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t. INTRODUCT I ON

ln +the mid-1960's, the Feceral Highway Administration {(FHWA)
recognized the potential for digital computer based analytical tools to ptlay
an important role in studying and enhancing roadside satety design.
Accordingly, a number of research projects were initiated to develop
analytical models and computer simulations for that purpoée. One such project
was initiated at Cornel!l Aeronauticai Laboratory (now Calspan Corporation) to
deveiop a general, three-dimensional vehicle simulation which respondad to
control inputs and external disturbances in a2 reaiistic manner. Tne tirst
stage of this development effort (Ref. 1} formed the structure of what was,
through continued development efforts, to becoma known as the Highway=Vehicle-
Object Simulation Mcdel (HVOSMI.

One feature of +his early version of the HYOSM was fthe abllity ¥o
simulate vehicle lateral and vertical rasponses when discontinuous objects,
‘such as a curb, were encountered by the tires. A rather elaborate computer
algorithm was developed to allow an approximation of tire enveloping power
through representation of the tire as a series of equally spaced radial
springs in the tire plane which individually produce forcaes as a result of
their displacements caused by the terrain, Although compar isons with fest
results were made in order *o establish that the simuiated vehicle responded
In a reasonable manner, no attempt at vafidation of the computar predictions
for curb impacts was made due to the lack of accurate data for describing the
test vehicles at that time.

Subsequently, a validation erfort was undertaken {(Ret. 2} +o compare
other modes of vehicle responses with test results. This effort included
measurement of some properties of the vehicle used in the tests. A later
effort, uncertaken by the Texas Transportation institute (TT}), for the
National Cooperative Highway Research Program {NCHRP) was directed
specifically toward a study of the HVOSM interactions with curbs and included

moditications to the computer simulation, a validation effort encompassing



fyli-scale curb tests with corresponding simuiations, and a parameter study of
vehicle impacts with curbs of various types and different encroachment
conditions. This effort (Ref. 3} was pubtished as NCHRP Report 150 (NCHRP
150) in 1974. More recently, a study (Ref. 4) was conducted by McHenry
Consultants, !'ncorporated (MC!) under subcontract to Jack £. Leisch &
Associates for the FHWA. This e’fort resulted ih an unpublished FHWA report
(FHWA report). This effort reviewed the analytical aspacts of the TTl study

and raised a number of issues with regard to the conclusions drawn.

The principal objective of this project was to review these two
studies in order to resolve guestions relative to the use of the HVOIM for

curb impact simulations.
The questions to be addressed included:

e What data was used in the previous studies, was it appropriate

and was it significant?

] Were differences in program versions significant in producing

different vehicle responses in the studies?

@  is the HVOSM valid for predicting vehicle responses to curb

impacts, and if so, with what quaiitications?

The approach *aken in this study included a thorough review of the
rasults of fheée previous studies and of the data used to represent The
vehicle within the HVOSM. This was fthen followed by dupiication of runs
previously made along with the conduct of a sensitivity study of selected
parameters. Limited testing was aiso undertaken in an effcrt fo measure
certain vehicle properties which were felt to be significant in determining

vehicular responses to curb impacts.



The remainder of this report is broken down info four major
sections. Conciusions and recommendation are presented next. Documentation
¢t simulation data is then provided. This is foilowed by discussions of *he
HVOSM sensitivity study and of the curb impact simulation resulfts. Finally, a

discussion of the overall results of the project is provided.




2. CONCLUSEONS AND RECOMMENDATIONS

Presenfed in this section are the conclusions and recommendation
that have resulted trom the study. The conclusions focus on three areas: 1}
program versions used in previous studies, 2} data uscd in previous curb
impact comparisons with test results, and 3) validity of the HVOSM in curb

traversal situations.
2.1 Conclusions

1} Different versions of the HVOSM were used in *he previous curt
simulation studies conducted by TT1 (Ref. 3) ang MCI (Ret. 4),
Based on a review of NCHRP 150, it is believed that the program
versions were functionally equivalent in the treatment of
suspension bump stop characteristics. |+ cannot be ascertalned
whether other program differences had an etfect on predicted
vehicle responses. However, it is clear that attempts at
duplicating the NCHRP 150 run conditions rasulted in difterent
vehicle response predictions. These ditterences may have

resultaed from either program differences or data differences.

2)  Ditferences in certain data Items dascribing the vehicle had a
strong influence on *the predicted vehicle response difterences
observed between the two studies. Most significant ot these
are the steering system ftriction and tire bottoming location.
The steering system friction value used in the FHWA research
resulted in much better agreement with observed trajectories
tor type C curb traversals. Measurements ot steering system
hystersis on the test vehicle at MGA indicate that the vaiue
used in the FHWA research was excesslive, However, the improved
agreement obtalned with this excessive value is indicative of a

deticiancy In some area of elther vehicle data or modeling
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representation of the steering system ang/or the tire/curd

interaction.

Difterences in the tire deflecticn at which bottoming ocsurs is
betieved to be a major cause for aagular response diftferences
between the FHWA research runs and both the original NCHRP
research runs and the runs condugted in this study,
particularly for the type L curb cases. Neither an appropriate
iocation for this bottoming, nor a represantative value for
bottoming stitfness are known and it is very tikely that the
simple bitinear tire rafte representation is an inadequate

description of tire pertormance at high defiections.

Sprung Mass inertia values used by in the NCHRP research in
their validation study were inappropriate in that they
represented the total vehicle inertia values. inertia of the
unsprung masses should have been subtracted in order to arrive
at input values compatibie with the HYOSM data requirements.
While inappropriate values were used, they did not have 3

strong influence or vehicle responses.

Aased on the results of this effort, it cannot be stated that
the H4VY0OSM is generalily valid for simuiating all curb impact
sifuéfions. Resu!ts indicate that the program adequately
simulated ve:icular responses to ftype £ curbs but did not
reasonably simulate responses to traversing types C and X
curbs. In the later caces, the simulated vehicle redirected
much more readily than test vehicies. It ic belisved that
mode!ing limtiations within the tire/curd interface are
primarily responsible for this condition. However, additional
full~scale testing and component testing would be necessary to

bettaer understand this intertace and improve the model.




2.2

Recommandst ions

1)

2)

3

The currant version of *the HYOSM should not be used 1c simulate
low~angle encroachment conditions with steeply taced curbs.
Simulated responses to less steeply sloped curds, such as the
approximately 45-degree type E, appear generally in good
agreement with test resutts. Thus, the use ot the HYDOSM for

curbs of this nature or of a lesser stope is appropriafe.

Testing should be undertaken to better understand the nature ot
the interaction between tires, curbs, and the vehicle steering
system during curb traversais. Component testing should
include measurement of tire curd interactions that produce
vertical, lateral, and longitudinat forces acting on the tire
and wheal at various attitudes and loading directions. Such
tests would provide additional intormation for upgrading the
tire mode! used in the HVOSM. In addition, additional full-
scale tests shou!d be undertaken to measure steering system
responses to curb traversais. These tests would provide
intormation for upgrading the HV(OSM steering system
representation, but would also develop more detailed
information for comparison with simulated vehicie responses.

Based on the results of the recommended testing, modifications
+o the HVOSM should be undertaken to more accurately represent
the curb traversal event. Changes should Tnclude modifications
to the current thin-disk tire representation to inciude direct
davelopment of lateral tire forces as a result ot lateral

deformation and longitudinal tire forces due to scrubbing.




3. DOCUMENTAT 1O OF SIMULATION DATA

fhe intent ot this section is to document data used, sources of
those data that have been used to represent a specific vehicle, and the
implications of that data on vehicle responsas in related curb traversal
simulation studies. As has been indicated, the NCHRP® 150 gave findings from
fuli-scale vehicle curb traversal tests, simulation of those tests with the
HWYOSM for validation purposes, and a simulation paramaeter study of vehicle
behavior +o various curbs at a range of encroachment conditions (Ref. 3. A
related research study undertaken for FHWA was an effort to improve tThe
correlation batween simulation and test resuits observed in the previous

study. This effort was documented in a dratt report ot June 1982 (Ref. 4l

The following subsection presents and discusses the data utilized in
each of thaese studies to represent the vehicle in a mathematical sence as
required by the HVOSM. Sources of data are indicated where fraceabte. in
order to establish a firm foundation for *the remainder of the effort, computer
simulation runs from both previcus research studies were duplicated. Results
from *hase runs are then discussed. Follcowing this, results of a parameter
sensitivity study are summarized. The intent ot this serles of computer runs
was to ldentify those vehicte parameters which had a strong intluence on
vehlcle responses to curb traversals and thus must be spec%fied accurately for
valid simulation results, Finally, the establishment of a "hegt" available
data set for simulation of the curd traversal tests documented in NCHRP 150 is
described. '

3.1 Documentation of Dsta Used in Previous Studies

Presented in this section !s documentation of vehicle data used in
two previous simulation studies of curd impacts. 1t Is noted that the more
racent FHWA study contained a complete documentation of all data used in the
simulation study. The NCHRP study contained documentation of mos? vehicular

data used; however, some data required by the program was not explicitly




identified. As a result, the data listings discussed below contain some
unknown values and some information which is believed to be that used N.+°

study but that cannot be confirmed.

Table | presents a comparison of inertial and dimensionai inputs to
the HVSOM uysed in the two previous studies to the extent that documentation Is
available In the respective reports. Notfe that the fwo'sefs of inputs were
used in the NCHRP study. The first was intended to represent the full-scale
test vehicle and therefore was used in the val igation comparisons. The second
was intended to represent a more typical full-size vehicle of the period. Note
that the test vehicle was ot special design for police work inciuding a heavy~
duty suspension and was modified further tor the protection of the driver and
installation of data acquisition equipment on the fest program. This second
vehicle data set was then used atter validation in a parameter study of

various encroachment conditions and curb combinations,.

For purposes of evatuating vaiidity of the HYOSM In curb Impact
situations, It is only that data that reflects the test vehicle which is
important. Hence, the subseqguent discussion will relate only to data sets

which whers intended to represent that vehiciae.

As sean In table 1, the unsprung mass values ditfer only siighttly.
The values used in the FHWA study were derived trom measurements as reported
in Ref. 2; whereas, the values used In the NCHRP study were derived from
regressions to typlcal data (Ref. 5). Principal moments ot inertia are,
however, gquite different. The values used in the FHWA study are derived from
the average of two estimates: a) adjusting mass while assuming identical
radius of gyration from thosae reported in Ref. 2 and b) regrassion to vehicle
welght as described In Rasmussen in Ref. 5. The values for pitch and yaw
inartia In NCHRP 150 wera also devaeloped from equations givaen In Ref. 5 but
are erroneous in that they apply to the total vehicle. Inertia contributions
ot the unsprung masses should be removed sO +hat sprung mass values are
supplied to the HVOSM. A difference is also sapparent in the rear axie roll




Tablie !

INERTIAL AND DIMENSIONAL DATA

NHCRF Study (Ret. 3)

Variable Units FHWA Study (Ref. 4) Valigation Data
M ip g2/in 9.317 9.‘5}813
MUF b s2/in 0.608 ~ 0.590
MR b g2/ in 0.945 0.9612
EX th sZ=in 50283 50284
by tp g2=in 28678 327123
{7 ib s2-in 33029 42504
lxz ib 52-in -192 -1 926
T Ib s2=in 455,66 600
a in 54.55 54.553
b in 64.45 64.45
Tr i . 61.0
T;-Q “;. gg)«% 60-08

in -2.0 ~2.09
TS in 4A.52 46.5
Sprung Mass .
CG Height in 24.14 24.138

% Unsprung mass values from Ref. 2
Calculated from Rassmussen regression (Ret. 3)
Calculated by average of computed Rasmussen values and constant Fadi
ot gyration values from Ref. 3 data
Computed from Rassmussen relationships. Note ly 17 are for total vehicle
Source unknown
"Hast Estimated" Value from Ret. 2
Vaiye used In Ref. 2 validation comparlisons
Interred from Figure 3-2 Ref. 3
Value used in the NCHRP parameter study. Aiso belleved to be used in
validation effort.

WOy O B

1 1b=82/in = 17.86 kg sl/m
T fo=g2uin » 0,113 Nes2: m
T in = 29,4 mm
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moment of inertia with the smaller value based on a measurement and the farger
based on an estimate, both of which were published in Ref, 2. Thus, rather
substantiatl differences exist in moments of inertia of the sprung mass in
pitch and yaw and ot the rear axlie in rolt between the data used in the two

previous studies.

Also shown in table | are dimensional data used by the HVOSM. Note
that the longitudina! location of the sprung mass center of gravity, as
defined by the variables a and b, are the same in both studies. The same is
true for the spre'ng mass c¢.g., height. The use of these dimensions in the
NCHRP study wer. inferred from Figure B-2 in Ref. I. Other dimensional
information was not located in Ret. ! and was solicited from persannel
participating in the NCHRP study. Copies of a parameter study computer

printout were supplied by which contained the dimensional data incdicated for

TF, TR, and in +the +able. I+ is assumed that the same values were used in

" +he vallidation study.

Tabla 2 summarizes front and rear wheel rate and bump stop data.
Note that according to the Input data listings In Ref. 3, the varsion ot the
HYOSM used in the NCHRP study did incorporate an upgrade in the bump stop
algorithm documented in Ret. 6. This upgrade included nonlinear, energy
dissipating bump stops located at different positions In jounce and rebound
trom equilibrium. The form of one nonlinear term is different trom that of
the program versiun used in the FHWA study, but the bump stop characteristics
produced are the same. Consequentiy, no ditferences in vehicle responses can

be attributed to these suspension properties.

Tabla 3 lists additional suspension properties and staering system
characteristics used In the studies. Ag Is seen, the FHWA study used
considerably smaller viscous damping coefficients for the front and rear than
were used in the NCHRP study. Friction valuas were assenfialty the same at
the front but quite ditferent at the rear. Both sets of damping coefticlents

10
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Tabie 2
SUSPENS ION RATE DATA

NCHRP Study (Ref. 3)

Variable Lnits FHWA Study (Ref. 4) Validation Data
Kg ib/in 131 ' 131
KEC Ia/in 300 300
K‘FC lb/iﬂ3 00 ’ 5001
KFE tb/in 300 300
K'FE Eb/;nl'» 600 600}

F - 0.5 0.5
Fes in ~3.0 -3
Fe in 5.0 5
KR tb/in 194 192
KR tb/in 300 300
K're Ib/in’ 600 . 600
KR ib/in 300 300
K'rg ib/in3 500 600
R - 0.5 0.5
RC in -4 .0 -4
RE in 4.5 4.5

Expressed in HVOSM~-RDZ equivalent values.

toib/in = 17,86 kg/m
toIb/ind a 27680 kg/md
1 in = 25.4 mn

11




Table 3
SUSPENSION AND STEERING DATA

NCHRP Study {(Ref. 3)

Variabie Units FHWA Study {(Ret. 4} _ VYalidation Data
Ce { Ib-sac/in) 1.3 A 3.5
ce! (1) 58 55

F (in/sec) 001 001
ce {1b=sec/in) 1.75 3.9
Gt (1) 97 50

R tin/sac) 001 001
Re {Ib=in/rad) 266000 266000
RR (1b=in/rad) 59244 61900
Xrs .059 0.07
i (1o~ -=im) 300 1492.0%
ol {I1b=in) 5000 500.#

(rad) 523 0,4%
(1b=in/rad) 1000000 5000 *
{rad/sec) 05 0.075#
{(In) 1.5 1.5%

*Values used in parameter study presumed to be used In validation runs.

T Ib*in = 0,133 N*m

1 {bes/in = $7.86 kg-s/in
1 1b = 0.454 kg

T in/sec = 2%9.4 mm/s

i Ib=in/rad = 0.133 Nem/r

: 12
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were reported In Ref. 2, the larger being estimated and the smaller values

reflecting measurements.

Steering system parameters used in the NCHRP val idation study were
not explicitly reported. However, values used in their parameter study were

confirmed and are assumed to be the same as those used in the validation runs.

Tire parameters are shown in table 4. The NCHRP report did not
document the def lection~developing increment (DRWHJ) and maximum def lection of
the tire (RWHJE) used for developing radial spring characteristics for use in
the curb impact mode, nor the undeflected radius of the tires. Other tire
parameters are the same with one exception. That is, the value of T used in
the FHWA study was 6 inches (152.4 mm} while thar used in NCHRP report was 3
inches (76.2 mm). This parameter reftiects the tire detlection at which
bottoming occurs and, thus, can have a substantial difference in tire radiat

torces produced.

Other data indicated in table 5 was reported in the FHWA study but

not in the NCHRP study. Sources of data, where known, are indicated.
3.2 Dup!iication of Previous Curb Computer Simulations

The purpose for duplicating the runs of *he previous studies was Yo
attempt to verity input data that were used and to establish a firm basis from
which comparisons could be made. Originally, the plan of the FHWA study
simulations was to dup!lcate selected runs as a means of spot checking the
NCHRP results. The printouts documenting the FHWA simulations and the
printouts from MGA's duplications were compared and +the agreement was found fo
be very good. Generally, the differences between corresponding runs were less
that 1 percent. Results of the post-processing program were also compared and
found to be in good agreement with FHWA study results for which MGA had hard
copy outputs. However, In some instances, +he post=processing data that was
piotted at MGA did not agree with the data plots contained in the FHWA report
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Variable Units

RWHJE Cin)
DRWH.J {in)

o Kt (tb/in)
T {in}
.

AQ
T Aj

A2
Az

A4
T

Rw (in)

*Asgyumed

1 in = 2%.4 mm
1 ib/in = 17.86 kg/m

Table 4
TIRE DATA

FHWA Study (Ref. 4)

NCHRP Study {Ref. 3)

8.0
.25

1300

10
4000

8.4
3000

1.7
4200

110

0.8
14.68

Validation Data

1300

to
4300 -

8.4
3000

.7
4200

1.0

0.8
14.68%




Yariable

Camber Data
Track change data
Antipitch data

Control tables .

Table 5
QTHER HYOSM DATA

NCHRP Study (Ref. 3)

FHWA Study (Ref. 4) Validation Data
Ret. 2 unknown
unknown not apulicaple
Ref. 7 unknown
drag force unknown
15




(Ref. 4}. In an attempt Yo discover the reason for this, FHWA personnel
participatiag in the FH'A study were contacted. During these discussions, it
was learned that the results were hand plotted thus, somewhat susceptable *to
manyal errors. As a result, it was felt that compiete duplication of all runs
was necessary to eliminate any possibitity of erfoneous plots infiuencing

subsequent data comparisons.

The checking of the NCHRP study resuits was not as simple a matter.
Direct duptication of the NCHRP study runs was not possible since certaln
inputs could not be contirmed. In lignt of thic, all NCHRP study runs were
"duplicated” vsing judgment in supplying the inpur data which were unknown or
uncertain. These "duplications" did produce resul+s different from those
cbtained in the simulations made in the NCHRP study. In general, the runs
made by MGA give The same response behavior patterns as those made in the
NCHRP report. The dit’erences manifest themselves in the form of eifher 3
disagreement in the ranges of bumper height, rotl, and pivch or a disagreement
in trajectory. Figure 1 shows the results of the duplication of run N=7.
This is a good example of the trajectory being in good agreement but the range
of values for bumper height, roll, and pitch not being in agreaemant.’ For this
case, the duplicated vehicle did not respond to as great a degree as the
vehiclie defined in the NCHRP simulations and generally compares more favorably
with the corresponding results. Figure 2, which shows the results of the
duplication of run N~6 (medium speed, medium impact angle), is &n example
where the ranges of bumper height and pitch and roll angle responses are in
agreement but the trajectory varies. A clear example of =1l the vehicle
responses not being in agreement with the NCHRP results is gliven in figure 3.
This tigure shows the comparison betwaen the MGA rplicatton and NCHRP test N-
17 (migh spaeed, low Impact angle). |In this case, both simuyiation resuilts
predict redirection which was not observad on the test. This dupiicated run
shows a conslderabiy larger roll response than does the original NCHRP run,
The results obtained from duplicating a'l 18 NCHRP runs can be found in
appendix A. In general, for all *he duplication runs which involved the type

E curb, the main area of disay. - ment with theoriginai NCHRP runs involved
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differences in trajectory, while the type C curb run duplications involved the

differences in bumper height, roll, and pitch ranges and trajectory.

Although the results from the MGA duplications did not match those
from fhe'original runs, they were deemed sutficient to represent those
original runs due to their agreement on general response behavior patterns.
With the two sets of data available, a basis for comparison was established.
Comparison to the full scale tests conducted for NCHRP on *he basis of actual
numerical data is limited. The only such data tound in the NCHRP 150 report
which deals with the validation study is shown in tabie 6. This tabla
provides informafion on the curt impact conditions (schedvie~ and actual) and
the maximum of bumper rise (height) above the curb and vertical accelerations
of the sprung mass. As a means of comparison, tables 7 and 8 have been
prepared. Comparisons of corresponding data on these three tables indicated
that in general, the "dupllicated" NCHRP runs give responses closer to the full
scale tests for the type E curb impacts, while the duplications of the FHWA

runs come closer to the test results for the typc C curb impacts.

Tables 7 and 8 also Include additional Information. This additional
intormation (max. rolt, max. pitch, bumper height at 2 teet (0.6m) offset and
lateral distance to max. rise Input) has been included since It was tabulated
from the FHWA run results. These tables immediately show how the ditterences
in Input data affect the results.

For ease of comparison, the graphical resuits of the FHWA
duplications have been Iinciuded In appendix 3. From a quick overview It is
seen that both sets of results generally agree concerning trajectory (whether
and/or how much the simuiated vehicle redirects). There are, however, three
excgptions. These Included the runs N-2 {low spee&, low—-angle impact), N=15
(low speed, high-angie impact}, and N-17 {high speed, low-anige impact). Runs
N-15 and N~17 Involve the type C curb and 1!iustrate that the FHWA study
detined vehicle did redirect. {(figures 3-4 and 3-5) The opposite Is true for
N-2 which Invoives the type e curb. (Figure 8) The graphlcal resylts also

20




Table 6
SUMMARY OF FULL~SCALE TEST RESULTS FOR CURB TYPES C AMD E

SCHED- SCHED- “MAX.
VLED  ACTUAL ULED  ACTUAL MaX, PEAK
AP AP AP. AP- RISE VERTICAI
- FROACH PROACH PROATH PRUACH ABOVE  ACCEL ERA-
TEST SPEED SPEED  ANGEE " ANGLE CURB  TIONG
NO. (MPH) {(MPH} [DEG)  (DEG)  {IN) FORCES ~ REMARKS
Cutb Type £:
N-1 i ! — —-— — Camera inoperative
N-2Y treeuny M) 0.4 s kN bt I —_ Car redirected by curb,
N-3 45 456 5 50 243 e Shight redirection but
ull wheels crossed
curb.
Ned [ 59.3% 5 4.6 Iy 0 No vehicle redirection.
N-§ bl 170 12.5 t1.6 nx 1.0 No vehicle redirection.
N-6 45 453 1.5 1.1 bk i) h i) Slight undercurriape
contact.
N-7 0 63.4 1.5 12,6 s 4.0 Appreciable undercar-
riage coniact.
N-§ L1 37 n I8.5 ns (33 No vehicle redirection.
N.¢ ‘48 418 0 1%5.7 Ny 10 No vehicie redirection.
N-18 60 63.0 hei] t7.6 233 16 No vehicle redirection,
Curb Type C:
N-t 30 42 s 49 2862 1.0 Redirected smoothly
(right wheels crossed
) curb), ’
N-12 45 447 § LI 243 £O Slight reditection to-
ward curb but all
wheels crossed curb.
N-13 30 342 12.5 i.2 RLF ] 1.8 Rim contact with curb
: e damage to rim
of tire.
N.i4 45 43.5 125 i2.8 kA R} 26 No vehicle redirection.
N.15 30 321 1] 17.4 24 24 Suspension bottomed
“hard™ — front
wheels knocked out
of alignment,
N-1& 45 430 0 g4 238 4.6 Right front wheel
. knocked out of align-
) ment.
i N-17 0 ] 5 5.1 243 1.2 Severe suspension bot-
toming shock but no
o abignment damage,
i N-LR 60 6.2 125 123 ) 4.2 Same as N-17.
. N-19 60 613 20 1.6 30 40 Same as N-{7. Ball
Y ! joint becume loose.

s AH lesis were conducted 2 hands-ofl seering made.

* Angles obnzined from film analyss over time period of approvimately 30 milliscconds.
r Bumper rise obiained from Alm ansiyms.

4 Pepl vertical scovierations obtained (rOm acceitromater viscurde! irsces,

— Soyrca: See Reference 3

. : Mut+iply In by 25.4 ro obtain mm
v Muttiply mph by 1.609 km/h

2




Table 7
SUMMARY OF RESULTS FROM DUPLICATIONS OF THE NCHRP AND FHWA RUNS FOR CURB TYPE E

Bumper Lat.
Hgt. Max. Dist.
‘ Max . sbove Bumper to
. Max.  Max. Peak  curb Hgt. Max.

Approach Approech Roll Pitch Vartical 2 tt. above rise
Speed Angle Angle Angle Acc. offset curb point
Test . (mph) (deg) (deg) (deg) (G) tin) Cin) (1)

MGA Duplication of

§ NCHRP Run N-2 0.4 5.1 -7.75  1.91 -0.23  16.6 21.7 1.2
; N-3 45.6 5.0  -9.45 1.66 -0.58  25.3 23.3 2.0
? N-4 9.3 4.6 -10.00 1.43 -0.80  22.6 24.0 2.4
N=5 32.0 1.6 =7.33  2.40 =1.10  17.1 221 3.4
N6 45.3 1141 -9.14  2.12 ~1.T1 15,7  23.8 4.3
N-7 63.6  12.6  -11.80 2.17 -4.53  13.9 27.3 5.6
N-8 2.7 i8.5  =6.59 2.76 =3.13  13.4 22,5 5.0
N-9 al.8 18.7  -8.13  2.79 -2.46 12,8 24.3 5.7

N~10 63.0 17.6 10.61 Z.54 =4.99 12.2  28.7 8.4

MGA Duplication of

FHWA Run N=2 30.4 5.1 .3.08 -1.00 0.37  N/A 15.1 0.29
N-3 45.6 5.0  =9.58 1.39 -0.92 17.4 231 1.3
N-4 9.3 4.6 ~10.11  1.10 =0.78  29.3  29.6 2.1
N-5 32.0  11.6  =7.91 2.69 -1.98 18.0 22.5 3.
N-6  45.3 111 -G.57 2.08 -2.60 21.0 30.0 4.2
N-7 63.6 12.6 -10.74 1.72 =3.03 12,0 24.9 6.5
N-8 37.7  18.5  =1.72 2.55 -2.89 12.1 23.0 3.3
N=9 4.8 18.7  -8.38 2.3 -2.03 17.6 29.7 6.2
N-10  63.0 17.6 .88 2.28 -2.37 11.0 26.2 9.1

Multipiy tt by 0.309 to obtain m
Multiply In by 29.4 fo cbtain mm
i Multlply mph by 1.609 1o obtain km/h 22




Table 8
SUMMARY OF RESWLTS FROM DUPLICATIONS FOR CLRB TYPE C

Bumper Lat.
Hgt. Max. Olst.
Max . above Bumper to
Max. Maoc. Feak . cwrb Hgt. Max.
Approsch Approsch Roli Pitch Vertical 2 t+. sbove rise
~ Speed Angie Angle Angle Acc. of fset curb polnt
Test (mph) {deg) {deg) (deg) (G} (in) (in) (1)

MGA Duplication of

NCHRP Run N~11 4.2 4.9 T.09 ~1.23 =2.56 N/A 11.4 0.0

N-12 44.7 5.1 9.00 -0.58 -1.22 N/A 11.6 0.0

N-13 34.2 11.2 -4.12  2.87 -1.70 19.2  20.7 2.5

N-14 43.5 12.8 -6.99 2,72 -3.94 15.3 24.3 6.2

C N~15 32.1 17.4 -8.13 2.83% -3.26 4.y 1.9 3.7
N-18 435.0 18.4 12.0% 2.92 -7.91 3.7 25%.8 5.8

N=17 66.5 5.1 17.79 1.49 =1.19 N/A 17.6 0.0

N~18 62.2 12.3 13.00 2.58 -7.56 14.5  29.1 5.3

N-19 61.5 18.6 19.38  2.94 -9.27 12.5 28.2 8.7

MGA Duplication of

FHWA Run Ne11  34.2 4.9 5.57 1.43 -2.20 N/A 14,0 .30
N-12 44,7 5.1 7.53 =1.17 -1.26 N/A 18,7 .01
N-13 34,2 11.2  -5.8%5 2.59 -3.19  19.1 21.4 2.6
N-14  43.5  12.8  -6.51 2.14 =3.84  13.5 23.5 4.8
N-15  32.1 17.4  -6.60 2.40 -3.47  12.6 22.4 5.0
N-16  43.0  18.4  ~7.95 2.07 -2.18 11.9 23.5 6.6
N-17  66.5 5.1 =10.57 1.64 ~1.69  24.2 25.7 2.3
N-18  62.2  12.3  10.084 1.65 ~-2.70 17.3 29.8 5.9
N-19  61.5  18.6 8.68 2.30 -4.62 11.3 25.9 9.6

s Multiply t+ by 0.305 to cbtain &

quﬂp!y In by 25.4 to obtain wa
Multiply mph by 1.609 to obtasin km/h 23
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support table 7 and 8 In sh- «ing that there are differencas in the ranges of
responses for all runs. In general, as the encroachment speed in-reases the
ditferences become more apparent. Thls ls also true for Increasing
encroachment angle for the type C curb. (figure 7) Also, the FHWA responses
are closer to the test results for the Ty.o T curbs and the high angle Impacrs
for the type E curbs while the NCHRP predictions are closer to the fest

results tor the low-angle impacts tor the type £ curb.

3.3 Effects of Yariations of HVOSM Parameters on Vehicle Reponses to
Curb lmpacts

Comparisons the previous studies results for the curb impact

"simuiations have shown that input differences certainly atfect the results. To

determine to what degree input differences are important, MGA conducted 2
sensitivity study on parameters deemed as |lkely to be the causes for the
response differences. The Input parameters varied were suspension damping,
tire bottoming detlection, sprung mass pitch inertia, sprung mass yaw inertia,
steering system Interia, steering system friction, rear axie roll interis, and
suspansion system friction. Table 3 shows the base!ine values and the
variations used fc. each parameter. 1t should be noted that the baseline data
is from the FHWA definition of the test vehicle. This data set was used in
order to confirm whethor the changes made by FHWA to the Input deck were a
significant factor in the different responses from the orignial NCHRP
validation runs. The run conditions chosen for the sensitivity study are
those found‘ln runs N-2, N~10, N~15, and N-17. These four were chosen because
they represent the axtremes of the encroachment conditlons, namely, low
spead/tow angle (run N-2), high speed/high angie (run N~10), low speed/high
angle (run N-15), and high speed/low angle (runm N-17).

Table 10 summarized the results of the sensitivity study by giving
the maximum roll and pitch angles and the maximum peak vertical acceleration.
The maximum values stated for the moditied parameter runs are the maximum

occuring at, or near, the same time as the basellne run maximums.

26




Yy §09°1 = Ydw

WeOL'0 = 44
ANFITYOV ANOLIICVHL ITDIHIA NI € “ON NOILJION: 9 ounbjy !q.nmu_:,

(14 @) N0 TREISIO
& o w

U4 B WO 1aicin t o i i S
™o o 05 L o w " ow w ¥
: * i
-
ENF 3 mwﬂ
e
mM -]
& F g
b4 T e v e Y > - QM
v R — v - -
» L] - A v - - - . - NM " - - M ....le..!! 1
. e i ™
-
o
23 -ul..-
™ r o
g #
m S
g <
~ w
z -4
- —— ﬂﬁ
% =
=N _ T s T ol )

EY uuw&hms .,Wmu»«._

w o 2 3 ¥, @ o v, 2 ~
= = e ™~
e} Ly}
ot i “la*
T YRR RG] & i 4!11!.-45“ n
e i "
: :
. F K
8 g
& 1 &
S0 -t RAAL \\ - OM (LR TTTY -
t ! ’ m
Y3 40 EYATY YOW 13 ! R i
L >
ey 5L Lt - by L&y X
- RIS N
F v ST, =
(o) = (9) -
g b o p—" &




L]

ROLL IDE
]

Z

- WA RLTEAT (0} - oA REFEAT JF MCH (0)
5; 0P SCHRD lin’;./- s £ d:f e
Y = £

Rt ] e et >
e =
e T vk‘-‘-'-?‘f““ s E: Lscmer 1o
2 TIFL C - Cume £ /m TYPE C - CERY

o a  —

2 4
x 2>

"\OL_Lo EG

S o LW al
[ l a \
e a ;
(%]
i e
[ (]
=it . —
a’ 4 f 2 o, 4 [] 12 16 2
- LATERAL DISTANCE 1) ¢ e LATERAL DISTANCE (FTI
i 1 s
el P, o (O)I = w REPEAT OF ELUA 1 o o)
- N " o.:’ E S, j
=R ll ﬂ L a, Lo . n . DY
« RSt o« NCHRE 130
e T ¥
§ / e CLAN é / TFE L - crve
o o
2«; E
i 2
= B AR PN =l FPYY | atea
g hat ‘i — ® o L
-~ -~
g 3 .A.. Y § + .A.‘
°L 2
‘3"‘1 4 e
g - -A\“‘A Pl § Aa‘n. uttaa
2‘.‘- o : " "r .:L‘a k“ "
= \ ety 2 . X
i 'y ' 12 t = T n + T )
LATERAL QISTANCE FT) LATERAL DISIANCE (FT)
o e
¢ - Ll
-+
‘:. AL e v LA R FEer (0}? - - (0)
z ., -
3 4 o :
: o R MUA REPEAT OF FiWA
3 T BT T
; i
TR W L. : SERCEY T
B / [ o _ { m‘, L A . "nee © - 2
2t l 2t
_ |
] 3
g ) & e
-t - -
¢ g .
[-3
aw. G“ r
§_ 2 % Féf‘x“”““AA a s ® A a o
Sa "4 v\/r aﬂ -
P - Y [+ i D T t ¥ 2 i 20
LATERAL GISTRNCE # 1Y LATERSR, NIISTANCE 1FT)
#Emnm L EW

-
e
In}
]
~d

1 in = 25.4 mem
1 f+t = Q.39 m

T mph & 1,609 km/h

R g

EXAMPLE OF INCREASING DIFFERENCES IN PREDICTED BUMPER HE|GHT,
PITCH, & ROLL RESPONSES AS EMCROACHMENT ANGLE INCREASES
28




Suspension Damping

Tire Bottoming Deflection
Sprung Mass Pitch lnertia
Sprung Mass Yaw [nertia
Steering System lnertia
Steering System Friction
Rear Axle Roli lInertia

Suspension Friction

Table 9
SENSITIVITY STUDY VARIATIONS

Baseiine Value

F1.3/R1.75%
6.0

28678

33029

300.0

5000 .0
435.6
F58/R9T*

*Front and rear values, respectively

29

Yariations

F3.5/R3.9%, F0.6/R0.L¥
3.0

32712, 14376

30635, 28075

100, 1000

200, 1000

£00.0 ‘

F55 /RS0 *




Table 10

SEMSITIVITY STUDY RESULTS

Max.

Max. Max. Peak
Approach Approach Rollt  Pitch Veraf

Parameter Speed Angle  Angle! Angle! Acc.
Vzried Value(s) Test (mph) { deq) (deq) (deq} (G's)

Suspension Samping

(Units: ib-s/in) F1.3/R1.792 -2 30.4 5.1 =3.08 =1.00 0.37
FO.6/R0.8 N-2 30.4 5.1 -2.85 =0.87 (.40
F2.5/R3.9 N-2 30.4 5.1 -3.33% ~0.92 0.34
F1.3/R1.752 N-10 63.0 17.6 8.88 2.88 ~2.37
FO.56/R0.8 N=10 £3,0 17.6 10.30 2.5 =2.,45
F3.5/R.39 N=10 63.0 17.6 5.09 1.79 =2.41

Tire Bottoming

Deflection

(Units: in} &.02 N-Z 30.4 5.1 ~3.08 ~1.00 G.37
3.0 N-2 30.4 5.1 -3.08 -1.00 0.37
£.02 N-IO‘ 63.0 17.6 9.88 2.28 =2.37
3.0 N=10 £53.0 17.6 10.00 3.37 ~4.24
6.02 Ne15 32,1 17.4 -6.60 2.40 ~3.47
3.0 N=15 32.1 i17.4 -5.55 3,34 =-3.19
6.02 N=17T  66.5 5.1 2.09  1.64 -1,%9
3.0 N-17 66.5 5.1 13.69 0.77 -0.82

Rear Axle Roll

inertia

{Units: Ib=s2=in) 435.6 N=17 66.5 5.1 -10.57 1.64 -1.69

600.0 N=-17 66.5 5.1 -11.69 1.67 =2.74

Suspension

Friction

{(Units: b=1n} FSB/R97 N-17 66.5 5.1 -10.57 1.64 «1.6G
F55/R50 N-i7 66.5 5.1 -10.62 1.83 -1.68

! Peak value occurring al or near the time of occurrance of the maximum value

2 tor the baseline run
Baseline values

th=s2-in = 0.113 N-g2.m

Ib=s/in = '7.86 kg-s/n 30
in* 25,4 mm

tb~in = 9,133 N«p

.




Table 10 SENSITIVITY STUDY RESULTS (CONTINUED)

Max ,
Max. Max. Peak
Approach Approach Roll Pitch Vert

Parameter Speed Angle Angte! Angle! Acc.

Varied VYalue(s) Test  (mph) {deg) (deq) (deg) (G's)

Sprung Mass Pitch’

inertia

(Units: 'b-sZ-in) 286782 N-2 30.4 5.1 - -3.08 -1.00 0.37
32M2 Ne2 30.4 5.1 -3.05 -1.04 0.37
14376 N2 30.4 5.1 -3.38 -1.04 0.3
286782 N=-10 63.0 17.6 8.88 2.28 =2.37
3212 N~t3 £3.0 17.48 8.93 2.725 =2.39
14376 N=10 63.0 17.6 7.91 1.54 =2.34
286782 N-19 32.1 7.4 -5 .60 2.40 -3.47
32712 N=-15 32.1 17.4 -6.57 2.26 =3.45
14376 Nel5 32.1 17.4 =6, 59 2.81 =3.58
286782 N=17 66.5 5.1 -10.57 1.64 =1.69
32712 N-17 65.5 5.1 -10.11 1.49 -2.89
14376 N-17 66.5 5.1 ~12.01 2.60 -2.11

Sprung Mass Yaw

Inertia

(Units: Ib=s2=in) 330292 N=2 30.4 5.1 ~3.08  =1.00 =0.23
39635. N=-2Z 30.4 5.1 -3.93 -1.09 -3.34
28075 N2 3.4 5.1 ~-2.30 ~2.27 =-2.565
330292 N=-10 3.0 17.6 8.88 2.28 -2.37
39635 N=-10 63.0 17.6 8.66 2.28 =2.,37
28075 N-10 63.0 17.6 8.99 2.26 ~2.37
330292 N=15 32.1 17.4 -6 .60 2.40 -3,47
39635 N=15 32.1 i7.4 -6.560 2.42 -3.48
28075 N~15 32.1 17.4 -5 .60 2.40 ~3.4%
330292 N-17 66.% 5.1 -10.57 1.64 -1.69
39635 N-17 66 .5 5.1 -10.48 1.73 =2.61
28075 N=17 66.5 5.1 «10.46 1.58 =1.87

1 Poak value occurring at or near the time of occcurrance of the maximum value

2 tor the baseline run
Base!ine values

1 thesZ~in = 0.113 N+sZ-m
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Table 10 SENSITIVITY STUDY RESULTS (CONTIRUED)

Max .
Max. Hax. Peak
Approach Approach Roli  Piteh Vert
Parameter Speed  Angle  Angle! Angle! Acc.
Varied Yalue(s) Test  (mph} (deg) {deqg) (deg) (G's)
Steering System ‘
Fricticn .
(Units: Ib-in) #3002 N-2 30.4 5.1 2.12 0.66 -2.3
200 N=2 30.4 5.1 2,17 1.77 ~0.24
1000 N~2 3.4 5.1 2,15 0.73 -0.30
50002 N-10  63.0 17.6 8.88 2.28 -2.37
200 N-1Q 65.0 17.6 9.65 2.15 =2.37
1000 N=-10 63.0 17.6 g.01 2.22 =2.37
50002 N-15 32.1 17.4 -6 .60 2.40 =3.47
200 N=-15 32.1 17.4 ~4.42  2.32 -3.48
1000 N=-15 32.1 17.4 ~5.12 2.35 -3.48
50002 N-17 66.5 5.1 -10.57 1.64 =-1,69
200 N=17 66.5 5.1 ~8.86 1.64 -1.73
1000 N=17 66.5 5.1 -3.38 1.64 -3.71
Steering System
Fnomtia
tUnits: lb-s2-in) 30072 N=2 3.4 5.1 -3.08 -1.00 Q.37
100 N-2 30.4 5.1 -3.09 -t.04 0.36
1000 N-2 30.4 5.1 -2.45 -1,03 0.34
3062 N-10  63.0 17.6 8.88 2.28 -2.37
100 N-10 63.0 17.6 8.78 2.28 ~2.3%7
1000 N-10 63.0 17.6 9.08 2.26 -2.37
3002 N-15 32.1 17.4 -6.60 2.40 =3.47
100 N=15 32 17.4 -5.70 2.42 ~3.56
1000 N-15 32.1 17.4 -6.59 2.39 -3.44
3002 N-17  66.5 5.1 -10.57  1.64 -1.69
100 N-17 66.5 5.1 «3,70 1.67 «1.72
1000 N-17 66.5 5.1 ~10.37 1.64 ~1.60

' Pesk value occurring at or near the time of occurrance of the maximum value

for +he basellne run

2 Base!ine values

1 to-in = Q0,113 Nem
1 otbsZein = 0,013 Nesem 32




The parameter changes which caused noticeable (10 percent or
greater) differences in one or more ot the maximum values rasults are as

follows:

e The changes in suspension damping affected the results tor
high-speed impact. The changes fnvolved the increasing of the
front and rear suspension damping values to 3.5 ib-s/in (62,5
kg s/m) an¢ 3.9 Ib-s/in (69.6 kg s/m) respectively, and
decreasing them to 0.6 ib=-s/in (10.7 kg s/m) and 0.8 Ib-s/in
(14,3 kg s/m) respectively trom their original values of 1.3
Ib=s/in {31.3 kg s/m) and 1.75 lb~s/in (3!.3 kg s/m)
respectively. (Both ot these parameter changes affected the
resutts.)

] it was seen *that a decrease in tire bottoming detlection trom
6.0 in (152.4 mm) to 3.0 in (76.2 mm) affected the results of
all cases where there is a high component of velocity
perpendicular to the curb (i.e., high angle/low speed, high

angle/high speed, and low angle/high speed.)

& Rear axie rol!l inertia did cause a change in peak vertical
acceleration when lncreased from 435.6 b~s2-in (49.2 N sZ m)
to 600,0 tb-s2-in{67.8 N s2 m). This resulted from a momentary
bump sfop'con+ac+.

® Decreasing the sprung mass pltch inertia by nearly 50 percant
trom 28,678 |p~s2-In (3.2 kN s2 m) to 14,376 Ib=sZ-in (1.6 kN
s2 m) did affect anguiar responses for runs. Peak
accelerations were not affected. Aiso, an Increase from 28,678
{b-s2~in (3.2 kKN s2 m) +o 32,712 Ib-sZ=in (3.7 kN s2 m) did

attect the low-speec/high-angle case.
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@ Sprung mass yaw inertia changes have aftfected the results of
the low=impact angle cases. Principal ditferences occur in
peak acceleration values where slight changes in bump stop
cngagement produce large short duration changes in vertical

accelerations.

e Steering system friction angular response results differ for
all runs. #Peak accaleration responses are nct aftected,

however, by friction changes.

® Changes in the steering system jnertia changes causas
difterences in the angular response tabulated for the type C
curb impacts when the value is decreased from 300 Ib-s2-1n
(33.9 % 2 m) +o0 100 in-s2-in (11.3 N sZ m) and for the low~
speed/low angle impact when the value is increased trom 300 Ib-
sec2-in {33.9 N 52 m) to 1,000 {b=s2~in (113.0 N sZ m),

Table 10 has pointed out the parameter changes which'appear to be
possible causes for the diffaerences among the various sets of rasuifts. in
order to firmly establish which parameters cause differences, the graphical
results have been prepared. (The full set of plots are given in appendix C.)
The graphical results allow the visual interpretation of the ditferences in
the tabulated resuits as well as showling to what extent the differenc.s are
signiticant. The agreement between the Information in table 3-10 and the
graphical results Is generally good. The following Is a summary of the
interpratation of the graphlical resuits:

[ The tire bottoming detlaction parameter change (from 6.0 in
{152.4 mm) +o 3.0 in (75 am) causes dranatic changes In vehicle
trajectory as well as in bumper height, roll angle, etc. An

example of this Is shown in figure 8.

1
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Some modest changes in vehicle response occur when tie value is
of suspension damping Is changed for the high speed/high~angle
case. No changes in vehicle redirection were caused by these

changes. {(figures 9 and 10D

Rear axle roll iner*ia did prodﬁce a modest change in the
vehicle roil response when the value was increased from 435.6
[b-g2~in {49.2 N 52 m) to 600.0 Ip~-s2-in (67.8 N s2 m). The
ditference is particularly noticeable foward the end of the
simulated event. {(figure 11) This response change was
somewhat unexpected. Upon reviewing the run invoived, it
became apparent that the change in roll response was due to a
large momentary force experienced by the right rear syspension.
This large suspension force {roughly 50 nercent higher than the
baseline run) came from the interaction between the rear axle
and the suspension bump stop. The increase in the inertia value
allowed the rear axlae Yo engage the bump stop further. The
Increased engagement was 0.2 inch (5.1 mm). This indicates that
the change in roll response is an indirect result of the rear
axle rol! inertia change, and a direct function of the bump

stop stiftness.

Sprung mass pitch Inertia changes produced changes in bumper
helght, rol! angle, and pitch angle responses onl!y whan an
extreme condition {50 percent decrease) was simulated.
Trajectory in the plan view was not atfected, even in this
case. (figure 12). Figure 13 shows the extent of a 14 percent
lucresse in the pitch inertia value for the high speed/low
angle case., In this case the noticesble ditference In the

numerical data |s not as apparent In the graphlcal data.

Sprung mass yaw interia is another example where the numerical

dats alone could be misieading. From table 7 the difference in
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el

In result: indicates that a change in yaw inertia from 33,029
fb-s2-in 3.7 kN 52 m) to 39,635 Ib~s2~in (4.5 kN s2 m) could
be signiricant, while figure 14 shows that there are
essentially no differences in results. Ffigure 15 also
indicates that modest changes in yaw Inertia do not

substantially affect the general vehicle responses.

® Stearing system friction was found to be an‘impor?anf variable
in terms of vehicle response in both the numerical . and
graphical results. Figure 16 is an example of the dramatic
trajectory changes that were apparent in some cases. The
changes, both decreasas from 5,000 Ib-in (565 N m) caused
vehicie response changes whict :ere most evident in the type C
impacts (runs N~15 and N-17). The t#rajectory changes, however,

ware confined to the iow-speed impacts.

* The graphical results for steering system inertia show that
only a decrease from 300 Ib=s2-in (33.9 N s2Zm) to 100 Jb~-s2~
In (11.3 N s2Z m) affects the results, and then oniy for the
Type C curb impacts. Such 8 change produced changes in plan
view trajectory as weil as to roll and pifch angle responses.
Figure 17 is an example of the changes caused by changing the
steering system Inartia value.

Along with showing those parameters for which changas causae
differences in the simulation results, the sensitivity study has also shown
that some response changes are curb dependent. This becomes important in
explaining why, In general, the FHWA study data predicts values closer to the
tast rasul+ts for the type C curb impacts and the NCHRP study data predicts

values closer to the test results for some of tha type E curb impacts.
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5.4 Development ot Best Availabie Data Set

In reviewing the data presented in section 3.1, it is clear that
discrepancies in parameter values exist betwe the previous studies data sats
in - .u-ber of areas. The intent of this sec on is to identify those values
which best represent the vehicle in question for simulation of curb impacts.
This includes evaluation of previous data, sensi?iv%f} of rasults to data

variations, and measurement of certain vehicle characteristics.

The paramater values that are judged the best available to represent
the 1963 Ford Galaxie used in the NCHRP curb traversal tests are summarized
along with previous studies data, in tables i through 13. Inertial and
dimensional data are listed in table 11. As is seen there, the major
difterences in values across the data sets in the sprung mass moments of
inertia. in the absence of actual vehicle measurements, the vailues computed
in the FHWA study were based on regressions of typical vehicle parameters and
by assuming a constant vehicle radius of gyration while changing total mass
are judged to be more appropriate as a tirm bhasis is available. The rear axle

rol! inertia tlg) ysed by in the FHWA study was alsc judged more appropriate
as it does reflect a measurement of *the parameter value as reported in Ret. 2.

Suspension rate data is shown in figure 12. In this case, both
previous studies used data which produced identical suspension rate
characteristics. Hence, the best available data reflects this same

information.

Additiona! suspension and steering data are shown in table 13,
Friction and damping values selected for the best data set runs were those
used in the NCHRP study. These values were also used in the original HYOSM
validation effort (Ref. 2). Similariy, auxillary roll stiftnesses and rear
axle roll steer were selcted based on their use in previous HVOSM validation
efforts.
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Table 11
IMERTIAL AND DIMERSION DATA

Variable Units  "Begt™ Data Set
Ms Ib secZ/in g.318
MyE Ib sec2/in 0.590
MUR Ib secZ/in 0.961
Fx Ib secZ-in 5028
1Y 1b secZ-in 28678
'z Ib secZ-in 33029
ixz ib secZ~in -197
'R Ib sec?-in 435.6

) a - in. ' 54.55
b in. 64.45
TE in, 61.0
Ta in, 60.0
in. -2.0
Ts in. 46.5
Sprung Mass
CG telght in. : 24.14

V ibes2/in = 17.86 kg-s?/m
b oin 2 25.4 mm
1 Ib-g2=in = 0,113 NesZom
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Table 12
SUSPENSION RATE DATA

1

Variable Units "Ragt Data Set
K tb/in 13t
Kec 16/ in 300
Lpe th/in 300
K'ee 1b/in3 600’

F - 005
FC in -3
Fz in 5
KR “J/il"l 192
Kre Ib/in 300
Krg h/in 300
K 'RE tb/in3 600
R - 0.5
Tl in -4
RE in 4.5

Expressed in HYOSM-RDZ equivalent vatues.

t Ip/in = 17.86 kg/m
1 ju/ind = 27630 kg/m
f In = 2%.4 m

3
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- ok

Variable

CF
Cgo

Ih~s/in = 17.86 kges/in
ib = 0,494

infs = 0,025 m/s
ibvin/rad = 0,133 Nom/r
th=32:in = 0.13% Nesl.m
IDein = 0,133 Nom

in s 2%.4 mm

Table 13
SUSPENSION AND STEERING DATA

Units "Best" Data Set
{1p=-sec/in) 3.5
{Ib) 59
(in/ssc) 001
(ib—sec/in). 3.9
(tb) 50
{in/sec) .001
{1p=-in/rad) 266000
{Ib~in/rad} 61900

6.07
{ Ib~secZ-in) 228
(lb=1n) 650
{rad} 0.4
(tb~in/rad) 5000C
{rad/sec) 0.075
(in} 1.5
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Ot the steering system data, the angular stop location and stop
stiffness are not factors in the run results for the situations considered in
the valjdation study; in no case were the stops engaged. The pneumatic trail
could not be estimated with any more confidence that the value of 1.5 "nches
{(38.1 mm) used by in the FHWA study without additional aligning torque da*a
for the tires used an the test vehicle. It 7s,; however, recognized that the
use of a constant pneumatic trail injunction with the lateral tire force does
not adequately represent allgning torque characteristics at high tateral force
values.

Both the steering system moment of inertia and friction had the
potential for influencing front wheel steer angle and, therefore, vehictle
trajectory to a significant degree. Therefore, physical testing on a 1963
Ford was carried out to measure the steering system moment of inertia and the
steering system hysteresis (the amount of friction forque within the steering

system).

The first +est carried out was the measurement of the moment of
inertia tor the steering system. Since it was impractical to measure the
inertia by the direct measurement of the steering system components, the
"eftactive" momeﬁ? of inertia was indirectly weasured by use of a torced
oscillation method. in this method, the effective moment of inertia of the
system can be indirectly determined by adding springs of a known spring rate
to the system and measuring the system's natural frequency. From th naturali
frequency and the known rate, the Interia can be determined using the
relationship %= T where § Is the stiftness or spring rate of a
torsional system, w is the natural {circular) frequency, and I is the system
inertia.

For this test, the front driver's side wheel excited around its
pivot axis by a hydraulic actuator. (tigure 18) The restoring torce was
provided by a torsion bar attached to +ha system via the steering tie rods.

This torsion bar was secured by two frames which transferred the loads to the
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STEERIMG SYSTEM MOMENT OF INTERIA
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tloor. The outermost frame was clamped to the bar thus providing an end
restraint and thereby fixing the stiftness of the bar. This frame was
ad justable so inat inertia could be measured at various rates of stiffness for
+he sytem. The ofher frame was not movable but instead provided suppor? and
aided in keeping the torsion bar froﬁ bending rather than twisting as was
intended. This was done with the use of a seif-aligning bearing attached
between the torsion bar and trame. The driving force was measured by 3 ioad
cell and the response to this force was measured via a linear displacement
potantiometer. The signals from these two devices were fed into an
oscilloscope such that the force would be displayed on +he horizontal axis and
the displacement on the vertical axis.

The natural frequency of the system wes determined as that shaking
trequency {as provided by the Moog D-C Servocontrol ler) which resulted in a
90-degree phase lag of the displacement with raespect to the applied shaking
torce. This 90-degree phase lag shows up a figure on the osci!llioscepe which
is symmetric about the vertical axis. (tigure 19) Upon start up of the test,
i+ was noticed that +he steering wheel was not totally involved in the system;
therefore, the steering box fighfehed sc as to reduce the amount of "play" in
the steering system. After that was done, the test was carried out at various
torsion bar lengths. The values for the natural freguency for the system at
+these lengths are shown in table 14. This tabie represents the expected
resuit that as the induced spring rate (stiffness) decreasas, the values ot
natural frequency would have to decrease so that the value of inertia would
remain a constant. when the intormation In table 3-14 Is extended out to show
hoth stiffness and the resultant lnertia value, it was seen that the inertia
value did not remain constant as was expected. Even though the value for
inertia is not constant, table 15 does show that the value Iles within the
range of 200 fo 400 Ib-s2-in (22.6 ~ 45.2 N sZ m). This range of values is

lowar than the valuye used Is in aither previous studies.

I+ 1s not clear why stiffnass changes resulted in such a large

change in calculated inertias but 2 number of possible factors lInclude
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b) PATTERN AT TORSION BAR LENGTH = 119 INCHES
: Vin e 25.4
‘ Figure 19  OSCILLOSCOPE PATTERM OF THE FORCED RESPONSE VERSUS THE SHAKING
i FORCE AT SHAKING FREQUENCY NATURAL FREQUEMCY
o 54




Tatie 14

VALUES OF NATURAL FREQUENCY AT VARIOUS TORSIOM BAR LENGTHS

Langth of Torsion Bar. Natural Frequency
Nominal {(in) Actual (in} Hz
72 7.5 0.66
120 , 119 0.82
1%6 155 0.61
Vin o= 25.4
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Taubia 15
DETERMINATION OF MOMENTS OF INERTIA FOR THE YARIOUS TORSION 8AR LENGTHS

Measured
T Actual Maasured Torslonal Calculated Inertia
Length Frequency Stiffness Yalues
{ia) (Hz) {in Ib/rad) _(tb sZ im)
71.5 0.66 : 6,711 390
116.0 0.62 4,103 270

152.0 0.61 2,995 204

fin = 25.4m
) 1 inslb/rad = 0,113 Nem/r
- | jbesd-in = 0.113 NesZem
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excessive play in system components (e.g., tie-rods, ball=-jcints), high levels
of triction, berding as well as twisting of fhe torsion bar, and high levels
of damping induced by excitation of the power steering systems. Nonetheless,
it semms apparent that values of steering system moments of inertia of 200 to
600 Ib-g2-in (22.6 to A7.8N sZ m) are reasonable values for a vehicle of the

size considered.

The second *tect carried out was the measuremeﬁf ot the steering
system friction torque. This was accomplished by causing the front driver's
side whee!l to rotate around its pivot axis. This was done by applying a force
to the outside edge of the rim so that the wheel made one complete cycle
between the steering stops. (figure 19) The applied force anc resulting
deflection were measured by a ioad cell and a linear displacement pot,
respectively. The signals produced by these instruments were than fed into a
pltotter so that the force was displayed on the vertical axis and the
displacement on the horizontal axis. The two piots were then digitized and
the values were resclved, by means of +*he geometary ot the set up, intfo *the
corresponding applied torque and angle of rotation of tha wheel about the
wheel's centerline. Fiqures 20 and 2! are the resulting plots. The value of
friction forque was +then obtained from these plots since the friation tforgue
at any given angle Is half the difference between the values ot torque for the
angle. An overall value of friction was determined by taking the average of
sample values taken from the two runs. The resulting value of this process is
a value of 693 |b-in (783 N m).

On comparisons of this vaiue with those used in the previous studies
simulations, it is seen that this value is in relatively good agreement with
the NCHRP study value of 600 Ib~1n (67.8 N m). i+ also shows that the FHWA
study value of 5,000 Ib-in Is excessive for this vehicle. Conseguently, the
values of steering Inertia and friction Indicated in table 13 are believed to

be reasonable for describing the vehicle Is question.
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Figure 19 EXPERIMENTAL SET-UP FOR MEASURING THE STEERING FRICTION TORUE
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The remaining data needed tor the simulation are shown in tabies 16
and 17. Generally the tire data, as indicated in table 16 identical for atl
studies. A potentially significant data item is that of 1, +the tire
deflection at which bottoming in vertical response when fraversing a curb, as
was noted in section 3.3. The basis for using either value of 3 or 6 inches
(76.2 or 152.4 mm) is not firm nor is the rate multiplier of 10 used to
represent bottoming as no data on tire rates at ex*reme deflection are known.
Hence, the use of 3 inches for JT in the best data set is arbitrary buft

appears reasonable.

Sources of the remaining HVOSM data are indicated in table 17. As
is indicated, track change data, antipitch éafa; and drag force data were not
used in the final data set as the appropriate values for the vehicle in
question are not available, and they were not expected to influence results to

a strong degree.
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Tabie 16

TIRE DATA
Variable Units "Best" Data Set
RWH JE (in) 8
DRWH J {inm) 0.25
KT (1b/in) 1300
T (in) 3
10
Ay 4000
At 8.4
A2 3000
A3 1.7
Ag 4200
T 1.0
6.8
Rw U 14.68
I in % 2%.4 mm
1 Ib/in = 17,86 kg/m
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Table 17
OTHER HVOSM DATA

NCHRP Report
Variable FHWA Report Yalidation Study
Camber data Ref. 3 unknown
Track change data unknown not applicable
Antipitch data Ref. 7 unknown
Control tables drag force unknown
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4. CURB IMPACT SIMULATION RESILTS

The foliowing section covers the comparisons of the results from the
computer simufations made by MGA and the corresponding full scale tests. These
comparisons only involve the simulations made with data deemed as the most
appropriate, or the best for the vehicle being simulated. The fuli-scale
tests involved are those conducted on the type C and € curbs in the NCHRP
study in Ref. 3 and the tests conducted on the ftype X curb by Southwest
Research Institute in Ref. 8.

4.1 Comparison of Simuiation and Test Results for Type C and E Curbs

In order to determine how weli the "best" data set corresponds to
the full scale test results reported in the NCHRP Report 150, all 18 impact
conditions were simulated using *he "best"™ data set. Table 18 brietiy
compares the available tabufated data from the full-scale tests to the
corresponding data from the best data set simulations. Using the same
criterion for agreement (up to '0 percent difference in values gl!owed), this
tabte shows that +he best data simulation did a better job simulating the type
E curb impacts than the type C impacts.

As a means of further comparisons, the results of the "best" data
simulations have been overpiotted onto the plots presented by NCHRP in their

validation efforts. (The full set ot plots are shown In appendix D.)

Tha graphical results again support that the data used in
reprasenting the 1963 Ford Galaxie (the best data set) affords a better
correlation between the type E curb impacts and the full-scale tests than
betwean the type C curb impacts and the tull-scale tests. This is easily seen
by glancing through the plots of flgures §6 through 113 (appendix 0). The
majority of the runs invoiving the type C curb show that the HVISM predicts

vehicle redlirection - some even to the point ot the vehicle completely
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Tabte 18

FULL SCALE AND "BEST®™ DATA SIMULATION TABULAR RESULTS COMPARISONS

Full Scale . "Best" Data
Test Results Simulation Results
Max Hax Max
Bumper Max Bumper Peak
Actual Actual Rise Peak Rise Yert.
Approach Approach Above Vert. Above Accel.
Speed Angle Curb Accel . Curb G
Test ¥ {mph) (Deg) (in) G) (in) {upward)
‘ Surb Type E:
- N-2 30.4 5.1 24 . - 21.3 0.22
. N-3 45.6 5.0 24.3 - 23.1 0.58
N-4 59.3 4.6 23.9 2.0 23.7 0.79
_ N=5 32.0 1.5 20.8 1.0 21.9 1.08
» N6 45,3 LI 23.7 2.0 23.3 1.68
N=7 63.6 12.6 23.5 4.9 26.4 4.48
N=-5§ 32.7 13.5 23.5 1.8 21.9 3.07
N-9 41.5 18.7 2.9 3.0 23.8 2.46
N-10 63.0 17.6 23.3 3.6 27.3 3.20
Curb Type C:
N=-11 4.2 4.9 26.27 1.0 1.4 1.97
N-12 44.7 5.1 24.8 1.0 1.9 1.13
- N-13 34.2 1.2 23.8 1.8 L 24.2 1.74
N-14 43.5 12.8 23.1 2.6 23.0 3.18
=15 32.1 17.4 22.1 2.4 21.6 2.22
N-16 43.0 18.4 23.5 1.5 24.9 7.82
N=-17 66.5 5.1 24.3 1.2 1.6 2.85
N-18 62.2 12.3 21.4 4.2 27.8 7.47
N-19 61.5 18,6 23.0 4.0 26.7 7.64

Multipiy in by 25.4 to obtain mm
Myitipiy mph by 1.609 to obtain km/h
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returning to the roadway side ot the curb. (An example of this major
redirection 1s shown in flgure 22.)In the three cases where the HVOSM
prediction agrees with the test results in saying that fhé vehicle continyes
beyond tne curb (tests N-16, N-18, and N=19), there is a retatively poor
agreement in the bumper height, roll angle, and pifch angle responses. Figure
23 shows that for both the N=-16 and N-18 simuiations that HYOSM response
predictions changed more quickly and gave greater value ranges than those seen
in the full-gscale tests. The greater value ranges are also seen in the
response plot for The N-19 simulation but there is a befter agreement in the

general patterns of the responses.

As stated above, the type £ curb impact simulations did come closer
+o the test results than did the type C curb impact simulations. In general,
as the encroachment conditions for the type E curb impact simulation moved
trom the iow-speed/low-angie case toward fThe high-speed/high—aﬁgi@'case, the
ditferences between the simulation and test results became larger. This is
especialiy noticeable as the encroachment angle increases. This follows the
observation made from the NCHRP duplication resuits. The results again show
that the data works best when simulaling the low (and moderate) impact speed
and angle conditions. Another general observation is that the HVOSM predicts

greater vehicle redirection than actually observed in the full-scale tests.

Besides the general characteristics seen in the series of plbfs‘for
the type E curb impacts, the Individual responses also followed trends. Figure
24 shows the trend seen In the vehicle trajectory. The ftrend is that as the
encroachment angie increases, there Is a greater divergence trom the test
results by the simulation results. The trend seen in tThe roll and pitch angle
responsa follows the same generai pattern. That Is, as the encroachment speed
and ang!erincreases. the rol! and pitch responses from the simulation deviate
turther from the test resuits. Figure 25 shows this by showing the roll angle
response for the extreme speed/angle cases. The pitch angle response also
follows fthis trand but, because of the smaller range of values, is harder %o
sea.
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As a reference to the original simulation efforts the plots in
appendix D also show the resulfs of the HCHRP report. In general, the rasults
from using the best data set for the type C curb impacts gave poorer
correlation with the test results than did the NCHRP simulations. A general
overview.of Appendix D shows that in some cares the best data simuylations are
better than the NCHRP simutaticns and in some they are worse, and in some
cases there is a good agreement. A good exampie of fEis_is seen when viewing
t+he bumper height responses. Although the best data closely follows the data
set uysed for duplications of the NCHRP simulations, it should be kept in mind
thar *he actual data used in NCHRP study was not availabie and the best
approximation of that data had to be used. This uncertainty of original data

is a potential cause for The some~imes large differences in results.

The fact that the data was abie to simulate the impacts of one curb
type (type £} fairily well and the other éurb tyne {fype C) quite poorly
indicates that the curb Itself (its physical characteristics) and ifs
interaction with the tire may play an important part in the simytation

progess .

4.2 Comparison of Simuiation and Test Resuits for Type X Curb

fn the NCHRP Report 150, conclusicns had been drawn on the
radirection capabilities of type X curbs through exercising the HYOSM. The
type X curb is the lower section of the New Jersey Safety Shape and had not
been subjected to fulli-scale vehicle ta2sts at the time of the report.
Consequently, no correfation between simulation and test results was avaliable
at that time. in the interim, a full-scale crash test has deen conductzd on
the type X curb (Ref. 8). Thus, the opportunity is now available to correlate
HVOSM predictions againt test results tor this curb.

To validate the HVOSM's applicabllity tor simulating type X curb
impacts, the data had to be established for the vehicie used in the full-scale
tests. The vehlicle used was a 1969 Plymouth Fury weighing 4,340 b (1.97 Mg).
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The remaining data necessary for the simulation was not readily available. A

search of known |iterature was conducted in an attempt *o uncover the

necessary data. This search, however, produced very littie additicnal data.
The only additional data that was tound consisted of whee! base, front anc
rear track, and weight distribution from Ref. 9. Effort was theretore nlaced
on obtaining the necessary data by deriving the values from typical vehicle
intormation. The derivation of these values invoilved the use of the equations
presented in the HVOSM User Manual (Ref. 10}, The values which codld not be
calculated from the given equations were taken from available data of other
(siwmilar) venicles. Tabie 19 gives 3 general outiine of the sources of the
various data categories. From this table, it becomes apparent that most of
the data had to be taken from sources not directly concerned with a 1969
Plymouth Fury. The results of this vehicle data compilation are shown in
+able 20. This table snows the data in its form ready for direct use by the

HYOSM program.

Upon completion of the simufation run using the inpufs shown in
tabte 4-3, the resylts ware checked against the full=-gscale test results
presented in Refereice 8, The simulation resuits showec poor correlation with
the test resuits. The most evident discrepancy between fthe two sets cf
resuits was the difference in vehicle trajectories. 1In the test, the vehicle
moynted the curb (tigure 26); whereas, the simulation resuits indicated the
vehicle redirecting before the tires climbed the height of the curb (figure
27},

in an attempt to better understand the reason for this poor
correlation, a limited sensitivity study was conducted. The purpose of this
sensltivity study was to see If some of the input data might be th: cause tor
+he differences in the two sets of results. The parameters singied out for
this study were tire botioming deflection, yaw inertia, and the curb friction.
In al! three changes, none were able to change the fact that the simulé+ion

predicted redirection, as Is seen In the yaw angle plots in flgure 28. In the
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Table 19

DATA SOURCES FOR DATA USED IN THE TYPE X CURB VALIDATION RUN

lnertial Data

Dimensional Data

Suspension Data

Steering Data

Tire Data
Camber Dats

Track Change Data

Antiplfch Data

Calculated #rom "typical values" equafions1

All inputs except *hose for 2 and the sprung mass UG
height calculated from "typical values" equa'?ionst

and s%ruﬂg mass CG height taken from data for a simiiar
vehicle

Ail inputs except the linear asyension load deflection
rates (front and rear) and the viscous damping
coeffiniants (front and rearl taken from data for 3
simifar vehiciae

linear suspansion load defiection rates and viscous
damping coefficients calculated from Ttypical values"
@qua?iﬁns1 '

Taken from data for a similar vehicie3
Takan from data for a similar vehicled
Taken from data for a similar vehicle’

Taken from data for a similar vehicle3

Taken from data for a similar vehicle}

1 "Tynica! vaiues" equations are presented in the HHOSM User's Manual (Ref,

2, 10}

is the distance between the rear axle CG and *the rear rold center

3 pata tor 1963 Ford Galaxie as documented in the report prepared for the
"Federal Highway Admin., entitled "Foilow-up HVOSM Stydies of Highway Curd

‘mpacts”
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Table 20
HVOSM |MPUTS FOR TYPE X CURB VAL IDATION RUMN

INPYTS FUR HVCSKM VALICATIGN RUN FCR LURE TYPE X«

9 130

0.9 L0 <305 01y 16.0 30.0 .8 i.0 0 101
0 1 5.001 C 102
1 : 0 103

1 1 1 1 H 1 i U 104
CEFINTION CF TEST VERICLE Q 200
9.658 U.ol0 V. 564 fib 3, 2Ti27. 31955. =192, 47240 0 201
50430 69,50 62 .85 £2.57 =2.0 43.92 g 202
54.55 0.0 Ja -b4.45 (.0 C.0 G 203
106.0 300.9 €d0.0 300.0 600.C G.500 ~3.0 5.0 0 204
17,0 300.0 6030 30040 6dd.0 3.500 “4.0 4e5 G 205
T.87 58.0 0.001 13.98 s7.0 U.C01 0 206
266000, 59244.0 0,(59 0 207
300.0 5000.0 0.523 160009, 0.050 1.50 0 208
=5.0 5.0 1.0 1.0 0 209
-5.7 ~3.90 =2 445 ~1.3J ~0.40 0.30 ve &l 0.65 J.30 1 209
=Ue40 ~1.30 2 209
~1e22 -0.78 =0. 40 -0. 21 ~-C.C6 C.07 9.08 0.04 ~J.08 3 209
~0.34 =-0.69 4 209
-5.0 5.0 G.5¢ ¢ 210
J.1079  0.1053 Q.1030 G.1011 0.C99%4 0.0%61 0.0871 0.0964 J.0959 1 210
0.C958 0.0950 040965 G,.0973 0.03984 Q.0998 0.1015 0.1035 0.1058 2 21¢C
0.ICE5 J.12l4 0.1l147 . 3 210
-5 .0 5.0 5eu Q 211
0. 092 3.092 0052 1 211
SEARS SUPER TREAD 0 300

1.9 L.G L0 1.0 4.0 0.25 Q¢ 301
1300 6.0 10.0 4000, d.% 3000. 1l.710 4200.0 1.0 i 301
.30 ’ l4.68 0 302
BRIVELINE JAERULD YNAMIC S, FRICTION G 400
0.0 3.30 0.10 g.0 1.0 1.0 0 401
~105. -105. ~105. =105, I 401
~315. =315, ~315. ~-315. 2 401
TYPE X CURE 0 5400
15C. 0 15C.C05 15T7.005 163.005 165.295 1.9 0 507
""3.0 '13-00 ""IJQUO 0.9 0 508
-849.9 ~55 00 0.0 80 W0 0.0 0 509
35.0 MPH, 8.1 DEG 0 600
Gal J.0 8.1 G.0 0.0 0.0 0.0 0.0 0 601
Cou 80,0 ~24.l4 blol.l4s 0.0 0.0 0 602
0.0 2.0 Q.v [ U.0 G.0 0.0 0.0 0 603
: 09969
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tirst change, the tire bottoming deflection was changed from 6.0 inches (152.4
mm) inches to 3.0 inches (76.2 mm). This change actually increased the
redirection tendency by causing the vehicle not to ride up as high onto the
curdb. (The maximum tire contact point evaluation for this first sensitivity
Fun was 8.27 inches (222.8 mm) - 7.5 inches {13 mm) less than the initia!l
run.) The second change was an increase of 36 percent in the yaw moment of
inertiz. This Increase did allow the vehicle to ride further up the curb to a
maximum tire contact point elevation of 9.92 inches(252.0 mm), but still did
not allow the vehicie to mount the curb. The third change was actually an
addition to the second change. in this change the yaw inertia was kept at the
increased fevel while the curb friction multipiier was decreased by 40
percent. T"ls combination also caused the vehicle fo rise furthar up the curb
to a maximum +ire contact point elevation of 9.88 inches (25.0 mm}; but again,

radirection occurred.

Since ali efforts failed to bring about an agreement between the fwo
sats of resuits, efforts were directed toward comparisons of HVOSM resatfs
with previously reported validation efforts. This efftort involved a 1972 Ford
Gafaxie impacting a New Jersey Satety Shape (also known as 5 New Jersey
Barrier). In this case the results of the simuiation were compared against
the results given in Ref. t1. The input data deck used for this comparison
was used as reported with modifications to reflect the current version of the
program. Table 21 chows this data deck in its form ready for use by the HYOSM
program.

Upon compiation ot this validation run for the New Jersey Barrier, the
resuf+ts Qere checked against those of the physical test. Figure 27 shows the
comparisons between the simulation {HVOSM) and exper imentat (tull scale)
resul¥s for the vehiclie roll angle and yaw angle tTime historles. 3oth of
thesa comparisons show that the HVOSM simulation vehicle does not respond to
+he same degree as the full-scale test vehicie. A further example of the
HVOSM predicting values lower than the exprrimental values s that the HVOSM

predicted the maximum tire contact point etevation to be 14,11 inches (353.4
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Table 21
HVYOSM INPUTS FOR 1972 FORD GALAXIE/NEW JERSEY BARRIER RUN

INPLTS FOR 1672 FORi GALAXIC wlTh Nedo BAKRIER

¢ 100

C.C L. 005 «010 TC.0 0.0 U0 ¢ 1ol
0 1 4.0005 0 102
i ) 0 103

i i i 1 1 1 1 0 104
VEFICLE DEFINED IN REPURT # FEWA-RD=-T77-4 0 200
7. 192 Ce6C0 C.991 5209. 55500. 54000, -192. 60U.3 g 201
‘!9.30 r].n G c4e ehe b ""‘2-0 4645 0 202
g.C Q.0 4.0 Gad ~G.0 8.0 0 203
i31.¢C 2CUL0Q a0d«u 300.0 600.0 0.500 =3.0 3.0 0 204
192.u 300.0 €000 30Ua0 6C0.0 8.500 ~%4.0 4.0 0 205
3.5 5%.0 UedQ1L 3.9 50.0 0.001 ¢ 206
26&6000. 419CC.0 C.CTU 0 207
492.0 600.0 Q.4 5JeUe. 0075 1.50 J 298
«~5.0 5.0 1.0 1.0 g 279
-5.7 -3.5¢ “Zakbd le 30 -Ca4Q V.30 Ja 60 Usub J.30 1 209
~0.40  -1.30 _ 2 209
~1l.22 -L.78 ~Qa 40 ~Ua.21 “Co 0o 0.07 U.uB 0.04 =u.08 3 209
Qo34 ~Ja b 4 209
-1C. 0 19.¢C 5.0 ¢ 210
U C 0.0 JeQ Ced 0.0 1 210
=10. LG 5.0 0 211
e G 0. G 0.0 0.9 J.0 1 211
TIRE JATA G 300

1.0 L0 La0 1.0 &0 0.25 0 301
1068, 3.0 10.0 444). d.276 2904. 1780 3900.0 1.0 1 301
.80 15.0 0 302
NEW JERSEY BARKIER 0 5d0
121.4 121.0u> 128.0G5 130.0C5% U.625 G 507
~3.00 -13 .0 “32 .0 0 508
-8%.5 -55.0 -83.9¢1 0.¢C 0 509
60 .3 MPhy T.4 DEG ¢ 600
G. 0 0.0 Tah U0 3.0 0.0 Ued C &01
Ued - To «Q -25.148 1UBl.v L.0 U.0 0 602
0.0 2.0 JeU 0.0 0.0 0.0 J.d Jed 3 603
09559
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value was

Thus, the

mm) above the base of the barrier, while the actual (test)

approximately 23,25 inches (591 mm) above the base of the barrier,

current version of the HYOSM consistently precicts fower tire elevations then

are observed in tests.
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5. 0§SCUSS 10N

The overail results of the comparison of the HVOSM responses using
the tinal vehicle data to curb traversals toc corresponding test results is
disucssed in this section, Figures 30, 31, and 32 present a subjective
evaluation of comparisons of trajectory response bumper height response, and
reit and pitch angle response of simulation results and full-scale test
results. These evaluations are based on visual comparison of the data plots
presented in appendix D for the entire evest and are thus subjective in
nature. However, they do lead to insight into *he ability of the HVOSM to

properiy predict vehicle response to curb impacts.

An evaiuyation of the trajectory response fs shown in figure 30. This
evaluation is based on the proper or improper prediction of vehicle
redirection only. That is, proper redirection/no redirection is indicated if
the final heading angle of fthe simulated vehicle is in agreement with that of
the test vehicle. in some cases where agreement occurs, deviaticas in
trajectory are apparent; however, the final heading angles nonetheless agree.
As can be seen in the figure, agreement occurs tor all combinations of speed
and app%oach angle for the type E curbs. However, agreement occurs only tor
high speed/high-angle cases for the type C curb. in the cases where
disagreement occurs for the type C curb, the simulation predicted redirection
of the vehicle whi'2 the vehicle did not redirect in the tests. This general
resuit Indicates that the interaction between the tire and curb for the type O
curb resulted in more steering response In the simulation than occurred in
the vest vehicle, hence, the greater tlkelihood of steering away from the
curb.

Evaluations o} bumper height responses are shown in figure 31. In
this case, a!l simuiated responses to the type E curb are judgad to be either
fair or good in comparison with the test responses. However, only at 60 mph
{97 km/h) at the two higher approach angles was the simulated bumper height
response Judged fo be in fair agreement with the test responses. In all other
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cases the comparisons were poor. This is due largely to the fact the the
simylated vehicla redirected away from the curb while the test vehicle

continued to cross the curb.

Angular response evaluations are shown in figure 32. In this case
both vehicle roll angle and pitch angle are considered in the evaluations. As
can be seen, simuiated vehicle responss tor the type E curt are qeneraliy in
either tair or good agreement with test vehicle response. However, for the
typa C curb, the simulated vehicle responses were judged poor in comparison 1o
the test veticle response in all cases. Agszin, this is generaliy due to the

ooor trajectory predicition for the type O curb.

These resuits generaily indicate that a modeling limiftation exist in
the current treatment of tire/curb interactions ?haf‘is sensitive to the Type
of curd being simuiated. It is suspected that this limitation becomes evideny
with the type C curb due to a steeper slope than exists with the type E curbs.
That is, the current tire/curb algerithm appears better suited to the iess
steap siope of the type E curb.

The nature of the mode!ing Iimitation that produces the results
shown here is not able to be specifically identified as a result of this
study; however, a number of areas are likely +o be con*ributors., ihese

include:

. The thin disk tire representation which lacks considerafion of
fateral enveloping power and direct production af latera!
torces due to interference with the curb. These limitations
would appear to be of increasing significance as the curb siope

increases.

* The atigning torque representation which Is sinutated by the
tire lateral force muitipled by a constant pneumatic trial.
Atigning torque produced hy typical tires is known 1o be highly
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nonlinear with slip angle (and therefore lateral force) and
actually reverses directinn at high siip angles. This may
result in a poor representation of the actual torque applied to

the steering system under some conditions.

® The vertical tire stiffness representation as represented by a
bilinear spring. This representation of tire vertical
stifFfness may be appropriate in situations with small vertical
distribuances; however, signiticant tire vertical deflections
can be encounterd during curb *raversais. The actual behavior
of +ire stittness at extreme deflections is, however, not

KWOwWhi«

in addition to these modeling l[imitations which may play a
significant tactor in simulated vehicle responses to curb traversats, the
sensi+tivity study of vehicle parameters has shown that some items of input
datz can have a substantial effect on vehicle responses. Suspension damping
and the tire deflection at which bottoming occurs can have a substantial
ettect on vertical and anguiar raesponses of the vehicle, particuarly at higher
encroachment angles. Steering system fricton can have a significant effect on
predicted vehicle trajectory if large variations are considered. However,
vehicle responses are less sensitive to nominal variations about a reasonable
value of this parameter (as determined by measurement). Steering system
inertia changes can also cause differences in vehicle frajectory responces.
Such variations appear to be more significant at low speed where the duration
of the interaction between the tire and curd is long encugh to cause a

response in the steering system.

Although variations in bump stop locations and rates were not made
during the sensitivity study, it Is believed, based on results of other
parameter veriations, that these parameters can cause variations in vehicie
vartical responses due to short duration high level forces acting on the
vehicle body.
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Thus, from the results of this study, (T Is apparent that a number
of vahlicle Input parameters are signiticant |n vehicle responses to curb
impacts and should be specitied accurataly if a specific vehicle Is to be

simulated as in a validation study. These Include:

L] Tire vertical rate over an extreme range ot deflections.
® Bump stop locations and rates.
® Suspension damping.

Other parameters that can influence vehicle response, but to a less

signiticant extent as long as reasonable values are used include:

e Vehicle sprung mass inertias.
] Steering system friction,
] Steering system inertia.

In summary, based on tha results of this study, the use of the HYOSM
o simulats curb traversal should be undertsken only with the understanding
that prediction may not always be valid. Hodeiing fimitctions wopear to be
more significant in ettecting vehicle responses with some curbs than with
others. The HYOSM predictions compared much more favorably with type E curd
test results than with type C test results due, [* is beiieved, to the nature
ot the modeling representation. Simuiation predictions of vehicle responses
40 a type X curb were also not in agreement with test results. In addition,
erronecus or improper specification of certain vehicle input psrameters can

etfect the response prediction to a significant extent.
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APPENGIX A
MGA DUPLICATION OF NCHRP 150 RUNS

Tigures 33 through 50 show the HVOSM results of the MGA duplication
of NCHRP 150 runs N-2 through N-19 piotted against the corresponding NCHRP 150
results. Each figure is a comparison of the full-scale NCHRP 150 results
(denoted by the Individual triangles and labeled "TEST™), the NCHRP 150
simulation results (denoted by the dashed line and labeled "NCHRP 150", and
the results of MGA's 4uplication of the NCHR® 150 simulation runs (denoted by
the line with the box svmbols and iabeled "MGA REPEAT OF NCHRP 150"). Each
figure is composed of two parts. Part (a) plots vehicle pi*tch angle, roil
angle, and bumper helight with respect to !ateral distance behind the curb,

Part (b) shows vehicle path and speed with respect to distance along the curt
from the point of impact.
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1 in = 2%.4 mm
1 £+ =2 0,309 m
| mph = 1.609 km/h

CURE TYPE E, TEST K-8 AT 30-MPH AND 20-DEG 1MPACT: (A) VEHICLE
ROLL, PITCH, AND BUMPER HEIGHT; (B8} VEHICLE SPEED AND PATH

96



g ;
\
-~ | (aj
= 4 ~i
-
v Ig«-
Ef L OMGA REPENT QF NCHRP 150w
x=
8 / ' TIPE E - CURR
(=]
g--
a - / ~
wi
1= B / A a
N k.
_’m =2 P, / . s
e
=]
T T & x
(=1
T-ih
ST
&8 -
- / & ‘ 2 . re A
] i & - -
preg
o
e + ! + TR— ; 4 4 +
§ o -4 L] ] i ‘16 2
LATERAL DISTANCE FD)
: = TOP EDGE OF CURS (b)
. (T
'i 1
-
n
p= MON RETEAT OF SCHRE 10
&
27 NCHRD ;Se‘;-—/
i & .
| vy
u -
= 4 a
-
2+ Ths

; IL k3
? 2B
§
v = e & N
: e s * &
i w !—ﬂ——%mgﬁ-&w s £
%s & a & 4 4
% e - &
[*%%

T

OISTANCE RLONG CURB IF T

Figure 40 CURB TYPE E, TEST K-9 AT 45-MPH AMD 20-DEG IMPACT: (R) VEMICLE
ROLL, PITCH, AND BIMPER HEIGHT: (B) VEHRICLE SPEED AND PATH

-
—
oF
b
.
b
-
L
.
;

60 n

1in = 29.4 mm 97
It = 3,309 m
b.mph = 1.609 km/h




N — s e

o
>
z
TRt
w L MGA REPEAT 0f NCHRP 150
X
8 / TYPE £ - CURD
o
24»
b
']
Q
__JQ
ud
]
x 4
=8 |
S*t {
=
_.c. 5 - - - " "~ ry L) "y i -
g
L)
e 4 4 + + + 4 L ¢
a ' ] e i 6 P
LRTERAL DISTANCE (FN
we TRL.Eek ar it )
[
[7g)
32“ MOA REPEAT OF NCHEP (a0
&
w4
!
- . Moty
Rt TL\CE!,‘ :
a I
&
L—-—:—:& Xy ol s i —p
£%7 ‘il
£ 4t e
fon »
vy
a2t
v
% .
[¥
5 Y . w  w ® R
. DISTANCE ALONG CURB ¢ D
Figure 41 CURB TYPE €, TEST K-10 AT 30-MPM AND 20-DEG IMPACT: (A) VEMICLE

T im = 29,8 mm
1 ¢+ = 0.30%m
T mph = 1. /09 km/h

ROLL, PiTCH, AND BUMPER HEIGHT; (8) VEHICLE SPEED AMD PATH

98



it st

4

- ] MG REEPIAT (G)
Z <0 wimr tan ‘“/——“ “
= R
RO
?Pu" I
Ser
o NCHI (S0
by
& / TIFE C - CURE
(=]
g«- 4
[T
Q
(=]
- a
= o ‘lh
S o
&
o
"’.lﬂ-
Snd- L

A
i

;

1

I

(98]

() + : $ + 3 4 4 + +

o' 4 8 12 16 20
LATERARL DISTANCE (FT)

MGA REPEAT OF NCHRP 130 Jr”’tufu_\omr};=(bi
= B = Top £pcE oF cume
@w® T aa s
—_ & A & 4 a4 s 4 a
Buen L
v TEsy
fom ]
22T
jony
vy
i £
[

o
-d
ﬁ-h.
. e
=87
[+ %
z
ﬁ M -3 &
Lzt
(v ] —
o
x
e
o 4 4 + ; $ : 4 ' + 4 +
™ 12 30 -4 S0 Fo
DISTANCE ALONG CURB (FT)

Figure 42 CURB TYPE C, TEST N-11 AT 30-MPH AND 5-DEG IMPACT: (A) VEHIQLE
ROLL, PITCH, AWD BUMPER HEIGHT; (B) VEHICLE SPEED AND PATH

b in = 2%.4 mm
1t =0.05m 99

1 mph = 1,609 rm/h




- MUA REPEAT OF NCHRP 150 (0)
s 4 & :
- “u‘ s
2 R
— &
=
2
%- g
e |
bl TYPE € « CUREB

o
v
=
”J -
1 r-3
[.an) &
T | b amh
at, b
=
hChing 1
[t}
c"‘ﬁ' P S 0“&“““
ry
[
oty + — $ $ + } } 4 ¢ 4 +
o ‘4 4 8 i 16 20
LATERAL DISTANCE F D)
MOA REPEAT OF NCHRP 150*\ “_____.»—-"""
- e e~ ™" TOP EDGE OF CUR3
w® 4 a N NCHRE 130
powrd & a4 s a . (b)
a1 AN
4 TEST
o
227
&
@
b L
B
a
A
8“‘
s, £
:‘:GD
a
= - -
o
ol
aZ
[Ty ]
fon
by 4
(¥ 58
EB' 4 + 4 .

E VA m
DISTANCE ALONG CUSB (1)
Figure 43  CURB TYPE C, TEST N=12 AT 45-MPH AND 5-DEG IMPACT: (A) VEHICLE
ROLL, PITCH, AND BUMPER HEIGHT; (8) VEHICLE SPEED AND PATH

e

1 in = 2%5.4 fon
1 £+ = 0,305 m 100

1 mph = 1,609 km/A




=]
¥
- HGA REPEAT — {a)
Zz ¢ [or some s L /-
=
A b\ Ay &
£RT \5 ﬂ ‘e
< | \{ HRP 150
¥
o / TYPE C -~ CURA
o
o
2
(3 e
=
— ry AM A 'y
"‘"’H"'m 3 E 3
_EQ . 'Y
8 -
T + Al‘AA
=)
Tﬂ‘l
et i
it
I Y s YO To
o .3 44 iy g bl &
oy 4
ol
o t + + + + + + + 4 4
P e 16 o]

u B 12
LATERAL DISTANCE 1)

TOP_EDGE AF CURB (b)
e MO REFCNT S8 NUGRE 130

(FT)
0

Iy S s it e
- b & L 'R—
Y

2 Yag, N LEe
mc “a L
=7 Aa,
3 TES!
wol
=04
-

a-.

T L
By
o
=

-
©
hd
Ll
Q
)
a-
xz
(™

A1

-

E-»

L

EN
-

0 ") <
DISTANCE RLONG CURB FT)
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1 in = 25.4 mm
Pf+ 2 0.305m
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~ CURB TYPE C, TEST N-16 AT 45-MPH AND 20-DEG 1MPACT: (A) VEHICLE
* ROLL, PITCH, AND BUMPER HEIGHT; (B) VEMICLE SPEED AND PATH
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Figure 30

1 in = 2.4 mh
1+ 5 0,309 m
1 mph = 1.609 km/h
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APPENDIX B
MGA DUPL ICATION OF MCI RUNS

Figures 5! through 68 show the HVOSM results of the MGA duplication
of MCl's simulation of runs N-Z through N-19 plotted against the corresponding
NCHRP 150 results. Each figure is a comparison of the full-scale NCHRP 150
results (denoted by the individual triangles and labeled "TEST™), the NCHRP
150 simulation results (denoted by the solid iine and labeled "NCHRP 150",
and the results of MGA's duplication uf MCI's simulation runs (denoted by the
line with the box symbols and labeled "MGA REPEAT OF MCIM). Sach figure is
composed of two parts. Part (a) plots vehicle pitch angle, roll angle, and
bumper height with respect to lateral distance behind the curb. Part (b}
shows vehicle path and speed with respect to distance along the curb from the

point of impact.
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110



o e T AT 11 gy 4t TR e e

g - e
- o TEST (a)
z &
= e NOHRE 13
TRT _
E‘ 1 MGA REPEAT OF FHWA
x .
B / TYPE E - CURR

[~} .

n«r.

{DEG)
™

o
-
o
o -
T
al
)
. Y e
O
8
I SV
(=3
B
— + + + - $ + 4 + + + +
o 4 § 8 i2 16 2
LRTERRL DISTANCE (FT)
MGA REPEAT OF FHWA=] (b)
= TOP EDGE OF CURA
b .
= i ¥
f x e AV,
= 4
od NCHEP PAp
_Ju\
a
@
u L o
[y
[~
-
R?
T & -
-
& g & & a
=3 s et Ay
:0:. Sul S Rt —
T
o
v
ﬂ.si-
0
g -+
G

f0

10 T w % %
DISTANCE RLONG CURB IFT)
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1 in = 2%.4 mm
1 ¢+ = 3.0% m
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CURB TYPE £, TEST K6 AT 45-WPH AND 12.5-DEG IMPACT: (A) VEWICLE
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boin = 25.4 mm
1 4= 0300 m
1 mph = 1.609 km/h
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CURB TYPE E, TEST N-7 AT 60-MPH AND 12.5-DEG IMPACT: (A) VEHICLE
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Figure 58

tin = 25.4 mm
1 f+ = 0,305 m
1 mph = 1.609 km/h
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CURB TYPE E, TEST N-9 AT 45-MPH AND 20-DEG IMPACT: (A) VEHICLE
ROLL, PITCH, AND BUMPER HEIGHT; (8) VEHICLE SPEED AND PATH
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f in * 2%.4 mm
PP o2 5.3 m
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APPENDIX C
MGA HVOSM SENSITIVITY STUDY

Fiqures 69 through 95 show the HVJISM resulits from the sensitivity
study conducted by MGA. The results are plotted against the corresponding
NCHR® 150 full-ccale resuits {denoted by the Individual triancies and fabeled
"TEST™) and the MCA duplication of the MC! simulation runs (denoted by the
s01id 1ine labeled "MGA REPEAT OF MCI™) for compar ison purposes. The input
parameter chaiged is given as a plot titie, and the change or changes made are
noted in legend fashion, Each ftigure is composed of two parts., FPart (&)
plots vehicle pitch angte, roll angle, and bumper height with respect to
latsral distance behind *he curb., FPart {b) shows vehicle path and speed wiih

respect to distance along the curb from point of impact.
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APPENDIX D
MGA "BEST™ DATA SET RUNS

Figures 99 fthrough 113 show the HYDSM resylts of the MGA runs using
the best data sot in simuiating NCHRP 150 runs N-2 through N-13. The rasuits
are plotted against *he corresponding NCHRP 150 results. fach figure Is a
comparison of the fuli-scale NCHRP 150 results (genoted by -the individual
triangles and labelad "TE3T™), the NCHR® 150 simulation results {denoted by
the dashed line and [abalad "NJURP 130™, and the results of the MGA best jata
runs (denoted by the line wits the diamond symbols and labeied "™3A 32357
SATA™). Zach figure is composed of two parts. Part (a} plots vehicle pitch
angla, roll angle, and bumoﬂ;r height with respect +o !ateral distance behind
the curb. Part (b} shows vehiclie path and speed with respect to distance

alony the curb trom the point of impact.
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Figure 101
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Figure 110
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Figure 113
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GLOSSARY

DESCRIPTION OF INPUT YARIABLES

Variable Bescription : Units

lnertial & Dimersional Data:

s Iprung mass fp-g2/in

Myt Total front unsprung mass tb=sZ/in

“ur Total rear unsprung mass : ib-52/ir

I % Y153 moment of inertia ot the sprung mass ibesd=in
about the vehicle X-axis

ty Mass moment of inertia of the sprung mass Ib=sl=in
sbout the vehicle Ye-axis

iz Mass mument of inertia of the sprung mass [b=s2~1n
about tha velicle l-sxis

fxs Mass product of inertia of the sprung mass fb=352-in
in *he vehicle ¥-7 plane

e M3ss moment of inertia of the solid axle tb=sd=in
Fear unsprung mass about a line parallel to
the vehicie X-axis and through the rear un-
sprung mass center of gravity

a Horizontal distance trom. spurng mass c.g. to  in
centerlina of front wheels

b dorizontal distance from sprung mass c.g. to in
centerline of rear wheels

T¢ Front wheel track : in

Tr Rear wheael track in
Vertical distance between rear axle £.7. and in

o rear axle roll center, positive for roll
center above C.g.

Ts Jistance between rear spring moments for in
sotid rear axle )

Suspension Rate Data:

K? Linear front suyspension load delfection rate Ib/in

Kt Linear coetficient of the front suspension fb/in
compression | jounce) bumper term X

K' 4z Cubic coefticient ot the front suspension Ipfin
compression ( jounca) bumper term

Ktg Linear coefficient ot the front suspension In/ir
extension (rebound) bumper *orm 3

K'ta Cubic coefticient ot the tront suspansion th/in

extansion (rebound) bumper term
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GLOSSARY (CONTINUED)

Description

Ratio of conserved to total absorbed energy
in the front suspension bumpers

Front suspension deflection 3t which the
compression bumper is contacted (should be
negative!

Front suspension deflection at which the
extension bumper is contacted {should be

positivel

Linear rear suspension load detlection rate
Linear coefficient of the rear suspension

compression ( jounce) bumper term

cubic coetficient of the rea~ suspension
comprussion { jounce) bumper term

~inear coefficient 0of *he rear suspension
extension (rebound) bumper term

Cubic cozfficient of the rear suspension
extension {rebound) bumper term

Ration ot conserved to total absorbed energy
in the rear suspension bumpers

Rear suspension deflection at which +he com
pression bumper is contacted {should be
negative)

Rear suspension deflection a* which the ex=-
tension gumper is contacted (should be
positivel

Suspension & Steering Data:

Front suspension viscous damping coetficient
par side

Front suspension coulomd friction per side
Front suspension friction nul! hand

Rear suspension viscous damping coetfficient
per side .
Rear suspension coylomb triction per side
Rear suspension triction nul! band

Front suspension auxiliary roll s*iftness
Rear suspension auxiliary rolt stittness
Rear axle roll-stear coefticient

Steering system stear moment of Tnertia about
the whea! stearing axes

Steering system coulomb friction torque, ef=-
fective at the wheel! steering axes

17%

Unitg

in
Ib/in
Ib/in
16/in°

Ib/in

Ib/:r.3

lb=s/in
Iy

infs
ib=-s/in
Ih

in/s
ib~infrad
th=in/rad

Ih=gdein

Ih=in



GLOSSARY (CONTINUED)

Variable "Description Units
2 Front wheel steer angie a* which steering rad
fimit stops are engaged
Ky Jtittness of the steering limit stops, ef= th=in/rad
¢ fective at the front whee!
¢ Friction iag in the stesering system rad/s
rT Front wheel pneumatic trait in

lire Data:

RIE “inal detlection of the force versys de- in
' flection characteristic of the radial spring
tire modeat
BESTRN fncrament of Jdeflaction of the torce versus in
daflaction characteristic ot the radial
spring tire aodel

Xt Tire ioad-deflection rate in the quasi-linear 1b/in
' range ' ‘

7 . '

I Tire deflection at which the load deflecticn in
rata incressoes :

t 4ultipiier of Kt ysad to obtain tire stiffness
at iarge deflections

Ad Constant tor tire side force vs slip angle
characteristic

Ay constant for tire side force characteristic
due to slip angle

A2 Constant for tire side torce characteristic
due to slip angle

b3 constant for tire side torce charascteristic
Jua to camber angle

A4 Jonstant tor tire side force characteristic

. due tH ¢ambar anqgle

v Muttipler of A2 at which tire side force
characteristic variation with 1oad is aband-
onad

i Feiction coetticients of suyrface on which
tire meisyrements ware taken

R Undettected +ire radius in
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