITY DATA

SPEED ALDNG LINE THAU CGS {LINEAR MOMENTLM)
H

VEN Wi 23.7 HF
VEH ®2 &. 7 WPH
SFEED DRTHOG. T8 €6 LENE [LENEAR HDMENTUM)
VEH i -5.7 HPH
VEH w2 -23.5 MPH

CLOBING VELDEITY (LINEAR

MOHEXNTOM)
38,7 HPH

e OC)

]

¥ . EBCRASH
Site drawing

Ueh Bl ek K2
Inpact

nsac
Speed 244 24,5
X 84 11l
¥ a8 27
i BB 128
Rest

¥ em@ 2@
PooH.e 2
st 108 N
IIHITS:}{M t,dey
B £1 intervals

Figure 35 - Case No. 2,

EDCRASH Site Drawing
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Uehicle Bo.! Gehicle 80,2

EDCRASH
| Danage Profiles

/ Ueh 45 Uek 42
Delta-U twph
-3 -8

Py ¥ 8 <18
\ — — ot 156 256
A y y .
Crusk Data (in)!
9.4

>

Iy

(’T_
¥ 3T

[P
AU 2 Ny e N D el K ot

£
Lad

~n

Ll amd et~ 1 —TF -0

S N M K ST O )

Kax, Impact Force: 25188 Ih 'Max. Impact Torce! 16999 |

(DC/EDOF: LATZEND -38.0 deg (/PO RDEML - 98,8 deg (6
i

Figure 36 - Case No. 2, EDCRASH Damage Profiles

Two warning messages are displayed, The first tells
us the demage dats is suspect. The reason is the
large difference in the magnitudes of principal force
{see figure 36 for these values). Although vehicle
photos are not availsble, the damage profiles
strongly suggest bumper override - it appears the
front bumper of Veh #! may have ridden over the
rocker panel and entered the occupant compartment of
Veh #2. Since the damage-based results assume
engagement of both vehicle structures, the magnitude
of principal force and delta~V for Veh #2 are over-
estimated.

The second warning message indicates the separation
velocities were adjusted to conform with the common
velocity assumption.

The output shows good agreement between the actusl
and predicted impact speeds.

Page 62



Case Studies

CASE NO. 3 - RICSACT

This staged collision, RICSACY, was a 60° front-to-
side impact between a 1974 Chevelle Malibu (Veh #1)
and a 1975 Volkswagen Rabbit (Veh #2). Both vehicles
were traveling 29.1 mph at impact. The delta-V for
Veh #1 (the striking vehicle) was 12.0 mph; the
delta-V for Veh #2 was 16.5 mph.

This crash was very similar to RICSACE, a 60° impact,
Veh #1 striking Veh #2 in the passenger door. As a
result of the higher speeds, Veh #2 spun further
around and had rollout after the end of rotation.
The accident scene diagram is shown below.

Veh
Yeh 1
IMPACT
Vahit
Veh REST
EOR
Vet 2

Figure 37 - Accident Scene Diagram for Case Fo. 3
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Vehicle Data

Vehicle #1 Vehicle #2

Class Category 4 2
Weight 3700 1700
COC/PDOF 11fdewl/~30 02rdewd /30
Stiffness Category 4 2
Damage Width 66 106
Crush Profile 8,1,3,2,3.8,5, 0,11,17.8,21,
6.3 21.3,7.3
Damage Offset 4 -8.5

Accident Site Dafa

Impact Positions ¢,0,0 10.7,3.45,120
Rest Positions " 84.5,18.2,16.5 22.9,41.4,262
Rotating Skidding? no yes
End of Rotation nfa 22,360,250
Rotation Direction ow ow
Tire-ground Friction .87 .87

Roliing Resistances .01,.01,.2,.2 .01,.01,1,.2

The EDCRASH resulis are shown below, followed by the
Site Drawing (figure 38) and Damage Profiles (figure
39).

GUHMAFRY GF EBFECRASH RESUL TS

Lic., Usar: Engineer:ng Dynamics B/8: CRAAZGHE Data: &0-23-1988
Cage No.3 - RICSAC?

WARNING MESSAGES!

Damaqe - -based vstimates {or Hagmitude of Principal Force grassly vialste
Newton'a third law of motion. FRevies the sutput Lo detarsine required
corrections to Damuge Data and adjust ae necessary.

the Magnitudes of Frincipal force for Vehicles | and I should be spprox-
imatel ¢y equal. HOTE: The difference may be due to bumper over-rade,

& typw of vehicle-to-vekicle engagenent not within the scope af the
Damiuge Aral ysit.

LOMMON VELRCITY WARNING -~ An adjuniment of vehicle separation canditions
was periormed 10 order to be consistent with the common velooity assumption.
The adjustoent did not wscoed 1@ peroent.

The Damage-based DELTA-V(s) differ from the Momentom-Gaesd DELTAR-Vis)
by mer e thar 10 percent. Reviaew Lhe Speed Changee dispiaved in the
SUHMARY OF RESULTS.

T1 1the user eintered stenk duta (particulacly the angles at impect and the
positiong 4t impract and rest) is correct, then the user-entered FDOF's

ar Damayge Duta may be suspect. The Oiéference may also be the result

of bumpér aver-ride {a type uf vetucle-to-vehicle ergagesant pot wethin
the scope of the Damage Analysis?.

Page 64



IMFACY SPELD (TRASECTORY AND CONSLRVATION OF

Case Studies

LINEAR MOMENTUM)

FDEARD LATERAL
vils i 20.9 hei @ riFN
MEH KT 4.7 rFH e MPY

SPEED CilANGE {DAMAGE)

TOTAL LONG. AT, ANG.
whi K 19.7 iy i7.1 HFH 9.9 MFH -390 DLG.
VEH #2 43,8 HPH 7.2 MR 21,3 HPH & DEG.

SFEED CHANGE (L INEAR RMOHEMTUMY

TOTAL LONG., LAT. AN
YT g ts. 8 FHFH ~1%.3 HFH &% Mrl ~26.1 DEG.
VEH W2 2.1 HAH Th.7 HPH ~47.% HMFit 35.9 DEG.

ENFRGY DISSIFATED DY DAMAGL:

VIH &1

231B8.8 FT-LR  VIH &2

196467.1 FT-LH

NELATIVE VELOCITY DAZA
SPECEH ALONG LINE THRU CGS {L INEAR MIAMENTUM
VEH # 24.7 HFit
VEE 0 7.3 MR
SFEED DATHOG. TO €6 LINE fLENEAR HOMENTUM!
VEIl #1 8.8 MEH
VEHE WD Ih.9 MU
ELASTHNG VYELOCETY (LINEAR HOMENTLH
3i.9 BOH
r T
| | - N
P TN S (-
E'_Elfp’ F \N_:.’d_:/
g + S — _ EDCRASH
1 ! @H\ Site Drawiny
: - i Veh H Yeh 12
I + ‘& Ensact
! ady Speed 239 M7
E J e ¥ g8 107
: & Y g 13
f } Ll fsi 0.8 1288
; Rest \
: + LS I T R
l Vo182 4
i + Psi 16,3 262.8
i 4
HNI!S:.ush,It dey
1y 18 1t intepvals
Figure 38 - Case No. 3, FDCRASH Site Drawing

Page 85



EDCRASH Training Manual

Yehicle Noi behicle Ho.2 /r':—}i'sfj‘__\
S e

ERCRASH
Damage Profiles

Ueh 4L Veh K2

'-’T"'—.‘r‘ o ™y
LT -~ l’
=
hll
jod
—
o
=

AN A et (b

AN / i’-l?.lp-t.”.s
-de- b 4
f ! ; Crush Bata (in)!

T A

D4l 43

4 68 8

g 13 14

8 2 03

& T4 e

6 54 53

93

COCOR: UFBA <350 deg | LR MRN8 g |
Hav, Tugact Toree: 3413 16 | Na, Ingact Torce: 246491 1

Figure 39 - Case No. 3, EDCRASH Damage Profiles

Just ss in Case No. 2, the damage dats is suspect and
the separation velocities were adjusted (see page 62
for the explanation).

A third message is displayed. It results from a
disagreement between the delta-V computed from the
damsage measurements and the delta-V computed by
momentum (which is based on separation wvelocities
computed from accident site dats). In this case, it
is probably due to bumper override. There is also
reason to believe the stiffness coefficients are too
high, since the damage-based delta-V's were over-
estimated for both RICSACE and RICSACT and both tests
used similar vehicles,

The results reveal the impact speed for Veh #1 is

under-estimated while for Veh #2 it is over-
estimated. The momentum-based delta-V estimate for
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Veh #1 agrees well with the actual data. However,
the agreement is poor for Veh #2, possibly because of
its high separation angular velocity.

CASE NO. 4 - OHLIQUE OELISICN

This case involved & head-on collision between a 1977
Jeep Cherokee (Veh #1) and a 1977 Ford Mustang (Veh
#2). The use of EDCRASH was secondary to the actusl
need: EDCRASH was used to determine the speed of the
vehicles to determine the controllability of the
Jeep, based on its speed, while negotiating a curve
of known radius (the controllability was analyzed
using EDSVS, the Single Vehicle Simulator). The
severity of impact for the Mustang was also important
because its occupsnis were injured and the use of
restraints was gquestioned,

While traveling eastbound on a two-lane highway with
packed snow, Veh #1 had lost control in & shallow
right curve, The wvehicle spun counter-clockwise and
slid sideways into the oncoming outside lane. At the
same time, Veh #2 was westbound, entering the curve,
The vehicles collided with Veh #2 striking the
passenger door of Veh #1. 'The accident scene disgram
is shown on the next page.

Vehicle Dats

Vehicle #1 Vehicle #2
Class Category 3 ' 2
Weight 4000 3200
CBOC/PIOF 0drzew2/85 1ifdewd /-0
Stiffness Category 3 2
Damage Width 70 68
Crush Profile 0,8,12,25,23,8 36,31,15,11,15,19
Damage Offset -50 0
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Figure 40 - Accident Scene Diagram for Case No. 4

Accident Site Data

Vehicle #1 Vehicle §2

Inpact Positions 18,0,90 10,-1,0
Rest Positions 32,13,140 18,6,120
Sideslip Angle 70 0
Rotating Skidding? yes yes
Rotation Direction oW cw
Tire-ground Friction .15 .15
Roliing Resistances .1,.1,.2,.2 1,.01,.2,.2
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The EDCRASH results are shown below, followed by the
Site Drewing (figure 41) and Damage Profiles (figure
42),

BEUHMAHRY ar EDLRABH RESULTESE
tic, User: Exgineering Dynamics S/8: CTHA4 ST Date: &2-22-159864
Tas# MNo.4 - Obligque Collision
WARNTHG MESBAGES!
COMMDN VELOCITY WARNING -~ #An adjusiment of vehicle separation conditions

was porformed 1n order to be consistent wilh the cosmon velocily assumption.
The adjustmenl did ool excewd 19 perconl,

IHPACTY STEED (FFAJLCTOMY AND CONSCRVATION OF LINEAR HOMENTLIHY

FORWARD LATERAL.
VEH #1 &.8 HFH ti. & HEH
VEH %1 I2.3 Mrak 2.8 MFH
SFEED CIIANGE {DARAGE}
TaYAL L ORG LAT. ANG,
VEH #} 2.4 HFPH 2.8 MFH —22,3 MPH B5.% BEG.
VEI4 W2 2.8 MEN 2.9 M 2.4 MK ~%.@ DEG.
SFEED {HANGE (LINEAR MOMENTUMY
TGTAL LONG. LAT. ANG.
VEH #1 234 it 4. T MR [ N 311 a%.% DEG.
VEH #2 2it 9 HCH -28.9 MPhE 2.1 MPH ~4.1 DEG.

EHERGY DIGSIFAYED BY DAMAGEL  VEH 4 LATIILE FT-LE  VEH #2 W95, 1 FT-LB

RELATIVE VELOCITY DATA

SFEED ALONG LINE THRU {BS (LINEAR MOMEMTUM)

YEH Wi @.a i
VEI #2 I8 MFH
SFEED DETHOG. T8 CG LINE /LINEAR HOMENTUH)
VEH #1 &7 MEE
VEN & .8 M

CLOSING VELOCITY (LIMEAN MOMENTUM)
31.4 HFil

The only warning message was the common velocity
warning, indicating the separation velocities were
adjusted.

The resuits show Veh #1 was traveling 20 mph at

impact (6.8 mph forward velocity and 18.6 mph lateral
velocity)., Additional analysis of the pre-impact
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Figure 41 - Case No. 4, EDCRASH Site Drawing
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Figure 42 - Case No.
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Case Studies

path revealed the vehicle was negotiating the curve
at approximately 30-35 mph when it lost control.
This speed was far below the critical speed. The
loss of control was apparently initieted when the
driver drove onto the shoulder and over-corrected.
The delta-V for Veh §2 was approximately 30 mph, very
close to the 30 mph velocity used in FMVSS 208, A
restrained occupant would have a very good chance of
survival without serious injury. A child in &
properly-used infant restraint would also do well,
especially in the back seat,

Note the damage-based and momentum-based delta-V's
are in close agreement. Note the PDOF and angle of
the impulse computed from the momentum analysis are
also in close agreement. These signs of compati-
bility are useful when sssessing the validity of the
results {refer to the EDORASH output).

CASE NO. § -~ JINTERSECTION COLLISION

This case involved a collision between a 1876 Camaro
{Veh #1) and a 1974 AMC Matador (Veh #2). Veh #2 was
approaching a shallow left curve but had the option
of proceeding straight onto a side road. At the same
time, Veh #1 was on the side rosd approaching the
curve, The driver of Veh #1 apparently did not
realize Veh #2 was going to negotiate the left curve
in front of her and she proceeded to drive straight
into the oncoming car. The purpose of the analysis
was to determine the speed of Veh #1 to find out if
she had stopped at the stop sign.

Accident site information revealed the crash may have
occurred two different ways, The 20° angle of impact
was either due to the natural angle formed by Veh #2
in the curve or it was due to pre-impact braking by
Veh #2 and a resulting 20° sideslip angle. Each of
these scenarios was analyzed. The accident scene
diagram is shown on the next page.
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N

AN

vehl

IMPACT

Veh 2

Vehl

Figure 43 - Accident Scene Diagram for Case No. §

Vehicle Data

Vehicle §#1 Vehicle #2
Class Category: 3 4
Weight 3920 3960
CoC/PDOF 12fdewd /0 01fdews/25
Stiffness Category 3 . 4
Damage Width 76 11
Crush Profile 18,22,25,30, 11,11,21,43,

38,46 63,83

Damage Offset g 0
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Accident Site Data

Vehicle #1

Inpact Positions 27,18.5,0
Rest Positions 80,14,158
Sideslip Angle 0
Rotating Skidding? yes
End of Rotation 72,16,163
Rotation Direction oW
Tire-ground Friction .41

Rolling Resistances 1,.01,.2,.2

The EDCRASH resulis are shown below,
Site DPrawing (figure 44) and Damage
45).

GSUMHAFY ar EBCfASsSH

Lic, tleer! €nginesring Dynamics BN CRALSPEY
Lase Ho.D fntersection Coliis

WARMING RELSAGES!

The Damags-basked DELTA-Vig: differ {rom the Homentu

Case Studies

Vehicle #2
39.5,19,155
948,35,88
1]
yes
n/a
cow
.41
1,.4,.2,.2

followed by the
Profiles (figure

FESUL TS

Date: @Z-2T-1984
ion

m-based DELTA-VIis)

by more tham I8 percent, FKeview the Speed {hanges displayed in the

SUHRARY OF RESULTS.

I the user -entared scene datla iparticuiarly the an
poesitions at impact and reatd is correct, then the
or Danage Dula muy be nuspect. The diffecence ay
ui bumper owver-ride (a type of vehicle-to-vehicie »
the scope af the Damage Analysial.

1HPACT SPEED (TRAJECTORY AND CONSERVATION OF i

FOfwaRD LATERAL
VEH W1 TI.0 Hrid .8 MPH
VEH &T i1.8 AFH B.8 Nt
BPEED CHANGE (DAMAGE)
TOTAL LONG. LAT.
YEH #1 44.8 HFH ~a46h.B MPH PO HEH
VEIHL W2 44,3 MPH ~AZ. . HFH 1706 HPFH
SPEED {HANGE (LINEAR HOHENTUH}
TOTAL NG LA,
VEH #§ IX.2 HPH 3%, 7 HPH -1.4 HFH
YEH NI 2. HEH -29.3 HFH -14.9 HFH

ENERGY DISSIPATED BY DAMAGE: VEYI #1  229196.% FT-L

RELATIVE VELOCITY DATA

HPEED ALDNG LINE THRU CGS (L INEAR MOMENTUR)
VEH 01 w2.5 Hen

VEH 2 1&.% Mril

EPEED DHTHOG. YO £0 LENE (L INCAR MOMENTUMG
VEH @l ~2.F HFH
VEH #2 -8 HPH

CLOSTNG VELDCITY (LINEAR MORENTUMY
&3.8 MU

gies at impact and the
uspr-enterac FOOF's
alkn be the resuit
ngagement not within

HEAR MORCNTUM)

B VEH #2 378329.9 FT LE
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Figure 44 - Case No. 5, EDCRASH Site Drawing
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Figure 45 - Case No. 5, EDCRASH Damage Profiles
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The results revealed Veh #1 essentially entered the
intersection at 53 mph and had not stopped for the
stop sign. Veh #2 was negotiating the curve at 12
mph, a rather slow speed considering the advisory
speed was 20 mph.

A message was displayed resulting from a
disagreement between the delta-V computed from the
damage measurements and the delta-V computed by
momentum {which is based on separation velocities
computed from accident site data). The cause was
probably defective damage data for Veh #2, which had
its bumper f{all off without absorbing much energy.
As a result, the damage measurements reflected crush
greater than actually occurred.

The case was rerun, changing only the pre-impact
sideslip angle for vehicle #2 to account for the
possibility its driver may have foreseen the crash
and attempted to brake after beginning the curve
(pre-impact skid marks were observed, but their
association with this accident could not be
confirned).

Revised Accident Site Data

Vehicle #1 Vehicle #2
Sideslip Angle 0 20

The EDCRASH results assoclated with the revised input
are shown on the next page, followed by the Site
Drawing (figure 46). Since the damage data were not
changed, the Damage Profiles remain the same as dis-
played in figure 45,

The impact speed of Veh #1 increased to 66 mph, still
indicating it had failed to stop at the stop sign.
The speed of Veh #2 is now 25 mph, probably &
reasonable speed after skidding approximately 50 feet
prior to impact (indicating the vehicle entered the
curve at approximately 35 mph).
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S UMHARY nF EDLCARAMASN RESULTS

Lic. User: Engineering Dynamlce BN CRAR T2 Date: @2-22-3198s8
Case No.% - Coliision wiSidestiip (head-on}

WARNIRG MESSAGES:

User-entered aideslip angle HEYA 2 adjusied {or compatabiiity with
components of Beparation velocity and specified girsction of princigal
force (BOFFY., 14 adinsted valur of FETA is nol consisteni with avallutsle
physical evidencm, basis for BOPF showld be reviened for pokt:ble
djusimpnt wod rerun.

1HFALT SPEED (TRAJECTORY AND DANASE)

FORWARD LATERAL
VEH 41 &b, 1 HPIF -1.i mFH
VEH 42 24,% MF#l 4,7 MFH
SPEED CHANGE (DANMAGE)
TOTAL LONG. LAT, ANG,
VEH W1 44.6 HPH ~46. 8 MPH @.8 HFit a.8 DEG.
YEH #72 A6 3 MPH A28 HPH -19. & MHE L. 8 DEG.

ERERGY DISSEPAYED BY DAMAGE: VEH ¥f 23E917&6.0 FY-LB  VEH #  370:09.7 FT-LD

4 P RSP o (| B
A RO .
e e M g
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Figure 46 - Case No. 5, EDCRASH Site Drawing with
pre-impact sideslip
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Inspection of the output reveals the momentum results
are no longer displayed. -This is because the impact
went from coblique (20° impact angle) to collinear due
to the introduction of a 207 sideslip angle. Note,
also, the sideslip angle was adjusted according to
the warning message. In a sense, the equations
become "over-determined" by supplylng too much infor-
mation,  Therefore, an adjustment is necessary for
compatibility between the PDOF's and the separation
angles,

The increased speeds provided by this analysis are
suspect because the damage data upon which it is
based are suspect (the validity of the damage data
was questioned earlier), If the damage data was
revised downward to achieve compatibility with the
momentum-based results before rerunning with the
revised sideslip angle, the results might be
improved,
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