ABSTRACT

A brief description and history
of the Hi ghway Vehicle Obstacle
Si nmul ati on Model (HVOSM) conput er
programis presented. A nunber of
references are cited that include
applications of HVOSM and whi ch
present detailed descriptions of
rel ated extensions and refinenents.
Thi s paper focuses attention on
si mul ati on devel opnents of HVOSM and
validation efforts specifically
related to the sinulation of
collisions with concrete nedi an
barriers (CMB).

IN THE MID-60's t he calspan Cor por-
ation (then Cornell Aeronautica
Laboratory, Inc.) began devel opnent
of a general nonlinear mathematical
nodel and conputer sinulation of the
| ar ge-di st urbance dynam ¢ responses
of autonobil es under Contract CPR-
11-3988 with the Bureau of Public
Roads.  The sinul ation program

whi ch was subsequently naned the
Highway-Vehicle-Cbject-Simulation-
Model (HVOSM (e.g.,Ref.1-10), jn-

cl udes general three-dinensiona
notions resulting from vehicle con-
trol inputs, traversals of terrain
irregularities and collisions with
certain types of roadsi de obstacles.
The devel opnent of the HVOSM i ncl ud-
ed an extensive validation effort
within which a series of repeated
full-scale tests with instrumented
vehicles were perfornmed to pernmt an
obj ective assessnent of the degree
of validity of the conmputer nodel.
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The' HVOSM nat henati cal node
(Fig.1l)consists of up to 15 degrees
freedom 6 for the sprung mass, and
up to 9 for the unsprung nasses.

The mat hematical nodel is based on
fundanental |aws of physics (i.e.,
Newt oni an dynani cs of rigid bodies)
conbined with enpirical relation-
shi ps derived from experinental test
data (i.e., tire and suspension
characteristics, 1load deflection
properties of the vehicle struc-
ture). The bal ance of forces oc-
curring within and applied to com
ponents of the system is defined in
the formof aset of differential
equati ons which constitute the nath-
ematical nodel of the system.

Space-{ixed
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o

Figure 1. Analytical representation
of the HVOSM vehic.e.
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In 1976, after 10 years of de-
vel opment, refinement, validation
and applications of the HVOSM by
Calspan as well as other research
organi zati ons, a Federal Hi ghway
Admini stration (FHWA) contract (DOT-
FH-11-8265, Ref.1l1l) was perforned by
Calspan to document all of the var-

i ous devel oprents, refinenments and
val i dations of the HYVOSM  Al'so, the
i nput and output formats were re-
vised for inproved user convenience
and an optional simulation of an in-
dependent rear- suspension was incor-
por at ed.

More recently, in 1987, fur-

t her extensions and refinenments were
docunented in relation to applica-
tions to off-road rollover accidents
(Ref.12,13). In a recent TRB paper
(Ref.14), brief descriptions are
presented of a nunber of research
applications of HVOSM which serve to
further define its current genera
capabilities and linitations

Primary attention in the pre-
sent paper will be focused on ex-
tensions, refinements and validation
efforts specifically related to the
sinmulation of collisions with con-
crete nedian barriers (CMB).

CONCRETE MEDI AN BARRI ER SI MULATI ON

The HvosM was first applied to
cMB collisions in 1966 (Ref.1l). A
related topic of interest at that
tinme was the extent of effects of a
controlled low friction of the bar-
rier surface. It was found that the
conputer simulation, as formul ated
at the time and with its validation
limted by the fragmentary experi-
nmental neasurenments available for
correlation evaluations, indicated
that a reduced friction of the bar-
rier surface had negligible effects
on vehicle responses. This finding
was supported by the results of ex-
peri ments perforned by the Genera
Mot ors Proving Ground(Ref.15).

Conput er graphi cs techni ques
were applied in 1969 to produce
pictorial displays of predicted
vehicle responses in a CMB col -
lision (Fig.2, from Ref.10). The
early "wire-form" graphics fornat
(i.e., all hidden lines visible) was
al so used to produce notion picture
filme so that animations of predic-
ted vehicle responses could be
viewed, and conpared with full scale
test results. A lack at that tine of
detail ed nmeasurenents of responses
from experinmental cMB collisions 1i-
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EXPERIMENTAL AND PREDICTED VEHICLE RESPONSES FOR A 50 MPH,
12° COLLISION WITH THE GENERAL MOTORS BRIDGE PARAPET

{REVISED 19 MARCH 1969)

Figure 2. Graphical Conparison of
full scale test results with HVOSM
predicted responses.

mited the extent of the early vali-
dation effort.

In 1976, the Sout hwest Research
Institute (SWRI) performed a program
of cMB research (Ref.16). That re-
search included the performance of
experimental cM3 collisions and the
application of an extended version
of HYOSMto cMB col lisions. The
sel ected form of the extensions to
HVOSM chosen by SWRI reflected their
focus on vehicle response eval ua-
tions for inpact angles |less than
approximately 16 degrees. Their |im
ited use of HVOSM in the cited re-
search program was for interpola-
tions within the relatively smnal
range of inpact angles in which
accept abl e experinental responses
wer e achi eved. Si nce their measured
test results were not acceptable at
angl es greater than approximtely X6
degrees, the selected analytical ap-
proach for simulation of body-struc-
ture contacts with the cMB was ex-
trenely sinplified. It consisted of
the use of a Texas Transportation
Institute (TTI) version of the HVOSM
t hat nodel ed CMB barrier inpacts by
the use of three contact points on
the vehicle body interacting with
a single vertical plane representing
the cMB. For inpact angles |ess
than approximately 7 degrees, SWRI



880228

omtted the sinulation of body-
structure contacts with the CMB.
While the sinulation approach

sel ected by SWRImay have been ap-
propriate for the linmted scope of
their research program it clearly

| acked the generality needed for
simul ati ng vehicle responses in many
real-life contacts with CMBs. In
particular, the limtation of their
research to shall ow angl es of ap-
proach by tracking vehicles (i.e.

no side-slip angle or yaw ng vel o-
city) in both experiments and conp-
uter sinmulations, failed to deal wth
the nature and the hazards of veh-
icle responses to be expected in CMB
collisions following a |loss of con-
trol of avehicle or subsequent to

a prior collision with another veh-
icle.

The cMB has recently gained
relatively wi despread acceptance,
apparently on the basis of two as-
pects of the design concept. First,
the lack of aneed for nmaintenance
has made the economics attractive
when conpared with alternative de-
si gns. Second, its "positive bar-
rier" performance acts to provide a
hi gh level of protection of oncom ng
traffic from the errant vehicle. An
addi ti onal aspect of nedian barrier
performance that received greater
attention in the past was the pro-
vision of sone nmininmmlevel of
cushi oning and, thereby, protection
of the occupants of the errant veh-
icle (e.g., Ref.17, 18). This | at-
ter consideraticon has obviously been
somewhat downgraded in recent years.
Clearly, inmpact on the nedian bar-
riers of nulti-lane highways are not
limted to 16 degrees (see Fig. 3).
Yet the redirective performance of
CMBs deteriorates rapidly for angles
| arger than 16 degrees, with the
nmeasured vehicle responses including
severe decel eration |evels and po-
tential rollovers (Ref.16).

In the follow ng, recent exten-
sions and refinements of HVOSM are
descri bed which permt the simla-
tion of nore general CMB collision
cont acts. Vehi cl e responses pre-
dicted with the nodified HVOSM are
then compared with published experi-
nmental data

The objective of the increased
simul ation generality is to permt
realistic evaluations of the overal
perfornmance of CMBs by neans of (1)
anal ytical studies of vehicle re-
sponses in non-tracking and/or |arge
angle collision conditions and (2)
reconstructions of the detailed im-

ANGLE AT BARRIER CONTACT
(COURSE ANGLE)

W ,— [W= Coefficient of Friction
g = Acceleration of Gravity
v = Speed, Ft/sec

AR L

Lateral Travel to Barrier Contact, Yy =R(1-cosy)
Minimum Path Radius,, R=¥—;
Maximum impact Angle, ¢ = arccos (1-!{79,2 )

Figure 3. Analytical equations for
the cal culation of maxinum vehicle
course angle at barrier inpact.

pact conditions in actual injury
produci ng CMB cont act s.

HVOSM EXTENSI ONS & REFI NEMENTS

Several extensions and refine-
ments to HVOSM hava been inpl enent ed
in recent years which permt the
simul ati on of nore general CMB col -
lision contacts. Three areas of re-
finement specifically related to the
simul ati on of CMB collisions are:

(1) Structural Hardpoints

(2) Tire-Model Refi nenents

(3) Wheel / Suspensi on

Di spl acenents by Damage

STRUCTURAL HARDPOINTS-The
HVOSM-76 RD2model (Ref.11) i ncl uded
asimplified vehiclel/barrier inpact
nmodel (originally devel oped in Ref.
7) in which the vehicle periphery
was nodel ed by three omni-direction-
al structural hardpoints with in-
el astic structural properties which
interacted with a single vertica
barrier plane. Refi nements were
i mpl enented into the HVOSM-84
version (Ref.12,13) which included
both an increase in the nunber of
hardpoints to 40 as well as the
option to permit interaction between
t he hardpoints and. rigid terrain
(e.g., rollover responses). In
HVOSM the terrain is nodel ed by up



to 5 terrain tables with up to 21x21
grid elenments each, which define
el evation changes. The space-fixed
| ocation of a given vehicle hard-
point is deternmined and the terrain
table interpolation routine is util-
ized to determine the elevation and
slope of the terrain at that point.
The extent of interference with the
rigid terrain by the vehicle hard-
point is then determ ned, the hard-
point is displaced to the terrain
surface, and the resulting forces
and monments acting on the vehicle
are calcul ated

Initial exploratory attenpts
to sinulate a cMB collision using a
terrain table form of definition of
the cMB were unsuccessful. A nodi-
fied approach was required to deal
with the specialized interaction be-
tween the vehicle structure and a
CMB type barrier. The specific sel-
ected approach was designed to nmke
direct use of the nulti-face curb
definition of the tire force rou-
tine. In that routine, the program
| ogic determ nes when a tire is suf-
ficiently close to contact the curb
and it switches fromthe terrain
table interpolation routine to a
"curb-impact" node. The curb-im
pact node utilizes curb slope/ele-
vation change inputs to determ ne
the el evation and sl ope of the |ocal
terrain and it then calculates the
tire forces (e.g., Ref.10,11). The
same type of logic was incorporated
into the hardpoint option to permt
vehi cl e hardpoint interaction wth
the identical multi-faced curb defi-
nition as the tire force routine
(Fig.4). Additional logic was in-
corporated for the specialized hard-
point cMB type collision to estab-
lish and store the slope of the con-
tacted curb face for use in deter-
m ning the proper directions of the
resulting forces and magnitudes of
t he correspondi ng nonents.

Tl RE- MODEL REFINEMENTS-
Several refinenents to the HVOSM
whi ch have been inplenented as a
part of recent governnment and in-
ternal research (Ref 12-14,19,20)
are utilized for the sinmulation of
CMB inpacts

(a) Refinements of the Logic

for Overloaded Tires

(b) Inelastic Deflection of

the Wieel Rins
(c) Extensions of the Display
Graphi cs

(d) Revision of the
"equivalent" singl e-pl ane
terrain.
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Refinements of the Logic for
Tire Overload--The original form of
the HVOSM tire npdel (Ref.l) was
found in recent research (Ref.12,13,
19,20) to fail to produce full sat-
uration of the tire side forces un-
der conditions of a broadside slide
at extrenme tire overload. Wile def-
initive data for tire properties un-
der conditions of extreme overl oad
and large slip angles have not been
found to date, an exani nation of a-
vai | abl e neasures of the side force
properties of underinflated tires
(e.g., Fig.5 frcm Ref.21) indicates
that at large tire |loads, relative
to the inflation pressure, the side
force increases at an increasing
rate, as a function of slip angle.
For the tire overload situation,
| ogic was added to the HVOSM tire
routi ne, TIRFRC, (Ref.19) to make
adjustrments that insure full sat-
uration of the tire side forces
at slip angles cf 40 degrees or
nor e.

Inelastic Ceflection of Wheel
R ns- The original HVOSM simul ates
the radial |oad-deflection charac-
teristics of a tire as a "hardening"
spri ng. The hardening spring is
used to simulate radial forces gen-
erated during excessive radial de-
flections of the tire and rim The
"elastic'" representation of the ra-
dial force properties was found to
produce excessive rebound of the
tire in sone cases. Such rebound
does not occur in the real world,
where energy is dissipated in de-
forming the rim Therefore as a
part of extensicns included in Ref.
12, logic was ircluded to apply the
hardeni ng spring only during the
| oadi ng phase,, thereby reducing the
rebound and produci ng "plastic"
| oad- defl ection properties for the
hardeni ng phase of the deflection.

In cMB sinulations, the re-

vised logic was found to sonetines
produce |arge step discontinuities
in the resulting radial force re-
sponses. This occurred as the wheel
contacting the curb was redirected
in a direction parallel to the bar-
rier. As the suspension deflection
due to the initial inpact (i.e.,com-
pression) was reversed (to exten-
sion) and the wheel was nobved down-
ward in a direction towards the bar-
rier, a small linear displacenent
woul d produce a large step increase
in the radial tire force. A series
of rapid changes, fromthe loading to
unl oadi ng properties would act to
produce di scontinuous behavi or.
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Therefore a further refinement Extensions of Display G aphics
was inplenmented to produce the sane for Radial Spring Mbde-Wile the ex-
type of "plastie" rim response with- isting radial spring formof the
out the step discontinuities. The simul ation of the tire forces in
hardeni ng spring was nodified in curb contacts has been retained, the
HVOSM87 to be combined with a vis- graphi c displays of tire tracks have
cous danper (Fig.6) which in the been extended to include the entire
general case produces the sane re- contact ranges of the radial spring
sults as the earlier HVOSM84 nodi - scans. In this manner, reconstruc-
fications. However, in curb im ted cMB contacts can be correl ated
pacts, the viscous damper prevents with actual tire marks (e.g., Fig.7,
step discontinuities from occurring 8). It should be noted that the
in the radial spring forces. "equivalent ground contact" val ues

printed out in such simulation runs
correspond to the efeective "point
of application"” of the resultant
radial tire force, rather than the
maxi mum el evation of tire marking.

:RT 25-15/18" MAXIMUM DRECTION OF TRAVEL —™™™/™
')Ay k& DT £ 'ﬁgmm
= 1" T L ‘
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/
k | —— e _:33.—
T [ o e |
N L —
OT CMB-8 TIRE BARRIER INTERFA CE PROFILE FOR A 55.9 MPH,
b 8 DEGREE COLLISION WITH A NJ MED(AN BARRIER
HVOSM 87 T
Figure 6. HvosM-87 tire/rim proper- Figure 7. Tire/barrier interface

ties including viscous danping. profile for test cMB-8 (Ref.16),
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the normal to the single-plane

————28-3/16" MAXIMUM DIRECTION OF TRAVEL—— = "equivalent" surface was forced to

—

lie in the plane determined by the
‘A‘@W— A resultant radial force vector and a

L/

) VAR S

Y

I 12°-5-1/2"
t

— normal to the wheel plane (See Fig.

HVOSM - 87 PREDICTED

9) . Mre recent, detailed investi-
gations of the correlation of analy-
tical predictions with experinental
CcMB and curb responses and rel ated
exam nations of the time-histories
of "equivalent" plane transitions

EXPERIMENTAL

= = \ have led to the conclusion that the
L AN previ ous anal ytical approach pro-
e _/ duced frequently discontinuous tran-
/ 1 | sitions which acted to linit the
degree of correlation with experi-
et oL e e R bk BARiER ™ ments. Therefore, the definition of
an "equivalent" single-plane terrain
Figure 8. Tire/barrier interface ism;\rgfﬁgﬁm\e/\rgs modified in the follow
profile for test cMB-9 (Ref.l6), .
The "equivalent™ pl ane concept
may be viewed as sinply a means of
Revision of the "Equivalent" replacing an irregular, distributed,
Single Plane Terrain-A timevarying multi-plane tire contact with a
"equivalent" single-plane terrain single plane that will match the
surface is defined for a tire in direction and magnitude of the re-
contact with a curb or CMB, in order sultant radial tire force. It need
that calcul ations of side, tractive not be analytically related to the
and braking forces can be continued actual shape of the curb or CMB,
during the contact. I'n the previous ﬁlnce by dsflmtlon it reflects the
anal ytical approach, (e.g.,Ref.10,11) effective" shape in ternms of the

Equrvalent flat
terrain surface

Intersection of
Equivalent ground equivalent flat
contact point terrain surface
and wheel plane

4

\
g wne®

(ZG, NO"“‘%\&nz

- . Actual

z) .
G | Equivalent
g Equivalent ground contact
point

L #, =Resultant
* radiwal force

Z: = Normai to
ground plane

Equivalent
flat terrain
surface

a Case 1. Wheel plane perpendicular to obstacle profile.
b Case 2. Wheel plane parallel to obstacle profile.
¢ Case 3. Oblique contact with terrain irregularity.

Figure 9. "Equivalent" flat terrain surface for non-planar

tire-terrain contact.



generated radial tire force. Thus.
a substantially sinpler analytical
approach has been adopted in which
adj ustnments of the equival ent sin-
gle-plane terrain slope are limted
to rotations in the ¢ direction.
Any indeterm nate solutions (e.g.
wheel plane parallel to x' axis) are
repl aced by the actual curb slope at
the effective ground contact point.
The direction cosines of a line
per pendi cul ar to an individual CMB
or curb surface are given by

A'= cosX3' = O ’

B'= cos @83z’ = - sin'ﬂG
1= =

C'= cos ¥, cos /dcr

(actual slope at equival ent
ground contact point.)

If a single-plane equival ent surface
is defined to replace the actual
nul ti-plane contact, with §g=0, it

will have the follow ng direction
cosi nes:

A= cosKy' =0

B =cos@s'= - singﬁc_

C = cos),s = cos e

(Singl e plane equival ent
of cMB contacts.)

The line with direction conponents
a; ., b, ool whi ch is perpendicul ar
to both the normal to the wheel

pl ane and Fr, nust be parallel to
the single equivalent plane or lie
init. Therefore, the sum of the
products of the direction conponents
of the line and plane nust be equal
to zero:

aA + bB + cC = 0

a (0) + b(-sin &) + ¢ (cosﬁ'&) =0

bSinQ}r:ccosQ/G

tan ;4} = —%f

VWHEEL/ SUSPENSI ON DI SPLACEMENT
BY DAMACE- The original form of the
HVOSM-RD2 version did not include
any provisions for danmage induced
novenent of wheels in the vehicle-
fixed x-y plane and/or side to side
differences in the rolling resis-
tances and steer responses of the
i ndi vi dual wheel s. Therefore, the
program was nodified to permt the
specification for each wheel of
steer angle and/or rolling resis-
tance and an option was added to
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permt the deflection of a wheel in
the X-Y vehicle plane when forces on
an individual wheel exceed a user
speci fied threshol d. Above the
force threshold, the wheel may be

di spl aced at a specified | oad de-
flection rate

COWPARI SON OF THE HVOSM W TH CMB
CRASH TESTS

Prelim nary sinulations of the
baseline tests for the NJ and GV
barrier shapes for both the sub-
conpact and full size vehicles con-
tained in SWRI CMB research report
(Ref.16) indicate good correlation
bet ween the HVOSM87 and the ful
scale tests. Two sanpl es of the
tire/barrier interface profile com
pari son (Fig.7,8) for tests CMB-8
and cMB-9 indicate that the HVOSM87
| ength and height are in good agree-
ment with the full scale tests
Also, conparisons with the reported
roll and yaw response tine histories
(Fig.10,11) denonstrate good corre-
lation (note that discrepencies
exist in the SWRI report between the
data plots and the reported maxi num
val ues). Areas to be investigated
in the future to further inprove the
correl ation between the HVOSM and
the full scale tests will be a sen-
sitivity analysis of effects of the
avail abl e and/or a nodified version
of the HVOSM st eer-degree-of-free-
dom Exam nation of test filmfor
the SWRI CMB impacts wWith the GM and
NJ barrier shapes indicates that the
force of the inpact produces a |arge
steer angle toward the barrier which
produces a |longer duration of inter-
action between the:»vehicle and bar-
rier and, in sone instances, a re-
cont act . The HVOSM87 responses in-
cluded a steering response toward
the wall w th magnitude and duration
sonewhat | ess than those in the re-
ported full scale test results.
Therefore, a further sensitivity
anal ysis of variation of the inputs
and/or logic associated with the
steer-degree of freedom w Il be
pur sued

In summary, a brief description
and history of the HVOSM computer
program has been presented. Al so,
recent extensions and refinenents of
the HVOSM rel ated to the sinulation
of collisions with concrete nedi an
barri ers have been described and
sanple results of validation efforts
have been presented.
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COMPARISON BETWEEN EXPERIMENTAL
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Figure 10. Conparison tire history
of heading angle and roll angle for
HVOSM 87 and full scal e test
results.
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