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r,0 FoREwoRn

The activities documented in this rcpon werc initiatcd in responsc to two petitions for
rulemaling requesting the development of a shrdard for rollover stability, Thcy were
submiued to the National Highway Traffic Safety Administntion (NI{TSA) over thc past five
years. The first, received by the agency in Septembcr 1986, was submitted by Senator (thcn
Congressman) Timothy E. Wiflh, and t}c second, reccivcd in Junc 1988, was submittcd by
the Consumers Union of United Starcs, Inc. (CU). Although the agcncy denied thc Winh
oetition (Referencc l), which asked the agency to proposc a spccific rollovcr stability
standard, NHTSA in its April 1988 denial (Appendix A) indicated that it intcnded to conduct
additional tcsting and andysis to investigatc tlrc problem of rollovcr of light duty vchiclcs
and that thosc efforts might lead to rulemaling, The CU petition @eferencc 2), which asked
that NHTSA investigate thc rollover problcm and Ocn proposc appropriatc nrlemaking, was
grantcd in a Scptember I, 1988 lettcr (Appcndix B), barcd upon the commitment made in thc
Wirth denial to investigate the rollover issue,

I.1 INTRODUCTION-GENERAL

Rollovcr accidents occur for many reasons. As with any accident, dl threc components of
the drivcr/vehicldenvironment system play a part in thc dwelopment of thc situation lhat
results in a crash. However, therc are extremes whercin a factor or factors related to one of
the parts of the system is predominant in the causation of thc accident. In the case of the
driver, take the 'extreme" examplc of a driver falling ulecp at the wheel; for the
environment, consider an unexpectcd patch of icc on an othcrwisc clear roadway resulting in
a skid; and for the vehicle, a vehicle which has a such a low level of rollover stability that a
simple, but severe, sleering input by the driver as part of an accident avoidance mareuver
results in the vehicle's rolling over.

The vast majority of crashes are caused by the intenction of factors from all three parts of
'.1:, 'Jriver/vehicldenvironment system. This rulemaking program attempts to accurately
define a:rd measure a vehiclc performance factor(s) that is influential in the causation of
rollover accidents - to the degree that a regulation based on that factor can signifi*ntly
reduce the number utd/or consequences of rollover crashes.

The goal of this nrlemaking program is to detcrminc the fcasibility of developing a viable
and appropriatc standard or standards rclated to vehicle rollovcr stability that would reduce
the iikeiihood of rollovers and./or to reducc thc casualties associatcd with vehicle roilover
crashes. In order to achievc thal goal, a number of rcscarch and ana-lysis tasks were planned
ard conducted. The purposc of these research and analysis tasks was to develop a measure
of a vehicle's rollover stability that car be used to predict the vehiclc's likelihood of rolling
over given involvement in a cnsh. This document summarizcs thosc effons and resulls
(which only comprise one asp€ct of the potential vehicle rulemaking) and discusses thc
adequacy of the results to accurately predict the rollover acciden! involvement rate of
vehicles. The various allemadves for vehicle stability rulemaking action, and the

l
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implicatioris of the research and analysis results m those alternativcs, are then discusscd.
Also addresscd are additional testirrg, analysis and cvaluation actrvitics bcing undcrtaken by
the agency to improve its undersanding of rollover accident causation.

L.2 THE ROLLOVER ACCIDEI{T PROBLEM

This project addresses the crash avoidarce aspccrs of rollovcr accidens that involvc light
duty vehicles, which includes passenger cars, and light trucks and vans (LTV's). This lauer
;::up includcs compact and full-size pickup tructs, mini and full-size piuscnger ud ca4o
vans, and sport utility vchicles (SUV's). SUV's are parsenger vehicles with spccial fcatures
(usually four-whecl-drive) that allow for off-road o,peration. It should bc noted that in the
agency's Consumcr Information Regulation (49 CFR 575.105) 'Utiliry Vchiclcs', utiliry
vehiclcs are defined as 'multipurporc passenger vehicles (other than thosc which arc
passenger car derivatives) which have a wheclbasc of 110 inchcs or lcss and spccial featurcs
for occasional off-road operation.' Of thc StIV's on the market today thrcc, tlc Toyota
l:nd-Cruiser with a wheelbase of 112.2 inches, the l-arnborghini LM002 with a wheelbasc
of 122.4 inches and the Chevrolet/GMC Suburban with a wheclbasc of 129.5 inches. do not
fall in both categories.

Rollover crashes are of particular interest since rollover accidents arc the most dangerous
collision typc for all classes of light vehicles, mcasured by either faulities or incapaciaring
injuries per involved occupan!. In terms of fatalities per registered vehicle, rollovers are
second only to frontal crashes in their level of scveriry. Thesc resulls are reportcd in a 1986
repon documenting analyses conducted by NIITSA's National Center for Statistics and
Analysis Seference 3). These high injury/fatality rates are even more alarming given the
fact that rollovers are by far the least frequent crash mode, as measured by accident
involvements per registered vehicle. The National Accident Sampling System (l.lASS)
datafile for l9E9 esrimates 137,600 rollover accidens involving passenger cars. Of thcsc,
124,800 are single-vehicle rollovers, ard tlre vast najoriry of tlesc, 114,800, occur off thc
:'radway. For LTV's, there are 75,600 rollovers, 65,8@ single-vehicle rollovers, of which,
57,200 occur off road. Based on NASS data, nearly 90 percent of rollovers occur in
single-vehicle accidents. Various accident data sodies have indicated that the vehicle is out
of control (skidding sideways or spinning) prior o overnrrning in from 50 percent to 80
percent of all rollovers.

The rollover problem is generally more scrious for thc Lfly', and in particular, the SIIV
"portion' of the light vehiclc group. Statc accident data (Norti Carolina for 1984 and l9E5)
indicate rhar although the involvement ralc (involvemenu per registered vehicle) for LTV's in
ail t)?es of collisions is only 68 percent that of passenger cars, lheir involvement ratc in
accidents involving rollover is 127 percent that of passenger cars, Rollover accidenB arc
particularly dangerous for the occupans of SUV's, with their incapacitating injury ntc being
28 percent higher than that for all light vehicles combined. This occurs even with similar
seat belt uege, as shown in ur agency regulatory evaluation on 'Rear hp/Shoulder Bcia,'
where seat belt usage rate in accidents of pickups was estimated to be 70 percent of

t . ,
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passenger cars, but 'on/off road' vehicles were cstimatcd to iave usage rates ,cquivalent. to
passenger cars (actual ratc wag 95. perccnt).

In terms of rollover fatal accidents, 1989 Faral Accident Reponing Sysrem (FARS) datr
indicatc that LTV's have fatalitics pcr registcred vehiclc ntes 104 t94.5 vcrsus 46.3 fatalirics
pcr million RVI percent highcr than passenger cars, wirh small pickup trucks and SUV's
having the highest comparadvc ntes- 259 lbascd on I19.8 faulities per million RVI percent
and 254 [based on 117.5 fatalities per milllon RV] pcrcenr that of passcnger cars
respectively. However, sincc there arc many more passenger cars the LTV's on our nations
i..;hways, approximately two-hirds of all rollovers involvc passcnger cars. Bascd on 1989
FARS data, 5682 fatalities occuned in passcnger car rollovcrs and 3E62 fatalities occuncd in
LTV rollovcrs.

Further discussion of thc nature and magnitude of the rollover problem of light dury vehiclcs
and of the prior analyscs of accident data is found in the 'Technical Evaluation of
Rulemaking Petition' (for Senator Wirth's petition on rollover propensity-Reference 4) and in
a discussion of the petidon in Section 2. L2,

1.3 PREVIOUS ANALYSF OF FACTORS RELATED TO ROLI,OVER CRASE
II\'VOLVEMEI.{T

The following is a basic review of accident data andys.s performed by both the agency aad
others prior to rhe efforts reponed in this documcnt. This summary presents what has been
stuciied to better quantify the reladonship between vehicle, drivcr ard environmental facrors
and rollover accident involvcmcnt.

1,3.1 Analvses Conducted Prior to the Submission of the Wirih Rollover Propensitv
Peti t ion

Sevenl researchers have reportcd correlations between certain vehicle parameters and various
ieasures of rollover accident involvement. Somc of tlese are discussed in Reference 4.

Two vehicle parameters tiat wcrc shown to have significant correlations with the ratc of
rollovers in single vehicle accidents were:

l. rollover stability factor, and

2. cridcal sliding velociry.

Both the rollover stabiliry factor, which is onc-half the vehiclc's rmck width divided by thc
vehicle's center of gnviry height, (t\*), and thc critical sliding velociry, which is a measur,e
calculated from various vehicle dimensions and mass and inertial propcnies, will bc
discussed later in this section and in Section 4.

t , !
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various accident condition variables have bccn shown to exhibit a reladorship with rollover
ntes. Thesc include pre<nsh subility (skidding or spinning), vehicle pre-crash conditron(skid sideways or spin) and skid tlpc (rcar whecl ratcrar or four whccl iatcral).

various driver- ard environmcnt-related accident variables also sccm !o influence thc
likelihood of rollover. Thcse include driver age, alcohol involvement, driver e.ror, nrral vs.
urban roadway, day vs. night,.the roadway s@ limit, the ro[over's occurring on oi off thcroadway, and accidents occurring whcrc the roadway was straight or curvcd.

ur all these factors, the onc which cxhibitcd the greatcst correlation with rollovcr accidcnt
involvement is rollover stability facor. Ttrc rollovcr sability factor's *.r.r.tion ;r.t.,
sense' since it has an obvious physical relationship to thc dynamics of a rollovcr accident
(his is discusrcd in detail in Scction 4),

Othcr factors which are very importart in determining a vehiclc's rollovcr slability (measured
or calculatcd) and its rollover propensiry are thosc relarcd to rhc vehiclc tlpc or ciass. This
is panicularly rue of LTV's. LTV's have functional characteristics that are inhcrcntly
different from passenger cars and that contributc to an inherently lower level of rollover
stability. Sincc these same characteristics of LTV's are, to some extent, vehicle
characteristics basic to thc usc for which tlesc vehicles are designed, potential for
improvement in their fundamenbl rollover stabiliry may bc limited. This view was notcd in
the agency's denial of the rulemaking petition from senator wirth (Appendix A). In
responding to that petition thc agency stated that a regulatory requiremlnt based on the
rollover stability factor a.lone, given tlre then limited understanding of the overall rollover
accident causation issue, was not reasonablc or practicable ana mignt be in conflict with
cenain statutory considerations.

Before proceeding, one featurc of a previous study should be noted. In a 1974 paper
(Reference 5), I.. S. Jones argued that a vehicle which has a relatively low rate of iottover
per iingle vehicle accident might have a relatively high overall rate of rollover accident
involvement, when measured per vehicle mile travelled (vMT), or per regisrered vehicle,
because of a high rate of single vehicle accidents per vtvrr or rcgislred iehicle. Jones
atgued tlat this could be panicularly confounding o an analysis of vehiclc rollover stabiliry
when comparing vehicles with significantly different handiing chanceristics; t1e reasonin!
being that vehiclc handling charactenstics influencc a vehiclCs involvement in single vehicle
accidents and sincc most rollovers occur in single vehicle accidents, the influence-of thosc
handling differcnces could confound an analysis that examines the corrclarion between
rollover involvement and vehiclc rollover stabiliry measures. Bascd on this, Jones reasons
tiat-by using rollovers per single vehicle accideni as the accident ntc me^qure, tic
confounding influence of othcr vehicle facton, unrelatcd to vehicle rollover stabiliry, would
be significantly reduced. This is also reasonable noting that tlre vast majoriry of rououers
occur ir single vehicle accidens and as such, tie occunence of thc si.ngie vehicle accident
can be viewed ar the opponuniry for, and tiereforc, an exposurc measure of, a rollover
accident.
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l.ll Aeencv Analvses Conducted Since Submission of the Wirth Rollover propensity
Peti t ion

This section reviews the accidenr data anaiyscs pcrformed by NHTSA subscquent to the
submission of the Winh petition, but prior to the lesting and analyscs that havc been
performed for this program and reponed herein.

Bcginning in latc 1986, the agency conducted scveral analyscs designed to bctter understand
the association betwecn vehicle design factors aad pcrformancc charactcristics, and rollover
y^rycrrsity,

The first significant analysis effort was pcrformed by Harwin and Brcwcr (Rcferencc 5). It
began just prior to the submission of the Wirth pctition. Their anaiysis employcd the thcn
recently developed CARDfilc (Cnsh Avoidurcc Rescarch Dan filc). Thc CARDfile
databasc is constnrcted from information from policc accident reports from scveral statcs,
ard is documentcd in a repon by Mark L. Edwuds r.itled 'A Databasc for crash Avoidance
Research" @eference 7). A portion of the CARDfiie databasc was used in thc Harwin and
Brewer analysis, and includes data from Maryland and Texas for accident years 1984 and
1985 and from Washington state for accident ycars 1983 through 1985.

Their databasc included accident data for a scrics of forty vehicle makey'models (some of
which were different 'nameplate' versions of thc same vehicle model, c.g., Chevrolet
Citation and Oldsmobile Omega) which represcnted nineteen unique passcnger car models,
including both foreign and domestic modcls, and eight utiliry vehicle modcls. The vehicles
in their sample were selected to cover, without major gaps, the range of stability factors
from small utiliry vehicles to largc domcstic passenger cars. The data bas€ did not include
any pick-up trucks or vans. Their research examined various vehicle data, including
wheelbase (L), center of gravity height (h.r), half track width ffW2) and the srabiiiry facror
(nv/(2'h.r)).

lhe regression of the CARDfile data bctwecn the sability factor and the percent of rollovers
in single vehicle accidents shows a sfong conelation, with R2 values ranging between 0.57
and 0.86 for the various StaEr'year combinations. This regression shows a conLinuous trend
of rollovers pcr single vehicle accident over a broad rarge of stability factors, as opposed to
the two clusters of vehicles that arc indicated in a report by L.S. Robcnrcn and A.B. Kelley
titled 'The Role of Snbiliry In Rollovcr-Initiarcd Fatal Motor Vchicle Crashes Under
On-Road Driving Conditions,' @obenson/Kellcy-Referencc 8), That repon, which was
submined with and'in support of the Wirth peririon @eferencc l), shows onc group of high
stability factor vehicles with low rollover per single vehicle accident rates and another group
of low subility factor vehicles with high rollovcr per single vehiclc accident ntes, indicating
that there is some specific value of stability factor above which vehicles arc 'safe' and below
which they are 'unsafe'. In the casc of the Winh petition, the petitioner suggested 1.20 as
that value. The CARDfile analysis instead shows a generally linear distribution of rollovers
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pcr single vehicle accident ovcr a wide range of stability facton with no obvious ranges of
'safe' or'unsifc' vehicles.

Harwin and Brcwer's rcscarch also included a stepwisc multivariatc regression uralysis of the
Maryland and Texas data !o conuol for differences in dfi.yg and vehiclc usc. Thcy showcd
R? values for the combination file of Maryland and Texas as well as the Maryland filc only.
Their final regression equation had an R2 value of 0.91 for data basc combinations with
stability factor, percent drivers under 25, percent male drivcrs, and percent accidents
occurring on rural roads included in thc rcgression model.

In summary, Harwin and Brcwer indicatcd that thc rollover st$ility factor statistically
explained much of thc differcncc in the rollover raE (computcd as the number of rollovcrs
per singlc-vehicle accident (RO/SVA) betwecn different vehicle makc/modcls.

Mengert, Salvatore, DiSario, and Walter (Referencc 9) re-andyzed the Harwin and Brcwcr
data using logistic regression techniques. This process considers the likelihood of rollovcr at
the accident level rather than at thc make/model levcl as was donc in thc Harwin/Brcwcr
repon. This allows each accident to be [eated as a data point (nther than using the
summary information from each vehicle male/model as a data point).

This databasc included over 39,000 single vehicle accidents of which 4,910 wcrc rollover
accidents. Several models were developed to relatc vehicle metrics and accident conditions.
Analysis was conducted at both the accident lcvcl and make/model levcl. At the accident
levei, the abiliry of the models to predict rollover versus nonrollover was found to bc
dependent on stability factor and where the accident occuned, urban or rural. Thc models
were used to predict rollover rates at $e male/model level. The index of agrecment (R)
exceeded 0.9 when stability factor was included in the regression, but dropped to
approximately 0,5 when stability factor was removed from the analysis. lv{engert's plos of
the actual versus predicted rollover rate using his 1l-factor model showed excellent
,.-'., ic;nships benpeen rollover rate and stability factor.

These results verified the importancc of controlling for confounding differences in vehiclc
use and driver demographics, and again showed that the stabiiity factor was associated with
rollover propensiry.

Salvarore, Mengert, DiSario, and Walter expanded the analysis by including pickup tnrcks
ard vans in'the analysis. Unfortunately, thc work was not completed becausc of the dcath of
the primary author. However, thc results they prescnrcd suggested tiat there might bc
vehicle or driver faclors tha! were inadequately conEolled for in the analysis, and that thesc
factors were associated with the panicular class to which a vehicle belonged, i.c., passenger
car, utility vehicle, pickup truck, or van.

Also, anaiyscs of data from CARDfile and tlre Fatal Accident Reponing System (FARS)
were performed by the agency in response to the Wirtlr petition. One interesting result is tie
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signifient correlations that werc found between rollovcr accident involvcrncnl ratcs and
vehicle wheelbasc. Thesc arc documcntcd in Refcrcncc 4, (rcfened o prcviously) and in a
repon by A.C. Malliaris (Rcfcrenee l0). Malliaris found that rcducing whcclbasc at a fixcd
vehicle weight leads to a significant increasc in fatd rollovcr accident involvemcnt, whereas
reducing the vehicle weight at a fixed wheclbasc lcads to a significant reduction in fatal
rollover accident involvcmcnt.

Unlike thc rollover stability factor, whosc correlation with rollover accidcnt involvemcnt rate
'makes sense', the conelation with wheelbasc does not have such an intuitive relationship
:i* thc rollover phcnomenon. Several possiblc cxplanations have bccn put forth to explain
this whcclbasc+c.rollovcr accident involvcmcnt conelation. Pcrhapr this relationship is duc
to a correlation of wheclbasc with vchicle prc+rash stability, pre<rash condition and/or skid
typc mentioned abovc.

It has been hypothcsizcd that thc wheclbasc is acting as a surmgatc for the vehicle's yaw
stability characteristic. Such a hypotiesis is not unrcarcnablc given that vehicics with longer
wheelbases have higher yaw momcnts of inenia and both facton, wheelbasc and yaw
moment of inertia, influcnce a vehicle's yaw damping and yaw stability. If thc hyporhcsis of
a relationship between wheclbasc and directional stability is valid, thc connection to an
increased likelihood of rollover is supportcd by rcsults documcntcd in a report by Malliaris,
Nicholrcn, Hedlund and Scheiner (Rcfcrcncc I l) which indicatcd a rclationship bctween loss
of subiliry and an increased likelihood of rollovcr. In that report, an analysis of data from
NHTSA's National Cnsh Severity Study found that a vehicle's pre-cnsh condition in single
vehicle accidents was related to tle likelihood of that vehicle's rolling ovcr in the accident.
The pre-crash condition of'skidding sideways' existcd in about 56 p€rcent of passenger car
single vehicle rollover cnshes, but in only 29 perccnt of all passenger c:r single vehicle
accidents. For light trucks and vurs, the 'skidding sideways' pre<rash condition was
indicated in about 52 pcrcent of single vehicle rollovers, in only 34 percent of all single
vehicle accidens, ard the 'spin" pre-crash condirion was indicated in about 9 pcrcent of
single vehicle rollovers, but in only 3.4 prcent of all single vehicle crashes. For passenger
L/.is, the lighter cars Qess than 3500 pounds curb weigh$, which would also tend to have
shorter wheelbascs, were 2.2 times more likely to havc a prc+rash condidon of skidding
sideways lhan were the heavier cars.

Another explanation of rhc relationship bctween rollover propensity and whectbasc is that
wheelbase is rclatcd to a vehicle's roll stability meaiuremcnt, bccausc of thc general
geomeric relationsNp berwccn tnck width and whcelbasc with respcct to vchicle sizc. Also,
a causal relationship may exist beween rollover accident involvement and critical sliding
velocity, and tlre correlation bctwecn a vehiclc's wheclbasc and its roll momcnt of inertia,
which is a primary factor in the critical siiding velocity, may result in thc wheclbasc o
rollover accident involvement correlation. However, morc aaalyses and testing arc needed to
verify tiesc hypotiescs. Reference 4 includes additional discussion of thc level of
undersanding and thc unanswered questions that existcd at thc initiation of this program.
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The effon by Salvatorc et al. and tlosc by agency staff motivatcd the work rcportcd herc, A'larger 
number of explanatory factors were considered, a larger number of vehiclc modcls

were included, additional accident'data from states werc uscd, and additional vehiclc design
faclors werc mcasured and cvaluatcd in sutistical analyscs for their association with rollover
propensiry.

Again, vehicle design measures (the subility factor and other stability measurcs) were found
to be statistically useful in estimating the rollover propensity that remained, after conuolling
for driver and vehicle usc facton.

There is remarkablc consistency in the rcsults of all of thccc ualyscs done over lhc past
threc years. Each study shows that confounding non-vchiclc factors arc imPortant in
undersunding rollover propcnsiry, but that therc is a largc ponion of the remaining problcm
lhat is associated with vchicle facton related to vehicle rollover stability. This association is
not surprising since it is consistent with enginecring srudies of what happcns during a
rollover. W}ere the statistical analysis is especially useful is in verifying that the
relationship exists, even after confounding factors have becn controlled for, quantifying the
effect of rollover propcnsity on safety. Also, such analyses assist in projectirg the likcly
benefits of any changes tlrat manufacturers might make.

I.4 CTIRRE}IT AGENCY ACTIVITTFS

The agency's recent activiries havc been directed at improving its understanding of rollover
accident causation by expanding the number of panmeters that are examined for possiblc
conelation with a vehicle's rollover propensify, and increasing the number and diversity of
the vehicles for which vehicle parameters are examined.

The remainder of the report is organized as foilows:

Section 2 discusses the background and history of the agency's past n:lemaking and
defect investigation actions related to rollover of light duty vehiclcs.

Section 3 discusscs the vehicles that were selectcd for inclusion in thesc analyses and
the process used in thcir selection.

Section 4 discusscs tlre vehicle rollovcr stability metrics that werc included in thesc
analyscs, thg proccdures uscd in $eir measurement, and the crrors associated with
their measurement or thc measurement of parameters involved in their calculation.

Section 5 discusscs the generation of thc accident dalabases used in the RO/SVA rate
analyses, the various sbtisticai analysis techniques used and the results of tlosc
analy ses.

.:
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Section 6 discusses thc vehicle registration dara that was uscd to estimate vehicle
exposurc bascd on vehicle population, the method used to calculate vehiclc population
estimatcs from that data and results of analyscs of accidcnt data using registered
vehicle years as the exposure measure.

Section 7 discusses.thc dynamic directional control and stabiliry data, rlc method usedin calculating that dala and anaiyses that are planned using that dara.

Scction 8 discusses thc various rulemaking artcrnatives that arc available to thc agency
to address the rollover safcty issuc, and discusscs the implications of thc resuls o'f tll
accident data analyscs on thosc rulemaking altcmatives. Also discusscd ,r, "aaition t
accident data gathering, vehicle tcsting urd daa analyscs that arc planned to furthcr
suppon the agency's rulemaking activities,

l .
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u
The following discussion reviews the.histov and background of prcvious nrlemaking and
*lfl.'r:"*,'r.tion 

acdons raren by Nrfrsi ,;;;;;;. rolrovcr safety of tighr?ury

2.r

2 .1 .1

PREVIOUS RULEIVfAKING ACTTVTITES

In 1973, $e agency issued an Advance Nodcc of proposcd Rulemaking (ANPRM) onRollover Rcsistancc, Docket 73-r0; Noticc r.- ri"'e'r.rpnv d t;;il;;irJ,i-io**aobtaining comments on tie deveropmcrt or. ,.tilio"Jrr., tcsr condidons and performanccrequiremcnls to cvaluate 'vehicre iouovcr tana.n.iir on *ooth, dry pavcmenr.. Aftcrreviewing dlc commcnts to that nodcc and aftcr.""a*ii"g scvcral rcscarch studies rclated tovehicle contror and sabilitv. thc agency d"cid; i;;;;nunue activiry in this area. oncstudy, titJed -Development 
oi vchiire iouover r"r-.u-".r;, concruded that altlrough avehicle's rolrover resistancc is depcndent on its, st"uiriry r"cror "to the first order", tiatreslstance to rorover 'can, hg$'gvgr, be degnded uy ouer design and "p..,i.iar'r***,un_der real-life performance condidons-' ei rrrat ti#e, *,e agency decided rhat until theinfluence of urose orher factors on real worrd accidents ,r., i.tt., il.-;;d; igJr#L,ioncould nor be justified.
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In september 1986, the National Highway Traffic safety Administration (NHTSA) received apetition @eference l) from-cTe*:iTaJl19!rr r. viirtrr tno* s.".iol*i;;'i";rr"..Federal Moror Vehicle Safety Sanaara (FMVSS)';;l;it,thi ro'over pr";;;;i;',passenger automobiles, urility vehicles, and pickup tnrcks.

11rat pedtion requested that the agency e-ke the following actions:

l' Propose an FMVSS to require t'ar the ro'over propensity of right duty vehicres,including passenger cars, iighr rruck and ,"ili;,?... passenger vehicles (Mpv), beIiTi,*.ul requiring {1 ,ir.y have a minimum iuuitiry f".tor,-o.n"J-r.r,ir" 
^

vehicle's haJf-track width divided by tlre vehicrc's cenicr of g.""iry lr.ight, o] aspecified value. Thc petitioner recommended ttrai tr,e agenc! "o"iia.i". ,i-u.ir r.zfor that minimum stability factor. 
vvrrJrvrr s vanu.

2' conducr a defect invesrigati_on of thosc .exilins right dury vehicres whose stabilityfactor does not meer the minimum required bf *rJ aUove FMVSS.

3. obtain and pubrish srabiiity factor information for vchicres bcing muufactured forsa.le in the U.S. and mate it available to ti,e ouUt.c.
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4' Immcdiatcty warn lhe owlers of lhosc vchicles with the greatest propensiry .o ro,overof tlre limis of these.vchicles aad givc them info.m"uon as .o sreps trrat they can ,"kcro prevent death and injury.

The petitioner alreged that the rolover propensiry of vehicres whosc stab ity facror is ressthan I.2 is so grear and rhar.rhc rct.tiu. nuru.ri J i."tr,, -o injurics are rc high that theirmanufa*ure shourd be prohibited. n,rs .on.rurti'ili...o on an anarysis contained in thcRobenrcn/Kelley ,.pori C:f:I:t.. 8t;il;;;#* *i,r, rlrc Winh pedrion. rhatpetition was denied in April l9gg.

In lunc, 1988, the aonrur:lyli:l of Unjted Statcs, Inc. (CU), submittcd a pctirion fornrlcmaking (Referencc 2) ro-rhe agency oa rcqucircd'thc estabrishmenr of ,a minimumstability srandard to protect against unieasonabti risk of rorrorer.. That petition was grarredin septcmber 1988, and it is ihat ".,i;;;;;;;'iiri.n, *r.*"ring activity addrcsscs.
2.2 DEFECTIIWESTIGATIONPETITTONS

In Ocbber 1979, and in Juty l9gl, the Officc of Defecs Investigation reccived o perrtionsto conduct invesrigations concerning the stability of lecp CJ-S ".";;I.r.'il;;#peridons were denied in part due to a lack or sfoinc iriformatron rndicaring that rhere is adisrinct vehicular defect tlrat causcs rollover accidents.

In February 1988, the office of.D..efects- Investigation reccrved a petidon ro conductinv-estigations concerning the. statiliry or suzuntamuni-vehicles. After a revicw of accidentdata' that petition was denied. That deniar was bascd ; pan on rhe rcsutts of ar analysis ofaccident data which indicated that t}e involvement of suzuki samurai vehicles in fatalrollover accidents was no preater than other similar vehicres. However, ftose same resultsindicated that Ford Bronco-fi vehicres t*r".d ;;;a iignincanrry higher rarc ofinvolvemenr in fanj roilover accidents. nr . ,.ruii . Iefect inu.stilatiin-fiuJoi ,.g.ruingFord.BroncorI vehicles, that was received in Augusr 198g, ; irJ,.a i"?.i"r"ris89.Another pedtion for defecr investigadon concerniig r..p-c.r "Jilio "*'l*.*J'rl' isroand, after ar acciden! data analysis which was .oi..*["rstiu. 
t- -y ,r.,r, i"J pr.u,ourrybeen conducted, the Jeeo cJ peidon was denied i; o.,"b.r 1990 (petidon deniar- Referencc12, Technical ReDon suooorting geniaf-.ReJe;;*'f Si.-Tl,. Ford Bronco II casc was closcd

l.):ytl 
tesb Gneinccdn! e,nalysis cl";;R;d;":Referencc t4). Borhrnvesngadons were crosed in pan due to trc lack-of dln to ,upport ac'on against anyyenicle,. B*{.ol anarysis oi accidenr dau, ,h.*;.fi* were statistie.lry no diffcrcnt thanmany other vehic.res in the udriry vehicrc popuration. Refcr ro referenccs rz, B, -Jia ro,additionai details.
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This section discusses *r-ll::,:r:ro in the testing, data gathcring and ana.rysis activiries
ffi i:,'1il*lt"'lii1:':gt o'og '.'. io?',h;ien,cres serec ted, acci denr dara ard
,y*::1 - ur*' il':Hilffi ;T.Ti'l'ffi il'il F'* .'*," L-,ii-i" J"I,,,
involvement. velwwrr ycnlctc taclors ard rollover accidcnt

3.I NTRODUCTION

trf,tr..J'."#tr}*,:;ltll-:l4t'o-^b" used in the accidenr data versus vchicre metricsr. srn g p,og-,Jn ;;'ffi #"j ;.,, T:r::f T.'f, :::.ff I?,Tr1:',, dil ;; ;; li ro,.,r,.
il:ffi 'fr: fl i'jil;;:',li11 ::h t ""' ; ;' il Lff fi':ffi::l1xi#r# L,*-ere. selecled to .n.orp*,, 

slzc vans; and open, sma.ll.,urd r.rg-e utiliry'""ifii;* in"y.r,.,in.rioi,.'Li.'#1il,T.H:..frr:i,i1",1,"lilr:.0:**uo",,,;;;''^

:,'::'.li'rur;inffi *H*i;#;];;f1":#r:htiilx?#.1'"[u".the highest rollover to single vehicle accident ,",.r. wif:lTtcd 
encompassed thi lowest o

selecdons werc made to iiccars an d ru' si ze sedans," :11'.-*' ;;i;i ;;;' i J:l ".',f [n 
",iltii'-ffi"ff;. J

wheelbases. 
,- rne tall narrow utiliry vehicles wih shon, medium arrifo.ng

3.2 YEHICLE SELECTION CRITERIA AND PROCEDURE
A summa'ry of single vehicle accident and singlc veiicle rollover accident counts was?l:qtt"d using the t*'-1ry*:" "f rh.;iRD;ir.'*,c.ot t., base_ for 1986 rhroughlv6E' This risr was rhen reviewed "sing tire rorioJ;;;;,.". (each of tlre criteria isrorowed by a shon description "f rh. b;i;;;;;;r',8 

'wrr

i. IITODEL 'EARS 
;l,l] !f r*en: Modet years.previous to l98l did nor have astardardized VIN (Vehicle lo.*tf.i."Jon.ruirnijrir"n.rn..

3,;1350[T13fl 1,i Y" tt-AB LE_: Da ra norn T: Maryrand I e 8 6 r e88 GARD rire
observadons *., ,., ", ?E-.*posure 

of differcnt vehrcles. The minimum numbcr of

3' VEHICL* *ITL 
ItgH.ROLLOVER pROpENSITy: Evaruate the ro'over ntesof tlresc vehicies rerative ro ,h"il;i;;d;;?puration.

4. HIGH CURRENT SALES VOLUMES: Vehiclessegment of the cunenivehicle fleet. 
which reprcsent a growing
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5. HIGH REGISTRATION popuLATIoNS: Vchicles wcll rcprescnted in thc vchicle
fleet.

6. PREVIOUSLY TESTED: Vehicles for which dependabre sidepull or parameer
measurement dara eitler cristed, or was planned ,o g3 6rarurcd in ongoing
Programs.

A list of 60 vehicles that satisfied one or morc of the above criteria was pr€parcd. Forty-five
of thc vehicles on this list were then acceptcd for evaluation and testing. 

' 
Aadidonally, I I

vehicies that did not mest any of the abovc requirements, and thcrcfore *cre not on th.
original list, were chosen for testing. The additional vchicles wcrc choscn to cxpand he
range of vehiclc ty'pes, such as scveral short wheelbasc front- and rcar-whecl driic
subcompact passenger cars, a Europcan sport seda.n, large utility vehiclc, and a shoncr
wheelbasc version of a vehicle included from the original list.

3.3 VEHICLES SELECTEI)

I
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The vehicles selected include vehicles in the following caEgories:

Sport utility vehiclcs
Light (compact) pick-up truck
Full size pick-ups trucks
Mini-vans
Full-size vans
Small (subcompact and compact) passcnger cars
Inrcrmediate size passenger cars
Full-size passenger cars

Table I details tlre list of the vehicles which were actually tested to debrmine their metrics,
i.e.. nhysicaj measurements were talen by NHTSA or a conrractor, and rhe sister vehicles
which were aralyzed in this project. Sister vehicles are vehicles of different ma.kdmodels
that are built about the samc chassis as that of the rested vehicle, c.g., a chevrolet S-10
Blazer was rested ard the GMC rimmy s-15 was considered as a sister vehicle. In this uble,
the tested vehicles are designated with an entry for model year in ttre 'Model ycar (Test
vehicle)' column. Hence, Tabie I contains rwo sers of vehicles, l) tle acrua.l vehicles
tested, and 2) a set of sister vehicles for which tie test data from ttre tested vehicles coutd bc
applied.

After this group of vehicles was chosen, a sccond list, prerntcd in Tablc 2, was prcpared
for which only accident data would be gatlrered. This list is caled the companion vehicle
set. The accident daa for tle vehicles contained in this second list were gathered to allow
comparisons to confirm tlat thc vehicles included in the sample as "average' vehicles were
representadve of vehicles in their respective sizdmarkcvusage class. comparisons of
vehicles in similar classes could help in determining if any vehicles in a class havc
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unexpectedly high accidcnt rates. An examination of thosc vehicles, charactcristics might aidin gaining a bc$er understanding of what factor; can influencc acciden! involvement.

other vehiclcs in this accidcnt data-only tist werc included to allow comparisons of thc
accidcnt rates berwecn cenain sub-classes of vehicles, such as: station wigons vs.
sedans/coupes, passenger vans vs' cargo vans, and pickup truck an<i vani equippcd with
aati-lock braking sysrems vs. pickup trucks and uani thai are not so equipgJ. 

"

Due to some,incompatibilities bcnvecn the two sourccs of vehiclc regisrntion data (which is
discussed in Section 6), sevcral other vehicle male/models were addcd o this list to allow
acciden! involvement rates pcr registcrcd vehiclc ycar !o bc dctcrmincd for all thc vehiclc
make modcls of intercst. In thc accident daaonly vehiclc list thcsc vehiclcs can bc
identified by their Narional center for satistical Andysis NcsA) ID numbcr ucin! rorto*.a
by an asterisk (i),
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Tablc l, Vchicle Maka/models and Siscr Vchiclcs.-
NCSA
ID No.

Vchicle Modcl
Yeat
(Icst

Vehicle)

Modcl
Year(s)

(Accident
Data)

Male ModeVSeries

001I Iecp CI-5 w/
stabilizer bar

8 l 81-83

u../  t  J Iecp CJ-S-w/o stabiiizcr bar 8 1 72-75
0021 Iecp CJ-7-widc track

w/stabilizer bar
85 82-86

m23 Jecp CI-7-narrow track
w/stabilizer bar

E I 8 l

0031 Wnngler 89 87-

0041 Jeep Cherokec (4WD) 84 84-
0051 Ford Bronco II 83 83-86
0052 Ford Bronco II W/ABS 87-
0061 Ford Bronco 85 Er-86
0062 Ford Bronco w/ABS E7-
00?1 Chewolet Blazer S l0 83 83-88
ffi12 Chevrolet BlazerSl0 wiABS 89-
0073 cMc Jimmy S-15 83-88
JJ14 GMC Jimmy S-15 w/ABS 89-
0081 Chevrolet Kl0 Blazer 83-86
0082 Chevrolct RlO Blazer 6 t -

0083 GMC K1500 Jimmy 85 83-E6
0084 GMC . R1500 Jimmy 87-
009 r Toyota 4Runner-MPV 86 E4-
w2 Toyota 4Runner-Truck w-
0101 Suzuki Samurai-MPV-

'E5-8E-E
88-E 85-87
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Table L Vehicle Male/models and -Sirr,
-

NCSA
ID No.

; Vchicle
I
H

Modcl
Year
CIest

Vehicle)

Modcl
Ycar(s)

(Accident
Daa)

Makc ModeVScries

0106 Suzuki Samurai-Truck-
'85-'E8-E Es-87

0 1 1 l Isuzu Troopcr II-MPV 84 u-
0r l2 Isuzu Troopcr II-Truck 84-
0t2r Ford Fl50 4x4 87 8l -86
0t22 Ford Fl50 4x4 MABS 87-
n l ? l Ford Fl50 4x2 6 / El-86
0132 Ford Fl50 4X2 w/ABS 87-
i  1 4 1 Ford t r < n EI 8l -86
tt42

015 l

Ford F250 w/ABS 87-
Ford Rarger 4x4 86 83-88

n l 5 ? Ford Ranger 4x4 w/ABS 89-
0 l 6 l Ford Ranger 88 I ss-ee
0162 Ford Ranger w/ABS 89-
0 1 8 1

0182

Chevrolet c-r0 76 8l -86
Chevrolet R-10

6 / -
r i i l 3 Chevrolet C-1500 w/ABS 88-
1 l ? 3 Chevrolct K-1500 w/ABS 9 l 88-
0r84 GMC c-1500 8l  -86
0 l  85 GMC R-1500 87-
l 1 8 6 GMC C-15@ w/ABS 9 t 8E-
|  1 ' 74

0r9 l
GMC K-1500 w/ABS 88-
Chevrolet c-20 u 8l -86

0192 Chevrolet K. IU 87-

{ ' l
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Table l. Vehicle Make/models and Sister Vchicles.

NCSA
ID No.

I vchictc Modcl
Year
ffcst

Vehicle)

Model
Year(s)

(Accident
Data)

0194 GMC c-2500 81.86
0 r95 GMC R-2500 87-
0201 Chcvrolct T-10 E2-88
0202 Chewolct T-10 w/ABS 89-
0203 GMC T-1500 86 82-88
02u GMC T-1500 w/ABS 89-
02r I Chevrolet s-10 83 82-8E
0212 Chevrolet S-IO ilABS 89-
0213 cMc s-1500 82-88

GMC S-1500 w/ABS E9-
0221 Toyota 4x4 Pick UDLWB 80 81-83
0241 Toyota 4X2 Pick Uo.SWB 86 84-88
0251 Nissan 4x4 Pick Up Et El-
0261 Nissan 4X2 Pick Up 85 6 l -

0271 Ford E-150 Pass. Van u 8 l -
02E I Chevrolet Gl0 Sporuvan 88 81-
0283 GMC G-1500 Rally 8r-
0291 Ford Aerostal-Pass. Van E8 86
0301 Chevrolct Astro-Pass. Van 8E 85-88
0305 GMC Safari-Pass. Van 85-88
031 l Dodge Caravan Van 84-
0316 Plymouih Voyager Van E9 u-
032 r Toyota Minivan-Pass. Van 86 E4-
0331 Volkwagen Vanagon Van 84 8 l -
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Table l. Vehicle Make,/models and Sisrcr Vehicles.
NCSA
ID No.

Vehiclc Model
Ycar
(-Iest

Vehicle)

Model
Ycar(s)

(Accident
Data)

Malc ModeVSerics

0341 Ford Escort 89 8l -85
0351 Ford Thunderbird 87 83-88
0361 Chevrolct Chevet!e 80 8l-87
0371 Pontiac Fiero E4 84-8E
0381 Buick Skyhawk 82-
0382 Chevrolct Cavalier 85 82-
UJdJ Oldsmobile Firenzz 82-
0384 Pontiac J-2000/Sunbird E2-
0391 Buick Cenrury 82-
uJv z Chevrolet Celebriry 82-
UJYJ Oldsmobile Cutlass Ciera 85 82-
0394 Pondac 6000 82-
0401 Buick Lc Sabre 80 81-85
u02 Chevrolet Capriccr'Impala 8 r-85
0403 Oldsmobile Delta 88 8 r-85
041 I Dodge Onni 83 78-
0416 Plynrouth Horizon 78-
u20 Toyota Srarlet 82 81-84
0430 Toyoa Catn.y 83 E3-86
04.11 Datsun . 510 78-81
0451 Datsun 200sx 80 80-E4
0451 Nissan Senra 83 83-86
04?l Nissan S uaza E5 E2-86
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Table l. Vehicle Make/models and Sister vchicles.

NCSA
ID No.

Vchiclc Modcl
Ycar
Cfcst

Vehicle)

Modcl
Year(s)

(Accidcnt
Data)

Make ModeUSeries

04E I Honda Civic
(4 dmr-LWB)

JJ E l-83

049r Honda Civic Hatch Back 84 84-86

0501 Honda Civic CRX 84 E4-85

051I Hyundai/
Misubishi

ExceV Prccis 87 84-

0520 BMW 320r E I 78-83

0531 Renault T2 C,aI 77 79-83

0541 Volkwagen Jena E3 E 1-E3

| )'l) Ford E-150 Cargo Van 8 l -

1282 Chevroiet Gl0 Cargo Van 8 l -

1292 Ford Aerostar{argo Van 8G

| 2n1 Chevrolet Astrrcargo Van 85-88

1303 Chevrolet Asro-Pass. Van w/ABS 89-

1304 Chevrolet Astro-Cargo Van-w/ABS 89-

1306 GMC S afari-Cargo Van 85-8E

130? GMC Safari-Pass. Van wIABS 89-

1308 GMC S afari -Cargo Van w/ABS 89-

r  1)J Toyota Minivut4argo Van E4-

i

i
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This is the'end of Table 1.



Table 2, Companion Vchicles Make/Modcls.

NCSA
ID No.

I vehtcte Model
Year
Cfest

Ycirsle)

Modcl
Ycar(s)

(Accidcnt
Dara)

cp42 JEEP WAGONEER (4wD) 84-
0 l7 l CHEVROLET K-r0 (4wD) 8l -E5
0172 CHEVROLET v-10 (4wD) 8?-
0t74 GMC K-10 (4wD) 8 t-85
0175 GMC v-10 (4wD) E7-
vz '  L TOYOTA PTCKUP SWB (4WD) 84-88
1012 JEEP CJ.5.STABILIZER BAR

UNKNOWN
7680

t022 JEEP CJ.T.NARROW
TRACK.STABILIZER
BAR UNKNOWN

7e80

1046 JEEP CHEROKEE (2WD) 85-
1056 FORD BRONCO rr (2wD)-

non-ABS
86

1057 FORD BRONCO rr (zwD)-
ABS

l0?6 CHEVROLET T-10 BLAZER (4wD)-
non-ABS

83-88

L0'77 CHEVROLET T-10 BLAZER (4wD)-
ABS

89-

1078 GMC T-15 JIMMY (4WD)-
non-ABS

83-88

r079 GMC T-15 JrMMY (4WD)-
ABS

89-

1086 CHEVROLET c-10 BLAZER (2WD) 83-86
1087 CHEVROLET R-10 BLAZER (2wD) 6  t -

1088 GMC c-10 JrMMY (2wD) 83-86

,l=.

: j j
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Table 2. Companion Vchiclcs MakeJModels.

NCSA
ID No.

Vchicle Modcl
Year
([cst

Vehicle)

Model
Ycar(s)

(Accident
Data)

Make ModeVSeries

r0E9 GMC R-10 rrMMY (zwD) 87-

I102 SUZUKI SAMI,JRAI-MPV-
'88-L 8E

I103 SUZUKI SAMURAI.MPV.'89 89

1107 SUZUKI SAMURAI-TRUCK.
88-L

88

1108 SUZUKI SAMURAI.TRUCK.
'89 89

I173 CHEVROLET K-10 (4wD)- ABS 88-

I 176 GMC K-10 (4wD)- ABS 88-

ltn CHEVROLET K-20 (4wD) 8l  -86

l  178 CHEVROLET v-20 (4wD) e1-

r119 CHEVROLET K-20 (4WD)- ABS 88-

I t?A GMC K-20 (4WD) 8l-86

1 1 7 B GMC v-20 (4wD) E7-

I  l7C GMC K-20 (4wD)- ABS 88-

i l E 3 CHEVROLET c-10 (2wD)- ABs 88-

I 1 6 0 GMC c-10 (2wD)- ABs 88-

1 1 9 3 CT{EVROLET c-20 (2wD)- ABS E8-
I  1 0 6 GMC c-20 (2wD)- AFS 88-

r222 TOYOTA 4X4 PICK UP.SWB 81-E3

1223 TOYOTA PICKUP LwB (2wD) 8 r-83
t224 TOYOTA PICKUP SWB (zwD) E l-83

r l  t o FORD E.250 CLUB WAGON.
PASS. VAN

81-

3-21
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Table 2. Companion Vehicles MakdModels.

NCSA
ID No.

Vehicie Modcl
Year
Cfcst

Vehicle)

Modcl
Year(s)

(Arcidcnt
Data)

Make Model/Serics

l ) 1 1 FORD E.25G,CARGO VAN 8 l -

1284 GMC G1500 Cargo Van 8r-
1286 CHEVROLET G.2O SPORTVAN.

PASS. VAN
il-

1287 CHEVROLET G.2S,CARGO VAN Et-
l 2  88 GMC G-20 SPORTVAN.

PASS. VAN
8l -

1289 GMC G.2G'CARGO VAN 8t-

1385 BI,JICK SKYHAMi- Station
rffagon

88-89

i387 CHEVROLET CAVALIER- Sration
Wagon

82-

1396 BUICK CENTURY-
Station Wagon

82-

r397 CHEVROLET CELEBRITY- Starion
Wagon

9't -

1398 OLDSMOBILE CIERA-
Station Wagon

E2-

1406 BUICK LE SABRE- Station
Wagon

8l -85

1401 CI{EVROLET IMPALA/CAPRICE-
Station Wagon

EI.E5

1408 OLDSMOBILE DELTA 88- Station
Wagon

8l-85

1482 HONDA cryrc G DooR-swB) 8l -E3

1542 VOLKSWAGEN JETTA 85-

1551 FORD FAIRMONT- non-
Station Wagon

E1-t3
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Table 2. Comoanion Vehiclec M,t.
-
l l r^)^r -

NCSA
ID No.

1 Vchicle I """
l Y *
| (Icst

Vehicle)

Model
YcarG)

(Accident
--zsa)

Make ModeUScries

1552 MERCURY ZEPHYR- non-
Sration Wagon 8l-83

1556 FORD FAIRMONT- Sration
wagon El-t3

1557 | MERCURY ZEPHYR.
Sntion Wagon El-83

1561 BtnCK SKYLARK- non-
Station Wagon 8l -85

r <<t CHEVROLET CITATION 8r-85
1563

L5&

OLDSMOBILE

PONTIAC

OMEGA
!1'&*
8 t-84

PHOEMX
1566 BUICK SKYLARK.

Station Wagon
8 l -85

1571 DODGE ARIES- non-
Station Wagon 8l -86

r572 PLYMOUTH RELIANT- non-
Station Wagon

8l -86

r576 DODGE ARIES.
Station Wagon 8l -86

r577 PLYMOUTH RELIANT.
S tation Wagon El-86

1581 TOYOTA T E P ' E I

83-86
r 591 TOYOTA MR2

85-
r60l HONDA PRELUDE

84-86
l 6 l 1

1612

VOLKSWAGEN RABBIT- except
convenible 8l -83

VOLKSWAGEN RABBIT- conveniblc El-83

1-r1
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Table 2. Companion Vehiclcs Malre/Modcts.

NCSA
ID No.

Vehicle Model
Year
Cfcst

Vehicle)

Modcl
Ycar(s)

(Accident
Dara)

Make ModeVScries

t62L VOLKSWACEN GOLF- cxcept convcrtiblc 85-
1622 VOLKSWAGEN GOLF CABRIOLET E5-
r63 t AI.JDI 40@ 8G84
2091r TOYOTA 4.RUNNER- ALL u-
2101 . SUZUKI SAMURAI- ALL E5-87
t I n T  r SUZUKI SAMUMI. ALL 88

2t03, SUZUKI SAMURAI- ALL 89

2111. ISUZU TROOPER II. ALL 84-
2r73. CHEVROLET K.IO LXTENDED CAB

(4WD)- ABS
EE-

21764 GMC K-10 EXTENDED CAB
(4wD)- ABS

88-

2179. CHEVROLET K.2O EXTENDED CAB
(4WD). ABS

88-

)  1 1 a t GMC K.2O EXTENDED CAB
(4wD)- ABS

E8-

r  183. CHEVROLET C.lO EXTENDED CAB
(2wD)- ABS

88-

2 186 ' GMC C.IO EXTENDED CAB
OWD). ABS

8E-

2  l 9 l ' CHEVROLET c-20 cREw cAB (zwD) 8 r-86
7192. .CHEVROLET R-20 CREW CAB (2wD) 87-
2193 . CHEVROLET C.2O EXTENDED CAB

(2wD)- ABS
88-

2194. cMc c-20 cREw cAB (2wD) 8l  -86
? t o { r GMC R-20 CREW CAB (2wD) 6 t -

i
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Tablc 2. Companion Vchiclcs Male/Modets.

NCSA
ID No.

Vehiclc Modcl
Year
CIest

Vehicle)

Model
Ycar(s)

(Accident
Data)

Make Model/Scries

2196. GMC C.zO EXTENDED CAB
(2WD)- ABS

88-

CI{EVROLET. T.IO EXTENDED CAB
(4WD)- non-ABS

E2.E8

2202. CHEVROLET T.IO EXTENDED CAB
(awD)-,us 89-

t t n l r GMC T.IO EXTENDED CAB
(4WD)- non-ABS

82-8E

cMc T-IO EXTENDED CAB
(4WD)- ABS

89-

2211. CHEVROLET S.IO EXTENDED CAB
(ZWD)- non-eBS

82-r8

) 7 1 ) . CHEVROLET S.1O EXTENDED CA3
(2wD)- ABS

89-

2213. GMC S.IO EXTENDED CAB
(2WD)- non-ABS

82-88

2214. GMC S-IO EXTENDED CAB
(2wD)- ABS

89-

- r 8 r '
CHEVROLE-T G.IG.UNKNOWN VAN 81 -

2282. CHEVROLET G.2G,UNKNOWN VAN 8l -
228J* GMC G-lG.UNKNOWN VAN 8 l -
2284. GMC G-2G,UNKNOWN VAN 6 I -

? ? Q l * .FORD AEROSTAR. PASS.
VAN.EXTENDED CAB

8G

2291' FORD AEROSTAR- AIL
VANS

8G

2292. FORD AEROSTAR. CARGO
VAN.EXTENDED CAB

86

3-25
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Table 2. Companion Vt'hicles Make/Modcls.

NCSA
ID No.

Vehicle Model
Ycar
(fest

Vehicle)

Model
Year(s)

(Accident
Data)

Make Model/Series

230I . CHEVROLET ASTRO. INCOMPLETE
VEH.- non-ABS

85-88

2302' CHEVROLET. ASTRG INCOMPLETE
VEH.- ABS

89-

2303. GMC SAFARI- INCOMPLETE
VEH.- non-ABS

8s-88

23U. GMC SAFARI. INCOMPLETE
VEH.. ABS

89-

2 t < 1 . NISSAN/
DATSUN

PICKUP @RrvE-?)
excludcs King Cab

El-

3-26

This is thc end ofTablc 2.
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4.L I\TRODUCTION

ffi:l'il1TS.'ni:.1'T:!:::- i1 srlnnort or tlrc nrremaking erron on righr vehicreparam e te r,.., u,.,.n,,, f"$Fl#l'#I11i:| * lt ; jl,; r** J,,',rj*,angle. Thesc two mearuremenr are discusscd in.l.,ii, ,.*, rn rhis s€crion.
The results of these tesrs ,
merrics tlat would bc uroy?.. 

us€d to deErmine values for tic vehicle rollcver sbbility
s ra b li ty'.i,i.r-.Ji r.,fr:: tr|1'ji:fi : il,'?il'f 

roil over .";il;; ; ;;.' #' rori over
4.2 ROLLOVER STABILITY METRICS

Two basic types of ro'ovcr. phanomcna, uippcd and untrippcd rorover, were considercd inselecdng lhe rolrover srabirity metrics rh.r;;rd b..;;ted wirh regard to rreir correration
;:?."*;'&'::"ff :,"ffi:',.'i -,n*,y.* d; ilti"n c uon reue.n $ esc fwo ph e nom ena is
uerricre.rt ies;; ;;il;lY:: 

an,abmpt impaa wior a nsrd or learly rigid object at rlrcinrr'..",.oii{fi;J jil{lq?'"'.itr["iil*?iJ:].;il1,"jilli"i?,**.
:ii{,i j".1ffi ,:ili:]fjffi Tff :".il1?.:Atf ?;*:r,i;Gti".;fr 

';.
ground leading to a roll6vJr. The laner casc also in"otull 

ol ti^e vehicle's whecls off the
cncounters a downslooe o..,otrri-""| ::"5 j"-"-ties, sltuauons wherc the vehicle,,op";;,;;;;';;,.:L.#dT:xh.ll;fi n,Tj"hg::;n;j*f.g*:,
,Tr":J:i:iJJ:: 

gnduaty tu'.* i";;.;;,t..,J ,i,, ou,,o, up enough resisrive rorce ro

ffi:1';lyffi:i :lgnfl.::T:l?l Y*' cxamined to. determine whar vehicre design
i',^?en,lip ;" ,;;;;;";i'y:i'.:i[ii,TiilJi,ffi:::;l$.:fi1,;:f.":_"T$iiH.,.r,"
a vehicle's rolrover ssbilitv'are ap_propriate ,o o.tli,r,.r. rol0ver t1'pes. Becausc of thelack of deail in the accidenr da,t";les, i, i; ;;, hr;;; 

'rur,,.r., 
or rhese phenomena areinvolved in any individuar .:::0,.:"j "l;, 

T-;;;"*qil;, wh.ich arc rhe most frequent inrollover acciden* involving [gh_t duty. vehicl.r. ii;;;"biled accidcnr data weieavarabre, rt would probabry bc possi6lc ro exanr"e oe corrcration of accidens invorvingonly -one ry'pe of rotover phenomenon.wirlt ."il"".;;;b;t,l,metrics appropriatc to rhc r)?cor ro'over that occuned in thosc accidens. '"*.".i ", lt,is not possibre to determinc,Irom the accident data used in thesc analyscr, tt,. rfr'Jrollover phgnsrngnon involved inpanrcular accidenc, rhe metrics.deriueA irorn ,f,. .r_fii"aU". of tiese o types of rolloverpnenomenon wourd be examined ror .on r"tion Jil.ia"n, o"o representing all rolloveraccidenrs involving $ose vehicles in the data sct. 
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The metrics uscd in this program to quantify the rollover propensity of vchicles werc choscn
for several reasons. The static s6bility factor has bccn uscd in tlrc past by many rescarchers
and found to have a good conelation witi the accident data, Its inclusion in this rcscarch
continues this effort. Side pull ratio was included sincc it uscd to mcasure roll propcnsiry
and has good scientific merit. The tilt table metric was included in this program since it is
being proposed in the European community, thus it would allow some possibilities of
harmonization berwecn the U.S. and thc Europeans, if sclected as tic bcst metric. Othcr
metrics, such as rollover prevention and critical sliding velocity werc selectcd for
completeness and based on their scicntific merit. Sevcral merics wcre used for yaw stability
ln?asuresr since vehicles yaw stability may be imponant in determining vehiclc aturudc prior
to the accident, and lcaving tlrc road sidcwayr could lcad to morc rollover accidcnts.

4.2.1 Untripped Rollover Stabilitv Metrica

Threc metrics characteristic of thc untripped rollover phenomenon wele sclected for
conelation with rollover accident involvement. Thesc are the static stability factor, the tilt
table ratio, and the side pull ntio.

4.2.1.1 Vebicle Paraoeter Definitions

Before discussing dre individual rollover stabiliry metdcs, two basic vchicle parameters necd
to be defined.

These are:

Center of Gravity Height, Yertical: The height, in inches, of the center of mass of thc
entire vehicle measured vertically from and normal to the plane on which the vehicle rests.

Vehicte Track Widtht The average of the lateral distance between the centerlines of the two
front tires and the two rear tires of the vehicle.

4.2.1.2 Static Stability Factor

For untripped rollover, the most basic metric is the static stabiliry factor mentioned earlier.
The sadc stability factor (SSF) is then determincd as:

q(F. ff i

Z . h c c

TW = Track width
h" = Venical cg height

l

q

. .

( 1 )

1

t

t

:
r
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If a vehicle were a rigid body with no dre or suspcnsion deflections or motions, this measurc
would be equal to the lcvel of lateral acceleradon at which tie vchiclc would bcgin 1.1 lift its
inside (of a turn) drcs off the ground and if forccs at the tires werc not reduced,-the vehicle
would roll over.

Howcver, vehicles are not rigid and there are two otler measures which u-ke into account thc
motions of the vehicle's sprung mass (the body and chassis less the suspension *o tii.o
relativc to tirc contact area. Thesc are thc tili tablc tcst angle (the ,.rult of this tcst is
usually represcnted as the tangent of tiat argle and is called the rilt rable ntio; and tfrc siAe
pull forcc ndo.

Thesc mcasurcs arc--mor€ rcPruacntadvc of a vchicle in an acfual turning mancuvcr sincc they
tale inp account effccts of rhe vchiclc's suspcnsion kinematics and ia f,re and suspcnsion
deflections' Thcsc cffects rcsult in motion of the vehiclc's cg relativc to thc vehicic's tircs
(where tle forccs that rcsult in a rollover are gencntcd). Thesc motions change botlr thc cg
height (above the ground) and the lateral distanc€ between thc cg and the tiresin the outsidc
of tlrc tum. In other words, in a rea.l cornering situadon, the vehiclc's rollovcr stability is
stiil chancterized by 'thc disunce from rhc lateral cg to the tirc contact parch. dividd by"the height of the cg.' However, the sudc srability facror, ssF, is calculated based on the
static cg height and rhe track width discounting any change in thc cg's position duc !o thc
vehicle's suspension and tires.

4.2.1.3 Tilt Table Ratio

The tilt table test involves placing the vehicle on a platform which is thcn tiltcd about an axis
parallel to the vehicle's longitudinal axis and the vehiclc's rollover stability is chapcterizcd
by the argle at which the tires on the upper side of tlre platform lose contact with the
platform ard the vehicle begins to fatl off rhe platform. The tilr table rest is shown
gnphically in Figure L As can be seen from this figure, the argent of this angle is equal to
the ntio of the lateral distance between the tire and tlre lateral center of gnvity location to
tt ' \eight of !he cenrer of gnvity. This rarro approximates rhe sudc stabiliry 

-facror 
and

thus, the tangent of rlre tilt rable anglc, called the Tilt Table Rado gTR), is:

rrt=ffiffi=c."0

d (phi) = the angle of the tilt table ar rhe point where both whects tift off ttrc
table.
M = vehicle mass, slugs
g = acceleration due to gnvity,32.2 ftll*f
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The fiR is an approximadon of thc level of latcral acceleration at which the vehiclc would
roll over. The rilt table tcst more accunrely simulatcs a vehicle negotiadng a steady turn at
high lateral accelention or a vehicle on an embankment or side slope than does rhe rigid
vehicle model upon which the stadc stability factor is bascd. However, the total force acting
on the vehicle is only equal to the vehiclc's total wcight. In a ral comering maneuver, rhe
force would be the resultant of both tlrc vehicle's wcight and tlre lateral acceleration times the
vehicle's mass. For rnost light duty vehicles, the forcc acting on a vehiclc on thc tilt tablc,

ACCETEROMETER
TO MEASURE BODY

FOrIAl.rGLE 6

VEI{CLE
RESTFAJNTS

1' TRIP
RIJL

ACCAEROMETER
TO l'rEA.9Un€ HJTFORM
A,.fG116

Figure l. Tilt Table Test Sctup.
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at its 'rollovcr' anglc, would only be 60% to 80% of that which would be acting on a
vehicle in a turn at the point of rollover. This lower forcc has two effects on thc tilt table"rollover stabiliry factor' esdmatcl First, tlis lower forcc results in smallcr lacral
movement of the sprung mass, which decrcascs the cffective half-uack width by a smallcr
amount tha.n would be observed under a real rollovcr sinndon, and, therefore, would tcnd to
result in a higher estimate of the lateral acceleration rollover $reshold thur in an actual
rollover. Second, this lower force cffectively reduces tie level of gravity acting on the
vehiclc since the 'vertical' (relative to the vehicle) forcc is also reduccd. This raiscs the
vehicle cg (relative to the platform) due to the reduction of the load on rhe vehicle's springs,
and, therefore, reduces the estimated rollover threshold. But on the other hand. the tilt tablc
test should be an cxccllent predictor of a vehiclc's possibility to rollovcr whcn a vehicle
negotiatcs a side slopc of cmbankment.

Since thc ovcrall impact of thesc two cffccu is depcndent upon the larcnl suspension
stiffness (that involvc both roll and latcral motions that lead to changes in the cffcctivc
half-track width) and venical suspension stiffness (that lead to changes in t}e cg hcight) of a
particular vehicle, the overall effect compared o the real vehiclc mancuvering situation
cannot be easily estimated. However, although the techniquc may not actually duplicare the
exact physics of a real world rollover during high Iateral cornering, the metric may represent
thc vehicle's rollover propcnsity with sufficient accuracy due to its cxcellcnt representation of
side slope rollovers, to proceed with a rollover stability standard bascd on this metric.

In 1990, a tilt table test was proposed by tle United Kingdom (UK), urd in revised form by
other European nations, to the GRRF (acronym for the French title 'Meeting of Expens on
Bnkes and Running Gear') of thc Economic Community for Europc (ECE) as a standard for
"four wheel drive multipurposc vehicles.' The U.K. proposal includes a recommended
requirement level of a minimum tilt angle of 40 degrees CnR = 0.839) at both "unladen'

(driver only) and 'laden' 
[manufacrurer's recommended maximum or Gross Vehiclc Weight

Rating (GVWR)I load conditions.

As will be discussed further in Section 4.3, the vehicle rollover stability metric data gathered
for use in the agency's analyses were measured in tlre driver only load condition. In order to
evaluate tlre impact of the GVWR load condition of the IIK proposal on the TTR of rfie
vehicles in NHTSA's vehicle sample, NIITSA measured the TTR for cleven vehicles in a
GVWR load condition similar, but not identical to, thosc contained in the original UK
proposal. Data on thes€ tests are presentcd in Section 4.3.2.

At a GRRF meeting in February 1991, it was agrecd that the propoul would bc extended to
be applicable to ECE vehicle classcs M, and N, which together represcnt basically all light
dury vehicles. AIso, at tlrat meeting, it was suggested that thc laden load condition in the
UK proposal be replaced by that contained in the Union of Soviet Socialist Republic's
propoul which would require that 'the load beds of goods (cargo carrying) vehicles shall bc
ballasted...in such a way that the center of mass of tle bdlast lies on a level with thc middle
of the sides of thc load bed.'

i

!
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As a result of thesc most recent actions by the ECVGRRF and the UK, additional tcs
several load conditions, including full passcnger complement, and 2 versions of thc G
load condirion, arc being conducted by NIITSA to examinc the effect of thcse load co
on the relative TTR ranking of different vehicles.

4.2.1.4 Side Pull Ratio

The side pull tcst involvcs applying a horizontal (aaral) fotcc to the vehiclc, through
sufficient to just lift the vehicle's wheels oppositc the pull forcc off thc ground. The
pull rcst sctup is shown in Figurc 2. Thc Sidc Pull Ratio (SPR) is:
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Figure 2. Side Pull Test Scrup.

This ntio oi the side pull forcc o thc weight of thc vehicle is an approximation of th
acceleradon necessary to initiate a rollover, and, as in thc casc of the tangent of the t
angle, is also an approximation of the ntio of thc effcctivc half-tnck to cg height at t
of incipient rollover. This techniquc's strong point is tlrat it anempts to replicate the
acdng on the vehicle at the point of incipient rollover more accurately tban the tesls t
derermine either the static stabiliry factor or the tilt table ratio. Bccause of this' the
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where:

Rp'.loo 
ro;r1
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r  . r  + M (  , *  - ^ r \- o . a  - a . . \  
4  

. . c t )

vy = vehicle latenl velocity
Ixx = roll m:rss moment of inenia of the vehicle.

( s )

( 5 )

( 7 )

It is of note that even lhough Vy appears in the equations for To and T,, RPM is not a
function of Vy since it cancels out in the formulation of RPM.

4.2.2.2 Critical SUding Velocity

The critical sliding velocity metric is a measure of the minimum lateral velociry required to
initiate rollover, when the vehicle is in a tripping orientation, It is determined by equating
the vehicle energy prior to the tripped impact with the energy needed to raise the vehicle cg
to the point where it is just above the assumed pivot point which the vehicle is rolling about.
In a tripped rollover, the roll motion ia assumed to occur about the point or axis whcrc the
tire(s) have contacted the tripping object. Critical sliding velociry (referencc 5) is a function
of the vehiclc's roll mass moment of inertia, venical cg height, track width, and cocfficient
of restitution (e); has direct linkage to SSF, since botlr usc rrack width and \ in rheir
derivadon; and is dctermined as follows, for inelastic impacts whcre c=0:
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( 8 )

where I.,. is defined as in Section 4.2.2. I above.

4.3 TESTING

Vchicles were tested at two test facilities, Vchiclc Rcscarch and Tcst Ccntcr (VRTC),
NIITSA's test facility in Ea<t Libcrty, Ohio, and Systcms Tcchnology Incorporatcd (STI).
At both VRTC and STI, tesls were performcd to dctcrmine the static stabiliry factor, sidc
pull ratio and other propenies which werc uscd in a dynamic directional rcsponsc simulation
model. Each of these sites measured these propenies for a subset of the toul vehiclc test
sample. At VRTC, tilt table ratios were determined for all the vehicles in the test sample
and tle dynamic model was run for ail the vehicles to obtain simulated dynamic directional
responses to steering inputs.

In all, vehicle measuremenc were obtained for 54 different makdmodels. The project at
VRTC tested 16 vehicles and that at STI testcd 4l vehicles, howcver, three of the same
make/model vehicles wEre tested at both facilitics and for thrcc vehicle mal<dmodels tilt table
tests were not conducted. Two of these duplicate make/modcls were uscd as control vehicles
and were shipped from one site to tle other for repcat tcsting. fie third was a repeat
vehicle using a similar make/model. For these threc duplicate maldmodels, the vehicle data
measured at VRTC were used in the accident data anaiyscs. Also at VRTC, rwo additional
vehicie makdmodels had only their static shbility factors and tilt table ratios measured;
therefore SSF's were available for 56 different maldmodels and TTR's were available for
53 different male/models. The results of tlre comparison of the STI and VRTC test resuls
are discussed later.

At VRTC, the inertial and side puU test matrices were designed !o examine test repeatability
and the effects of vehicle passenger loading, fuel loading and tirc inflation pressure. Both
types of tests were performed on twelve vehicles, with a total of fifty-nine tcst
configuntions. Thc sirnilar data obtained for thc 41 vehicles lested a! STI represcnts
vehicles in only one load configuration. The tilt table tcsting conducted at VRTC was
performed jn the onc occupart (driver) configuntion for 53 vehicle maldmodels and in the
fully loaded (G\l[T.) configuration for 11 vehicles.

4.3.1 Vehicle Parameter Measurement

The following sections describe the test procedures used in the detcrmination of the static
parameters. They are described in generic terms, sincc the equipment used by the two test
.labs varied, but the physical measurements were the same. lvleasurements of the vehiclc's

:
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static stability factor, tilr table rado, and sidc pull rado arc prescntcd in Tablc 3, locatcd at
the end of this chapter. Table 4, rlso at the cnd of thc chaptcr, prescnts the rankings of the
vehicles based on rhe metric data in Table 3.

4.3.1.1 Center of Gravily Measurement

The longitudinal and Iareral location of the vehicle's center of gnvity (cg) were determined
using the individual wheel weighs along wirh their associated geometry. VRTC and STI
used different procedures to determine the cenrcr of gnvity height, At srl, thc vcnical cg
r";'r'l was determined by raising the front whecls of tlre vehiclc and measuring thc load
distribution and changes in vchicle trim hcight undcr known incremenrs of front whccl
clcvations. STI tiltcd thc vehicle rhrough ur axis parallcl to thc vchiclc's pitch (y-y) axis.
VRTC me^sured vehicle centcr of gravity height using their Inenial Paramcter Mcasurement
Device flPMD), which places thc vehicle on a stable simplc pcndulum. A known torque is
applied to the pendulum and the rcsulting angle and vchicle movement are measured. This
informalion together with thc test and caiibntion data, allows computation of the center of
gnvity height. VRTC ajso pivots rhe vehicle about an axis parallel ro thc y-y axis. (See
reference 15 for details on both procedures, as well as cnor analysis of each.) The vehiclc
axis system is depicted in Figurc 3.

4.3.1.2 Static Stability Factor Determination

The satic stability factor is the average half track widtlr divided by vertical cg height. The
front a:rd rear track widths were measured, added togetlrer and divided by rwo to dercrmine

i
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Figure 3. Vehicla Axis Systcm of Coordinaas.
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the avenge half uack widrh.. From the sundpoint of its measuremcnt, the sratic stabilityfactor's strong point is simpricity, in rhat it requires only static dimcnsional and masspammerer measurcmenrs, albeit the r.rut.rint of the venical cg height ";; i;;performed carefully to achievc reasonable accufilcy (Referencc 15),

4.3.t,3 Tilt Table Ratio Measurement

Tilt teble ratio gets its namc from tjie fact that thc vehic.rc is praccd on a tabre which is thcntilted about an axis parallel to tlre vehicle's x_x axis. Thc vehicle is placed on the table withthe tires on one side against a shon curb. Thc table is then liited while thc tilt angle of thcraorc rs mcasured. when borh !re1 0n rhc high sidc lift off the rablc, the trrianir; or uctablc is measured. The point of whecl rift is iearmined using conlact switches to detccrwhen the whccls losc contact with n. pr"rrorrn--rrrc'il, ,"ut. ratio, the tangcnt of the nblcanglc, is then detcrmined as tlrc oupuiof rhe tilt trble test.

The dlt-tatle test procedure has the advanugc of not relying on other measurements for thesetup of its test conditions- Alrc, 
_rhe tcst irs€lf is quia simlte to *nou.t -J quii. 

-

repeaable. The dlt table testing showcd the tilt tablc ratio icsults o bc comparable to theside pull ratio results. comparison of the tilt tabre ratio ard side pull ratio &r, ,i,o*s tt .rrvehicle rankings to be similar (scc Table 4). some rcst data has indicated rhat for somcvehicles. there -can bc signihcant variation in tlrc tilt table ntio values for a vchiclc modcl,especially for light trucls and utiliry vehicles. This is discussed in deuil in section 4.4.3.

The tilt table test has advantages over the sidc pull test due to iu simplicity and the fact thatit does not rely on ccnter of gnviry height measurements, thus reducing plrriur. *ui.., orerror.. In.addition, the side pull test cal damage vehicle body *ort, *-niirlli notl prour.,nwith rhe tilt rable resr.

4.3,1.4 Side PuU Ratio Deternination

sicle pull mrio is derermined as tlre ratio of rhe latenl forcc acting through rhe vehicre cgrequired to lifr rhe opposite sidc tires off the ground dividcd by tie ueiriJte *.igrrt. 
-.fo. 

,"rtis p.e{oTea using wide straps, and in some Lses ctrains, ro appry t}re pulr force to thevehicle body. Extreme ere necds 
1o !e atel and adjustments to-rtrc putting mechanism aremade during the rcsr to assure riat rhe line of action of rhe forcc i, h";;;dr; ;; tirat purrforce vector passes through thc vehicre's cg, as thc vehilie rolls on ir, ,urp.niion -a'hflects laterally and venicaly, causing rhi vertica] and horizontar lo"",il;il;;;"

change.

Its major shortcoming is the complexity of the tcst and rle extnordhary amount ofequipment required to peform the test. This compricated sctup can read ro errors andinconsistencies in rhe daa.
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