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SUMMARY

The primary purpose ofthis study was{o provide vehicle data sets characterizing
the subcompact, compact, intermediate and standard size categories of passenger cars.
Thesedata sets provide for parametric studies of the vehicle-terrain~cablebarrier system
using the NAE-Cornell analysis. A secondaryobjective wastoderive parametric functional
relationships which could be used to calculate typical values of the required parameters.

The objeciives were met bya search éf the published literature for vehicle para~-
meter data, Thesedata werethen analyzed to establish phrametric correlation with wheel-
base length or total vehicle weight.l This was done for several of the primary vehicle para-

meters required for parametric studies. Finally the results were used to generate data

sets for the required vehicle categories.

RESUME

Le but principal de cette étude a été de produire des ensembles de données
permetiant la caractérisation de diverses tailles de voitures de série (souscompacte,
compacte, intermédiaire et couranie). Ces données permettent d'accomplir, au moyen de
Jaméthode d'analyse NAE-Cornell, des études paramétriques du systéme véhicule-terrain-
garde fou 4 cables. L'un des objectifs secondaires a été de mettre au point des équations
paramétriquésrde fagon & calculer des valeurs types des paramétres nécessaires.

Une recherche bibliographigque concernantles dqnnées paramétrigues de véhicules
automobiles, a permis d'atteindre ces objectifs. Les données ont été analysées de fagon
& établir des corrélations enire les paramdires et ia distance entre les deux essicux ou
encore le poids total du véhicule. Plusieurs,de's paramgtres primaires nécessaires aux
études paramdiriques ont ainsi été analysés. ‘I;es résultats obtenus ont, en dernier lieu,

permis de générer des ensembles de données relatifs aux catégories de véhicule étudiées.,
! ¥

{iii)
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FUNCTIONAL DERIVATION OF VEHICLE PARAMETERS FOR DYNAMIC STUDIES

by
G.L. Basso

1.0 INTRODUCTION

A search for vehicle parameters required for parametric studies of vehicle re~-
direction by highway cable barriers has beex} carried out. The primary objective was to
derive data sets for several vehicle categéi'i;es. This report presents the results of this
investigation. | . :

The NAE analysis of the cable barrier model (Ref. 1) has been programmed for
digital computation, and is used in conjunction with the Cornell simulation of vehicle

dynamics in single vehicle accidents (Ref. 2).

2.0 BACKGROUND

The Cornell analytical description of the vehicle (valid for a rear drive, front
independent suspension and a solid rear axle as shown in Fig. 1) requires numerical
values for thirty-two individual parameters. Also required are tabular data for front
wheel camber as a function of suspension deflection, driver control fables in the form of
wheel torques as a function of time and tire data to cover the compléte range of loading-
conditions. A flow chart listing these parameters is shown in Figure 2. Besides the
parameters required in the basic Cornell model as used in the NAE studies, Figure 2 lists
additional parameters resulting from exiensions of the analysis (Ref. 3).

In addition to the vehicle description, the parametric studies also require para-
meters identifying roadside terrain features and: of course, the cable bharrier configura=-
tions. To include this total amount of detail in studies of the type envisaged would render
the task most difficult. Accordingly the ob;ectwes of the vehicle parameter search were
twofeld, First to provide a paramelric descmptmn of that class of vehicles constituting
the major percentage of the total population - conmdered to be the famﬂy sedan type of
automobile subdivided into subcompact, compact, 1ntermed1ate and standard size catego-
ries. And secondly, to investigate the possibility of reducing the total number of individual

parameters required to define the vehicle model by functional relationships with as few
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independent variables as possible; e.g., that all vehicle parameters may be functionally

related to wheelbase length. This latter step is particularly important in relation to the

derivation of simplified design criteria used to assess total vehxole-terrain-—barrier

system response.

The objectives noted above were met, in effect, by searching the published liter~

ature for numerical data typifying the various vehicle parameters apropos to the Cornell

simulation. These data were analyzed to uncover the existence of functional relationships

that would permit calculation of parameters for all categories of vehicles within acceptabl

tolerances. A + 10% variation was considered acceptable, based on typical sensitivity

response of the vehicle-—terram-—barmer system to changes in major system parameters.

The absence of a significant amount of data for any particular category of vehicle negated

the use of statistical anaiyms other than the application of best curve fitting by least

squares fit. No attempt was made to mode] any particular ride or handling aspect of the

bassenger car for purposes of generating data, The approach was to accept typical final

production values which, in the automotive industry, are often arrived at by an essentially

‘track test' approach.

In total the literature search uncovered the existence of an appreciable amount

of data, much of it, however, somewhat fragmentary. To assemble a complete data set

for a particular category of vehicle required a composite of several makes and models

involving several production vears. Thus a particular parameter could possibly reflect

production trends if derived from vehicles Spanning several production years. For

example, for a given overall length and weight present day passenger cars have & smaller

pitch moment of inertia than, say,

the early 1950 era due to current low profile styles
(Ref. 4).

The-most complete source of data (Ref. 5) was directed towards a compilation

of typical vehicle parameters for dynamic studies applicable to conventional domestic

{(North American) passenger cars. Here again, however, for the most part a range of

values were quoted typical of an upper and lower bound. The point to be made is that a

valid system response is dependent on a judicious choice of a data set representative of a

particular class or category of vehicles, Accordingly, where possible, criteria used in

ride and stability response were employed to validate results of the study. Also attempts
: }
were made to obtain as complete a data set as possible for the category of vehicles con-

sidered herein by direct solicitation to the automotive manufacturers.
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The classification of private passenger cars into the subcompact, compact;
intermediate and standard size categories as used herein is in conformity with that gen-

erally used by the automotive industry as reported in, e.g., the Automotive News.

3.0 VEHICLE POPULATION STATISTICS

As stated previously, the objective of this study was to provide vehicle data
characterizing the several categories of vehicles noted above for parametric studies of
vehicle redirection by highway cable barriers. The assumption is that these categories
comprise the major portion of the total vehicle population as attested by motor vehicle
registration statistics. v | _

Such staﬁstics have additiorial relevancy o ba’i‘rier design. For example one of
the most significant trends noted over the past several years has been the increasing
presence of the smaller (overall dimensions and curb weight) size car - subcompact,
compact and, to some extent, the intermediate categories. This is illustrated in the barv
graph of Figure 3 which shows Canadian registration statistics for the production years
1969 and 1973, arranged according to the vehicle categories used in this study. This
ghift is dramatized further if the results of Figure 3 are viewed in relation to the more
traditional full-size or standard category. There is reason to believe that this trend will
continue. Related to highway barriers the message is that for existing installations the
more rigid confizurations are likely to be, in a structural sense, more punishing. By
contrast flexible barriers {e.g. the cable type) are more accommodating. Also vehicle
statistical specifications for future barrier design may require a change.

Figure 3 was constructed using the data tabulated in Tables 1 and 2 which, in turn,
were compiled from registration statistics arranged, in so far as possible, according to

the designated categories. Wheelbase length and curb or unladen weight were derived from

manufacturers' specifications.

4.0 FUNCTIONAIL DESCRIPTION OF VEHICLE PARAMETERS

The analysis of vehicle parameter'é as described below was conducted for the
specific requirements of the vehicle-terrain-cable barriey‘r system as simulated by the NAE ~
Cornell analysis. Nevertheless it is anticipated that the results wiill’find general applica~

bility.
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The class of vehicle considered in the study was confined to the private passenger
car as typified by the two—door or four-door family sedan in its several weight categories,
Vehicles classified as specizlty cars or station wagons were not considered in so far as

specified in the literature.

4.1 Tire Characteristics

As shown in the flow chart of Figure 2 tire parameters are considered as a sep-
arate measurable entity. The analytical approach adopted for tire-terrain interaction in
the Cornell analysis is fitted empirical relationships to approximate the experimentally
derived data. Simply stated this is ach1eved by adoptmg, as a function of tire loading, a
paraholic d1str1but1on for both cornering stiffness for small slip angles and camber
stifiness for small camber angles. Tire side-forces are calculated by first approximating
camber effects by an equivalent slip angle, and making use of an analytical approach where-
ina non-dimensionéi slip angle variable and a friction circle concept are employed.
Aligning torques on the front wheels are simulated by means of a constant pneumatic trail
dimension when the opticnal steer-mode degree of freedom is activated. In this way a
complete range of tire loading is accommodated ~ from a loss of ground contact to cond-
itions of extreme overload. Details of the tive-terrain interaction analysis are given in the
Cornell reports (Ref. 2). An example of the approximation achieved is shown in Figure 4
as reproduced from Reference 6. The A constants are those used in the parabolic fit,
Table 3 contains a list of data for several tires formulated in accordance with the Corneli
analysis, and also reproduced from Reference 6.

Updated versions of the Cornell simulation (Ref. 7) have included a more com-
prehensive treatmentof the tire-terrain interaction analysis, incorporating such details
as variation of circumferential friction coefficient with wheel slip speed and vehicle speed,
asymmetric tire loading such as that whicﬁ m.ight occur with one wheel resting on an ice
patch, etc. In addition the friction circle concept has been replaced by a more realistic
friction ellipse to account for the characteristic variation of tire side-force coefficient

with wheel slip speed.

4.2 CurbWeight and Dimensions
Vehicle production characteristics such as curb or unladen weight, total weight

distribution, overall body dimensions,'wheel track and wheelbase length and tire sizes are
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readily available from publications such as Automotive News and Consumer Reports. As
an example figures for the production years 1869 and 1874 are shown in Tables 4 and 5
respectively, arranged according to vehicle categories. The subdivision of the standard
size category is in accordance with results reported in Consumer Reports. For each
category average values have been calcula:ted.

The average values in Tables 4 and 5 have been found to correlate quite well with
wheelbase length. For curb or unladen weight a log ~ log plot using a2 least squares {it
strongly suggests a cubic law - the exponent being 2.94 and 2. 77 for the 1969 and 1974
production years respectively. Selecting the cubic ;eiationship and using a least squares
fit yield the results shown in Figure 5. Ina similar way percent front to rear fotal weight
distribution, overall length, width and height, gand front and rear wheel track have been
correlated with wheelbase length, Figures 6, 7, 8 and 9 respectively. Linear relation-
ships in theform of y = a + bx have been found adequate. With the exception of front to
rear weight distribution the validity of an equation with zero intercept has been verified
also. The former is used to calculate typical vehicle values. The latter is used in para-
metric studies to investigate the possibility of expressing the vehicle contribution to total
gystem response in a simplified form, e.g. using dimensional analysis. Upper limits are
shown for overall width and wheel track due to constraints imposed by road size.

By superimposing on Figures 5 to 9 all values for each of the corresponding
parameters listed in Tables 4 and 5 one finds that, for the most part, individual values
fall within a £ 10% band about the least squares fit. Also noted - is that North American
vehicles tend to have a width to height aspect ratio of approximately «/_2— Imports tend to
be somewhat less.

Additional vehicle dimensions are required in barrier analysis to locate the
vehicle contact points. For the cable barrier these have been defined as the front and
rear corners (Ref. 1). To provide data for the particular needs of the parametric studies,
representative values of front and rear overhang, measured relative to the front and rear
axle centrelines respectively, have been made on several representative vehicles as listed
in Table 6. These have been expressed as péri:'entages of wheelbase length, and again
average values calculated for each vehicle gategory. The average values are shown
plotted in Figure 10 and linear functions derived as descri})ed above. , The footnote at the

bottom of Table 6 is relevant to the cable barrier studies and specifies the elevation above
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4.4 Centre of Gravity Location
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ground at mid - cable height. The sum of front and rear overhang plus wheelbase length

will be generally less than the overall vehicle length.

4.3 Weight Distribution

For the analysis the vehicle is idealized as a composite of rigid body masses,
namely that corresponding to the sprung weight and the front and rear unsprung weights.
The front unsprung weight is considered as two separate masses concentrated at the
wheel centres.

Weight distribution data as extracted from several sources are shown tabulated
in Table 7. Total vehicle weight distribution has been considered. Total unsprung weight
is shown tabulated as a percentage of tc;tal vehicle weight and front unsprung, as a per-
centage of total unsprung.

Total unsprung weight is shown plotted as a function of total vehicle weight with
linear correlation in Figure 11, The-linear expressions were derived using least squares

fit. Reference 9 quotes a typical relationship for the sprung weight (W) related to the

+ 0.008
10,852 ———x
W, ( 852 uo‘ms}""w

This result is based on data derived from a total of eighteen vehicles. From Figure 11

total vehicle weight (W;) as

the corresponding relationship is found to be
Ws = (1 -0.144 )W? = {.856 WT

based on data derived from thirty-six vehicles. Reference 9 also quotes a typical rela-

tionship for the front unsprung weight (W y¢) related to the total unsprung weight (W) as

+
W, = (0.3‘79 10,004

UF - 0,003/ v
based on data derived from sixteen vehicles. From Table 7 the corresponding average

value is found to be

W, ~0.385 W,

UF
using data derived from a total of twenty-four vehicles.

The analysis assumes a vertical plane of symmetry containing the vehicle long-
itudinal centreline. For the total vehicle the longitudinal location of the centre of gravity,

relative to the front and rear axle centrelines, is given by the front to rear weight dis-
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tributionand the wheelbase length. The vertical location, on the other hand, is not éé
readily defined. Reference 5 quotes a range of values of approximately 19 to 24 inches
above ground as being representative of the North American passenger car.

There is some evidence to indicate that the vertical centre of gravity location is
related to the overail height. Table 8 lists several values for a number of vehicles as

derived from several sources. Included is the overall height and the ratio of centre of

gravity height to overall height. This ratic appears to be approximately constant with a

value of about 40%. Figure 12 shows the correlation of this ratio with vehicle weight using
the data obtained from References 8 and 12 {the Mustang and the station wagon are not
included), The additional data listed in the table reflect loading conditions other than

curb or unladen weight.

The centre of gravity for the sprung mass can be derived using the data obtained
forthe totalvehicle and the vehicle weightdistribution. The mass centres for theunsprung
weights are assumed to be on the axle centrelines. Their vertical location above ground

can be estimated from the tire size, the weight at each wheel and a representative value

for the tire stiffness (typically 1000 Ib/in).

4.5 Moments of Inertia

Measured moments of inertia, made with respect to a centroidal system of axes
as required in the analysis, are shown plotted as a function of total vehicle weight in
Reference 5 for total vehicle yaw and pitch, and sprung mass yaw and roll. Linear
approximations are derived for each case with estimates of upper and lower bounds.
Values given include both station wagons and the relatively low, long hood, short rear
deck vehicles. Also the pitch values reflect various loading conditions. Sprung mass
pitch moments of inertia are not given.

Relative tothe vehicle moments of inertia,jthe implication of the cubiclaw relating
total vehicle weight and wheelbase length is that the inertia is related to the total weight
according to a 1-2/3 power law. To test thlS h;-jfpothesis tbe data given in Reference 5
were used to obtain the square of the radius of gyration for each case as a function of
total vehicle weight (Table 8). The resuitsiare.shown in F-‘igures 13 apd 14 plotted on a
log - log scale for total] vehicle yaw and pitch, and sprung mass roll ahd yaw, moments of

inertia respectively. Least squares fit bas been used in each case. Also shown is the fit
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obtained using a 2/3 power law. These results show that for each case the corresponding
moment of inertia is approximately proportional to (‘.&ﬁr)"'}’7 |

The values required in the analysis are the sprung mass inertia parameters
relative to a centroidal system of axes located at the sprung mass centre of gravity. For
the piich inertia values can be estimated using the value for the total vehicle and the known
weight distribution. The front unsprung weights are considered as point masses. Pitch
moment of inertia for the rear axle, aboul the axle centreline, is sensibly zero. There-
fore the rear unsprung mass can also be treated as a point mass for purposes of calculating
sprung mass pitch inertia, ' ’

The rear unsprung mass roll moment of ineftia, i.e. about an axis parallel to
the sprung mass reference x - axis and t‘:h)rfough‘ the axle centre of gravity (Fig . 1), is the
additional mass‘parameter required to define the veﬁicle. For purpeses of the parametric
studies this value has been calculated for each vehicle category. To do this the value
measured for the test vehicle used in the NRC cable barrier studies {Ref. 1) was taken as
a base value. Values for each category were calculated by scaling according to the weight -
of the rear unsprung mass and the square of the rear wheel track. The value used in
Reference 1 (344 1b - sec’~ in, 59.28 inch wheel track and 303 1b weight) was measured
using an air bearing system (Ref. 13). A value of 600 1b - sec?- in (64 inch track and

345 1b weight) was reported in Reference 3 and 435.6 1b - sec’~ in (60.5 inch track and
365 Ib weight) in Reference 2.

4.5.1 Dynamic Index

Vehicle inertia parameters are found in the equations of motion governing ride,
handling and directional response. In handling anaiyses a term called the 'dynamic index’
is frequently encountered (Ref. 14). This term is defined by the ratio of the square of the
yaw radius of gyration to the product of the foreward and rearward location of the cenire
of gravity of the total vehicle, i.e. |

; 1 2
dynamic index = K )ch

a. b

T
)

This term relntes the mass distribution to the weight distribution. A typical value is unity.
This dynamic index can be calculated using the results presented herein as follows.

From Figure 13 the 2/3 power law for the'lsguare of the total yaw radius of gyration is



given by
(K2), ., ~0.103 W75
The cubic law from Figure 5 for 1969 production models is

W, =~(2.254) 10 ¢,

whence
(k%)  #(0.103) [(2.?54)10-3} (144) 2]

ya

The value 144 converts square feet to square inches. From Figure 6 an average value

between 90 and 130 inch wheelbase length gives, for 1969 production models, a front to
rear weight distribution of 54.7/45.3. Thus

a;~0.453¢
br~0.547¢,
And hence
2
LR PN
_yow {0,103 | (2,254)10 {144)
aIbT {0.453) (0.547)

= 1.03

as compared to the value of 1 previously mentioned.

A similar term is defined for ride response but in this case in terms of the

sprung mass pitch moment of inertia (Ref. 15), namely

——

2
Kg)

agbg

. itch
dynamic index =

Again from Figure 13 for the total vehicle in pitch .

(k%)

pitch

~0.0788 W_ 75

Using the expressions for total weight and centre of gravity location as a function of wheel-

base length as given above for the yaw dynamic index yields g

(k)
pitch
~0,79

a"I“ 1
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For the sprung mass the product of (ab) is essentially the same as that for thé iotal
vehicle. Also the sprung mass pitch moment of inertia is about 14% less than that for the
total vehicle (based on Figs. 13 and 14 for yaw values and assuming the same percentage
reduction). Hence for the sprung mass
2
(ks>

~lPitch m¥ (10, 0.79) = 0.68
a b, (1-0.14) (0.79)

Reference 9 quotes an average value of
k? '
agb, - - 0.09

using sprung mass values derived from measuréments made on four early 1950 productior
models. In Reference 15 an average value of 0.8 is quoted for 1940 production models.

In both of these cases measurements were made on vehicles which were known to have
higher overall production heights, and hence, by comparison to present day passenger

cars, for the same overall length and weight a larger pitch moment of inertia.

4.6 Product of Inertia

The assumption of a vertical plane of symmetry containing the vehicle longitudin:
centreline implies the existence of a single product of inertia, in this case corresponding
to roll - yaw. Very few values have been found in the published literature - too few to
establish any correlation for the vehicle categories considered herein. Reference 5 guote
an approximate range of values of + 140 slug—ft'f and states that there was no correlation
with any measured vehicle properties that would allow this parameter to be estimated
without actually measuring it.

The centroidal system of axes used in the analysis (Fig. 1) is not, by definition,
a principal system. An angle of inclination .relative to the x-axis would define, however,
a principal system of axes, and the correspbnding moments of inertia about this prin-
cipal system of axes would be the priﬁciiﬁal moments of inertia. The assumption that there
exists a characteristic value for thisl angle of incliﬁation, for the category of vehicles
considered herein, provides the mea‘ns for estimating typical values for roll-yaw product
of inertia. Thug, given the sprung mass roll (Ix) aﬁd yaw ({Z) moments of inertia, the
corresponding product of inertia (I“_)_, all about the centroidal system of vehicle ref-

erence axes, and the inclination ( A ) '6{ the principal system of axes relative to the x - ax
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then

I,, = 1/2(1,-1) tan 22

Table 10 contains the results of calculated I, values for three assumed values
of A using the measured values for sprung mass I, and 1 , @8 reported in Reference 5. The
results are shown plotted in Figure 15 correlated with total vehicle weight. Also shown

in Figure 15 are the results obtained using the 2/3 power law for sprung mass roll and

yaw values as shown in Figure 14, namely

| 2
k%), ~0.0869 W,
whence
I ~0.0869 WA 1
g
For roll
(%), ~0.0121 W/’
whence
I ~0.0121 wj/:sfi
g
Therefore
I ~0.0374 Wi Wi tan 22
g
The upper and lower bounds quoted in Reference 5 ( = 140 slug - £t } suggest a possible
value of 2 = 3° as being characteristic of the category of passenger cars considered in
this study.

4.7 Suspension Characteristics

Many of the vehicles found on the Ngrt‘h American highways have one of the
foliowing suspension systems. For the front, i‘zln independent system with double frang-
verse links using coil springs or torsion bars. . For the rear, a solid axle with a multi~
control arm system using coil springs, or the éonventionaﬂl Hotchkiss!system using semi~

elliptic leaf springs. The study of suspension characteristics was confined, thoveoiore

to these systems in so far as specified as such by the data given in the published literature.
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4.7.1 Wheel Rates

Wheel rates (suspension rates) for purposes of the Cornell analysis are defined
as the suspension load-deflection rate for a single wheel in the quasi-linear range about
the curb position, effective at the wheel for the front and at the axle for the rear sﬁspensi
Wheel or suspension rates do not iﬁclude the effect of tire rates. A term called ride rate
reflects the effect of the tires (Ref. 16). These terms are used at times interchangeably
with resultant confusion.

Wheel rates for several vehicles are tabulated in Table 11, In some cases the
references quoted values denoted by ride rates. These were assumed, and therefore
entered, as wheel rates however. I_f such valueg were indeed ride rates an error of
approximately 10% would ensue (assuming a tiré stiffness of 1000 1b/in). Reference 5
specifies ranges of ride rate values, namely 80 to 160 Ib/in per wheel for the front and
80 to 260 Ib/in per wheel for the rear, at 30% to 60% front distribution. Several criteria
used to select such values were noted in the literature, and these were invariably related
to criteria used to assess vehicle ride guality. The final criteria chosen, as used in this
study, was governed by consistency of results, Accordingly, sprung mass bounce natura
frequeﬁcy and percent front distribution were used to determine front and rear wheel ratc
Linear correlation with total vehicle weight is shown in Figure 16 for th;e values tabu-
lated in Table 11. Reference 5 states a range of bounce natural frequencies for light load
conditions of 0.9 to 1.3 Hz, with smaller cars typically exhibiting the higher value. The
results of Figure 16 give a value of 1.4 Hz at 2000 1b and 0.97 Hz at 5000 1b.

4.7.2 Suspension Stops

Automotive suspension bumpers are used to prevent metal to metal contact with
excessive wheel vertical travel, and are designed to minimize and control the effects of
impact on the sprung mass (Ref. 18). In the Cornell analysis as used in the NAE studies
(Ref. 2) these deflection-limiting stops arel_assumcd to be symmetrically located with
respect to the design position of the éu-sEpension. They are assumed further to possess
constant load-deflection rates. Froﬁt apd rear suépension stop rates are expressed as a
multiple of the front and rear wheel‘rates, respectively. Some values are quoted in
Table 16 and these have been taken as represem;ative data for the various vehicle

categories,
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4.7,3 Damping

The Cornell analysis considers both coulomb and viscous damping, both effective
at the wheel for the front and at the axle for the rear. Coulomb damping would be probably
characteristic of the suspension system and possibly depend on vehicle size. Few values
were available with which to characterize this parameter. The values quoted in Reference
13 were measured using an air bearing system. Those reporied in Reference 3 are
comparable. The data in Reference 2 include shock absorber "blow-off’ force.

Viscous damping is provided by the shock absorbers. It would appear that shock
absorber rates are selected primarily to prqvide ride)quali‘cy. Damping rates are higher
in the extension direction and usually high:é.r‘ in the rear suspension. Reference 5 states
that ride damping is difficult to specify parazﬂe‘crically because it is nonlinear and guite
variable with different vehicles. A gross approximation of 20% critical bounce damping is
suggested.

For the Cornell analysis values of viscous damping are derived from force-velocity
measurements made directly on the shock absorber (Ref. 15) and then factored to account
for installation ratios (Refs. 2 and 3). For the ecable barrier parametric studies viscous
damping is not a sensitive parameter. Therefore values have been calculated as a per-
centage of critical damping, where the percentage values have been determined using the
data presented in Table 14 as follows. Critical damping (C_) per wheel was calculated
using the corresponding wheel rate (K) and the sprung weight (W) at each wheel. The

shock absorber rates quoted in the table were then expressed as a percentage of this

value and the results averaged.
Thus for the front
C, =~ 12.3% (Cc)F

and the rear

Ce % .20.8% (C, ),

Critical damping is calculated using

c, = 2/KW, /g



- 14 -

4.7.4 Roll Stiffness

Roll stiffness comprises two parts, namely that corresponding to the wheel rates
and an auxiliary quantity. The auxiliary roll stiffness is that due to the linkage elements
of the suspension system and, if emploved, a roll or anti-sway bar, Thus for the front
the total roll stiffness (RT)F is defined by

2
T
Ry, = Ef K, + R,

and for the rear (R ),

2 ,

®), = K, +R,
In these equations RF and RR are the front and rear auxiliary roll stiffnesses, respectively,
Kf and KR, the front and rear wheel rates, reépectively, T, the front wheel track and
TS the effective spring spacing at the axle. In the Cornell analysis the auxiliary quantity
is required as input data.

Table 12 lists values of roll stiffness for several vehicles itemized as described
above. This was done in so far as the data given in the references permitted. Inall
cases the suspension was one of the types specified previously. Values listed for the
front roll stiffness would appear to indicate that in some instances the vehicle was fitted
with a roll bar. The auxiliary values given for the 1963 Pontiac were measured by the
author (Ref. 13). In this case the suspension' was equipped with coil springs, with the
rear suspension being a three control arm system with a lateral track bar. The values
extracted from Reference 8 are listed in Table 12 but no calculations performed due to
the absence of reguired data, With the exception of the 1969 Ford the rear suspension
was of the Hotchkiss type. For the Ford a system with three control arms and a lateral
track bar, using coil springs, was specified. - In all cases the {ront suspension was
eguipped with a stabilizer. . - _

Reference 5 quotes for front 'roll stiffness a range of values from 200 to 700 1b -
ft/deg, for rear roll rates, 100 to 400 Ib - ft/deg, with 50% to 80% front distribution. An
assessment of the data in Table 12 indicates the following possibie parametric relation-
ships; and these have been used for the cable barrier parametric studies. For the {ront

suspension with no roll bar the auxilia‘ry roll stiffness is taken as the average of Ref. 13
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and the 1874 Pinto (20 1b - ft/deg). Thus for the front roll stiffness with no roll bar-

2
T
(RT)s = __;_KF + 20

P
The increased roll stiffness due to the installation of a roll bar is dependent on material
type and size. There is, however, some evidence (Ref, 19) to suggest that as a minimum
a roll bar is sized to give a 100% increase in front roll stiffness. Therefore, on this

assumption, for front roll stifiness with roll bar -

_ [T :
R}, = 2<:_72f_51§;+20

where the auxiliary value now becomes

2
T
BF = _FK_+20
2

For rear roll stiffness two cases are distinguished, namely a Hotchkiss system
with semi-elliptic leaf springs and a multi-control arm system with coil springs. This
has been done to account for differences in auxiliary roll stiffness. Also, iotal roll
stiffness depends on the effective rear spring spacing (T} as measured at the axle; and
this is considered to be different for each of the two cases. The data in Table 12
distinguish rear roll stiffness and rear spring spacing for each of these types with the
following results. For the leaf spring system the average auxiliary value is 87.4 Ib -

ft/deg. Rear spring spacing expressed as a percentage of rear wheel track gives an

average value of
Ts =76.4% 'I‘R
For the coil spring system the corresponding values are
R~ 58 b - [t/deg
T, ~ 4% T

Thus for the total rear roll stiffness , v
: 2
(R) = Tox +87.4
T'r "'“é""’ R
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Ts =~ 0,764 TR
for the semi-elliptic leaf spring system. And for the coil spring type

R R

2
T

(RT} =__5K + 58
2

Ts ~ 0.640 T,

Using these results front and rear total and auxiliary roll stiffnesses have been calculated

for each vehicle listed in Table 12. The resulls are shown tabulated in Table 12a, A

reasonable degree of approximation is evident.

4

4.7.5 Rear Roll Centre Height

The concept of a roll axis has been abandoned in the Cornell analysis. For the

- front unsprung massesthe degrees of freedomare the vertical motion of the wheel centres

and the optional steer mode. For the rear unsprung mass two degrees of freedom arc

assumed, namely vertical motion and roll, the latter about a roll centre (i.e. the virtual

centre about which axle motions take place in roll). The roll centreisassumed to remain

a fixed distance from the rear unsprung mass centre of gravity (positive for roll centre

above the C.G.).

The absence of sufficient data precludes the possibility of establishing any de-
finitive parametric relationship for this parameter. Daia tabulated in Tables 14,
15 and 16 show several values for rear roll cenire heights measured relative to ground.
Values range from 4.3 inches above the wheel centre heightto 3.9 inches below, with most
values negative, i.e. below the wheel centre. Reference 5 quotes a range of values from
8 to 20‘inches as measured above ground. A value of - 2 inches was used in Reference 2
and -0. 6 for the NRC test vehicle (Ref. 13). In theabsence of more definitive data z value
of 0 has been assumed for the parametric stqdies. Sensitivity studies have shown this not
to be a sensitive parameter. It has also been assumed that the rear unsprung mass cen-

tre of gravity coincides with the geometric centre.

4.7.6 Rear Roll-Steer Coeificient

The lack of data precludesthe bossibiiity of establishingiany parametric relation-
ship for rear roll-steer (positive for roll understeer). In addition to the values listed in
Tables 14, 15 and 16, Reference 5 quotes a range of values from 10% oversteer to 25%

understeer. Values of 5.9%, 5.62% zir}d 3.7% were used in References 2, 3and 13
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respectively. A value of 5% has been used for the cable barrier studies, again a sec-
ondary parameter in terms of response sensitivity.

rd

4.7.7 Wheel Vertical Travel

Maximum suspension deflections, from the positions of static eguilibrium rel-
ative to the vehicle, in both jounce (compression) and rebound (extension) are required for
both front and rear unsprung masses. The version of the Cornell analysis used in the
barrier studies assumes symmetry of travel in both directions. This restriction has been
removed in a more recent version (Ref. 7). Values are normally determined during
measurements of suspension load-deflection ’cilaracteristics. Some representative mag-
nitudes are listed in Tables 14 and 16. The description-ﬁ full wheel travel in Table 14 has
~been assumed {0 mean travel to coﬁtact of the suspension bumpers. In Reference 16,
Section 6 (suspension geometry) the term metal-to-metal position {(compression and re-
bound) is used to define the point of maximum travel limited by interierence of substan~
tially rigid members. The description given in Table 16 is assumed to donvey this
meaning. |

Values for both rebound and jounce are probably dependent on suspension type
and vehicle category. In the absence of more delinitive data the values listed in Table 14
have been taken as characteristic of this parameter for the various vehicle categories.
Corrections were applied to account for passenger load, i.e., jounce values were in-
creased by the same amount that rebound values were decreased. This was done using
the listed wheel rates and estimates of passenger load distribution. For the latter a 47%
front to 53% rear weight distribution was used for {ront seat passengers, and 17% front

to 83% rear for rear seat passengers (Ref. 8). Passenger weight was taken as 175 1b

per person.

4.7.8 Wheel Camber

Tabular values of wheel camber angle versus wheel vertical travel relative to the
vehicle are required for the right and left frt;nt .wheels. For a solid rear axle the rear
suspension is assumed to have zero camber: Figure 17 shows some representative values
plotied for a double transverse linkage, {ront independent éuspension, )‘typical of many
North American cars. The data extracted from Reference 20 exhibit camber change only.

Positive values of camber angle are defined-as being clockwise when viewed from the rear.
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4.8  Steering and Drive Line System

Values of the parameters used to describe the steering and drive line system
found in the literature are shown tabulated in Table 13. This is one area of vehicle
dynamics where there is indeed a lack of data. Reference 21 represents one of the earlic
studies of the dynamics of the steering system. The importance of friction was clearly
demonstrated. References 3 and 13 are both related to the Cornell analysis. In the
former additional degrees of freedom were added to detail more completely the steering-
drive line system. Reflerence 13 is related to the NRC cable barrier studies wherein the
Cornell analysis of Reference 2 is used directly. In all of these cases the analyses aré
made effective at the front wheels, .. ’ ‘

Values measured on the NRC test vehicie (Ref. 13) using an air bearing system
were related to the cable barrier test configurations. In this case the steering wheel was
secured against rotation. Steering flexibility was measured, therefore, for this condition
The magnitude of the coulomb friction was determined also. Since all values are made
effective at the front wheels, the effective magnitude of the moment of inertia Was 4Ssumse
to be essentially that due to the steering wheel. This would be very nearly the case since
steering wheel inertia reflected at the front wheels is proportional to the square of the
overall steering ratio. In view of the absence of more definitive data steering system
parameters were assumed to be the same for all vehicle categories. It is recognized

that steering system flexibility and friction are likely dependent on vehicle category.

4.9 Datz Sheets

Vehicle data were requested from the major American automotive manufacturers
The parameters requested for each of the vehicle categories were in relation to the
Cornell analysis. These data are reproduced in Tables 14, 15 and 16. For purposes of
this study ride rates given in Tables 15 and 16 were interpréted as being wheel rates.
Also, corrections were applied to approximate values for the curb weight condition in cases

where data reflected contrary load conditions.

5.0  APPLICATION OF THE RESULTS *
| b
The results of this study have been used to calculate representative values of the
several parameters considered herein. These are shown in Table 17 for the vehicle

categories used to describe the passenger class of vehicles. Table 17 has been used in



w

L3

.

ned

Ers.

»f

388

the

in

- 15 -

turn to generate the data sets required for vehicle-terrain-cable barrier parametfib
studies, and these are shown tabulated in Table 18.

For the parametric studies rear axle roll centre has been assumed to coincide
with the axle centre of gravity, which is considered, in turn, to coincide with the geo-
metric centre. It is anticipated that this will have minimal effect on system response.
Also suspension travel to the suspension steps has been assumed to be the same for
jounce and rebound in compliance with the Cornell analysis {(Ref. 2) used in the study.
Values given are the average of jounce and rebound, calculated using the results of Table
14 as described in the text (pg. 17). Coulom‘p damping values are the average of those

reported in References 3 and 13 (Table 135. ’

Sprung mass centre of gravity location and sf)rung mass pitch moment of inertia

- were calculated by parts, using the total vehicle values and the mass distribution in

Table 17, BSince both values of yaw moment of inertia are listed in Table 17, a check was
made by calculating the total value using the rigid body mass distribution. Values com-
pared within 7% or better.

In the absence of more definitive data steering system parameters have been
assumed to be the same for all vehicles. This assumes the same steering wheel moment
of inertia and overall gear ratio for each category. Although front wheel size is different
for the various vehicles listed in Table 18, their contribution to the fotal system moment
of inertia is considered small. These assumptions are quite likely reasonable ones.
Steering compliance, on the other hand, is likely a function of vehicle size as well as
transmission type. The value given for steering stiffness is taken, therefore, as rep~
resentative with the anticipation that this parameter is of secondary importance {o the
vehicle~cable barrier response. Finally the values of the auxiliary roll stiffness were
derived as described in the footnote to Table 12a. |

[

6.0 CONCLUDING REMARKS

The primary objective of this stuc}‘y-\%?as to derive vehicle parameter data sets
for vehicle-terrain-cable barrier paramefric‘studies. A secondary objective was to
evaluate the possibility of formulating pafamétric relationships whigh could be used to
calculate typical values of the required parameters. In "che main bofh of these objectives

have been made. An implication of the latter aspect of this study is that vehicle dynamic

response will scale in a dimensional gense.,
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One observation noted during the course of this investigation is that tﬁé generation
of vehicle parameter data tends to lag anatytical development. The steering-drive line
system is a case in point. Very few values of the parameters characterizing this vehicie
subsystem have been found. Also vehicle data reported in the literature tend to be pro-
pagated from author to author with the result that there comes a time when its relevancy
becomes questionable.

These deficiencies could be remedied by a systematic program of parametric
measurements carried out by interested agencies, and made on 2 few selected vehicles
representative of a2 given class. These giata coulci then be used to derive parametric
relationships as outlined in this studyt ' This, in turn, could provide the basis for gener-
ating relevant vehicle data sets apropos to vehicle dynamic studies. Facilities for the
accurate and reliable measurements of vehicle parameters exist. For example, Ref-
erence 22 describes an extensive laboratory facility designed for vehicle parameter
measurements affectmg understeer and brake steer. This facility can accommodate a
variety of vehicles. In addition the Structures and Materials Laboratory here at the

National Research Council has an air bearing system which forms the basis for a vehiele

barameter measuring system; and has been used, in fact,‘ to measure the data set for the
NRC test vehicle (Ref, 183).
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TABLE 12

SUSPENSION ROLL STIFFNESS

\ Hell Btilfness
Wheel Track . Wheel Rate
Unladen ot Rear Spring ) .
Make and Modecl Curh Weight Spacing at Front {it-ftfdep) Rear {35 fLjgeg) Commoents
¥‘ fih) ¥ront Hear Axie ()} Fronl itear
E {in} in} (ibfiny | tibjin} | Total | Auxiliery | Toi | Auxibary
1870 Ford Totino 4-dr. H/T 3800 60.8 G60.3 108 95 867 382{L) * Reference 17
.‘r 1968 Ford Galaxie 500 42B0 63 64 38.44 166 114 418 115 234{C) 312 Reference 3
: dr. H/T, 390 V.8 :
3 1563 Ford Gelaxic 4-dr. Sedan 4132 61.2 60.5 46.52 131 194 744 387 481(LY 86 Reference 2
z 1973 Veliart Sedan, 225 CID 3120 59.1 55.6 43.02 96 110 241 [+ 225(L) T Reference 10
- 6 cyl. engine » i o5) {100}
1873 Dodge Coronet Sedan, 3760 61.9 62.0 47.3 108 125 557 292 335{L) 132 Refcrence 10
B cyl engine i 4 {200) {129
1973 Chryslor New Yorker, 4600 62.1 63.4 147.3 115 120 617 294 202{1) 97 Referonce 10
B ¢yl engine {220) (100)
1963 Pontiac Strato Chiel 4289 60.34 59.28 42.0 1247 1 1211 | 353 23 18240) 25 Keference 13
2<ir. Sedan, § cyl. engine
1974 Pinto (subcompact) 2450 55.1 556.0 ©42.2 1 m 110 262 17 1875 45 Reference 11
3 1974 Maverick (compact) a140 56.4 665 42.8 86 119 395 189 226(C) 68 Roferenze 11
1974 Torino {intermediate} 4140 83.6 62.5 33.7 HY] 130 782 473 138(0) 31 Reference 11
i
1874 Ford {stendard) 4805 64.0 64.3 A8.44 112 122 560 227 185(C} b4 Reference 11
e Subcompact 2450 55 54 110 125 320 245(C} Relerence 12
Compact 3200 60 60 % | 100 | 460 170(C) Heference 12
o | H :
. rttieles ALY L i’ T ans SIi T Hafrvop~ 17
&
4 ! Brandard B} 34 < SE il b : D i LS
! ; ; ;
1969 Ford 4dr, Sedan, 302 3805 63 64 86 123 ! * i) Reference 8
V-B engine
; 1868 Mustang 2.dr. H/T, 302 3206 BB.5 58.5 74 103 * {L) Reference B
Y-8 engine
8
1969 Fairlane 500 4.dr. Sedan, 3269 60.5 B0 16 93 * (L3 Referchee
b 302 V-8 engine
1968 Lincoln 4-dr. Bedan, 460 5208 62.4 61 105 100 * (LY Relerence 8
V.E engine
1 { Wheel rate in 1ol {lbfin}
i Front suspension equipped with stabilizer bar in all cases
()
mT]l- = 7 Ki *+ &) ~ for front Ky and Ry sre the auxiliary roll stiffnesses, thal is, the roll stiffness in
( )2 excess of thal corresponding to the wheel rates in ride motions
Ty
Re), = P Ky * Ry - forrear
(L) Indicales rear suspension using serai-ciliptic leaf springs o
iy indicates rear suspension using coil springs '

Ts = £.764 Ty for (L}
Tg = 0.640 Ty for (C)
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TABLE 124

CALCULATED ROLL SPIFFNESS

Wheel Track Wheel Rate | Rear Spring Spacing Front Holl Stiffness (v ftfdegy Kear Roll Stifiness (l-{i./deg)
Make and Mode! (i flbhn) st Axle ta) No Holl Har With Roli Bar | Coil Springs Leaf Springs
Front [ Rear iFront| Rear Leal Coit |Total |Auwxiliary | Total |Auxibary | Total | Auxiliary Totat Auxiliary
1970 Ford Torico 60.6 | 60.3 100 95 46,07 287 20 554 287 234 B7
THHD Ford Gninxie HOO L] il 105 114 401,96 320 24 (26 A23 187 BB
1861 Ford Galisie 61.2 [HERC I N1 [£18] 46,22 477 20 733 377 489 B7
1973 Valiant Sedan 59.1 55.6 B85 130 42.48 261 0 BO2 261 232 87
18738 Bodge Coronel 61.9 | 62.0 105 125 47.37 . 312 20 605 312 231 ‘87
1878 Chryster Now Yorker | 62.1 63.4 1115 120 48.44 342 20 665 342 282 BT
1563 Pontiac 60.34 i 59.28 {124.7 1.21.} 3783 350 20 G680 350 184 58
1974 Pinto 55.1‘ 55.0 jill 110 42.02 265 20 51¢ 265 228 87
1974 Maverick 56.4 | h6.5 a6 119 3616 219 20 418 218 171 58
1974 Torino G3.6 | 82.9 !I05 130 40.25 320 20 638 329 211 58
1874 Ford 64.0 B4.3 {212 122 41.15 353 20 687 353 208 58
Subcompact 55 64 i1 125 34.56 261 20 504 261 166 B8
Compact 60 60 a9 100 38.40 255 20 491 256 165 58
Standard 64 64 105 115 40.96 333 20 645 333 198 88
1869 Tord Sedan 83 o4 9% 123 40,96 249 20 574 207 208 58
19698 Musiang 58.5 58.5 74 103 44.6% 204 20 388 204 237 B7
1969 Fairfane 500 60.5 60 16 93 45.84 222 20 424 22z pyatl 87
1969 Linceln 62.4 61 105 100 47.67 317 20 614 317 252 &7
For front roli slilfness:
g¥i
1} Ne roli bar (RT)F = --2- Ky + 20
Z) Withrelibar  (Ry), = Tf Ky + 20
For rear roil stiffness:
T
1) Coil spring (RT)R = —E_ Kp + 58
Te = 084 Ty
T ,
2} Leaf spring (E{T}R = —— Ky + B4
Ty = 0.764 Ty
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TABLE 13

STEERING AND DRIVE LINE SYSTEM

Parameter

Description and Typical Value

Comiments

Moment of inertia of the
steering wheel (Igy )
(Ib-sec?~in)

Moment of inertia of one
front wheel (Ipy)
{lb-sec?-in)

Coulomb friction {(C}))
(1b-in)

Viscous damping
derjvative

{{b-in/rad fsec)

Flexibility (lb~in/rad)

Drive line inertia
{lb-secl~in)

(0.6 (about its own axis of rotation
446.4 (effective about the kingpin axis ~ Ig,,

effective about 8
kingpin axis | 17.64

600 (effective at the wheel both sides
included)

1608 (total system about kingpin axis} (H;)
400 (front wheel)
2.2 (for steering wheel) (K;)

6000 (steering column and gear box (Kge)
28600 (steering linkage (Kg )
75900 (total system (Kgg)
51000 (total system (K )

0.6 (for rear drive (1))

Reference 3
Reference 21

Reference 3
Reference 21

References 21
and 13

Feference 21

} Reference 3

}Reference 3

Reference 21
Reference 13

Reference 3

Test Vehicles:

Reference 3:

1969 Ford Galaxie 500 4-dr. H/T, 390 C.L.D. 2v, V-8 engine,

automatic fransmission, power steering and power druin brakes

- Reference 21:

Reference 13:

1953 Buick

1863 Pontiac Strato Chief, § cyl. engine, standard transmission
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TABLE 14

REPRESENTATIVE DATA FOR CHRYSLER PRODUCTION MODELS

r
1973 Valiant 1973 Dodge {1973 Chrysler
Parameter Units Sedan 225 CID | Coronet Sedan | New Yorker
6 Cyl. Eng,. 8 Cyl. Eng. 8 Cyl. Eng.
Wheelbase in 111 117.5 123.5
Track: Front in 59.1 61.9 62.1
Rear in 55.6 62.0 63.4
Rear Spring Spacing at Axle in © 43.02 47.3 47.3
Wheel Centre Height in i2.1 125 13.4
Curb Weight: Front b | 1780 2100 2480
Rear b 1340 1650 2120
Unsprung Weight: Front ib 195 210 255
Rear b 280 350 415
*Vertical C.G. Height in 21.3 22.1 22.3
Moment of Inertia: Roll slug- ft2 215 295 415
Pitch slug-fi2 1450 1880 2800
Yaw slug-ft? 2220 3030 - 4250
Wheel Rate: Front h/in 95 105 115
Rear Ib/in 110 i2s 120
Roll Rate: Front Ib/in 95 200 220
Rear ib/in 110 120 100
*Full Wheel Travel: Jounce—Front in 3.73 4.00 4.00
Rear in 3.89 3.20 3.94
Rebound—Front in 3.98 3.84 4.00
Rear in 5.55 5.60 4,77
*Rear Roll Steer % 5 5 0
*Rear Roll Centre Height in 10.4 10.3 11.8
Shock Absorber Rate: Front lb-sec/in 3 4 5
Rear Ib-sec/in b 6 7
8-1/4 axle, 2.71 ratio with 10in
brake and drum assembly
Moment of Inertia: Fore and Aft Plane slug-ft2 16.092 16.092
Vertical Plane slug- {12 16.159 16.159
Lateral Plane slug- {12 0.624 - 0.624

* At 3 passenger load (2 front, 1 rear)
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TABLE 15

REPRESENTATIVE DATA FOR GENERAL MOTORS PRODUCTION MODELS

Parameter Units Subcompact | Compact | Intermediate | Standard
Wheelbase in 97 111 112 121
Track: Front in 55 60 62 64
Rear in 54 60 61 64
Rear Soring Spacing * * * *
Wheel Height in 11 12.5 12.7 13.0
Total Weight b 2450 3200 42060 44590
Front Weight 1b - -1300 1700 2400 2450
Unsprung Front Weight ek ] * ok *¥ ikl
Rear Weight ' b 1150 1500 1800 2000
Unsprung Rear Weight ‘ *k * * & **%
C.G. Height in 20 22 20.5 21.7
Moment of Inertia: Roli slug-ft2 220 310 430 490 -
Pitch slug-ft? 1200 1900 2700 3100
Yaw slug-{t2 1200 1900 2700 3300
Roli—Yaw Product of Inertia slug-ft2 -3 32 13 -3
Rear Axle Moment of Inertia N/A N/A N/A N/A
Ride Rate (both wheels): Front | 1b/in 220° 180 200 210
Rear Ib/in 250 200 210 230
Rear Roll Steer % 0 5 7 3
Roll Rate: Front Ib-ft/deg 320 480 515 620
Rear ib-f{t/deg 245 170 119 140
Wheel Travel to Stops * * * *
Rear Roll Centre in 11 9 17 17
Damping * % %% % %%
Suspension Stop Spring Rates N/A N/A N/A N/A
* Not routinely tabulated for current General Motors’ vehicles

* %

N/A Not available

Can be approximated as per General Motors’ Report A-2542 (Ref. 5)
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TABLE 16

REPRESENTATIVE DATA FOR FORD PRODUCTION MODELS

. 1974 Pinto | 1974 Maverick | 1974 Torino {1874 Ford
Parameter Units Subcompact | Compact Intermediate | Standard
Dimensions:
Wheelbase in 94.2 103 118 121
Track: Front in 55.1 56.4 63.6 64.0
Rear in 65.0 56.5 62.9 64,3
Rear Spring Spacing in 42.2 42.8 33.7 38.44
Wheel Cenire Height in i 109 111 11.8 124
Mass Parameters: {Design
Load = 1 less than max.
no. of passengers)
Total Weight b 2925 3379 4684 5065
Weight Distribution: Front b 1504 1714 2318 2611
Unsprung Weight: Front ih 147 191 257 284
Rear Ib 219 284 35656 355
Vertical C.G. (above ground) | in : 20 6 20.78 204 20.b
Moment of Inertia: Roll 1b-sec?-in 3886 - -
Pitch Ib-sec?~in - 24282 - —
Yaw lb-sec?-in - 25534 e —
Suspension:
Wheel Spring Rate: Rear Ib/in 95 95 130 130
Front 1y/in 280 225 270 300
Rear Roli Steer % 9.5 6.8 5.7 4]
Roll Stiffness: Front Ib-{t/deg 262 395 782 560
Rear lo-ft/deg 187 228 138 185
Wheel Travel {metal to metal)
Front: Jounce in 3.37 4.5 4.24 4,10
Rebound in 3.63 4.5 4.11 4.50
Rear: Jounce in 3.51 3.67 3.07 3.91
Rebound in 3.26 4.2 5.72 6.09
Rear Roll Centre in 9.4 8.85 180 14.30
Suspension Stop Spring Rate:
Front Ih/fin 1200 865 500 500
Rear Ib/in 210 285 625 375
Ride Rate: Front Ih/in 11% 86 105 112
Rear lb/in 110 119 130 122
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TABLE 17

TYPICAL VALUES FOR THE PASSENGER CLASS OF VENICLES

Vehicie Catepory

Stancdard
Parameter {Symbol) (Units) Comments
Subcompact | Compact | Intermediale Weipht Weight Wraht
Cutegory No. § {Calepory No. 2 [Caleprry No, 3
Wheelbase length (€, ) {in) 95,6 1088 115.7 120.8 1244 1276 Choice of independent variable
Eur eorreiation, Table 4
Overali lenglh {L} {in) 1620 1441 203.6 2138 2209 2268
Overalt width (W, } {in} G2.1 1.2 5.7 F6.1 80.0 80.0
Overall neight (H,} (in} 545 547 54.8 548 540 55.0 %3;-‘:‘ ;’“P}S‘f’i‘ *l‘fféf"“*;'*;“‘t
Front wheet track (), ) (in) 50.8 86.7 59.6 61.9 #4.0 62.0 Ale 4, Figares 1,8 an
Rear wheel track (Tg ) (in) 50.4 56.3 58,3 i 6l1.6 62.0 62.0
Fronl everbang (4, ) (in) 23.6 28.7 31.4 , 335 34.9 36.2 } - 10
Figruer
Rear overhang (% ) (in) a2 42.8 481 524 55.4 58.1 e
Tire size (radive) (R} (in) 13 14 14 15 5 i5 ilepresentative value,
Tables 4 and &
Unladen or curk weight (W) (i} 1832 2063 3481 q0R3 4139 4572 Cubie law: Wy = {2.254}10-2 SZ},
Front/rear distribution {5} 55.4/44.6 54.8/45.2 | B4.4/45.6 54.2/45.8 55148 B3R7A6.2 Lower piot, Figure 6
Total unsprung weight (W) (i 341 449 54 560 608 645 .
! i L J ’1'1 it ? § }}‘igurc 11 and Table 7
Front unsprang weight (Wy, ) (b} 131 173 108 219 239 248
Tolal vehicle vertical C.G. above 2817 22.0% 22.15 22.27 22,33 22.42 Figure 12
ground (Z, ¢ ¥ (in)
Front wheel centre height above 1246 13.20 13.05 1392 13.83 13,74 .
ground (z, ) {in} Cateulated using front and rear
! . weight distrihution and asseming
Rear whee| ccf\tre height above 12.67 13.34 13.20 14.00 14.00 13.92 = tire stiffness of 1000 Ibjin
pround {2g} (in)
Total vehicie momoent { Yaw {1} 958 1890 2570 3201 3642 4176
of inertia (slug-ft?) Filch (fy )] 733 1446 1966 2449 2825 araes
Sprung mass moment { Yaw (L) 809 1594 2168 2101 3115 3524 Using the 2/3 power law,
of inertia {siug-117) Holl ¢},) 112 222 302 . 3 434 480 Figures 13, 14 and 15
Sprung mass roli- yaw product of 36 2 94 192 141 104 i
inertia — (1,,) (shug-171 1 = 3°)
Rear unsprung mass moment of 172 282 358 426 464 493 Sce text, page 8§
inertia in roll (Ig) (Jb-sec?~in}
Wheel rate {lbfin} { Front (K.} 73 04 H 105 1086 106 }Fanur(- 16
Rear (K at 11z 117 118 117 114
Rear spring spacing at | coli spring 32.25 36.03 37.95 39.42 30.68 30,68 }’l‘able 12a (footnate}
the axle (T,} {in) { leal spring 38.50 43.91 45.30 17,06 47.37 47.37
Total front roll stiffness  { no rolf har 157 240 2R% 312 326 336 }Tnhle 1924 (fooinote)
(Ry)p (b ft/jdeg) with roli bar 294 460 544 604 (32 H32
Total rear roll stiffness { coil spring 127 164 180 191 142 18R }Table 12a {fooinote)
(Ry)yg (b~ fifdeg) leaf spring 185 238 2462 277 278 273
Suspension stop { Front 1200 REH 500 800 H00 500 Manufacturers’ data,
spring tale {1bsin} | Rear 210 2805 625 375 375 375 } Tabie 16
Suspension Coulamb { Front (C).) 58 58 58 58 58 58 } Reference 2
damping {I5) Rear (Cy) 97 y7 97 97 97 97
Suspension viscous { Front (Cp-) 2.32 3.23 3.69 4.00 419 4.34 }Soe toxt, page 13
damping 1o~ secfin) Reat (Cg} 3.65 5.10 5,19 G.25 6.53 62
Rear roll centre heipht above i ~ - - - - Manufaeturers' data,
ground {in) Tabies 14, 15 and 16
Rear roll-steer (K o) (%) - - ke - - - Manufacturers” data,
Taobles 14, 15 and 16
Whee! travel in jounce and rebound (in) - - - - * - - Manufaciurers' dais,
Tables 14 and 16
Cember angie (¢, ) (deg) rs 2 funclion - - - - - - Figure §7
of front wheel vertical trave! {§) {in)
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TABLE 18

VEHICLE PARAMETERS FOR VEIICLE — TERRAIN ~ CABLE BARRIER FPARAM ETRIC STUDIES

Vonicle Catepnry
Btassfang
Faremeier {Symbai) fUinits) taskian
Subcampact Compact Inlermediate et Weight Weipht
Catezory Ne. | Catepory Na. 2 Categary No. 3
Sprung mass (M) (Ho- sec? fin} 4.117 6.350 TI04 H.E35 8653 10,421
Unsprung mss.s{!mnt M) $.330 0447 512 . 0.5665 0.605 6.643
flir-sec? fin rear (M) 04543 714 08117 0.505 0.947 1.027
Sprung mass C.G. rcIanr{ front (a} 48031 ALY 49,501 b2 18 51.081 55787
to wheel conteelines (in) Jrear (I} 56.068 52 B68 6104 BRIG) T0.3t8 71712
Wheel track tm){ frony (T, 50.8 B6.7 9.6 61.% | £3.0 £3.0
rear (Thy 60.4 66,3 54.3 | Gl i 620 G2.0
Static veriwad distance Degween sprung f
mass .0, and troml wheel genires 11.290 10,466 10.655 2.724 ! 9.868 18052
iz, § (in) K |
Static vertical distaner botween sprung 3 F l
mass C.G. and rear 2xie roll contre 1i.180 1C.266 18.505 9.554 i 8.698 9872
{ey ) fing i j
Sprung mass momoent of (AT 1344 2604 624 4512 | H208 E SBRO
inerlm (- secl-in) pitch [Ey} Ghiz 13658 18721 2555 l 27325 i 31038
yaw {I,} 870K 19128 26018 H 32412 . 37380 s $22H8
' H
Rear unsprung mass moment of . [ !
inertin in roll {ig ) (th-sec? - in} 172 282 ) 58 | 128 ! 464 F 493
i i
Sprung mass vaw--roll product of ) | i 1 .
inertia 41} {ll- sl in 432 BG4 1176 ! 1464 ! 1662 ; 1908
1 1
Vertical distance belween rear axie C.G. ; !
end rear axle roli centre {2} (in) o o ¢ 0 [ o : ¢
i
Unsielecied radius of wheel (R, }¥in} 13 13 i 15 I i5 . 13:]
Suspension load {Imnl 1K) 73 84 102 165 i 106 : 105
dellection rate (Ihfin)trear {Kp} 91 112 117 1i8 . 117 . 114
Effective distance between { coil spring 32,25 603 37,85 dng2 3068 : J0.68
3prings at rear axle {Tg) (in) L icaf spring AR.50 43.01 45.30 47.06 . 47.37 ' 47.37
;
Auxiliary roil front (i, ) no rolt . | i -
stiffross {lb- injrad} | har 13751 13751 13751 13751 ! 13758 | 1avs
“T;‘: By dwith  [ypqngg 165012 194577 214516 | z21142 I 224149
Iy 3ty !
Tear (Hy ) eoil
springs JO8TR 0878 30878 J88TR . 398718 i 20B78
ear 4Ry, ) teal H
::,rfu{gs“) = 60082 60002 60002 500 ' gopes | &oG9z
f i
Rear axie voli-steer coefTicient (K, . | H
W;rn e steer coellicient (Kp ) 5 5 5 5 J 5 i 5
: i i
Coulomb damping (Ib) { front () 3z.25 32.25 32,25 $2.25 32.25 . 32.25
rear (O 1237 1237 12.3% 12.37 12.37 ! 12.37
Viscous damping { front {C, | 2.32 3.23 3.060 4.00 I 4.19 ! 4.32
cocfficient {ivsecfin} | rear (Cq) 3.64 5.09 5.78 f.24 6,52 i 6.70
i
Suspension slop spring { [roms 1700 B6h 500 500 500 . 500
rate (Hr/in) rear 210 285 625 378 375 ? 375
Suspension slop spring rate { frant (h) 16.44 9.20 1.9 4.76 172 | 4,76
85 8 mulliple of whee! rate rear (Ap) 2.0 2,54 .34 3.18 3.20 3.29
VYertical wi L 1 :
w:i;;; o a::olpn‘i’:}‘f { front (52, , 385 285 301 4.00 4.00 4.06
jounce and rebound rear {§1p) 4.71 4.71 4.9 4.35 4.35 4.3%
.
Strering system — values effective at the
wheels, hatls sudes includog
Moment of mertiy e Vi seek-jny A3} A0 44 1930 440 440
Loutomb friction (00) tib-in) [{E4] BO0 GO0 13456y 600 nOg
Folal stiffness K, } (i infrady 51000 51000 1610(}0 51000 51000 51000
Anguiar defiection to stops v ’
(SZ‘, } frad} o o - 4] { 0 4
Front wheel camber angie ve, front
wher! vertice] defiection (¢, § tdeg) vs, See Fipure 17
(33 tin) -
Ceble contact eo-ordinate points {in} : }
right front comer A
Xa 62.53 7460 BiLOn 8570 RH OR RB4.98
Y, 31.05 35.60 krRifs 34.55 40.60 40.00
right reay corner ©
R HA. 77 165 47 1421 12110 12672 120.81
Y 3105 A5.60 J7.85 3655 40.00 40.00
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